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Thermal Decomposition of Human Tooth Enamel

D.W. Holcomb and R.A. Young

EES and School of Physics Georgia Institute of Technology, Atlanta, Georgia 30332, USA

Summary. Further insight into human tooth enamel,
dense fraction (TE), has been obtained by following
the change and loss of CO;>, OH™, structurally in-
corporated H,0O, CI-, and, indirectly, HPO,>~ after
TE had been heated in N, or vacuum in the range
25-1000°C. Quantitative infrared spectroscopic, lat-
tice parameter, and thermogravimetric measures
were used. Loss of the CO4*~ components begins at
much lower temperature (e.g., 100°C) than pre-
viously recognized, which has implications for
treatments in vitro and possibly in vivo. CO,>" in B
sites is lost continuously from the outset; the
amount in A sites first decreases and then increases
above 200° to a maximum at ~800°C (> 10% of the
possible A sites filled), where it is responsible for an
increase in a lattice parameter. A substantial frac-
tion of the CO,;* in B sites moves to A sites before
being evolved. apparently via a CO, intermediary.
This implies an interconnectedness of the A and B
sites which may be significant in vivo. No loss of
Cl- was observed at temperatures below 700-
800°C. Structural OH~ content increases ~70% to a
maximum near 400°C. Structurally incorporated
water is lost continuously up to ~800°C with a
sharp loss at 250-300°C. The ““sudden’’ «a lattice pa-
rameter contraction, ~0.014A. occurs at a kinetics-
dependent temperature in the 250-300°C range and
is accompanied by reordering and the **sharp™ loss
of ~'/3 of the structurally incorporated H,O. The
hypothesis that structurally incorporated H,O is the
principal cause of the enlargement of the g lattice
parameter of TE compared to hydroxyapatite (9.44
vs 9.42A) is thus allowed by these experimental re-
sults.
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Introduction

There is much yet to be learned about how the com-
ponent parts of human tooth enamel combine to
make it what it is. One approach is to study how the
components dissassemble, change, and are lost as
tooth enamel, in this case the dense fraction (TE), is
heated to successively higher temperatures. Com-
ponents particularly subject to such study, up to
~1000°C, are H,O, (HPO,)*~. (OH)~, (CO,)*~, and
Cl~. Reported amounts present in TE are 5-6 wt%
for H,O (e.g. [1]) ~3 wt% CO,[2] and ~5 wt% HPO,
[3].

There have been several previous studies on
pyrolysis of TE that are closely related to the pres-
ent work. In a series of papers, LeGeros and co-
workers [4-6], igniting TE first at 200° and later at
100°C increments, used X-ray diffraction, thermo-
gravimetric analysis (TGA), and infrared spectros-
copy (i.r.) to study several features and, inter alia,
concluded that "lattice H,Q" is responsible for the
a axis of untreated TE being ~0.02 A larger than it
is in hydroxyapatite and larger than it is in TE that
has been heated to 400°C. They have also noted that
heating to 600°C, and even more so to 800°C, in-
creases the room temperature ¢ lattice parameter.
These observations are corroborated and explained
in the present work.

Corcia and Moody [7] did a combined TGA study
and mass spectrometry of the evolved species in the
pyrolysis of TE. Little and Casciani [1] and Myr-
berg [8] used TGA and nuclear magnetic resonance
(NMR) analysis of specimens “‘pyrolyzed’’ at vari-
ous temperatures to pursue Myers' [9] suggestion of
entrapped water in TE. They are in general agree-
ment that a substantial fraction of the 5-6 wt% wa-
ter in TE is somehow ‘*caged’’ or zeolitic. Holager
[10] did comparative TGA on TE and dentine.
Brauer, Termini, and Burns [l1] include a dif-
ferential thermal analysis curve for TE.
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It was established by Elliott [2] with polarized i.r.
that CO,*>" in TE occurs in two different environ-
ments. Emerson and Fischer [12] had noted that on
heating TE to 800°C there were changes in the rela-
tive intensities among some of the i.r. carbonate
bands, those now identified with A-site CO;* (e.g.,
883, 1465. and 1542 cm™! cited by Bonel and Montel
[13]: 879, 1465, and 1546 found here) increasing and
those identified with the initially dominant B sites
(864, 1430, and 1455 cm ™! cited [13]; 872, 1415, and
1455. cm™! found here) decreasing. Thus possible
migration was implied. and may have been suspect-
ed [14, 15], of CO3*~ from B sites, containing ~85%
of the CO,2>~ in untreated TE and associated with
PO, positions [2, 13, 16]. to A sites associated
with hydroxyl ion positions [2. 13] when TE was
heated to 800°C. Dowker and Elliott [15] have fur-
ther studied the thermally produced changes in the
i.r. spectra of CO;°>~ in carbonate-containing apa-
tites and TE. They again observed that the decrease
in B-type CO,*~ was accompanied by an increase in
A-type CO;*" up to temperatures > 800°C, where-
after A-type also decreased. Further, they observed
a CO, band at 2340 cm™'. (They also observed a
2010 cm™! band in synthetic CO,* -containing apa-
tites but not in TE, and 2200 cm~' in TE but not in
synthetics prepared in the absence of NH;.) With
polarized i.r. and isotopic shifts they showed that
the moiety giving rise to the 2200 cm~' band was N-
C-O and was oriented with the N-C-O direction
along the apatite crystallographic ¢ axis. The CO,
associated with the 2340 cm™! band was in random
orientation. They also noted an increase in the OH-
stretch (3569 cm ') band intensity and a decrease in
the H,O band with heating, as have other workers.
e.g. [17]. LeGeros. Bonel, and Legros [6] noted a
change in the OH-stretch band but described it as
sharpening. which also occurs, rather than in-
crease.

Arends and Davidson [3] reported a method for
distinguishing the HPO,?~ contribution from over-
lapping CO;*~ contributions in the i.r. spectra. Da-
vidson and Arends [18] then used the method to
make a TGA, i.r., and X-ray lattice parameter study
focusing on HPO,*~ and H,O in sound and carious
TE. They reported ~5 wi¢ HPO,?~ in sound human
TE.

The present work extends the temperature-scale
detail and the quantitation of many of the i.r. re-
sults. It increases the range of components simulta-
neously followed quantitatively (OH-, H,O, Cl-. B-
CO4*7. A-CO42, COs, and HPO,?) in the speci-
mens along with TGA, « lattice parameter data, and
some i.r. measures of the evolved gases. In so
doing, this work corroborates many of the previous
results, contradicts others, and produces a number

of new results which add up to an internally consis-
tent picture of the thermal decomposition process.

Materials and Methods

The TE was taken from a pool of the dense fraction
(sp.g. > 2.95) of human tooth enamel harvested from several
hundred teeth extracted in the Atlanta area. Carious portions
were excised, the pellicle was burnished off with a dental hand-
piece. and the dentin was ground away from the inside. These
ename| caps were then crushed to fractional millimeter size and
density-separated by flotation in tetrabromoethane. The dense
fraction was washed and air dried. Any pieces that fluoresced
under u.v. light (indicating clinging bits of dentin) were dis-
carded. The remainder was stored in air until use, at which time
it was ground to < 37 um (—325 mesh sieve) particle size.

Heating was done in a tube furnace in a slowly flowing N, at-
mosphere under slight positive pressure. Time at temperature
was approximately 24 h. For the runs in which H,O in the speci-
men was to be determined from the i.r. spectra. the N, was spe-
cially dried by being passed through ~80 cm of P,O; between the
N, tank and the furnace. All specimens were cooled to room tem-
perature before they were removed from the N, atmosphere and
stored in a desiccator over P,0s. Those prepared for the H,O
measurements were kept in the closed desiccator until after it
had been transferred to the dry box (N,)., wherein they were
made into i.r. specimens in Fluorolube (trifluorvinyl chloride
polymers. Hooker Chemical Co.) mulls. The others were pressed
in KBr pellets (13 mm diameter discs) in vacuo while warm
(~350°C). The specimen compartment of the i.r. unit was continu-
ously purged with dry air {—55°C dew point). The same initial
particle size (< 37 um. determined by 325 mesh sieve) was used
for all quantitative i.r. work. After being heat treated. the i.r.
specimens were ground in the supporting matrix (KBr or Fluoro-
lube).

The i.r. unit was a Perkin-Elmer 580B (double beam) unit oper-
ated with 1.8 cm™' programmed resolution and a full-spectrum
scanning time of either | or 4 h. The instrument was operated in
the linear absorbance mode so that quantitative analyses could
be made with the areas under the peaks (*bands™). Pellet load-
ings were arranged to keep the absorbance. for the bands of in-
terest, in the range 0.2-0.7 except when a moiety was nearly ab-
sent. The absorbance of the various moieties was found to be
linear up to KBr pellet loadings of 4 mg/13 mm disc. By repeating
KBr pellet preparations and i.t. scans, it was shown that the pre-
cision, in determining amount of a component present from the
area of one of its i.r. bands. was 10% or better.

Since products of the same heating runs were used for KBr
pellets and Fluorolube mulls. the i.r. spectra with the mulls (in
which the loading could not be precisely controlled) were scaled
to the i.r. spectra with KBr pellets on the basis of the OH-stretch
peaks (3569 cm™!).

Typical i.r. spectra are shown in Figure 1a. Band intensities in
the t.r. spectra were measured as peak-height-above-background
times width-at-half-height. The backgrounds were drawn in as
shown. for example. for the CO,*~ bands in Figure Ib. The width
was taken to be the width at half height of a triangular approxi-
mation to the band profile based on its best resolved portion (Fig.
1b).

In studying the i.r. results presented in this paper. the reader is
cautioned to keep in mind that (a) the plots do not directly repre-
sent the amount present of a moiety relative to others but repre-
sent only the amount relative to itself at the various temper-



D.W. Holcomb and R.A. Young: Thermal Decomposition of Tooth Enamel 191

TOOTH ENAMEL

POWDER SAMPLES

ABSORBANCE ——>

LR. SPECTRA

TSNS I I G A W SN AN AN A AN S AT A EE U WO AR NS Y SN N U S S AN N A R A S0 S S N A G S O S G S G U S O

40 35 30 25 20 16
CM /100

12

. 7y 1600

| 1200
B M

Fig. 1. Infrared spectra of tooth enamel. A Typical spectra of TE after being heated to various temperatures. The KBr pellet loadings were
deliberately made so high that the phosphate modes (500-650 cm~! and 900- 1200 cm™') are off scale in order that the spectral components
of interest could be more easily studied. B Enlargement (scale expansion) of the CO,*~ bands at 1415 cm ™' and 1546 cm™' showing how

the background was placed and the areas were estimated

atures; (b) all i.r. specimens were ground to the same particle
size before being incorporated in a pellet or mull, but no other
correction was made for the heating effect on particle size (any
residual effect would be to reduce the observed band intensities
at the higher temperatures by a few percent); (c) the i.r. data
either are based directly on or are scaled to the same pellet load-
ing with no correction being made for the temperature-induced
weight loss. (Thus. for example, the high temperature specimens
had a few percent more PO,*~ groups in the i.r. beam than did the
low temperature ones.)

For i.r. observation of the evolved gases. a special closed heat-
ing cell was built which contained the spectmen and fit into the
i.r. unit so that the i.r. beam passed longitudinally through the
cell. It was basically a silica tube 15 mm in diameter and 80 mm
long. After the specimen was placed inside. the ends were closed
with CaF, windows seated on silicone O-rings and the chamber
was then closed off at room temperature. The i.r. spectra were
not collected until the specimen temperature had been main-
tained at the stated value for 24 h.

A heating tape was wrapped several times around the cylinder.
Gradients were expected to be large. as the heating tape sub-
tended only about 27 steradians at the specimen. Chamber tem-
perature was monitored with an externally mounted thermo-
couple. Calibration runs were made with a thermocouple placed
in the specimens. Typical differences were 40° at S00°C and 18° at
200°C. The chamber was emptied of the evolved gases between
runs at different temperatures. Since the windows were at tem-

peratures below 100°C. evolved H,O could condense out on
them. Therefore the data obtained with this cell are indicative
but may not be quantitatively reliable for evolved H,O.

The TGA unit was operated at 8°C/min (continuous) with the
specimen in vacuum (roughing pump).

The lattice parameter data were obtained in two ways. In one.
they were an incidental result of an extensive study of the crystal
structure of TE as a function of temperature (P.E. Mackie, per-
sonal communication) up to 500°C. The X-ray measurements
were made at temperature in vacuo. The time at each temper-
ature was several days. and the specimen was not cooled before
being advanced through the next temperature increment. At each
temperature. a full powder diffraction pattern was collected in
digitized form. Crystal structure refinements with the Rietveld
pattern-fitting-structure-refinement method [19] then provided a
and ¢ lattice parameter values. among many other results. The
values obtained for a during the rising temperature part of the
first temperature cycle were corrected to equivalent room tem-
perature a values with the use of the thermal coefficient of expan-
sion, a. found in the decreasing temperature part of the first
cycle and both parts of the second (« (@) = 1.02 ArC). Standard
deviations in the determination of ¢ at-temperature were ~0.002
A.

In the second method. the specimens were heated in a tube
furnace for 12-16 h and then cooled to room temperature, all in
dried N,. A standard X-ray powder diffractometer and CuKa ra-
diation were used to scan the diffraction pattern from 25°(20) to
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Fig. 2. Weight loss of TE heated at 8°C/min in vacuum. O Total
weight loss as recorded (TGA = thermogravimetric analysis). @
Temperature derivative of recorded curve (DTGA = difference
TGA), as approximated in 50° increments. The inset figure is
adapted from Davidson and Arends [18] for sound TE. by scale
inversion for easy comparison here

35°(20) and positions of 3.00 and 2.10 reflection were read from
the strip chart recording. The probable error with this method is
estimated to be ~0.005 A in precision and 2 or 3 times that in
accuracy.

Results and Discussion
TGA

The TGA curves obtained for TE (Fig. 2) are much
like those obtained by others for similar specimens
[e.g., 6,7, 10, 18, 20].

Although the amounts of weight loss observed
vary with reporter and specimen, all of the TGA
curves show an initial weight loss, a reduction in
slope around 100-110°C, and an increase of slope
between 300 and 350°C. Thereafter the slope de-
creases very gradually up to ~900°C. LeGeros, Bo-
nel, and Legros [6] have reported that, up to 400°C
at least. the weight losses at given nominal temper-
atures were comparable whether measured with the
“continuous pyrolysis’ TGA method or with a
“discontinuous pyrolysis’® method in which the
sample was heated 5 h at the set temperature. then
cooled and weighed at room temperature. The dif-
ferences they did observe may have been due to at-
mosphere, not kinetics. (They observed less weight
loss in the discontinuous method, which is to be ex-
pected because of H,O adsorption if the specimens
were cooled in air.)

Since our ““discontinuous pyrolysis’ specimens
were cooled in N,, we can expect less difference

than LeGeros et al. [6] observed from the TGA
weight loss results because of adsorbed H,O. On
the other hand, our results for H,O loss and lattice
parameter change in N, and in vacuum do suggest
that the apparent temperature at which weight loss
is recorded by TGA is higher than that at which it
actually occurs and that heating a long time in vacu-
um produces equivalent losses of H,O at still lower
temperatures. Accurate identification of correla-
tions, or lack of them, among the different types of
measurements is crucial to affirmation or negation
of hypothesized cause and effect relationships.

Evolved Gases

Figure 3a shows i.r. spectra of the gases evolved.
less any condensation on the chamber walls, in 24 h
at various specimen temperatures. Partly because
of the condensation, these evolved gases spectra
are suitable for qualitative comparison but not for
quantitative work such as was possible with the i.r.
spectra of the TE specimens. The principal evolved
species identified are H,O vapor (best seen in other
spectra, not shown, based on larger samples), CO,,
and unspecified organic gases. (H,O vapor was
characterized by a series of small peaks in the range
3400-3800 cm™!.) We note that CO, evolution is
started at 180° and is strong at 360° and 460°C. Fig-
ure 3b shows in histogram form the CO, evolved in
each temperature interval.

H,0

The amount of H,O measured by i.r. in the TE spec-
imen after heating depended on the atmosphere in
which the specimen was heated and cooled and its
subsequent exposure to air. Figure 4 shows the re-
sults for TE maintained in a specially dried N, at-
mosphere throughout heating, cooling, and mulling
in Fluorolube. The parameter plotted is the height
of the i.r. curve at 3300 cm™! above a background
taken from the i.r. “*spectrum”’ in that region for TE
heated at 1000°C (Fig. 1). The choice of 3300 cm™!
was based on the following. In another work with
KBr pellets it was noted that the "broad water™
hump from 2300 to 3600 cm~! seemed to be com-
posed of two humps, one peaking near 3430 cm™!
and one near 3300 cm™'. By noting which one
moved with deuteration and which one changed
with degree of exposure to the atmosphere (Fig.
Sa), we determined that the one centered at 3430
cm~' was due to adsorbed, and possibly sorbed,
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Fig. 3. A Gases evolved from TE. i.r. spectra of gases, collected in cell, evolved between indicated temperature and next lower one. Cell
was held 24 h at indicated temperature. Some possible band assignments are listed below.! B CO, evolved between temperatures, as de-
termined from area of the ~2340 cm~! band in i.r. spectra of the evolved gases. The area in each segment corresponds to the band area

H,O, while the 3300 cm™! one seemed to be more
intimately a part of TE itself. We shall refer to the
latter as ‘‘incorporated H,O.’" The actual partition
of the “*broad water hump” into the two could be
done only approximately. Figure 5b shows a visual
estimate. Note that, at least in this estimate, the
hump centered at about 3430 cm™! contributes little
to the height of the total curve above background at
3300 cm™L.

The i.r. specimen preparation procedure used for
these retained H,O measurements was intended to
exclude entirely the type of H,O giving rise to the
broad band centered near 3430 cm~'. However,
these procedures probably could not be fully ef
fective on specimens that had never been heated
much above 100°C to remove the adsorbed and
sorbed water in the first place. Thus the 25°C and
110°C points in Figure 4 may be artificially high, by
some unknown small amount (a few percent) be-

cm™! moiety

3800-3400 H,O

3010 organic vapor (C-Hon C =Cor &)
2960 organic vapor

2910. 2850 organic liquid (C-H) on cell windows
2400-2200 CO,

2000-1300 H,O bending

1410, 1260 organic liquid

968, 932 organic vapor (C-H)

cause of contribution from a 3430 cm™! broad band.
Nonetheless, in Figure 4 it is clear that a rather dra-
matic loss of incorporated H,O, nearly one-third of
the amount initially present, occurs between 270°
and 300°C. But a small fraction of the incorporated
H,0 seems to be retained—or resupplied by decom-
position of other components—even up to 800°C.

Hydroxyl and Chloride Ions

It has been noted by several workers, for example,
by R.Z. LeGeros (personal communication, 1972)
and [15, 17, 21], that the OH-stretch band at 3569
cm ! increases when TE is heated. This band oc-
curs 1 or 2 wavenumbers higher in hydroxyapatite.
The present measurements (Fig. 6) of the area of the
3569 cm™! i.r. peak show that between room tem-
perature and 400°C there is a large increase, ~70%,
in the number of **structural OH’’ ions, i.e., in their
normal hydroxyapatite (OHAp) sites. In the section
on CO,*>", we show that the CO,*>~ breakdown by
reaction with H,O—presumably present near the A-
CO,? site—is probably the source of only a small
part of these ""new’” OHs by CO,2~ + H,O0 — CO,
+ 2(OH)~. At the same time that it is increasing, the
3569 cm~! band does narrow by about 30%. show-
ing that the ordering of the OHs at their normal sites
has improved. The band did not appear to shift by
more than ~'/> cm™! from 3569 cm™! in any of the
TE specimens, heated or not, i.¢., it always remains
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Fig. 4. Water remaining in TE specimen after it had been heated

to indicated temperatures. Measurements were based on height-

above-background of i.r. spectrum at 3300 cm™' (see text). The

number of data points contributing to each plotted point are:
O=l.@ =2 A=30=4Xx=395§

at least one wavenumber lower than the corre-
sponding band in OHAp.

Further evidence of OH™ increase is given by the
3495 cm™! band due to the OH-stretch motion per-
turbed from 3569 c¢cm~! by hydrogen bonding to a
Cl™ neighbor substituting for an OH™ in the hexad-
axis column [22]. Thereby Figure 7 shows again an
increase in structural OH™ up to a maximum at
~400°C.

Figures 6 and 7 show results for specimen heating
runs made both in specially dried N, and in N, taken
straight from the commercial supplier’s tank with-

0.8

out special drying. Although the partial pressure of
the water vapor accompanying the ordinary N,
must be much less than that in air, it was sufficient
for the TE specimens heated above ~700°C to re-
main hydroxylated or to rehydroxylate on cooling.
This is shown by the relative absence of the OH-
bands in specimens heated above 700°C in the dried
N,. We assume that the rehydroxylation is greater
for the higher temperature because other things
such as CI~ and CO4*" (see next section) have been
driven off and no longer take up possible OH~ sites.
That the Cl~ has been largely driven off at the higher
temperature is suggested by the fact that rehydrox-
ylation affects the 3569 cm~! band much more than
the 3495 cm~! band (Figs. 6 and 7 in the 600-1200°C
range). Other possible explanations, such as aggre-
gation of the CI~ or possible slow kinetics of re-es-
tablishing the hydrogen bonds, seem less likely:
OH™ mobility is clearly high and the degree of hy-
droxylation is similar to the maximum degree of hy-
droxylation occurring near 400°C.

Carbonate und CO,

The relative amount of B-site CO,?~ indicated by
the area (proportional to the apparent extinction co-
efficient) of the i.r. band at 1415 cm™' is shown in
Figure 8. Also shown is the amount of A-site CO3*~
indicated by area of the 1546 cm™' band and the
amount of CO, indicated by the area of the 2340
cm~! band. Note that the ordinates differ for the A-
type and B-type CO,2" (and for CQ.,): there is much
more of the B-type present. Similar results were ob-
tained with heating in N, and in the specially dried

TSI RTINS B A A W
4000 3500 _ 73000 2500
CM

Fig. 5. The two contributions to the broad water band in i.r. spectra of TE A Repeated i.r. scans over 3600-3200 cm™! region as the
specimen in the KBr pellet became drier while in the i.r. unit in flowing dry N.. Note that only the higher wavenumber portion of the
“band’ is affected. Scan repeat rate was 2/h (A = absorption). B Visually estimated allocation of the composite band into two portions,

partly on the basis of Fig. 5a
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Fig. 6. Structural OH in TE at room temperature after being
heated to the indicated temperatures. as determined from the
3569 cm™' i.r. band (unperturbed OH stretch). Results for TE
heated in N. straight from the tank are indicated by (1. Results
for TE heated in specially dried N, are indicated by symbols
which also identify the number of data points per plotted point.
thus: O = l,@=2:A=3B=4x=5.@=6

N,. Unexpectedly, there is definite loss of B-CO,*~
and probable loss of A-CO,;?~ even at 100°C. There is
definite loss of A-type at 200°C. These results are
quite at variance with the report of Davidson and
Arends [ 18] that **the CO;* bands remained practi-
cally constant™ in the range 150°-400°C. This vari-
ance may be due to different sample selection. Al-
though they presumably heated for 24 h in N, at
each temperature, much as we did. they used bo-
vine enamel and only the outer 200 wm (J. Arends,
personal communication 1979).

A-CO;*" is generally agreed to be substituting for
OH [e.g. 2, 23, 24], and what we now recognize as
B-CO,> is generally agreed to be substituting for
PO [13, 16, 25-29]. That places both types within
the crystalline structure where. one would think,
their mobility would be low. A check was made on
the possibility that the initial losses might be of ad-
sorbed CO,*>~ somehow having i.r. bands similar to
A-CO;* and B-CO,*~, rather than the much docu-
mented A and B species themselves. Evidence was
sought of any shift in the band frequencies with in-
creasing heating temperatures up to 400°C. None
was found: the observational error was <l cm™'.
Thus apparent decreases in both A and B CO,*~ at
temperatures = 200°C have to be accepted as prob-
ably real. It should be noted (see following dis-
cussion of CO,) that most of the CO,%~ lost at these
low temperatures may remain in the crystal as CO,
and. hence, the decrease would not be noted in wet
chemical analyses such as Arends and Davidson
used. Because of the low temperature. the mecha-
nism of decrease should be sought in breakdown

PEAK AREA
» o o N

[T}

a

200 400 600 800 1000 I2_00

Fig. 7. Structural OH™ and CI- in TE. after heating, as deter-
mined from the 3495 cm~! i.r. band (Cl-perturbed OH stretch),
Symbols have the same meaning as in Fig. 6

rather than, necessarily, diffusion of the CO3*~ com-
pletely out of the crystals. Further, the mechanism
must account for the increase in A-CO;* following
the initial decrease. Two observations are relevant.

First, alternate heating of either hydroxyapatite
or TE at 1000°C in a CO, stream and then H,O va-
por, or vice versa, causes a 2(OH) <CO;* ex-
change with the CO,*~ going to A sites. The extent
to which A-CO,>~ builds up depends strongly on the
dryness of the CO, stream. indicating that the
chemical balance favors retention of OH ™ instead of
A-CO,> when there is a substantial amount of A-
CO,>" present [23, 30].

The second observation is the unexpected result
(Fig. 8, i.r. band at 2340 cm™!) that CO, is formed
and partially retained in the specimen at a temper-
ature of only ~200°C. It is randomly oriented [15].
The following scenario now presents itself:

[. Even below 200°C, both A-CO,>" and B-CO,2~
start to decompose with CO, the principal product,
which then diffuses through and, no doubt, partially
out of the crystallites.

2. If the B site is the PO,*" site, as is widely sup-
posed. the CO, from breakdown of B-CO,* is
formed at a location adjoining the hexad axis chan-
nel (containing the A-CO,*~ and OH™), and the logi-
cal diffusion route for it out of the crystal is through
the hexad axis channel.

3. As the decomposition proceeds more exten-
sively at higher temperatures, the production rate of
CO, exceeds the rate at which it can diffuse out and
CO, (2340 cm™") builds up in the crystallite, in no
specific crystallographic orientation. This lack of
orientation suggests it is not in the hexad axis chan-
nels but, rather, probably still in the POS2" site
where it would be undersize for the site and hence
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Fig. 8. CO,*" in TE, after heating. as determined from i.r. bands.
Note that the ordinate values are relative only, and that the vari-
ous species are actually plotted to different scales. 0, A-type,
determined from area of 1546 cm™!' band. O. B-type, deter-
mined from area of 1415 cm~! band. +. CO,. determined from
area of 2340 cm™! band

able to be in more than one orientation. The in-
ferred absence of CO,, as such. in the hexad axis
channel is consonant with the channel being an easy
diffusion path and the ~24 h equilibration time at
each temperature being long enough for the easy
diffusion processes to become essentially com-
pleted.

4. The initial decrease in A-CO,>~ (Fig. 8) corre-
lates (qualitatively) with the increase in OH™ (Fig.
6), suggesting that the newly formed OH™ is dis-
placing A-CO;*> in consonance with (a) the high
temperature observation of the dominance of OH~
over A-CO,*" if the OH™ is available [23] and (b) the
small added mobility, arising from the increased
temperature. to make the reaction “*go.”” The pre-
dicted reaction is H,O + CO,*~ — 2(OH)'™ + CO,,
with the H,O coming from that already in TE [, 6]
and inferred here (see section on lattice parameters)
to be in the hexad axis channels.

5. At temperatures near 400°C. increased mobil-
ity of the CO, formed from B-CO;?~ brings more of
it into the channels. At the same time, OH™ stops
increasing and soon starts to decrease. Thus the
supply of CO, and the removal of OH~ favor the
formation of A-CO,2~, which then increases.

6. With less CO, being supplied to the hexad axis
channels, the build-up of A-CO;* stops as decom-
position rate exceeds formation rate.

7. Finally, at the highest temperatures, e.g.,
1100°C, all CO4* and CO, have been driven off,
OH™ and Cl~ are gone, and the principal crystalline
phase [some B-Ca,(PO,), occurs as a minor second
phase] is probably essentially an oxyapatite if re-
hydroxylation is prevented on cooling [2, 23, 31,
32].

We conclude. then, that the B-CO;?~ in TE does
partially transform to A-CQO,>~, but that it probably
does so through the intermediate of CO,. The possi-
bility that CO4*~ migrates as such to the hexad axis
channel where it would then be A-CO,>", without
the need for a CO, intermediate, is not excluded but
is thought to be unlikely just on electrostatic
grounds.

Let us return to the lower temperature and ask if
the reaction CO52~ + H,O — 2(OH)™ + CO, is ca-
pable of explaining quantitatively the initial de-
crease of A-CO; and concomitant increase in OH™.
We ignore for this calculation the possibility that
structural H,O may not be the only source of OH™
(3569 cm™'). (Note in Fig. 3, for example, that or-
ganic species are being evolved at 250°C, presum-
ably releasing H,O and possibly OH™ in the pro-
cess. In fact, from the Dowker and Elliott work
[15], it seems that decomposition of the organic
fraction produces the N-C-O moiety giving rise to
the 2200 cm~1!i.r. band.) Working only with the data
from 25° to 220°C, one finds ~40% decrease in A-
CO,*~ (Fig. 8.) and ~40% increase in OH™ (Fig. 6).
Let the maximum OH™ ever present correspond to
an at least 80% hydroxylated apatite. Then the
amount initially present, which is ~54% of the max-
imum. is about 0.54 x 1.6 = 0.86 OH ™ ions per unit
cell. The increase up to 220°C is, then, 0.3 x 0.86 =
0.26, or ~1 OH™ per four unit cells.

The amount of A-CO, required to provide this, by
the reaction stated, is ~0.13 A-CO;>™ per cell. Since
this s to be 40% of the amount initially present,
then the initial amount of A-CO,* required to ac-
count for all OH increase would be ~0.33 A-CO,
per cell, or ~2 wt%. Although there is ~3 wt% CO,
present in TE, Elliott [2]. for example, has esti-
mated that no more than 15% of it is in the A sites.
A direct test of the amount of a nearly fully carbon-
ated synthetic A-type carbonate apatite required in
the reference i.r. beam to compensate the A-CO,*~
bands in TE indicated ~1 wt% A-CO4*" in TE (i.e.,
one A-CO4* per 6 cells). Thus, at most, only one-
half of the increase in OH™ (between 25° and 220°C)
can be ascribed to the H,O + CO;*> reaction. On
the other hand, all of the decrease in A-CO;*> can
be readily accounted for by this mechanism.

HPO*™ and Pyrophosphate

An i.r. band at 875 cm™! was used by Montel et al.
[33] to follow changes in HPO,?~ content in some
synthetic nonstoichiometric “"apatites’ and implied
a correspondence between the HPO,>™ so indicated
and the pyrophosphate found on heating (the Gee
and Deitz [34] method for determining HPO,>~ con-
tent). Unfortunately, there are also two CO,*~
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Fig. 9. i.r. doublet at 872 cm™' and 879 cm~' in TE after heating to
700°C. This example is typical of the resolution consistently ob-
tained in this work. Machine reproducibility is evidenced by the
fact that 3 scans are shown. The dashed line shows the system-
atically drawn “"background’” line above which the heights of the
two peaks were measured

bands in this region. Arends and Davidson [3] re-
ported measuring the HPO,®>~ present in bovine
tooth enamel by separating out the contributions of
HPO,*>~ and CO,>~ to the unresolved (in their case)
i.r. doublet centered at ~875 cm™!'. Elliott [2. 35]
had reported this composite band to be a doublet at
872 cm~!'and 879 cm™! ascribed to CO.%™ in two dif-
ferent sites. In the present work the doublet was
consistently resolved (Fig. 9) and the temperature
dependences of the two parts, at 872 and 879 cm™',
were followed separately (Fig. 10) in the hope of
monitoring the thermal decomposition of HPO,*~
through its contribution to one or both of these
bands.

Another possible parallel monitor of HPO,™ de-
composition would be pyrophosphate formation
[34]. Herman and Dallemagne [36] showed with wet
chemistry that the pyrophosphate content of TE
was maximized at ~600°C, as did Berry [37] in syn-
thetic hydroxyapatite. Unfortunately, the i.r. bands
for the 8 form at 725 cm™! [38] and for the y form at
715 ecm™' [37, 39] were too weak to provide useful
monitoring of the development of pyrophosphate.
Rather qualitative assays were made with X-ray dif-
fraction patterns of TE samples heated 24 h in dry
N. at 400°C, 600°C. and 800°C, respectively. Much
as would be expected. essentially no pyrophosphate
(Ca,P,0-) was present in the 400°C specimen, both
v-Ca,P,0; and B-Ca,P,0; (roughly 2 wt9% of the 8
form) were in the 600°C one, and the 8 form with
little or none of the y form in the 800° specimen.

Therefore, one should expect whatever contribu-
tion HPO,2™ makes to the i.r. bands at 872 and 879
cm™! to decrease markedly in the range starting be-
low 600°C. However, in the range 500-800°C both
of these bands increase in intensity (Fig. 11). Thus
the change in neither band can be simply ascribed to
HPOQO,?"; the changing CO4*~ contributions must al-
so be taken into account. The increase in the 879
cm™! band does correlate qualitatively with the in-
crease of A-CO,>" as indicated by the 1546 cm™!
band (Fig. 8). Thus we ascribe it to A-CO,*", leav-
ing the 872 cm~! band for B-CO,2~ in TE, in accord
with Elliott [2].

Arends and Davidson [3] report a > 309 decrease
in the combined doublet extinction coefficient (av-
eraged at 875 cm™!) after 400°C heating., which
agrees well with the results in Figure 10. At higher
temperatures, however, the agreement fails.

Up to ~400° the 872 cm™! band behavior corre-
lates well with that of the 1415 cm™! band (Fig. 8).
as it should if both represent B-CO,%". But there-
after the 872 cm™! band increases, whereas the 1415
cm™' band continuously decreases. Presumably.
such a difference could be caused by changing envi-
ronment of the CO,>~ causing the relative oscillator
strengths of the two modes (1415 and 872) to
change, but that is considered to be unlikely as
there are no shifts in position even as small as two
wavenumbers. Further, we know that the B-CO4*~
(and CO,) does leave the specimen. Thus something
else, which increases with temperature, is contrib-
uting to the measured height of the 872 cm™! peak
above 400°C. Perhaps this can be ascribed in part to
the tail of the 879 cm™! peak, which does increase
strongly in this temperature range. More inter-
estingly, Montel and Heughebaert [40] have report-
ed that in synthetic preparations the presence of F
inhibits the decrease, on heating to 600°, of the 875
cm~! band™" because of the high temperature forma-
tion of PO;F*~ ions which, they suggest, have an i.r.
band at the same frequency.

The 879 cm™! band follows the 1546 cm™! band
(A-CO;*7) qualitatively very well. Quantitatively,
however, it has not increased proportionately
above 600°C. Might that be due to loss of HPO,*~
contributing at the 879 cm™' frequency? Assuming
that both the 1546 cm~! and the 879 cm™~! bands rep-
resent only A-CO,2~ at 600 and 700°C, one can cal-
culate what the 879 cm~! band intensity would be at
the lower temperatures if it followed the trend of the
1546 cm~! band. This procedure was carried out for
100° intervals with the solid tine curves—not the in-
dividual data points—shown in Figures 8 and 10 for
the bands in question. No point at 800°C was in-
cluded because of uncertainties in the rapidly
changing curve shapes and heights there. On the as-
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Fig. 10. Band height measures derived from 872-879 cm™' dou-
blet. O, 872 cm™' (B-CO3*). +. 879 cm™' (A-CO,;*" and,
possibly, HPO,*"). . Portion of 879 cm™' band height that is
possibly assignable to HPO,*~

sumptions that (a) the HPO,?” band is at 879 cm™’
(no evidence of change in the 879 cm~! band width
in the range 400-800°C was found) and (b) the ratio
of band width to peak height is not changing, the
difference between the two curves for the 879 cm™!
(Fig. 10) band could be ascribed to the otherwise
unobserved HPO,>~. In favor of this assignment is
the fact that this difference curve goes to zero in the
temperature range (500-600°C) where pyrophos-
phate appears.

There 1s no evidence for HPO,>” in TE to be
transformed below 400°C, and what evidence there
is suggests that the transformation (to pyrophos-
phate) takes place above 500°C. in agreement with
Ciesla. Maciejewski. and Rudnicki [41].

Species of Organic Origin

An L.r. band at 2200 ¢cm™!, initially thought to be
oriented CO,, has now been shown by Dowker and
Elliott [15] to be due to the ton (NCO)'~ produced
from residual nitrogenous species associated with
synthetic apatite preparations formed in solutions
containing ammonium ions. In TE, they ascribe its
origin to the breakdown of the organic component.
In that case, the temperature dependence of this
2200 cm~! band is an indicator of the progress of the
breakdown of the organic component of TE. This
band starts developing at ~400°C, is at a maximum
at about 600°C. and disappears only above 750-
800°C. This fact suggests that the organic com-
ponent is not fully decomposed at 600°C (in the es-
sentially O,-free atmosphere for times used). This
observation correlates with the fact that TE heated

at 600°C (in an earlier experiment for other pur-
poses) was gray whereas that heated at 1,000°C was
white.

A band at 756 cm ! shows much the same temper-
ature dependence as does the 2200 cm™! band.
Rowles [42] reported a-Ca,P,0;, and the absence of
the 8 and y forms, in a nonstoichiometric apatite
heated at 650°C for 18 h. B.O. Fowler (personal
communication) has identified a P-O-P i.r. band in
a-Ca,P,0; at 755 cm™!. However, X-ray diffraction
showed 8 and y forms but no «-Ca,P,O; present.
Thus the 756 cm™! band remains unidentified with
the suggestion that, like the 2200 cm™~! band, it may
be of organic origin.

Lattice Parameter

The « lattice parameter values are shown in Figure
11. The principal new results for a¢ are that (a) the
temperature at which the contraction occurs has
been better defined:; (b) the thermal coefficient of
expansion is greater before the contraction and its
temperature dependence indicates increasing dis-
order as the contraction temperature is approached;
(c) the contraction temperature is between 250° and
300°C and is somewhat affected by kinetics; (d) the
actual ¢ contraction in this region is ~0.014 A: (o)
the TE specimen must be heated to temperatures
high enough to drive off all CO.%", e.g., 1000°C, be-
fore the full 0.023 A contraction to the hydroxy-
apatite value can be observed (Table 1); and (f) the
mechanism of the further expansion, following the
initial contraction, is here recognized as the produc-
tion and retention of additional CO;*>~ in A sites.
The effect is at a maximum at ~800°C. for which
temperature LeGeros et al. [4] had noted the fact of
expansion.

The cause of the sharp contraction of ¢ between
200° and 300°C can not be a sudden loss of HPO,>".
The analysis in the preceding section shows that
whatever HPO,?~ conversion there is in TE occurs
at a much higher temperature, t.e., in excess of
400°C. Neither can the a contraction be due to loss
of Cl-, both because too little is initially present
(~0.3 wt%%) to account for it all (froma = 9.65 A for
chlorapatite, « = 9.42 A for hydroxyapatite, and
Vegard's law, the expected effect of 0.3 wt% Cl-
substituting for OH™ is to increase a by ~0.009 A)
and, more importantly, because the evidence is that
no Cl~ is lost up to that temperature (Fig. 6). Corcia
and Moody [7]. by mass spectrometry. also did not
observe any Cl~ loss up to 1000°C. In fact, the TGA
and difference-TGA curves, including that of Da-
vidson and Arends [ 18] shown in the Figure 2, inset,
show minimal weight loss in the 200-250°C range.
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Fig. 11. ¢ lattice parameters. O, a calculated for room temperature from measurements made in vacuum at indicated temperature and

“corrected’’ to room temperature with the thermal expansion factor a(a) = 1.02 x 10-°A/C observed in 2nd and subsequent heating cycles.
X, O. a measured at 25°C after Isr and 2nd 500°C heating cycles in vacuum. /., a measured at 25°C after TE was heated in N,.
For this and the above two sets of a results. the lattice parameters were determined as an incidental part of complete Rietveld analyses of
entire powder X-ray diffraction patterns. 00, a determined from shift of 3.00 X-ray Bragg reflection relative to its position in untreated
TE (for which @ was taken to be 9.4415 A) Heating was done in N, atmosphere and the X-ray measurements were made at room

temperature

For specimens heated for several hours in N,, the
main contraction does, however, coincide within
10-15°C with the “*sudden’" loss of structural H,O
(3300 cm™!) (see Figs. 11 and 4). It seems reason-
able to conclude that the structural H,O is associat-
ed with the enlarged (cf. OHAp) a axis of TE. The
dramatic changes in both occur in the range 270-
300°C. The lattice parameters measured in vacuum
appear to contract at lower temperatures, e.g.,
230-240°C, which is consistent with a Kinetically
limited effect appearing at higher temperatures
when the specimen is heated for shorter times
(hours in N, at atmospheric pressure vs days in vac-
uum). The TGA curve shows nothing dramatic hap-
pening at 250-300°C but, rather, at 325-400°C.
Since the TGA is a dynamic heating experiment, it
may well be that that actual specimen temperature
is lower than indicated. Further, in the TGA experi-
ment there is little or no chance for slow diffusion to
occur so, again, the observed temperature for large
change would be displaced upward by kinetic limi-
tations. Thus we must regard the TGA curve as cor-
roborating, more than contradicting, the H,O and
Aa results.

It is proposed that the sharp contraction in a is
accompanied by a reordering phenomenon. There
are several bits of circumstantial evidence for this:
(a) The decomposition of both A-CO,* and B-
CO,2" plus, especially, the appearance of CO. in the
region below 250°C show that the atomic thermal
vibrations of the apatite atoms have become suf-

ficient for some atomic rearrangement (CO,2~ break-
down) and molecular mobility to occur. (b) The in-
crease in structural OH~ (Fig. 4) demonstrates that
there is some activity in the hexad axis channel
region which entails either reordering or transport,
or both. (c) The increasing expansion rate of a (in
vacuum) prior to its contraction signifies some ac-
tivity within the lattice, such as thermal vibrational-
ly caused expansion of disordered regions prior to
their crossing a mobility threshold (i.e., sufficient
kinetic energy) which permits their components to
rearrange into an ordered, lower free energy,
smaller volume configuration.

We conclude that the actual ~0.014 A con-
traction of a in the 250-300°C region is associated
with a loss of structural (incorporated™’) H,O,
much as LeGeros, Bonel. and LeGros [6] sug-
gested, and is accompanied by *“sudden’ (in tem-
perature) reordering made possible by the increased
thermal vibrations of both the affected ions and

Table 1. TE Lattice Parameters After Heating

Heating Temperature Lattice parameters

(°C) at 25°C
a (A) c(A)
Room temp. 9.440 (6) 6.872(4)
400 9.428 (3) 6.880(2)
800 9.441 (3) 6.875(2)
1200 9.414(2) 6.885 (1)
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their constraining lattice structure, plus any vacan-
cies created by the cumulative losses of CO,*>~ and
H,O up to this point. The situation may be viewed
rather like a key turning in a lock; the various
forces toward change build up gradually with
temperature until a point is reached at which
the lock bolt suddenly starts to move on its own and
quickly falls into place in the final position. We fur-
ther conclude, then, that a of TE is ~0.023 A larger
than that of hydroxyapatite (¢ = 9.421 A) both be-
cause of disorder in some of the constituents and
because of the presence of structural H,O. The dis-
order seems a reasonable expectation for materials
formed at temperatures so low (37°C) that atom and
ion mobility within the precipitated solid would be
too low for the minimum free-energy configuration
to be reached. Other evidence for disorder in the
hexad axis region of TE has been reported by
Young and Holcomb [43], who found that TE deu-
terizes much more readily than does hydroxyapatite
that has been heated above 450°C.

It is relevant to note that LeGeros [5] has ob-
served a similar g axis contraction, after 400°C heat-
ing, in all synthetic apatites prepared from aqueous
systems. It would appear that the same arguments
should apply and would lead to the same mecha-
nism for these aqueous preparations.

Turning now to the increase in a (measured at
25°C) with heating temperatures, one sees that the
expansion of the a axis in the 600-800° region cor-
relates with the build-up of A-CO;%". A-site CO,*™
expands a by ~0.024 A/wt% CO,> in hydroxy-
apatite partially converted to A-type carbonate apa-
tite at high temperatures (@ = 9.54 A for ~85% car-
bonation [2, 23]). Table 1 shows the lattice parame-
ter results for a particular set of samples. When
the 1200° result is used as the base (because
all H,O and CO,*>" are driven off by that heating),
the g axis expansion in the 800° specimen is, nomi-
nally, 0.027 A. In the 800° specimen there is left
about 20% of the initial B-CO,*~ (Fig. 8). and this
should have the effect of decreasing the ¢ axis at the
rate of 0.01 A per 1.7 wt% CO, (Fig. 9 of reference
25). Taking the amount of CO,2 initially present to
be 2.8 wt% (Arends and Davidson [3] report 2.8(5)
wt% average for 10 experiments) and 909% of it in B
sites (14), one calculates 0.20 x 0.90 x 2.8 wt% =
0.50 wt% B-CO,*~ nominally left after heating to
800°C. Its effect on the a parameter. then, should be
to contract it by (0.01 A/1.7 wt%) 0.50 wt% = 0.003
A. Thus the total a expansion in the 800°C specimen
to be accounted for is, nominally, 0.027 + 0.003 =
0.030 A. If this were due entirely to A-CO;>, it
would imply ~1.25 wt% present, or that ~20% of
the possible A-CO,2~ sites are filled. The probable
error in this estimate arising just from the reported

errors in CO,2~ content and a values is ~40% of the
20%. Thus our estimate of the number of A-CO,2~
sites filled is more informatively stated as 12-28%.
From comparison of the i.r. band intensity with
those observed in other work (unpublished) in this
laboratory on high-temperature carbonate apatites
of known A-CO,> content, an estimate of 10-13%
A-site filling was obtained. In view of the probable
errors involved, these two estimates are in satisfac-
tory agreement. We conclude, then, that (a) the ex-
pansion of the ¢ axis of TE caused by heating in the
range 600-800°C is primarily due to the presence of
A-CO;* formed from B-CO,>~ via CO, inter-
mediaries and (b) the amount of A-CO;> present
after 800° heating is substantial, filling more than
10% of the possible A sites.

The fraction of the initially present B-CO3*~ that
is processed to A-CQO,*" also must be substantial.
According to the above estimates ~1 wt% (0.6-1.8
wt9%) of A-CO3*~ still remains when the 800° speci-
men is cooled to room temperature. This is /4 to !/3
of the amount of B-CO;*>" initially present. Consid-
ering that A-CO,*~ must be being lost all along the
way (since it is lost at temperatures below 200°C,
see Fig. 7), it seems probable that most of the B-
CO,?~ must go through an A-CO,*" stage in the pro-
cess of getting out of the apatitic crystals of TE.

Does this mean that some exchange between B-
CO;* and A-CO,4*>" can be expected in vivo? Al-
though it is doubtful that it would occur at any great
rate, because of the kinetics. it would seem to be
possible at very low rates.
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