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Final Report for DE04151 

Abstract 

The primary goal of this work was to obtain an understanding of the occurrence, 
location, binding, variety, changeability, and functional role of the "v1ater" in 
human tooth enamel in relation to various properties of human teeth. 

The principal result of this study is that for the first time a direct re
finement of the crystallographic details of human tooth enamel has been achieved. 
As a result, future atomic-scale mode.ls for the crystalline portion of human tooth 
enamel can be based on a more realistic model (which was experimentally determined 
directly on human tooth enamel itself) than the idealized model system of the 
past, hydroxyapatite. The crystallographic details of the scattering density along 
the "open-channel" of the apatite structure are consistent with some, if not most, 
of the water of tooth enamel being in this channel at z: 0.12-0.14 in a partially 
oriented state (e.g. "restrained tumbling 11

). Based on the current structure re
finements (which need to be repeated with further improvements in the model, such 
as the inclusion in the model of such entities as C03, HP04) water may be present 
in this channel at ~3.6 wt%. 



Al. Introduction 

Fin a 1 Report 
for 

DE04151 
(1 June 1975 - 31 May 1979) 

Work on this project occurred in two fairly distinct phases. The first phase 
(i.e. Phase I) occurred from June 1975 to May 1977 and consisted of: 1) dev~lopment 
of techniques, 2) the building of equipment and 3) the use of the above equ1pment 
and techniques to perform a first crystallographic structure refinement of the atomic
scale details of human tooth enamel (HTE). Due to the costliness of HTE these first 
trial structure refinements were necessarily made with enamel which had been collected 
some years before and was somewhat expendable due to its extended shelf life and 
lack of complete characterization. · The resu.lts obtained from these initial efforts 
in Phase I permitted us to refine the techniques and improve upon the atomic-scale 
models utilized with our study of the better characterized (and more valuable!) HTE. 

Phase II (June 1977 to May 1979) consisted of redoing some of the experiments 
done in Phase I but with better characterized enamel and, with the insight gained 
from Phase I, better experiment design (e.g. s~ection of more appropriate tempera
tures) and better techniques (e.g. closer monitoring of the quality.of data obtained 
from the automated powder diffractometer which can significantly effect the results 
obtained with the PFSR method). 

This final report is written to reflect the two phase nature of the work which 
was done. Phase I is reported in section A2 and Phase II in section A3. 
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A2. ~hase I Progress Report: 

A2a) Covering the period { 1 June 1975 to 16 May 1977)* 

A2b) Summary 

During this initial grant period (DE04151- 00,01, and 02), the ~ark on under
standing the occurrence, location, binding, variety, changeability and functional 
role of "water" present in human dental enamel progressed along six fronts. t·1ajor 
project activities were in the areas of: (1) acquisition of human teeth and the 
preparation of enamel pO\'Jders, (ii) x-ray diffraction study (XRD) of pO\·Jdered hu-
man tooth enamel, in vacuum, from 25°C to 500°C, (iii) thermogravimetJ~ic analysis 
(TGA) of a number of different enamel samples with different ages and particle sizes, 
(iv) infra~red analysis (i.r.) and dynamic evolved gas infr~-red (DGIR) analysis of 
pyrolized enamel and the evolved products of pyrolized enamel respectively, (v) muss . 
spectrometry (t~S) of the gaseous products of pyrolized human tooth enamel, (v~) equip
ment design, fabrication and modification for the XRD, MS, TGA and DGIR exper1ments. 

A major accomplishment during this report period was the substantial step 
forv.Jard in the direct study of human tooth enamel itself by the Pattern-Fitting
Structure-Refinement method (PFSR). This method, PFSR, appii.ed to powdered human 
tooth enamel has provided fo~ the first time quantitative structure analysis of 
the crystalline portion of tooth enamel, per se. 

A2c) Detailed Report 

Sample Acquisition and Preparation 

The collection and preparation (see Method of Procedure for details of the 
preparation techniques) of whole sqund human teeth, both age differentiated and 
pooled, has been a continuous activity during the first grant period. Approxi
mately 2, 50, and 50 grams of TE powder have been prepared for the under 15 years, 
16-50 years, and the 51 and over categories, respectively. Another 100 grams of 
enamel powder have been prepared from teeth with no age differentiation. These 
figures include both the heavy {sp. g. >2.95) and medium (2.95 >sp. g.> 2.84) 
density fraction. At the end of phase I, a backlog of about 200 whole teeth existed 
on which no work had been done yet. 

X-ray Diffraction & PFSR of Human Tooth Enamel (TE) 

A powder x-ray diffraction environmental chamber was designed and built. 
This chamber is capable of heatinq the sample to 500°C while maintaining the 
sample under a vacuum (see FigLres 1 through 3). The design is such that 
gases evolved from the sample as it is pyrolized may be collected in an external 
glass vessel for further analyses (e.g., mass spectrometry). This chamber was 
also . used to maintain the sample in controlled atomspheres (e.g., various 
humidities) in the second phase of this work. 

*See _Changes in Effort of the Summary Progress Report of the first project 
year. That section explains that full-time effort was delayed until January 1976. 
In addition, a l/3 reduction in effort was required by the reductions made by 
Council in the ~ersonnel services of originally submitted budget. 
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This chamber was used to collect 14 x-ray diffraction data sets ·on a 
11 pooled 11 enamel sample at 8 different temperatures from room temperatures to 
500°C and then back to room temperature under vacuum ('\i 20 milliTorr) conditions. 
These 14 data sets have been analysed by the method of Pattern-Fitting-Struc tu re 
Refinement (PFSR). Since PFSR is a relatively new techniques (see "Application 
of the Pattern-Fitting-Structure-Refinement t'1ethod to X-ray Po'IJder Diffl4~cton1cter 
Patterns 11

, R.A. Young, P.E. Mackie and R.B. Von Dreele, Jo~nal o~licd Cry_~t_~
].Qgra_p_ty, (1977)) a short description is warranted at this point, 

The method of PFSR enta i 1 s using a computer program in conjunction \vi th an 
atomic-scale model of the material under study to calculate an x-ray powdel' dif
fraction pattern. The atomic-scale model is defined by specifying \AJhere each 
atom is located (i ,e., what are the x, y and z • s of ·each atom) specifying how 
each atom is moving and by specifying the probabilities with which one \vould 
find a given crystallographically unique atom in a given unit cell. In addi-
tion to specifying parametel'S which describe the atomic model, one must specify 
other parameters which .describe the 11 State 11 of the sample (e.g., crystallite 
size:~ strain, perferred orientation, etc.) and which- describe the experimental 
setup (e.g., incident wavelengths or spectral distribution, instrumental reso
lution and aberrations), After everything is specified an x-ray pmvder dif-
fraction pattern can be calculated, In practice, this calculated po.ttern \'-lill 
differ from the observed pattern. The parameters of the mdd~l (and experimc11t!) 
must then be adjusted or changed to make the calculated pattern fit the observed 
pattern better in a least-squares sense. In this manner (with a method quite 
similar to that used for single-crystal x-ray analyses) one can obtain directly 
crystal structure details of human tooth enamel. In practice, many cycles of 
refinement and much computer time are needed to gradually refine the atomic 
model (e.g., adding missing constituents of the model such as ;~purities, until 
the desired degree of fit is obtained). 

The PFSR analyses of the 14 data sets described above have not been fully 
completed yet, but are far· enough along so that some significant questions ar·e 

. answered, while still other questions were raised which have suggested addi-
tion a 1 ·experiments to be perfm·med. So far, the positions and site occupancies 
of the calciums (Ca(l) and Ca(2)) and the atoms in the phosphate group (P,O(l), 
0(2) & 0(3)) ha~e been determined (see Table I). While there is evidence of signi
ficant changes in atomic details occurring along the hexad axis of the apatite-
like structure as a function of temperature, the results obtained from the initial 14 
data sets of phase I can rot be inteqreted con:lusively for the atoms on this axis. 

While not differing to a major degree, these results are based on the preliminary 
Phase I data, and differ in some atomic~scale details from the results obtained in 
Phase II (with better data) and reported in .. Crystallography of Human Tooth Enamel: 
Initial Structure Refinement 11

• 

From Table I and Figure I one can see that the most obvious difference in 
structural parameters between TE and Holly Springs hydroxapatite is a rotation 
of the POa. groups about an axis \'-lhich passes through the 0 3

1 s. There is a sli9ht 
increase in the size of the Caz and 0 3 triangles. The 0 3 -P-0 3 angle is smaller 
in .JE thlln in Holly Springs OHAp. Smaller-than-normal site occupancy factors 
for 01, ~and P relative to 03, suggests that there :r.ay be consi-derable disorder, 
in TE, of the PO~ groups about the axis through the Q3 •s perpendicular to the 
mirror plunes. ·This hypothesis is further supported by additional PFSR refinements 
{incanplete at the a1d of Phase I) with isotropic temperature factors for the ca 1-
ciurns and PO" groups allm<~ed to vary, which .~eveal close-to-norma·! . temperature 
factors for the 0-3 and P but very much enlarged thermal factors for the 0 1 and 0}. 
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01 Oz 
X y z s X y z s 

25°C 4073z 5 522237 ~ .5~ 66334 1 4738,.3 ~ • 37 2 

185°C 408~ 6 527533 ~ • 412 651238 467640 ~ .3~ 
250°C 4058z 6 5266 32 ~ . 392 65533 6 4729 37 !t; • 322 
3C0°C 4086-z 5 5259 3 6 ~ . 48z 661 041 476640 ~ .3~ 
350°C 41292 5 5321 3 6 ~ • 45z 660339 476739 ~ .3~ 
400°C 41 Oh 4 52553 6 ~ . 4~ 658540 474639 . ~ .3~ 

TE 450°C 41 0~ 5 528737 ~ • 452 658541 471640 ~ . 35z 
450°C 41 0 72 5 5305 3 6 ~ . 45z 665138 47724 0 ~ . 3 72 
500°C 4090z 7 52434 0 ~ • 472 655948 467848 ~ • 3~ 
500°C 4118z4 525837 ~ .4~ 664642 47842 6 ~ • 322 
400°C 41 04z 5 528237 ~ • 472 654045 46694 4 ~ . 33z 
300°C 407430 51 534 7 ~ .493 66524 6 4733so ~ . 42 3 
185°C 406~ 4 5232 35 ~ .4~ 660842 4 7194 1 ~ .3~ 

25°C 40312 7 521037 ~ ·.4~ 659642 4 723 42 ~ . 35z 
OHAp 25°C 3282 2 48462 ~ 58761 46521 ~ 

03 p 

X y z s X y z s 
25°C 344~ 9 26511 9 2442 4 1. 05 3 397325 35252 4 ~ .481 

185°C 353h 3 269717 33321 • 92z 40002 0 3586z 0 ~ . 401 
250°C 35572 1 27171 6 34519 . 902 40021 8 36051 7 ~ .401 
300°C 342730 26681 9 2552 3 . 97 3 39532 .4 35732 3 ~ • 451 
350°C 3488z 6 268918 28~ 1 1. 012 398721 358421 ~ • 471 
400°C 341930 266419 2532 3 • 962 3947z 4 3563z 3 ~ • 441 N :3: 

OCJ 
TE 450°C 34712 7 268318 2712 2 . 992 39622 2 356822 ~ • 461 \.Q(") 

I 'A 
450°C 34922 6 268518 278z 2 1 .Oh 399~1 357~1 ~ • 471 w -'• 

Nro 
500°C 3459 31 267420 22~ 6 1 • 01 3 . 39702 6 35212 6 ~ • 4 71 I .. 

0 
500°C 341 h 9 26541 9 2492 3 • 962 39392 4 35492 3 ~ .441 0""'0 

NOJ 
400°C 343~ 9 265719 26h 3 • 98 3 395024 . 356~ 3 ~ • 461 \.OC 

...J 

300°C 353h 8 267319 2372 6 1 • 13 3 3984z 7 347 4z 7 ~ . 511 m 
185°C 341330 265619 2492 3 • 9& 39502 4 353fu 3 ~ . 451 

25°C 346Dz 7 26571 8 2592 2 1. 012 397h 2 353222 ~ . 461 
OHAp 25°C 34331 25791 7041 39831 36831 ~ 

Table I 
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ca1 

X y z s 
25°C 1/3 2/3 25621 . 350 6 

185°C 1/3 2/3 22~ 1 .290s 
250°C 1/3 2/3 2311 9 .288s 

: 

300°C 1/3 2/3 30518 . 356s 
350°C 1/3 2/3 . 29 21 8 . 352s 
400°C 1/3 2/3 30118 . 352s 
450°C 1/3 2/3 29718 . ~43s 

TE 450°C 1/3 2/3 28619 • 34ls 
500°C 1/3 2/3 29~ 1 .343 6 

500°C 1/3 2/3 3011 8 . 342s 
400°C 1/3 2/3 29019 . 34.5 6 

300°C 1/3 2/3 248z 3 • 357 7 
185°C 1/3 2/3 30818 . 347s 

25°C 1/3 2/3 26319 .338s 
OHAp 25°C 1/3 2/3 0131 . 3231 

Table 1 (contin·ued}. 

. -6-

Cali 

X y 

249211 989214 
24851 0 98821 3 

24771 0 98 7212 
247111 98 7-11 3 

247310 98661 3 

24 721 0 98751 3 

247210 98 791 3 

246810 9'8 7 31 3 

24 7612 98851 s 
_246910 98781 3 

248210 98931 3 

. . 249012 9882!5 
2474u 98841 3 

24841 0 98921 3 

24651 99311 

. . 

z s 
~ .539 8 
~ . 450 6 

~ . 445s 
!t; .5217 
!t; . . 52.5 6 

!t; . 523 6 

~ . 519 6 

~ . 521 6 

!t; .525 8 
!t; . 515 6 

!t; .5287 
!t; .5559 
!t; • 5257 
!t; . 521 6 

~ • 4851 
~ 

N~ 
OP.I 
\.D(') 
I 7'" 
w -'• 
N(!) 
I ~ 

0 
0 ""0 
NO.I 
I...OC 

--J 



b~------------~--------~ 
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I 
/ 

/ .;/ 
Ca 2 o OHAp 

+ TE 

FIG. 1 
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lattice parametet,s, obtained from the PFSR refinements of the 14 datu sets, 
show that the a parameter undergoes a decrease from '\..2S0°C :1nd 350°C (see Figure 
2). Note that-these a values are for the crystal at the indicated temrerature, 
not after being brought back to room temperature. -One-question · raised by these 
results is why the room temperature a parameter is the same before and after 
pyrolysis at _?OO"C (this appears to contradict our own previous experiences and 
the results of others, e.g., see R.F. LeGeros, et al. "Types of ·•VJater' in 
Synthetic and in Human Enamel Apatites'', IADR, Copenhagen, 31 March-31 April, 
1977). However, this experiment differed from the others in that the sample was 
held in a vacuum at all times during the heating regi!llen. Further experiments 
during DE04151-02 (heating the sample in vacuum and in air) should clarify this 
situation. 

When one plots the site occupancy factors (S) for the various atoms in TE 
vs temperature a curious decrease in the S's is observed in the temperature range 
T85°C to 250°C. This coincides both with (i) the temperature at which chlor
apatite is known to undergo a phase transition and (ii) the principal loss of 
weight as seen with TGA (primarily water). This decrea~e in the S's precedes 
fv75°C) the observed decrease in the a 1 atti ce parameter. These decreased S va 1 ues 
could be indicating increased disorder (dynamic or static) as a precusor to the 
loss of material "from the lattice 11 indicated by the decreased .9_. 

During our early refinements with tooth enamel data, what appeared to be a 
micro-crystalline (~50A) calcium-phosphate phase was observed as a residual back
ground. What first brought our attention to this, was the lack of fit (particu- · 
larly in utail" regions of the Bragg reflections) in the angular regions of 30° 

. to 36°, 38° to 41°, 46° to 53°, and 59° to 66° (A= 1.54). Very broad 
. (~ 5° FWHM) diffraction peaks occur in thes~ angular regions wh~n an observed 
tooth enamel diffraction pattern is convoluted with a gaussian crystallite size 
function of 50~ width at half maximum. This identification is not unique to 
apatite though, since other calcium-phosphates (e.g,, Ca~P2 0 9 , acta calcium
phosphates, etc.) yield similar peaks in these regions when "smeared'' by the 
same broadening function. .It will be interesting to see if this apparer1t micro 
crystalline component is present and varies with age with the age-differentiated 
enamel samples. The PFSR computer program is presently being completely re
written (undEr DE 01912-14, Professor R.A. Young, PI) to correct many of its 
present problems. The resolution of the possibility of a bi-modal distribution 
of crystallite sizes in TE awaits this new PFSR program with its improved pro
file functions. 

Thermogravimetric Analysis (TGA) of Human TE 

In the TGA work on TE, the curves exhibit "peaks" or "breaks" only as changes 
in slope. With large partfcle size there is a sharp break in the TGA curve at 
~410°C. With smaller particle sizes the break at 4l0°C is smaller. For larger 
particle sizes, bits of sample are actually expelled from the weigl1ing tray as the 
temperature is increased. This correlates with our i.r. observations that C~ 
is ,rapidly evolved at 350°C. Water, while it is given off continuously as TE is 
heated, is rapidly evolved in the temperature range 280°C to 360°C. 1\ppurently the 
C02 (which is released fr·om C03, as IR analyses bef~re and after pyrolysis shov-1 re
duction--eventually to zero- of the C0 3 present in the TE specimens) ar1d the water 
are unable to e-scape from the TE macro-structure at lower temperatures; but at 
higher temperatures breakdown of the TE macro-structure then releases them, some
times explosively if the particles are large. This may relate to Dibdin's (1969) 
observation from BET measurements that the -pore-surface area of TE increased 
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fourfold at 360°C presumably because of pyrolysis of the organic content, and to 
Zahradnik and Moreno's (1975) observation with isothet~al water vapour sorption 
measurements that the "pore constrictions" ·are associated \'Jith the presence of 
organic-matter "plugs". ~1odification of the sample holder (e.g., higher sides and 
a small mesh screen covering the top) resulted in a much smaller weight loss at 
410°C. The fact that the "spalling" of TE material occurs at such a well 
defined temperature and also the fact that with sufficient reduction of par·ti-
cle size a sharp weight loss is no longer seen suggest the existence of charac
teristic cavities \<Jithin TE macro-structure similar to the cavities of Dibdin 
or pores of t~oreno and Zahl~adni k. Furthermore, these observations suggest that 
the water vapor pressure at 4l0°C (~3380 p.s.i.) is a measure of the mechanic~l 
strength either of the TE macro-structur·e or of the "organic plugs" in the pores 
suggested by Zahradnik and Moreno. 

The first slope of the TGA is the steepest and occurs in the temperature 
range 25 to 200°C. Maximum slope and gas emissions occur at ll5°C. This first 
rapid loss (up to 0.8wt%) is generally accepted to be H20 and assumed to be that 
adsorbed on the organic and/or inorganic component. We have found: 

1} for human TE samples heated to less than 150°C the weight loss can 
be regained by exposure to atmosphere . 

. 2) for TE heated to less than 500°C (but more than 150°C) the weight 
1 os ~ in the 25°C to 200°C range can only .be partially regained · by 
exposure to atmosphere. 

3} ifTE is heated to l000°C the 2S°Ctol85°C weight loss can not be re
gained even after prolonged (4 months) exposure to atmosphere, or even 
1 week in H20. 

4) even hydrothermal treatment (200°C@ 350psi for 225 hours in H2 0) 
will not totally restore the weight loss in the 25-200°C range for TE 
which has been heated to 500°C. 

5) storage of TE for 4 months over P20s removes 65% of material nor
mally lost by 200°C. 

6) storage of TE for 14 days at ll0°C in vacuum removes 80% of the 
material normally lost by 200°C. . . 

7) a reflux preparation of hydroxyapatite shows a TGA weight loss 
(0-200°C) of 0.4wt%. 

8) a hydrothermal pre.paration of hydroxyapatite (500°C @ 17000psi in 
H20) shows no TGA weight loss in the range ooc to 200°C. 

9) deproteination of TE with hydrazine eli.minates 40% of the \veight 
loss seen in the TGA curve of untreated TE by 200°C. 

10) light fraction TE. (i.e., specific gr~vity <2.8) has a larger TGA 
\aJeight loss than the heavy fraction up to 200°C (~lwt%) but depl·otcina
tion eliminates 60% of this weight loss from the TGA curve. 

Eighty per cent of the weight loss belO\oJ 200°C is probably due to adsorbed \~utcr; 
half of which is associated with the organic, the other half with t_he inorganic. 
By 200°C the organic material is starting to denature which inhibits its ability 
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Chamber 

Photo #2 Close-up View of Sample Holder and Environmental Chamber Base-Plate 

1. Powder Sample Holder with Heater Coils Imbedded 

2. Water-cooled Base Plate 

3. Adjusting Knob - to adjust position of sample in the x-ray beam 

4. Wires for Heater Power and Thermocouple Readout 

Photo #3 Environmental Chamber Base-Plate 

1. X- ray Source 

~. Adjustable Platform on which Sample Holder is Positioned (see 

Photograph #2) 

3. Connector Block for Heater-Power and Thermocouple Connections 

Photo #4 Evolved Gas-!R Sample Holder 

1 & 2. NaCl Windows - IR path is from 1 to 2 

3. Heater Coil 
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to readsorb \vater. Heating TE to ~oonc has a considerable charring effect (sum
ple turns grey and orgunic gases are evolved) und eliminutes the ability of the 
organic material to udsorb water. The water adsorbed on the inorganic material 
is similar to that adsorbed on the reflux prepared hydroxyapatite (prepared at 
100°C). 

The second slope in the TGA curves of TE starts around 300°C and extends 
to 1000°C with a small inflection noted at 780°C. This weight loss is asso
ciated \'Jith: 

i) water (from inorganic and organic components) 
ii) C~ (from both inorganic and organic components) 

and iii) several unidentified organic species. 
This weight loss (i.e., from 300°C to l000°C) has a maximum \'Jeight loss rate and 
maximum ~as emissions (as determined from dynamic evolved gas IR experiments) at 
390°C. By 390°C some 2.5wt% has been lost as seen by TGA measurements. This 
maximum emissions at 390°C correlates well with the explosive scattering of ena
mel chips (~40~1) observed at 4l0°C. Part of this 2% weight loss between 300°C 
and 1000°C is associated v;ith the organic component as can been seen by: 

i) the sample slowly gets darker as the temperature goes from 300°C 
to 800°C; but then turns \vhi te again by 1 000°C. . 

ii) deproteination decreases the weight loss ·in the range up to 900°C 
by ~h'/t%. 

iii) organic gases (as seen by dynamic evolved gas IR) a1~e evolved over 
the entire temperature range of 300°C to 1000°C. 

This weight loss due to the organic components above 300°C is fairly continuous 
and hence has a smoothing effect on the TGA curve. C0 2 gas (2320cm-i) is evolved 
starting at 200°C and is also fai~ly continu9us. Changes in the IR spectra of . 
the carbonate region point to the initially incorporated carbonate as the source 
of the evolved C02. The remainder of the 2wt% loss between 300°C and 1000°C is 
·primarily water. 

With the complementary use of evolved gas-JR \'Je have established that assay 
for v1ater in TE by TGA alone will be in serious error for at least two reasons: 

1) Water is lost continuously and in combination wit~ other entities 
as the temperature is raised, and 

2) As much as 20% of the water in TE may not leave the enamel but be
comes incorporated as structural OH in the apatite portion (e.g., see 
LeGeros, 1973, who shovJed structural OH increased vJith heating). · 

From this point of view, TGA although useful, is not our most valuable tool be
cause of the complex nature of the weight loss. We have thus started using the 
dynamic evolved gas IR analysis technique to study the evolved gases of TE as 
they are given off. This should give us more accur-ate numbers for the H2 0 lost 
(or other species!). 

Mass Spectrometry (MS) of Human TE 

Mass spectrometry of TE samples for Hz 0 and C~ is confounded by these same 
two entities which occur as background. Secondly, although the organic components 
are a small \\Ieight per cent of our p1~eparcd TE, organic vapors with complex frag
menting patterns· are a high prcccntage of the total weight lost in a MS run and 
constitute a confusing buckgound which needs to be removed in order to study the 
potentially small amounts of the entities of interest. 
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We performed step-wise heating regimens of TE for MS and dynamic evolved gas 
infra-red (DGIR) analyses. i1S analysis was also being performed on evolved gases 

1 ~ollected from the environmental chamber during x-ray powder diffraction runs. 
- .II 

The technique of step-wise heating and then the static analysis by the sector 
type mass spectrometer available to us did not fully meet the needs of this project. 
The ga~es were not analyzed as they were emitted (i.e., dynamically as the tempera
ture was changed) but were collected in a glass vessel, while the sample was held at 
a constant temperature, to be analyzed at a latter time. This procedure suffered 
from a number of problems. First, the quantitative information was compromised be
cause some of the gases tended to condense out on the cool walls of the collection 
vessel. This changed the ratios of the various gaseous species present in the gas to 
be eventually injected into the mass spectrometer. Secondly, with the mass spectra-

. meter available to us, the injected gas had to follow a path with some bends in it 
before it arrived at the analyzing magnet. At each bend, the various gaseous species 
were removed from the gas stream (e.g., by condensation or scattering) to varying 
degree for each specie, further compromising the quantitative aspects of the data col
lected. A third problem was that those in charge of this instrument did not want us 
to inject gases at temperaures higher than about 300°C at the inlet. This was to re
duce the possibility of contaminating the system with heavy organic mass fragments 
with a resulting costly down time to break open the vacuum system and throughly clean 
the system. A quadra-pole mass spectrometer, with its straight path through the 
system, would have reduced or eliminated the problems mentioned above. The gaseous 
effluents would be analyzed dynamically (i.e., on-line as the temperature is varied 
without the intermediate step of a collection vessel), the data collected would be more 
quantitative because of fewer opportunities for the gas stream to interact with various 
parts of the equipment along the path (it follows that the problem of contamination 
would also be reduced), and higher ·inlet temperatures for the injected gas would be 
fea·s i b 1 e. 

Several different possibilities for using quadra-pole type ~1S's were checked 
out. A Bend·ix time-of-flight unit in Ceramic Engineering needed reP,airs which 
would cost more than acquiring a new unit (rv$10000). A residual gas analyzer 
in the Physics department was in dedicated use and unavailable for use by this 
project. Similarly, use of a quadra-pole MS in the Areospace Engineering depart
ment was looked into. This unit was being used intensively and it was feared 
that injection of our biological samples at high temperatures would result in 
contamination and, hence,shut down the unit for extended lengths of time for 
cleaning. 

To effectively acquire the dynamic (and quantitative) data of mass fragments vs 
temperature, a mass spectrometer, of the quadrapole type, would be desirable. Mass 
spectrometer identification of the various enamel effluents at each temperature~ ~orne 

more important with the result from dynamic evolved gas i. r. that the several evolved 
species are given off continuously and simultaneously. Good quantitative MS 
data \vould both complement and provide a check on the dynJmic evolved gas i.r. 
results. For example, i.r. band assignments could be made by corr·elating changes 
in i.r. bands (e.g. changes in areas and shifts in position) with quantitative 
changes in the mass fragments of the MS output. 
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Infra-Red(IR) and Dynamic Evolved Gas IR (DGIR) of Human TE 

With the realization that the TGA curves of TE were a composite of simul
taneous continuous emissions of several species, the sample chamber (or cell) 
for continuous monitoring of the IR absorption bands of evolved gases was de
signed and built (see the next section: "Equipment Design, Fabrication and 
r~odification 11 ). Thus far, nine major absorption bands have been noted, as well 
as, many small peaks in the orgnaic "Fingerprint" region (600-l500cm- 1 ) •. 

Efforts ··were directed tmvard calibrating the cell \'Jith pure oxalates in 
ah effort to obtain weight loss vs temperature curves for each major specie 
evolved. This technique, DGTR3 was i.nvestigated as a potential 
analytic assay fcir water. The only bands of the 9 assigned with certainty are 
H20 and C02 which are the largest. Several other bands are assigned to at 
least two different organic species (one a gas and the other a condensed vapor). 

Equipment Design, Fabrication and Modification 

Several pieces of equipments were designed and built for DE0415l. As mentioned 
in the section on x-ray diffraction, a sample environmerital chamber (see Photos l 
through 3) was built to enable the sample to be heated up to 500°C while maintaining 
the sample in a vacuum or some control atmosphere. This chamber was used to obtain 
the TE (under vacuum) data _ vs temperature used in the PFSR studies. lt was fur
ther used in DE04·151-02 to maintain the sample at humidities other than arnbient. 

A special sample chamber (see photo #4) was constructed such that various 
species of the evolved gases could be monitored by IR continuously as the 
temperature of the sample was increased. This chamber has been used extEnsive
ly in the dynamic pyrolysis studies of human TE {see R.A. Young et al. "Dyna
mic Pyrolysis Studies of Human Tooth Enamel", AADR, Las Begas, June 1977). 

A2d) Published Abstracts of Oral ·Presentations at Sci~ntific Meetings 

i) "Experience with x-Ray PFSR: Profiles, LaPO'+, and Tooth Ena
mel11, P.E. r~ackie, Dennis B. Hiles and R.A. Young, Program and 
Abstracts, American Crystallographic Association, Series II, 
5 42, {1977). 

ii) "Preliminary Crystal Structure Analysis of Powered Human Tooth 
Enamel", P.E. Mackie and R.A. Young, J. Dent. Res., 56, {Special 
Issue B), ~ 232 (1977). 

· iii) "Dynamic Pyrolysis Studies of Human Tooth Enamel", R.A. Young,
Derrold W. Holcomb and P.E. Mackie, J. Dent. Res., 56 (Special 
Issue B), B 233 (1977)~ · 
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A3. Phase II Progress Report 

A3a) Covering the period 17 May 1977 to June 1979 

A3b) Detailed Report 

Previous sections of this progress report described i4 sets of x-ray powder dif
fraction patterns (collected at various temperatures) which were used with the then 
relatively new technique of Pattern-Fitting-Structure-Refinement. During the period 
May 1977 to Aug. 1977, 29 additional x-ray powder diffraction patterns were obtained 
of human tooth enamel held at various temperatures between 25°C and 500°C while held 
in a vacuum of ~10 to ~millitorr. These data were collected with the enrivonmental 
sample chamber especially designed and constructed for this task in Phase I~ Collec
tion of these 29 data sets is a repeat of the earlier experiment with 14 data sets 
which was perfonned in Phase I. However, the knowledge and experience gained from 
the previous experiment enabled us to design and perform the experiment better the 
second time around. For example, improved packing of the sample allowed the entire 
experiment to be performed (over a four month period) without having to repack the 
sample. Furthermore, the evidence of an irreversible thermal process occurring some
where between 200° and 300°C (see Fig. 2 of this progress report) permitted us to 
judiciously select the temperature at which powder patterns were collected in order 
to enhance our chances of observing the crystallographic struc~ure changes \vhich 
may be occurring during that irreversible process. This one sample was allowed to 
equilibrate for at least 24 hours at each selected temperature (under a vacuum of 
~20 microns) before the powder pattern was collected. These powder patterns were 
collected at several different temperatures, increasing in steps from 25°C to 500°C, 
with the step size being ~25°C in the vicinity of the irreversible process. In 
addition to these data at various temperatures, 9 powder patterns were obtained (dur
ing the ~eriod Sept. 1977 - March 1978) with the sample equilibrated and held at 
various relative humidities (the temperature maintained at 25°C). Data were collected 
with the sample in a dry atmosphere and in wet atmospheres with relative humidities 
(R.h.) ranging from 20% to 85% with approximately 10% steps in the R.h. 

The 29 sets of data at various temperatures were initially used to perform PFSR 
analysis with the old PFSR program. A newer version of the PFSR program (with en
hanced capabilities needed to improve the results obtained with such an analysis) has 
been under development for some time (under companion project DE01912) and has only 
recently become available. To the extent that such analysesare consistent with the 
goals of DE01912, it is expected that these analyses will be completed under project 
DE019l2. 

Results of a fairly substantial nature have already been obtained for the HTE 
data at room temperature. These crystallographic details of human T.E. are reported 
in a paper entitled 11 Crystallography of Human Tooth Enamel: Initial Structure 
Refinement 11 which has been accepted for publication in the ~1aterials Research Bulletin. 
A preprint of this paper is enclosed. 

Initial PFSR analyses (with the older PFSR program) of the data sets at the 
extremes of the humidity range employed have not yet allowed us to detect differences 
in the crystallographic details which could be construed to be statistically signi
ficant. Future PFSR refinements with the new version of PFSR (presumably on pro-
ject DE01912) may yet yield detectable differences in crystallographic details in 
humidified vs non-humidified human tooth enamel. 
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A3c) Resu 1 ts 

For the first time, the crystal structure details of enamel have been determined 
directly by powder x-ray diffraction and profile-fitting-structure-refinements. While 
the atomic-scale models employed were far from complete, some useful interpretations 
of the results can still be made at this time. 

1) As suspected (due to the similarity of the powder patterns for HTE and 
hydroxyapatite), the crystal structure details of HTE are very much like OHAp. 
However, significant differences do exist. These differences show up primarily 
in the contents of the "X-ion 11 channel and the position and occupancy of the 
POt. groups. 

2) The 11 X-ion" channel scattering density is consistent with a model which 
has ~3.6 wt% water, partially oriented at z z 0.12 - 0. 14. 

3) The disturbance of the phosphate oxygens has not been explained yet with 
any particular refined crystal structure model, but it may be possible with 
future refinements to account for such distortions with a model which includes 
C03 and HP0 4 substitutions. 

A3d) Talks & Paper Since the Last Progress Report 

A42. Papers Accepted for Publication 

"Crystallography of Human Tooth Enamel~ Initial Structure Refinement", 
R.A. Young and P.E. Mackie, accepted for publication in Materials Research 
Bu 11 et i n ( 1 97 9) . 

A4b. Papers Presented at Meetings 

1. ••Pattern-Fitting-Structure-Refinement (•Profile Refinement•) with X-Ray 
Powder Diffraction Data", R.A. Young, P.E. Mackie and D.B. Wiles, 
Conf. on Diffraction Profile Analysis, Krakow (1978). 

2. "Crystallographic Changes Induced in Human Tooth Enamel By Moderate Heating", 
P.E. Mackie and R.A. Young, IADR meeting, ~ew Orleans (1979). 

3. 11 Flat and False r~inima in Rietveld Crystal Structure Refinement of Human 
Tooth Enamel••, R.A. Young, D.B. Wiles and P.E. Mackie, ACA, Honolulu (1979). 

Paul E. Mackie 
Senior Research Scientist 

8 January 1980 
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Invited paper for 13-14 August 1978 Krakow "Conference on Diffraction 
Profile Analysis and Open Neeting of Commission on Ne-t~tron Diffraction" 

PATTERN-FITTING-STRUCTURE-REFINEMENT ('PROFILE REFINEMENT') 
WITH X-RAY POWDER DIFFRACTION DATA 

R. A. Young, P. E. Mackie and D. B. Wiles 
School of Physics and Engineering Experiment Station 

Georgia Institute of Technology 
Atlanta, Georgia 30332 U.S.A. 

The pattern-fitting-structure-refinement (PFSR) method, best known as 
Rietveld's 'profile-refinement' method for neutron diffraction powder 
patterns, has only recently been applied to x-ray diffraction powder pat

terns (Malmros and Thomas, J. Appl. Crystallogr.l~' 7-11 (1977); Young, 
Mackie & von Dreele, ibid. pp. 262-269; Khattak & Cox, ibid. pp. 405-411). 
Structure refinements with x-ray powder data have been carried out on 
materials in at least six different space groups and with up to 28 adjust
able parameters. As is also true for the neutron case, remarkably precise 
lattice parameters are a b~-product. Whole-pattern R values, Rp, are 
similar to those obtained with neutron data (e.g., 10-30%) and atom posi
tion parameters agree with single crystal results, where available. Site 
occupancy and, especially, temperature factors so far obtained are less 
reliable, at least in part because of inadequate profile functions. 

Proving its worth by application to a natural material that could not 
possibly be available in single crystal form, the x-ray PFSR method has pro

vided the first crystal structure refinement of human tooth enamel,~~
Some significant differences from hydroxyapatite are shown, even though the 
results are preliminary because the model (hydroxyapatite with some Cl, F, 
and C substitutions) is not sufficiently complex and because better profile 

functions are needed. Further, useful results have been obtained on both 
reversible and irreversible structural-parameter changes occurring in the 
tooth enamel as it was ·eye 1 ed repeatedly between room temperature and 500°C 
(refinements at 7 to 10 temperatures on each cycle) and with different 
humidities. 

Unlike the usual neutron diffraction profile, x-ray diffraction profiles 
are not well represented by Gaussian functions. The cited works have in

volved Gaussian, Lorentzian, and two~modified Lorentzian forms for the dif
fraction profiles. Which is better depends on the extent of diffraction and 
instrumental broadening present; all appear to be far from ideal. Thus, 

reliable site occupancy and temperature factors, desired sensitivity to 



subtle structural differences, and exploitation of the full potential of 
the PFSR method await the use of more appropriate profile functions. 

Other desired.features of a good P~SR computer program include simul
taneous refinement of two or more phases, improved handling of background 

including any amorphous contribution, capability for stripping out the 
total pattern of a major phase to permit concentration on a minor phase 
present, modular construction, portability, and immediate applicability 
to all space groups without need for special programming. A computer pro
gram meeting most of these objectives is now nearing completion. 

This work has been supported in part by the U.S. Public Health Service 

through NIH-NIDR Grant DE-01912. 
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FLAT AND FALSI MINIMA IN RIETVELD CRYSTAL STRUCTURE 
REFINEMENT OF HUr~N TOOTH ENAMEL. R.A. Young, 0.8. Wiles and 
P.E. Mackie, School of Physics and Engineering Experiment Sta
tion, Georgia Institute of Technology, Atlanta, GA 30332 
The Rietveld method of utilizing all information in a powder 

.Pattern to do crystal structure refinement, remarkably success
ful with neutron data, is beginning to produce important re
sults with x-ray powder data. Experiences with human tooth 
enamel (TE) and related apatites suggest, however, that the 
method is less than ideally effective because of 11 flat 11 and 
false minima. 11 Flatness 11 is shown by relative insensitivity 
of Rwp to changes in atom positions and site occupancies. A 
test with a well known structure, fluorapatite, showed that 
displacing one oxygen atom by (only) ~o.SA allowed it to be 
trapped in a false minimum which, in this case, could be dis
tinguished from the true minimum on the basis of Rwp values 
(21% vs 14%). The problem is compounded by factors leading 
to rather high final Rwp values, such as deficiencies in the 
TE structural model which omits C0 3 (2-4 wt%) and H2 0 (3-5 wt%) 
at a~ yet unknown locations. With TE, Rwp was about 26±1% 
whether or not the one atom was misplaced by 0.8A. A similar 
flatness problem occurred with C0 3 substituting on the hexad 
axis of synthetic apatite. 
M.J. Cooper noted (1978) that the a•s are calculated too small,· 
in principle. ~Jith JE and apatites, our positional cr• s are t:;pi
cally 0.01 to 0.02 A but comparison of results from different 
data sets suggest that the true cr•s may be 2 to 3 times as 
large. Further, in thermally cyc.ed TE apparent shifts in atom 
position differed up to 0.08A with different Rietveld refine-
ment programs and the same data set. · 

We conclude that when the structural model is not entirely cor
rect, as ordinarily will be the case when one is trying to work 
out the actual detailed structural composition of a natural 
materia 1, if Rwp does not fa 11 bel ow about 20% (1) one sho~ld ex
pect the actua 1 cr• s to be 2, 3, or rrore times those ca lcu1ated c:nd 
(2} false minima rmy be preva 1 ent and undistinguished from the true 
minima. 
This \\Ork \\as supported in part by NIH-NIDR Grants DE-01912, DE-04151. 

R.A. Young (404) 894-5203 
Key idea sentence: Applications of the remarkably successful Rietveld 
method are becoming sufficient to permit identification of some of its 
limitations. 
Oral presentation 
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CRYSTALLOGRAPHY OF HUf·1AN TOOTH ENAf'.1EL: INITIAL STRUCTURE REFINEt·1ENT 

ABSTRACT 

R.A. Young and P.E. Mackie 
School of Physics and 

Engineering Experiment Station 
Georgia Institute of Technology 
Atlanta, Georgia 30332 U.S.A. 

A first crystal structure refinement of human tooth enamel, p~ se, 
has been achieved. For this, both x-ray and neutron powder diffrac
tion data were analyzed with the Rietveld method of whole-pattern 
fitting. The dense fraction (sp.g. >2.95) of pooled human tooth ena
mel was used. Refinement in space group P6 3/m led to a= 9.441(2)A, 
c= 6.878(l)A and locations of the principal atoms similar to those 
in hydroxyapatite. The observed scattering density distributions 
along the hexad axis, including the differences between x-ray and 
neutron measures, would accommodate H2 0 in so~e orientational dis
order centered at z= 0.11 to 0.14 and the known small quantity of 
Cl- ions partially substituting for OH- (e.g. 1 in 20). This struc~ 
ture refinement constitutes the first direct evidence of both simi
larity and differences in the atomic-scale structural details of 
hydroxyapatite and human tooth enamel. 

Introduction 

Until now, no direct crystal structure analysis of human tooth enamel, 
nor any biological apatite, has been possible. That is because single cry
stals of size adequate for single-crystal structure analysis, by x-ray or 
neutron diffraction, do not exist. Hydroxyapatite, Cas(P04)30H (Fig. 1), has 
customarily been taken as the model structure for human tooth enamel (TE) 
and other biological apatites. This inference of crystal structural simi
larity between hydroxyapatite (OHAp) and TE has been based on the similarity 
of their x-ray powder diffraction patterns (1). But neutron diffraction 
patterns are not as similar (2). Chemical analysis of TE shows significant 
amounts of elements not present in OHAp. Pyrolysis studies (3,4) show sub
stantial differences. Infrared spectroscopic studies (5) and deuterizability 
studies (6) show real differences. Some of these evidences of difference 
between OHAp and TE have been reviewed recently (7). The strong conclusion 
is that, while the basic TE structure is somewhat similar to that of OHAp, 
there are many differences of detail to be expected and those differences are 
probably the most biologically importan~ aspects of TE. Thus, direct 
crystal-structure refinement of TE, itself, is greatly to be desired. 
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0 AT Z• 0.20 OR 0.30 } 
AND 0.70 OR 0.80 

H AT Z • 0.06 OR 0.44 
AND 0.56 OR 0.94 

Hydroxyapatite structure (29_ ). The numbers printed on the 
atom symbols are the z co-ordinates. The OH groups form a 
column at x=O,y=O; an-.. X-ion column". In P6 3/m hydroxy
apatite the OH is in two fold disorder about the mirror 
planes at z=l/4 and z=3/4 with O(H) at z=O.l9 and the 
symmetry related posTtions \'Jith H about-1. oJ\ further away 
from the mirror plane in each case. 

Materials & Methods 
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e 
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The specimen material was the dense portion (sp.g. >2.95) of adult human 
tooth enamel. Because of the amount needed, the harvests from many teeth 
were pooled. The teeth, obtained from local dentists, were burnished with 
a dental burr to remove the pellicle, carious portions were excised, and the 
dentine was ground away from the inside. The- resulting shells \'Jere then 
crushed to <420 ~m size and material of average density less than 2.95 g/cm 3 

was floated off in tetrabromoethane. The dense portion \'Jas washed in 75% 
ethanol, dried in vaccum and air, and examined with a low power microscope 
in u.v. light. Those particles seen to fluoresce were discarded. The re
mainder \'Jas ground W'lth a ruby mortar and pestle to pass through a 37 ~m screen 
and was stored in air-filled vials while awaiting use. TE specimen sizes 
were typically about 0.5 gm for the x-ray work and 6-10 gms for the neutron 
work. 



.. 
The specimens for neutron diffraction w'crc further prepared by deutera

tion. After 13 days in DzO at 200°C and 225 p.s.i. pressure, i.r. st1owed 
that ~50% of the structural OH (that on the 63 axis) had been exchanged 

. (Fig. 2). 

•. 

.. 

.... , • 

.. . ' ,• . .., .. 
' . . . ~' ·. · .. . .. .. . · 

FIG. 2 
~ " ' : o 'o,. I o I • o :• 

. . · · ... :· · ·. Portion of infrared spectrum of the 
partially deuterated tooth enamel used 

·: ~ - ··-:. · · ;;; for the neutron diffraction data. The 
. . : .. . :· ,'·. ·. . . . , . . 

. . . . . 
. .. 

•o •,,• • • • I o: • · ~ •• .·~ 

ratio of area under the OH-stretch fre
quency peak at 3572 cm- 1 to that under 

. .. its OD counterpart at 2636 cm- 1 i ndi-
·· : cates the degree of deuterati on to be 
. .. "'51% • 

.. .. ·. . . -
. ..• . ... . ' : . -~ . ._. . . . ·:· . 

• . : .. ! . ·•·· .. ·~ . :! ·; : . 

r 

.... .... .... .... '·'" ..... ••n .. ,., ...... , 

The x-ray data were obtained in digitized form with CuKa radiation and a 
standard Siemens x-ray powder diffractometer equipped with a diffracted-beam 
monochromator and operated in a step-scan mode. The x-ray data used in the 
structure refinements thus consisted of the intensities observed at each of 
these steps. Customarily, the step size was 0.05°(26) and the counting time · 
per step was 60 seconds. 

The neutron powder diffraction data were also obtained with a step-scan 
procedure (step size 0.05°(28)) and a crystal-n1onochromated (111 of Cu) ther
mal neutron flux from the Georgia Tech Research Reactor operating at · l MW. 
The monochromator 2e ·angle was ~72~ giving an adjusted neutron wavelength, 
A, of ~2.51A. A pyrolytic graphite filter was used to remove A/2. 

With both x-ray and neutron data the background was visually estimated 
on a plot of the data and was digitally subtracted, so that only net intensi
ties were used in the structure refinements. With the exception of the neu-. 
tron diffraction pattern, in which interfering At peaks (due to the sample 
holder) had to be removed at 65.5°(28) and 77.5°(20), there were no interfer
ing second phases in evidence, and it was not necessary to omit any other 
portions of the diffraction patterns. The 28 ranges covered by the data were, 
approximately, 17° to 80°(28) (1260 points) for the x-ray data and 15° to 
121° (1060 points) for the neutron data. (The neutron data collected at 
adjacent 0.05° increments were summed to yield dJtil in 0.10° increments.) 

The computer programs used for the structure refinements were (i) basi
cally the Rietveld progrJm (8) extended to be applicable with x-ray data as 
well as neutron data, u.s described by Young, r~ackie and Von Dreele (9) and 
(ii) a newly \'Jritten program \'-lith several improvements over the· earlier ones 
(10). In~tially, program (i) was used for both the x-ray and the neutron 
cases, but when (ii) became available for the x-ray case it \'Jas used in 
preference and all x-ray results reported here are those finally obtained 
with it. Gaussian profiles were used, in both the x-ray and the neutron 
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· cases~ to represent the individual reflection profiles. The profile width 
H was varied according to · 

H2= U tan2e + V tan e + W (1) 
where U, V and W are constants whose values were refined in the process. In 
the neutron case, the wavelength was known only approximately from the experi
mental geometry and, hence, it was adjusted incrementally between the various 
refinement runs. Also simultaneously refined in both cases \'/ere a 23-zero 
adjustment, the lattice parameters a and c, an overall temperature factor 8, 
and positional parameters and site occupancies. Individual anisotropic tempera
ture factors were fixed at their values in hydroxyapatite except for Cl and 
F which were fixed at their values in chlorapatite and fluorapatite, respec
tivP.ly. The sources of the x-ray atomic scattering fuctors used for 
c~+, 01

-, F1
-, Cl 1 - and {OH) 1

- were obtained from the International Tables 
for X-ray Crystallography {11) and that for P1 + was interpolated from data 
obtained from the same source. Anomalous dispersion corrections (12) were 
applied. In the refinements with neutron data the scattering lengths used· 
were, in units of em x 10-12 , 0.49 for Ca, 0.53 for P, 0.577 for 0, and 
0.99 for Cl, as given by Bacon {13). Although these values are not the 
latest (e.g. 0.47 is now known to be better for Ca), they suffice for this 
initial study; only then's (Table 1) of Ca are affected. 

The starting model for the structure refinement was basically hydrox
apatite, .space group P6 3 /m, {Fig. 1) with the parameters given by Sudarsanan 
and Young (14) for their specimen X-23-10. No accommodation was provided in 
the model for C0 3 or H2 0, per se (determination of that degree of detail is 
still premature1 but an effort was made to get an estimate of the distribution 
of scattering density (i.e. atoms of whatever kind) along the 63 axis, where 
position parameters are O,O,z. This is the region referred to variously as 
the X-ion region (15) or a "channel" (16). This estimate ~tJas obtained from 
refinements of five distinct models which differed only in the X-ion region, 
as follows: · 

X-Sites in model 

1) O{H) 
2) O(H), Cl 
3) x1 x2 x3 
4) x1 x2 x3 
5) x1 x2 

b._ 

0.198 
0.198 
0.00 
0.05 

' 0.198 

~ 

0.390 
0.10 
0.15 
0.444 

~ Variables 
z & n 
n1 & n2 

0. 20 n1 n2 n 3 

0.25 n1 n2 n3 
n1 n2. 

Here 11 n" is the site occupancy parameter. The x-ray refinement used 
slightly different z values in model 2, z=O.l95 & 0.400. The difference 
between model 2 and model 5 is the expected quantity-dependent difference for 
the Cl position, 0.39 being expected in TE (17). Model 5 was refined only 
with the neutron data. Attempts to refine the two z parameters in model 2 
with the x-ray data resulted in their moving toward each other until they and 
their associated site occupancies became so correlated as to abort the refine
ment. Hence the strategy of fixing positions and refining only site occupan
cies was used. Ideally one would like to fix such scattering sites at very 
close intervals all along the 63 axis and the refinement of the n's would 
then provide a fine-scale histogr~m of th~ distribution of scattering density 
along the axis. The closeness with which these sites can be spaced is, how
ever, 1imited by the (sine)/A range of the data in the direction of that line. 
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In the present cases the data range is so restricted (for various reasons 
not easily overcome) that .a minimum spacing of about 0.1 c was the limit. 
Models 3 and 4, in which the X sites of one model are midway between those 
of the other, ~ere therefore used to circumvent panoally this difficulty. 

In the refinement process, the quantity being minimized is 

I w i (y i ( o b s ) - ~ y i ( c a 1 c ) ) 
2, (2) 

where Yi is the net intensity at the ith step in the scan of the powder dif
fraction pattern, wi is the weight assigned to that observation (based on 
counting statistics, only, with the background variance included) and c is a 
scale factor. Hence, of the three 11 R factors 11 calculated by the computer 
program, the most significant is the weighted pattern one, 

. . R = [I w;[Yi (obs) - } Y; (calc)J
2J ~. . 

------2::----- (3). 
wp · I w . (y . ( o b s·) ) · 

1 1 
On the basis of the refined results, the locally modified Rietveld program 
also allocates intensity among the overlapped reflections and produces 
pseudo-equivalents to observed Bragg intensities, Is, which then can be used 
to form a conventional - but less significant - R-factor: 

The third 

R = B 

R-factor calculated is, Rp, the 

II y i ( o bs ) - + Y i ( ca 1 c ) I 
R = 
p I(y i ( obs) I 

Results 

unweighted pattern R-factor: 

The principal results are sho~m in Figs. 3 & 4 and in Tables 1 & 2. 

(4) 

(5) 

The lattice parameter differences between TE and OHAp (hydroxyapatite) are al
ready well knoltffi. Although the Rwp values are somewhat higher than is desira
ble, the sizes of the standard deviations suggest that the refinements should 
be useful in so far as they go. Fig. 3 shows how well the diffraction patterns 
calculated from the refined models agree with the observed patterns. With 
both the x-ray data and the neutron data the least-squares structure refine
ments v1ere carried to convergence; every parameter shift in the last cycle(s) 
was less than one-half the standard deviation in that parameter. Thus, we 
actually do have a direct crystal structure refinement for human tooth 
enamel -- two of them, in fact, one with x-ray data and an independent one 
with neutron data. 

As anticipated, the crystal structure of TE is similar to that of OHAp in 
the placement of the principal ions (Table 1). Let us compare the X-4 re
sults with single crystal values in Table 1. Most positional parameters agree 
well, but there are some apparent differences which might be significant on 
the basis of th~ standard deviations obtained. These occur in the x-ray re
sults for the 0(3) x, y, and z parameters~ in the y parameter of P, and 
possibly in the x of Ca(2). Since some substitution of C03 for P04 is expected 
(5) and not accommodated in the models used, some distortion of the apparent 
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FIG. 3 

Powder diffraction patterns of TE as obtained with (a) x-rays and (b) neutr·ons. 
Observed patterns are shown by crosses, those calculated by a solid line, and 
·the difference by the solid line patterns belov1 the· main patterns . 

. positions of P and 0 could be a consequence. Similarly, since 0(3) borders 
the X-ion channel in which there are entities present that are neither in the 
model nor in OHAp {e.g., probably H20, a small part of the C03, ·etc), it 
would not be surprising to find 0(3) shifted with respect to its OHAp position. 
It should also be borne in mind that the atom temperature factors were not 
adjusted but were fixed at their single crystal values. Thus any variability 
of atom position caused by nearby substitutions or vacancies, which would 
tend to be accommodated vlith an increased temperature factor, would here 
cause a decrease of the site occupancy factor. But these "explanations 11

, 

while plausible, can not be accepted as definitive for at least two reasons, 
as follows. · 

First, the standard deviations in the X-4 and other X refinements are 
smaller than is realistic for comparing structures. The proof of this state
ment lies in the differences obtained for these same (and other) positional 
parameters in the x-ray refinements VJith the different models. For X-1 
through X-4 the data are the same, the program used and the manner of its usc 
are the same, and · thc models differ only in the X-ion region. Yet positional 
parameters of other ions, including ones not nearby, such asP and 0(1), are 
affected by much more than the indicated standard deviations. Since even the 
model for X-4 is inco~plete, then the possibility is open that further improve
ments in the model could result in further parameter shifts much larger than 
the indicated standard deviations. Further, several additional refinement runs 
(not otherwise reported here) showed that the site occupancies and even the 
.· 
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position parameters of 6(1) and 0(2)~ for ·example, could converge to either of 
two general values depending on the starting values used. (Initial misplacement 
of 0(1) by 0.8.B. led to a 11 refined 11 volue differing from the one here by 0. 7A 
with only a less than 2% difference in Rwp). It is believed that this pheno
menon may be a consequence of (i) not having in the -model C03 substituting for 
POlf and (ii) a probable tendency of the Rietveld method to be more troubled by 
false minima than are single crystal refinements. In any event, it · is a warn
ing against over interpretation of these initial results. 

Second, the neutron and x-ray results often differ from the single cry
stal results in opposite ways, especially for 0(3) (cf N-4 and X-4 Table 1). 
Since the relative scattering powers of the atoms do differ according to 
whether x-rays or neutrons are being scattered, one could argue that ·.these 
positional parameter differences may simply reflect the differing scattering 
consequences of partial substitutions at or near the affected atom sites. 
But, at this stage, there is no analysis in hand to support or deny such possi
bilities. Firm conclusions about possible significance of the positional ~ra
meter differences must therefore be held in abeyance. 

As Table 1 shows, the detailed results are model dependent, even for 
atoms not adjacent to the region in which the models differ. J\lthough the 
Rwp factors suggest that models 3 and 4 are best for the x-ray case and 4 
and 5 for the neutron case, the differences in Rwp•s are only smilll differences 
in 1arge·guantities. [The Hamilton R-ratio test (18) of significunce of dif
ferences 1n R'~ can not readily be.applied to Rwp l>ecause.of_ambiguity abou~ 
the number of 1ndependent observat1ons. It could l>e ilppllcd to Rn, but RB lS 

an inferior· indicator.] It is use.fu-1, then, to sec which refinements lead to 
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Table lt 

X-1* N-1 X-2 N-2 X-3 N-3 
Ca(l) z oo1p ~ -024(2) oo5p ~ -023(2) 003~1) -023(3) 

n** 238 2 387(9) 237 2 381(10) 239 2) 350(4) 

Ca(2) X 250(0) 243(2) 251(0) 247(2) 250(0) 253(2) 
y 992~0) 988(3) 992(0~ 991(2) 994(1) 998(2) 
n 375 2) 500- 374(2 500- 389(2) 500-

p X 400~1) 395(4) 400(1) 402(3) 402(1) 406(4) 
y 352 1) 364(3) 354(1) 368(3) 359(1) 374(3) 
n 383(3) 326(13) 382(3) 341(14) 413(3) 366(15) 

0(1) X 317 (l ~ 322(2) 317(1) 322(2) 332(1) 323(2) 
y ~74(1 476(2) 475(1) 476(2) 484(2) 478(2) 
n 294(5) 500(13) 288(5) 516(13) 257(6) 524(14) 

0(2) X 595(1~ 574(3 ~ 595(1) 576(3) 589(1) 574 (3) 
y 465(1 457(2 463(1) 458(2) 460(1) 459(2) 
n 375(6) 400(11) 374(6) 407(12) 470(6) 419(16) 

0(3) X 354(1) 329(1) 355(1) 331 ( l) 364(1) 33J ( 1) 
y 271(1) 249(1) 271 (l} 249(1) 277(0) 248( 1) 
z 048(1) 066(1) 051 ( 1) 067(1) 054(1) 067p l 
n 1000- 920(16} 1000_ 955(17) 1000_ 991 1 ) 

O(H) z 134(1) 149(4) 195 - 198 -
n 288(4) 170(8) 113(3) 077(8} 

Cl z 400- 390-
n 089(2) 068(7) 

n(OH) z=O.OO 028{6) 053(18) 
z=0.05 
z=O. 10 342(10) 094(29) 
z=O. 15 
z=0.20 172(4} 116(13) 
z•-.25 

'\..p(%) 27.1 27.0 27.4 26.7 25.51 26.7 

Rp(%) 24.4 29.9 24.3 29.7 22.51 29.7 

. RB(%) 36.1 36.7 37.6 

<Nerall B 4.2(2) 5.6(3) 4.1(2) 5.3(3) 3.2(2) 4.9 (3) 
0 

I (A) 9. 441( 2) 9.447(2) 9.441(2) 9.447(2) 9.442(2) 9.447(2) 
c (A) 6. 877(1) 6.892(2) 6.877(1) 6.892(2) 6.877(1} 6.892(2) 

Zero pt -0. 119 0.294 -0.120 0.293 -0.118 0.294 

t All position and -site occupancy factors have beem multiplied by 103. 

* All X (for X-ray) refinements used PS349 data. 
N stands for refinements with neutron data. 

X-4 

003 ( 1 ~ 
239(2 

250(0) 
994(1) 
389(2) 

402(1) 
359(1) 
412(3) 

332(1) 
484(2) 
257(6) 

589(1) 
460(1) 
469(1) 

364(1) 
277(1) 

186%{1) 

162(4) 

345 ( 10) 

034(6) 

25.51 
22.51 

3.2(2) 

9.442(2) 
6.877(1) 

-0.118 

** n: site occupancy factor= site occupancy/site multiplicity created· by symnetry. 

Single 
Crystal 

N-4 N-5 s & y 
-023(3) -024(3) 002 
354(12) 343(10) 

253 (2) 253F~ 247 
997(2) 1000 2 993 
500- 500-

407(4) 407(4} 399 
374(3) 375(3) 369 
36 5( 15) 367(15) 

323(2) 323(2) 328 
478(2) 477(2} 485 
527 ( 14) 525(13) 

574{3) 574(3) 587 
459(2) 459(2) 465 
42 0(14) 414(14) 

333(1) 333(1) 344 
243(1) 247 ( 1) 258 
067 (l) 067 (1} 070 
990(16) 994(16) 

198 - 196 
142(7) 

444-
079(5) 

093(14) 

096(23) 

098 (14) 

26.7 26.8 
29.7 29.7 
37.6 37.9 

4. 9 (3) 5.0(3) 

9.447(2) 9.447(2) 
6.892(2) 6.891(2) 

0.294 0.294 



TABLE 2 

P-0 Distances 

Bond Refinements* Distances 
0 

P-0(1) (A) 

P-0(2) 

P-0(3) 

X-1 1.69(3) 
X-3 1.62(3) 
sx 

· N-2 
N-3 

X-1 
X-3 
sx 
N-2 
N-3 

X-1 

X-3 
sx 
N-2 
N-3 

1.54(<1) 

1.54(7) 
1. 53 (8) 

1.60(2) 
1.53(2) 
1.54(<1) 

~ .42(7) 
1.37(8) 

1.54(2) 
1.59(2) 
1.53(<1) 
1.59(5) 

1.63(6) 

*SX= From OHAp single crystal 
results of Sudarsanan & 
Young (14). 

• 

the ·most reasonable stereochemical re
sults, such as the P-0 distances in the 
PQ. group. Table 2 gives representative 
results. On this basis it appears that 
refinements X-3 & X-4 are best (and 
equally good) for the x-ray case and N-2 
is slightly the best for the neutron 
case, although it seems to have a pro
blem with the P-0(2) distance. 

Reasonable results suggestive of 
new informatioh have been obtained for 
the distribution of scattering density 
along the 6 3 axis. The axial site occu
pancies obtained in refinements X-3, X-4, 
N-3 and N-4 (Table 1) are plotted in 
Fig. 4. Fortunately, the separate re
sults from the two models do seem to be 
consistent within e]ther the x-ray case 
or the neutron case. Thus the plots 
probably are at least qualitative re
presentations of the distributions along 
the X~ion channel of the scattering den
si~ies for x-rays (X) and for neutrons 
(0). It is clear, from the x-ray plot, 
why the x-ray attempts to refine the z 
parameters of two ~toms placed initially 
at z= 0.19 and z= 0.44 (equivalent to 
0.06) resulted Tn the two atoms moving 
onto each other -- there is a single 
maximum in the density and it is bet\'Jeen 
those two starting positions. 

The differences between the scat-
tering densities sensed by the two 

radiations can be utilized for additional analysis based on the differing scat
tering powers of various atoms for x-rays vs neutrons. The scattering powers 
of H and of D are -0.38 x 10- 12 cm and +0.65 x 10- 1 2cm, respectively, for ther
mal neutrons but are essentially identical for x-rays. The neutron result in 
fig. 4 is rather like what one would expect from partially deuterated OHAp 
(as was the TE used for the neutron data) wherein O(OH) occurs at z~ 0.20 and 
D at~~ 0.06. The magnitude of the site occupancy (neutron) at ~~-0.20 is 
even consistent with the previously noted OH deficiency in TE (2, 19). Infra
red spectroscopy showed that the TE was not fully deuterated, but only about 
50% (Fig. 2). Thus some H would also be expected at~= 0.06. Further, the 
little Cl known to be present ("-'1 Cl in every 5-10 cells) 'IJOuld be very near, 
at z= 0.06 to 0. 11. H has a negative scattering length (-0.38 xl0- 12cm vs 
0.65 x l0- 12cm for D) so its presence would diminish the height of the peak. 
Cl has a positive scattering length (0.95 x 10- 12 cm), so its presence as a 
substituent for 011 would increase the peak at 1:_= 0.06 relative to that at 
z= 0.20. ·If Cl is sub~tituting for 1/20 of the OH's one can calculate that, 
if the TE is only one-half deuterated at the OH sites, the ratio of scattering 
density at 0.20 to that at 0.06 would be 0.88, approximately what is shown in 
Fig. 4. 
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The differences between the distributions indicated by x-rays and by 
_neutrons may be mnre interesting. A substantial amount of H in the mid re
gion around z= 0.10 - 0.15 would decrease the positive density 11 Seen•• by neu
trons but would increase it only slightly for x-rays. A source of a much 
bigger increase in the x-ray scattering density in this region is needed to 
explain Fig. 4. The 2-4 wt% H2 0 present (20) is present as "caged" water (21 ), 
i.e., not rigidly held but not quite freely tumbling. If these H2 0 molecules 
are in fact present in the 63 axis region (although, note that Dibdin's work 
{22) suggests that they may not be so structurally incorporated) in more or 
less random orientation, the centers of the distributions of their 0 ions and 
of their H ions would coincide. The 2 H's have total scattering length for 
neutrons of -0.76 x 10- 12 cm and the 0 has 0.58 x 10- 12 cm. Thus H20 in random 
orientation would scatter neutrons much as a very large ion with a somewhat 
negative (and angle dependent) scattering factor. Such a model with the cen
ters of the HzO distributions placed at z~ 0.12- 0.14 could reconcile the 
very different appearances of the x-ray and neutron scattering density distri
butions in Fig. 4 while also providing some account of the substantial amount 
of H20 known to be present. Even the magnitude of the occupancy factor at the 
presumed H20 "site" is about right, implying about 2 molecules of H20 per unit 
cell corresponding to 3.6 wt%, a value in the observed range. Like refinement 
of x-ray data from a similar, though possibly not identical, TE specimen re
sulted, however, in site occupancies only about one half as large. Thus some 
caution in interpretation is still required. 

Possibly the fact that the H20 is not freely tumbling means that the 
orientation is not entirely random. Some preferred orientation of the H20 
molecule could be accorrnnodated in this model - in fact might be wanted - but 
it would be a preferred orientation with the H•s (of the H20,molecule) tending 
to be off the 63 axis more than along it . . We know of no NMR, i.r., chemical 
or other data which would preclude this model for the HzO,but neither do we 
know of any which confirm it. What we have established with the present re
sults is plausibility, not proof. 

Because neutrons and x-rays are scattered somewhat differently by atoms, 
and since the model used does not incorporate all entities and substitutions 
present~ some differences between x-ray and neutron results should be expected 
for off-axis atoms, as well, especially for site occupancy factors. 

One of the expected differences between TE and OHAp is a calcium defi
ciency (Ca/P: 1. 58 in TE instead of 1. 67 in OHAp, see compilation by Young (7)). 
The x-ray results (Table 1) show a deficiency of both Ca(l) & Ca(2) compared 
to 0(3) but the neutron results do not. Whether this difference arises from 
the negatively scattering H in the acid phosphate (HP04) present in TE (5 wt% 
reported by Arends and Davidson (23)), but not included in the refinement mod~, 
is not yet known. 

It is known from chen1ical balance studies (24,25) that some phosphate can 
be replaced by C0 3 in apatite. From i.r. studies it is known that (i) the 
plane of the C0 3 molecule is inclined to the£ axis (26) and (ii) <90% of the 
C0 3 structurally incorporated in· TE ("-'2.8 wt% or roughly one C03 per two unit 
cells) is in this site, somehow replacing P0 4 • A much proposed model is that 
of C0 3 supstituting on the "slant face" of the PO~+, i.e., involving 0 ions 
near the 0(1) and the 0(2) and one of the two 0(3)•s. Such a substitution 
would have the effect of decreasin9 the measured site occupancy for 0(3) rela
tive to 0(1) and 0(2) by about 2%. Both x-ray and neutron results (X-4 & N-2) 
agree that this does not seem to occur or that, if it does, it is masked by a 
much stronger opposite effect. 
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Discussion 

In view of the newness of the x-ray analysis techniques used (27) and 
the as-yet une~plained discrepancies between x-ray and neutron results, it is 
gratifying that reasonably definitive results have been obtained for the loca
tions of the principal atoms and, especially, the indications of the probable 
location of structurally incorporated water. Although it has not been possi
bl~ at this time to produce similarly definitive results about other ''substi
tutions" such as C03 and the acid-phosphate H ion site, for example, the pre
ceding two paragraphs do indicate some of the kinds of analyses and interpre
tations that will become possible after much further study with the Rietveld 
method. 

Although the refinement process has been carried as far as it can be 
with each of these data sets and with the model (crystal structural and re
flection profile) and (rather extensive) computer programs used, and some new 
results have been obtained, unexplained discrepancies still remain. Clearly, 
there are some artifacts yet to be understood, and thereis much more of the 
structural detail of TE yet to be determined with further work. The two main 
ways in which the present refinements are incomplete are (i) absence from the 
model of ·other entities known to be present in the TE crystal structure, es
pecially C0 3 , HP0 4 , and H2 0 and (ii) the actual individual reflection profiles 
in the x-ray case are not we 11 fit by the Gaussian form used (nor by Lorentzian); 
a more complex function is needed (28). 

R\<rp values for Rietveld refinement with x-ray data often turn out to be 
about double those with neutron data because the reflection profile function 
used better fits reality in the neutron case {29). The fact that the Rwp 
values obtained here for the neutron case are much more than one half of those 
for the x-ray case, and both are large, suggests that the principal improve
ment needed is in the structural model used, i.e., the inclusion in it of 
other entities known to be present but not yet located. Thus, one can predict 
that further work with improved models and additional data, including data for 
TE changed by various treatments, vii 11 be fruitful in de 1 i neat i ng differences 
in structural detail between TE and OHAp. Only then can we expect to under
stand fully th~ role that entities such as C0 3 , Cl and H20 play in determining 
the properties of human tooth enamel. This first crystal structure refinement 
of TE is a step in that direction. 
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A. INTRODUCTION 

Al. Objective: 

Mackie, Paul E. 
209-32-0029 . 
I"f\~e.vim ~f"O~es~ 1\etevt 

The long-range goal of this work is to obtain an understanding of the 
occurrence, location, binding, variety, changeability and functional role of 
the "water" in tooth enamel in relation to various properties of human teeth 

A2. Background 

It is well established that water is present in tooth enamel (TE) as a 
significant constituent. Various investigators U~yers, · 1965; Myers and t·1yrberg, 
1956; Myrberg, 1968; Little and Casciani, 1966; Casciani, 1971; Dibdin, 1972) 
have reported water to be present in amounts of 2 to 7 wt%. Many investigators, 
recognizing its possibly important biophysical and biochemical role in caries 
attack and tooth properties, have studied 11 Water" in tooth enamel. However, 
the location(s) and role(s) _of water ar·e still a subject of controversy. One point 
of particular interest is the occurrence of any irreversible processes in the 
enamel as ·a result of preparative techniques such as drilling and the accompany
ing localized dehydration due to high temperatures generated. Such irreversi-
ble processes would be taking place at the very surface which must interface 
with restorative materials. 

Many· varied techniques have been used -to study-water in tooth enamel. Burnett 
and Zenewits (1958) measured the weight changes in whole teeth and dentin result
ing from heating them at various temperatures from 61 to 197°C under both vacuum 
and normal atmospheric conditions. They found that the dental moisture depended 
upon the heating temperature and atmospheric pressure. They also investigated 
the rehydration of dental enamel at various temperatures and relative humidities 
and found the moisture could be only partially restored. Burnett (1958) also 
suggested that the moisture content of enamel did not decrease with age as it 
does in bone. However, Toto (Toto, et a l. , 1971) found 1 ess "wa ter 11 in o 1 d teeth 
than young teeth. Gwinnett (1966) performed quantitative polarized light studies 
of enamel and found the pore volume of "normal enamel" (non-carious) to be 0.2%. 
He interpreted the moisture absorption properties of normal enamel as being due 
to a type of molecular sieve. Dibdin's (l969Y krypton absorption studies demon
strated an easily accessible pore system in enamel measuring 10 to 300A with a 
volume of 0.26%. Both of these measures of pore volume in enamel are low compared 
to the volume of free water found in enamel, 1 - 2% (Burnett and Zenewitz, 1958). 
Moreno and Zahradnik {1973) have investigated the pore structure of dental enamel 
with the water-vapor sorption-isotherm technique. They found considerable hy
steresis in the sorption isotherm indicative· of a pore system in enamel domi
nated by constrictions. ~1oreno and Zahradnik found the di stri buti on of por~e radii · 
to be bimodal, the peaksin the distribution corresponding to pores with radii of 
23 and 581\ (if cylinJrically shaped pores are assumed). They found labile water 
in the range of 1.8 to 3.6% by volume Thus, the accessible · pol~e volume of enamel 
seems to be 10 times greater with water than with krypton . 

• 
Although the question of the amount and, in particular, the location and state 

of binding of water in tooth enamel {TE) have been the subject of many investiga
tions, there has not been general agreement among the various investigators 
regarding the results. -Little and Casciani (1966) suggested, on the basis of 
NMR evidence, a loosely bound (D~O exchangeable ) water present at -0.6 to lwt% 
and two forms of caged but .freely tumbling water. One form of the caged water 
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was associated with the variable Ca/P ratio and was found to be removable by 
heating at 900°C. They found the same rather narrow (for a solid) NMR line 
width (50mG) for all of the protons and thus inferred the absence of tightly 
bound protons (e.g., structural OH). They suggested that the second form of 
caged water, found to be removable only between 900 and 1300°C, was water lo
cated at the sites norma ·lly assigned to OH- in hydroxyapatite and, thus, they 
speculated that apatite in tooth enamel might be a hydroapatite rather than 
hydroxyapatite. Youngand Spooner (1969) have shown from neutron diffr·action 
and deuteration experiments that as much as 30% of the structurals hydroxyls in 
TEare missing. O'Shea and Weaver (1974) showed from laser Raman spectroscopy 
that TE had 30% less structural OH than in synthetic hydroxyapatite. More re
cently Young (1977) reports that TE deuterates at least as rapidly as the un
heated aqueous preprations of hydroxyapatite and in TE, in particular, the 
heating decreases the "broad water" band in the i.r. spectrum and increases 
the structural OH- band at 3572cm-l. 

Dibdin (1972) found that the "narrow-resonance" (i.r,, in NMR spectra) 
protons of enamel are easily removed at room temperatures by lowering the humidity 
and all that remains· is a broad (lG) resonance line which can be explained by 
1.6 ~ 2 wt% strongly bound water or 3 - 3.8 wt% hydroxyl ions. A realistic 
model is probably a combination of strongly bound water with an accompanying 
hydroxyl ion deficiency. It has been suggested ("Dibdin, 1972) that the discre
pancy in the temperature stability of the narrow proton resonance can, in part, 
be explained by the readsorption of atmospheric moisture during the transfer 
from the drying container to sealed Nf~R sample tubes. Dielectric measurements 
of apatites, which are very sensitive to the presence of water, in vacuo and in 
air indicated (Rausch, 1976) that atmospheric moisture is readsorbed very rapidly 
under ambient conditions for pressure, temperature and humidity. The process is 
essentially completed in less than 10 minutes. Most of the experiments to date 
(with the exception of Dibdin, 1972) appear to have lacked rigid control re
sults of kinetics studies of D-'0 exchange, weight loss experiments, i.r. and 
NMR spectroscopy can all be adversely affected by uncontrolled moisture read
sorpti on. 

There is evidence from several different techniques that water is incorpo
rated in the apatite structure of human tooth enamel. Bartlett and Young (1972) 
used quantitative IR to observe water in samples of enamel which had undergone 
various heating schedules and found some apparent correlation of changes in amounts 
of water with both changes in lattice parameters and reduction of structural OH 
deficiency. Similarly, O'Shea, Bartlett and Young (1972) observed similar changes 
with 1 aser- Raman spectra. Furthermore, the e 1 ectron spin resona nee studies of 
Peckauskas and Pullman (1974) indicated the presence of tightly bound water in 
synthetic apatite. LeGeros et al., (1970) correlated weight loss after heating 
to 400°C with an a axis contraction; but found the weight loss after heating to 
200°C was not associated with lattice contraction, In more recent work, LeGeros 
et al., (1977) found the weight loss below 200°C to be reversible, while the 
weight loss between 300°C to 400°C to irreversible and correlated with a axis con
traction. Recent work by Arends and Davidson (1975) and Davidson and Arends (1~76) 
attribute part of the weight loss in the 150°C to 400°C range to water resulting 
from reactions of HP04 ions with structural OH. They show (by IR) that sound 
enamel contains approximately 6 wt% HP04 • 
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A4a) Covering the period ( 1 June 1975 to 16 May 1977)* 

A4b) Summary 

During this initial grant period (DE04l5l-Ol, 02, and 03), the work on under
standing the occurrence, location, binding, variety, changeability and functional 
role of 11 \'Jater .. present in human dental enamel progressed along six fronts. r~ajol" 
project activities were in the areas of: (1) acquisition of human teeth and the 
preparation of enamel powders, (ii) x-ray diffraction study (XRD) of powdered hu-
man tooth enamel, in vacuum, from 25°C .to 500°C, (iii) thermogravimetric analysis 
{TGA) of a number of different enamel samples with different ages and particle sizes, 
{iv) infra~red analysis (i.r.) and dynamic evolved gas infra-red (DGIR) analysis of 
pyrolized enamel and the evolved products of pyl~olized enamel respectively, (v) mass _ 
spectrometry (MS) of the gaseous products of pyrolized human tooth enamel, (V~) equip
ment design, fabrication and modification for the XRD, MS, TGA and DGIR exper1ments. 

A major accomplishment during this report period was the substantial step 
forward in the direct study of human tooth enamel itself by the Pattern-Fitting
Structure-Refinement method (PFSR). This method, PFSR, appiied to powdered human 
tooth enamel has provided for the first time quantitative structure analysis of 
the crystalline portion of tooth enamel, per se. 

A4c) Detailed Report 

Sample Acquisition and Preparation 

The collection and preparation (see Method of Procedure for details of the 
preparation techniques) of whole sqund human teeth, both age differentiated and 
pooled, has been a continuous activity during the first grant period. Approxi
mately 2, 50, and 50 grams of TE powder have been prepared for the under 15 years, 
16-50 years, and the 51 and over categories, respectively. Another 100 grams of 
enamel powder have been prepared from teeth with no age differentiation. These 
figures includes both the heavy (sp. g. >2.95) and medium (2.95 >sp. g.> 2.84) 
density fraction. A backlog of about 200 whole teeth exists on which no \'JOrk has 
been done yet. 

X-ray Diffraction & PFSR of Human Tooth Enamel (TE) 

A powder x-ray diffraction environmental chamber was designed and built. 
This chamber is capable of heating the sample to 500°C while maintaining, the 
sample under a vacuum of 20u (see Photos 1 through 3). The design is such that 
gases evolved from the sample as it is pyrolized may be collected in an external 
glass vessel for further analyses (e.g., mass spectrometry). This chamber will 
also be used to. maintain the sample in controlled atomspheres (e.g., various 
humidities, N2 or C~ ) . 

*See Changes in Effort of the Summary Progress Report of the first project 
year. That section explains that full-time effort was delayed until January 1976. 
In addition, a 1/3 reduction in effort \'Jas required by the reductions made by 
Council in the personnel services of originally submitted budget. 
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This chamber has been used to collect 14 x-ray diffraction daia sets on a 
11 pooled 11 enamel sample at 8 different temperatures from room temperatures to 
500°C and then back to room temperature under vacuum (~ 20 milliTorr) conditions. 
These 14 data sets have been analysed by the method of Pattern-Fitting-Structure 
Refinement (PFSR). Since PFSR is a relatively new techniques (see "Application 
of the Pattern-Fitting-Structure-Refinement Method to X-ray Powder Diffractometer 
Patterns", R.A. Young, P.E. Mackie and R.B. Von Dreele, Journal of Applied Crystal
lography, (1977)) a short description is warranted at this po·int, 

The method of PFSR enta i 1 s using a computer program in conjunction with an 
atomic-scale model of the mater·ial under study to calculate an x-ray powder dif
fraction pattern. The atomic-scale model is defined by. specifying where each 
atom is located {i,e., what are the x, y and z's of ·each atom) specifying how 
each atom is moving and by specifying the probabilities ·with \1-Jhich one would 
find a given crystallographically unique atom in a given unit cell. In addi
tion to specifying parameters which describe the atomic model, one must specify 
other parameters \vhich describe the ''state" of the sample (e.g., crystallite 
size, strain, perferred orientation, etc.) and which describe the experimental 
setup (e.g., incident wavelengths or spectral distribution, instrumental reso
lution and aberrations)~ After everything is specified an x-ray powder dif
fraction pattern can be calculated. In practice, this calculated pattern will 
differ from the observed pattern. The parameters of the mddel (and experiment!) 
must then be adjusted or changed to make the calculated pattern fit the observed 
pattern better in a least-squares sense. In this manner (with a method quite 
similar to that used for single-crystal x~ray analyses) one can obtain directly 
crystal structure details of human tooth enamel. In practice, many cycles of 
refi nement and much computer time are needed to gradually refine the atomic 
model (e.g., adding missing constituents of the model such as impurities, until 
the desired degree of fit is obtained). 

The PFSR analyses of the 14 data sets described above have not been fully 
completed yet, but are far enough along so that some significant questions. are 
answered, while still other questions were raised which have suggested addi-
tional ·experiments to be performed, So far, the positions and site occupancies 
of the calciums (Ca(l) and Ca(2)) and the atoms in the phosphate group (P,O(l), 
0(2) & 0(3)) have been determined (see Table I). While there is evidence of signi
ficant changes in atomic details occurring along the hexad axis of the apatite
like structure as a function of temperature, results of the present refinements 
can not be interpreted.conclusively for the atoms on this axis. 

Fro~ ·Table I and Figure I one can see that the most obvious difference in 
structural ·parameters between TE and Holly Springs hydroxapatite is a rotation 
of the PO~+. groups about a axis which passes through the 0 3 1 s. There is a s 1 i ght 
increase in th~ size of the Ca2 and 0 3 triangles. The 03 -P-0 3 angle i~ smaller 
in TE than in Holly Springs OHAp. Smaller-than-normal site occupancy factors 
for 01, ~and P relative to 03; suggests that there may be considerable disor·der, 
in TE, of the PO~+ groups about the axis through the 0 3 's perpendicu1ar to the 
mirror planes. This hypothesis is further supported by additional PFSR refine
ments (incomplete at this time) with isotropic temperature factors for the cal
ciums and P01, groups allowed to vary, which reveal close-to-norma·l temperature 
factors for the 0 3 and P but very much en 1 a rged therma 1 factors for the 01 and ~ . 
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01 ~ 

X y z s X y z s 
25°C 4073z 5 522237 !t; .5~ 66331+ 1 47381+3 !t; . 372 

185°C 4086-z 6 527533 !t; .4h 651238 46761+0 !t; .3~ 
250°C 4058z 6 5266 32 !t; . 392 65533 6 4 729 37 !t; . 322 
300°C 4086z 5 525936 ~ ... . 48z 661 01+1 47661+0 ~ 4 • 34z 
350°C 41292 5 5321 3 6 !t; . 452 660339 476739 !t; • 36z 
400°C 410h If 525536 !t; . 49z 65851+0 474639 . !t; • 342 

I 
TE 450°C 41 09z 5 528737 !t; . 452 65851+ 1 47161+0 !t; . 35z 

450°C 41072 5 5305 3 6 !t; .45z 665138 47721+ 0 ~ . 372 

j 500°C 409~ 7 52431+0 ~ . 472 65591+8 467848 ~ .3~ 
I 500°C 411 ~ 4 525837 ~ .4~ 66Ll6,f2 47842 6 ~ . 322 
I 400°C 41 0~ 5 528237 ~ . 472 65401+5 46691+1+ ~ . 33z ! 
I 

I 300°C 407430 51531+7 ~ .493 65521+ 6 4733so ~ .423 
I 185°C 4065z If 523235 !t; . 49z 66081+2 47191+1 ~ . 33z 
l 25°C 403lz 7 521037 !t; . 44z 65961+2 47231+2 ~ . 35z 
I 
t OHAp 25°C 32822 48462 !t; 58761 46521 !t; I!' 
~ 'J) 

I ' j 03 p 

X y z s X y z s 
25°C 344Bz 9 265119~ 2442 I+ 1. 05 3 397325 35252'+ !t; .481 

185°C 353h 3 269717 33321 . 922 40002 0 3586z 0 ~ . 401 
250°C 35572 1 27171 6 34519 . 902 40021 8 36051 7 ~ .401 
300°C 342730 266819 2552 3 . 97 3 39532 I+ 35732 3 !t; . 451 
350°C 3488z 6 268918 28~ 1 1. Olz 398721 358421 ~ . 471 
400°C 341930 266419 2532 3 . 962 39472 I+ 35632 3 !t; ~ 441 N 3: 

OPJ 
TE 450°C 34712 7 268318 2712 2 • 992 39622 2 356822 ~ • 461 ~(") 

I ;A" 

450°C 34922 6 263518 278z 2 1. Olz 399~1 357621 ~ . 471 w ...... 
NCD 

500°C 3459 31 26742o 2.2~ 6 1. 01 3 39702 6 35212 6 ~ . 4 71 I ,. 
0 

500°C 34112 9 26541 9 2497. 3 • 962 393921+ 35492 3 !t; . 441 0 "U 
NO.I 

400°C 3439z 9 . 26571 9 26h 3 • 98 3 395021+ 3569z 3 ~ . 461 1..0 c 
...J 

300°C 353lz 8 267319 2372 6 1 . 13 3 398~ 7 347~ 7 ~ . 511 rn 
185°C 341330 265619 2492 3 . 9&. 39502 ~+ 3536z 3 ~ . 451 

25°C 3460z 7 26571 8 2592 2 1. 012 3971z 2 353222 ~ . 461 
OHAp 25°C 34331 25791 7041 39831 36831 ~ 

Table I 
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·i 
j 
•I 

J 
Cal I 

f X y z s 
~ 25°C 1/3 2/3 2562 1. . 350 6 II 

' 185°C · 1/3 2/3 22~ 11 . 290s 

I 
250°C 1/3 2/3 2311 9. .288s 
300°C 1/3 2/3 30518 . 356s 
350°C 1/3 2/3 . 29218 . 352s 

~ 
400°C 1/3 2/3 30118 . 352s 

1 
450°C 1/3 2/3 2971 8. . ~43s 

TE 450°C l/3 2/3 28619 .34ls 
500°C 11/3 2/3 29~ ' .343s 1. 
500°C 1/3 2/3 30118 . 342s 

0 400°C 1/3 2/3 29019 .345s 
300°C 1/3 2/3 24~ 3 . 357 7 
185°C 1/3 2/3 30818 . 347s 

25°C 1/3 2/3 26319 .338s 
OHAp 25°C 1/3 2/3 0131 . 3231 

Tab 1 e 1 ( con t i n·u ed ) · 
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249211 989214 
24851 0 98821 3 

24771 0 987212 
247111 987.11 3 

247310 98661 3 

24721 0 98751 3 

247210 98791 3 

246810 98731 3 

247612 98851 5 

.24691 0 98781 3 

248210 98931 3 

249012 988215 
2474 11 98841 3 

24841 0 98921 3 

24651 99311 

z s 
~ .539 8 
~ . 450 6 

!.-.-4 . 445s 
~ .5217 
~ . 525 6 
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~ . 519 6 
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~ .5267 
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Lattice parameters, obtained from the PFSR refinements of the' 14 data sets, 
show that the a parameter undergoes a decrease from ~250°C and 350°C (see Figure 
2). Note that-these a values are for the crystal at the indicated temperature, 
not after being brought back to room temperature. -one-question raised by these 
results is why the room temperature a parameter is the same before and after 
pyrolysis at 500°C (this appears to contradict our own previous experiences and 
the resultsof others, e.g., see R.F. LeGeros, et al. "Types of 'Water' in 
Synthetic and in Human Enamel Apatites", IADR, Copenhagen, 31 March-31 Apr·i·l, 
1977). However, this experiment differed fro1n the others in that the sample was 
held in a. vacuum at all times during the heating regimen. Further experiments 
during DE04151-03 (heating the sample in vacuum and in air) should clarify this 
situation. 

When one plots the site occupancy factors (S) for the various atoms in TE 
vs temperature a curious decrease in the S's is observed in the temperature range 

·TBsoc to 250°C. This coincides both with (i) the temperature at which chlor
apatite is known to undergo a phase transition and (ii) the principal loss of 
weight as seen with TGA (primarily water). This decrea?e in the S's precedes 
~75°C) the observed decrease in the a lattice parameter. These decreased S values 
could be indicating increased disorder (dynamic or static) as a precusor to the 
loss of material "from the lattice" indicated by the decreased E._. 

During our early refinements with tooth enamel data, what appeared to be a 
micro-crystalline (#50A) calcium-phosphate phase was observed as a residual back
ground. What first brought our attention to this, was the lack of fit (particu
larly in "tail" regions of the Bragg reflections) in the angular regions of 30° 
to 36°, 38° to 41°, 46° to 53°, and 59° to 66°· (>--= 1.54). Very broad 
(~ 5° FWHM) diffraction peaks occur in these angular regions wh~n an observed 
tooth ename l diffraction pattern is convoluted with a gaussian crystallite size 
function of soA width at half maximum. This identification is not unique to 
apatite though, since other calcium-phosphates (e.g., Ca~P20 9 , acta calcium
phosphates, etc.) yield similar peaks in these regions \AJhen "smeared" by the 
same broadening function. .It will be interesting to see if this apparent micro 
crystalline component is present and varies with age with the. age-differentiated 
enamel samples. The PFSR computer program is presently being completely re
written (under DE 01912-14, Professor R.A. Young, PI) to correct many of its 
present problems. The resolution of the possibility of a bi-modal distribution 
of crystallite sizes in TE awaits this new PFSR program \vith its improved pro
file functions. 

Thermogravimetric Analysis (TGA) of Human TE 

In the TGA work on TE, the curves exhibit "peaks" or 11 breaks" only as changes 
in slope. With large parttcle size there is a sharp break in the TGA curve at 
~4l0°C. With smaller particle sizes the break at 4l0°C is smaller. For larger 
particle sizes, bits of sample are actually expelled from the weighing tray as the 
temperature is increased. This correlates with our i.r. observations that C~ 
is rapidly evolved at 350°C. Water, while it is given off continuously as TE is 
heated, is rapidly evolved in the temperature range 280°C to 360°C. Apparently the 
C02 (\vhich is released fr·om C03, as IR analyses bef~re and after pyrolysis show re
duction--eventually to zero- of the C0 3 present in the TE specimens) and the water 
are unable to escape from the TE macro-structure at lower temperatures; but at 
higher temperatures breakdown of the TE macro-structure then releases them, some-· 
times explosively if the particles are large. This may relate to Dibdin's (1969) 
observation from BET measurements that the 1>ore-surface area of TE increased 
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fourfold at 360°C presumably because of pyrolysis of the organic content, and to 
Zahradnik and Moreno's (1975) observation with isothermal water vapour sorption 
measurements that the "pore constrictions" ·are associ a ted with the presence of 
organic~matter "plugs". Modification of the sample holder (e.g., higher sides and 
a small mesh screen covering the top) resulted in a much smaller weight loss at 
4l0°C. The fact that the "spalling" of TE material occurs at such a well 
defined temperature and also the fact that with sufficierit reduction of parti-
cle size a sharp weight loss is no longer seen suggest the existence of charac
teristic cavities within TE macro-structure similar to the cavities of Dibdin 
or pores of Moreno and Zahradnik. Furthermore, these observations suggest that 
the water vapor pressure at 4l0°C (~3380 p.s.i.) is a measure of the mechanical 
strength either of the TE macro-structure or of the "organic plugs" in the pores 
suggested by Zahradnik and Moreno. 

. . 

The first slope of the TGA is the steepest and occurs in the temperature 
range 25 to 200°C. Maximum slope and gas emissions occur at ll5°C. This first 
rapid loss (up to 0.8wt%) is generally accepted to be H2 0 and assumed to be that 
adsorbed on the organic and/or inorganic component. We have found: 

1) for human TE samples heated to less than l50°C the weight loss can 
be regained by exposure to atmosphere. 

2) forTE heated to less than 500°C (but more than 150°C) the weight 
lost in the 25°C to 200°C range can only .be partially regained by 
exposure to atmosphere. 

3) ifTE is heated to 1000°C the 25.°Ctol85°C \1eight loss can not be re
gained even after prolonged (4 months) exposure to atmosphere, or even 
1 week in H2 0. 

4) even hydrothermal treatment (200°C@ 350psi for 225 hours in H2 0) 
will not totally restore the weight loss in the 25-200°C range forTE 
which has been heated to 500°C. 

5) storage of TE for 4 months over P205 removes 65% of material nor
mally lost by 200°C. 

6) storage of TE for 14 days at ll0°C in vacuum removes 80% of the 
material normally lost by 200°C. .. 

7) a reflux preparation of hydroxyapatite shows a TGA weight loss 
(0-200°C) of 0.4wt%. 

B) a hydrothermal preparation of hydroxyapatite (500°C @ l7000psi in 
H20) shows no rGA weight loss in the range 0°C to 200°C. 

9) deproteination of TE with hydrazine eliminates 40% of the weight 
loss seen in the TGA curve of untreated TE by 200°'C. · 

10) light fraction TE. (i.e., specific gr~vity <2.8) has a larger TGA 
weight loss than the heavy fraction up to 200°C (~lwt%) but deproteina
tion eliminates 60% of this weight loss from the TGA curve. 

Eighty per cent of the \•Jeight loss below 200°C is probably due to adsorbed water; 
h·alf of which is associated with the organic, the other half with the inorganic. 
By 200°C the organic material is starting to denature which inhibits its ability 
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to readsorb water. Heating TE to 400°C has a considerable charring effect (sam
ple turns grey and organic gases are evolved) and eliminates the ability of the 
organic material to adsorb water. The water adsorbed on the inorganic material 
is similar to that adsorbed on the reflux prepared hydroxyapatite (prepared at 
100°C). 

The second slope in the TGA curves of TE starts around 300°C and extends 
to l000°C with a small inflection noted at 780°C. This weight loss is asso
ci a ted \'lith: 

i) water (from inorganic and organic components) 
ii) C02 (from both inorganic and organic components) 

and iii) several unidentified organic species. 
This weight loss (i.e., from 300°C to 1000°C) has a maximum weight loss rate and 
maximum gas emissions (as determined from dynamic evolved gas IR experiments) at 
390°C. By 390°C some 2.5\>~t% has been lost as seen by TGA measurements. This 
maximum emissions at 390°C correlates well with the explosive scattering of ena
mel chips ("-'400..1) observed at 4l0°C, Part of this 2% \veight loss between 300°C 
and 1000°C is associated with the organic component as can been seen by: 

i) the sample slowly gets darker as the temperature goes from 300°C 
to 800°C; but then turns \vhi te again by 1 ooooc. 

ii) deproteination decreases the weight loss in the range up to 900°C 
by 'V h•/t~~. . 

iii) organic gases (as seen by dynamic evolved gas IR) are evolved over 
the entire temperature range of 300°C to l000°C, 

This weight loss due to the organic componenets above 300°C is fairly continuous 
and hence has a smoothing effect on the TGA curve. C0 2 gas (2320cm-i) is evolved 
starting at 200°C and is also fairly continuous. Changes in the IR spectra of 
the carbonate region point to the initially incorporated carbonate as the source 
of the evolved C02. The remainder of the 2wt% loss between 300°C and l000°C is 
primarily water. 

With the . complementary use of evolved gas-IR \>/e have established that assay 
for water in TE by TGA alone will be in serious error for at least t\·Jo reasons: 

1) Water is lost continuously and in combination with other entities 
as the temperature is raised, and 

2) As much as 20% of the water in T( may not 1 eave the en a me 1 but be
comes incorporated as structural OH in the apatite portion (e.g., see 
LeGeros, 1973, who showed structurul OH increased with heating). 

From this point of view, TGA although useful, is not our most valuable tool be
cause of the complex nature of the weight loss. We have thus started using the 
dynamic evolved gas IR analysis technique to study the evolved gases of TE as 
they are given off. This should give us more accurate numbers for the H20 lost 
(or other species!). 

Mass Spectrometry (MS) of Human TE 

Mass spectrometry of TE samp 1 es for J-h 0 and C02 is confounded by these same 
two entities which occur as background. Secondly, although the organic components 
are a small weight per cent of our prepared TE, organic vapors with complex frag
menting patterns are a high precentage of the total weight lost in a MS run and 
constitute a confusing backgound which needs to be removed in order to study the 
potentially small amounts of the entities of interest. 
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Photo #1 Powder X-Ray Diffractometer and Environmental Chamber 

Photo 

Photo 

1. Powder X-Ray Diffractometer 

2. Environmental Chamber 

3. X-ray Detector 

4. X-ray Source 

#2 Close-up View of Sample Holder and Environmental Chamber Base-Plate 

1 . Powder Sample Holder with Heater Coils Imbedded 

2. Water-cooled Base Plate 

3. Adjusting Knob - to adjust position of sample in the x-ray beam 

4. Wires for Heater PovJer and Thermocouple Readout 

#3 Environmental Chamber Base-Plate 

1. X-ray Source 

~- Adjustable Platform on which Sample Holder is Positioned (see 

Photograph #2) 

3. Connector Block for Heater-Power and Thermocouple Connections 

Photo #4 Evolved Gas-~R Sample Holder 

1 & 2. NaCl Windows - IR path is from 1 to 2 

3. Heater Coi 1 
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We are presently performing step-wise heating regimens of TE for M~ and DGIR 
analyses. MS analysis is also being performed on evolved gases collected from 
the environmental chamber during x-ray powder diffraction runs. 

The present technique of step~wise heating and then the static analysis by 
the sector type mass spectrometer available to us does not fu"lly meet the needs 
of this project. The gases are not analyzed as they are emitted (i.e., dyna
mically as the temperature is changed) but are collected in a glass vessel, 
while the sample is held at a constant temperature, to be analyzed at a latter 
time. This procedure suffers from a number of problems. First, the quantita
tive information ·is compromised because some of the gases tend to condence out 
on the cool walls of the collection vessel. This changes the ratios of the 
various gaseous species present in the gas to be eventually injected into the 
mass spectrometer. Secondly, with the mass spectrometer available to us, the in
jected gas·must follow a path with some bends in it before it arrives at the 
analyzing magnet. At each bend, the various gaeous species will be removed from 
the gas stream (e.g., by condensation or scattering) to varying degree for each 
specie, further compromising the quantitative aspects of the data collected. A 
third problem is that those in charge of this instrument do not want us to in
ject gases at temperatures higher than about 300°C at the inlet. This is to re
duce the possibility of contaminating the system with heavy organic mass frag
ments with a resulting costly down time to break open the vacuum system and 
tht'oughly clean the system. A quadra-pole mass spectromete\", with its straight 
path through the system, reduces or eliminates the problems mentioned above. The 
gaseous effluents can be analyzed dynamically (i.e., on-line as the temperaure 
is varied without the intermediate step of a collection vessel), the data col
lected would be more quantitative because of fewer opportunities for the gas 
stream to interact with various parts of the ~quipment along the path (it follows 
that the problem of contamination would also be reduced), and higher inlet tem
peratures for the· injected gas would be feasible~ 

Several diffel"ent possi,bilities for using quadra pole type MS's were checked 
out. A Bendix time-of-flight unit in Ceramic Engineering needed reRairs which 
would cost more than acquiring a new unit (~$10000). A residual gas analyzer 
in the Physi,cs department \A.'as in dedicated use and unavailable for use by this 
project. Similarly, use of a quadra pole MS in the Areospace Engineeri~g depart
ment was looked into. This unit was being used intensively and it was feared 
that injection of our biological samples at high temperatures would result in 
contamination and, hence,shut down the unit fot extended lengths of time for 
cleaning. 

To effectively, acquire the dynamic (and quantitative!) data of mass frag
ments vs_ temperature, a mass spectrometer, of the quadrapo 1 e type, needs to be 
acquired by the project (see the budget for the first year). Mass spectrometer 
identification of the various ename l effluents at each ten1perature has become 
more important with the result from dynamic evo 1 ved gas i·. r. that the sever·a 1 evo 1 ved 
species are given off continuously and simultaneously. Good quantitative MS 
data would both complement and provide a check on the dynamic evolved gas i.r. 
results. For example, i.r. band assignments could be made by correlating changes 
in i.r. bands (e.g. changes in areas and shifts in position) with quantitative 
changes in the mass fragments of the MS output. 

28 



. ' ( 

~1 a c k i e , P au 1 E . 
209-32-0029 

Infra-Red(IR) and Dynamic Evolved Gas IR (DGIR) of Human TE 

With the realization that the TGA curves of TE were a composite of simul
taneous continuous emissions of several species, the sample chamber (or cell) 
for continuous monitoring of the IR absorption bands of evolved gases was de
signed and built (see the next section: "Equipment Design, Fabrication and 
Modification''). Thus far, nine major absorption bands have been noted, as well 
as, many small peaks in the orgnaic "Fingerprint" region (600-l500cm- 1 ). Pre
sent efforts are directed toward calibrating the cell with pure oxalates in 
an effort to obtain weight loss vs temperature curves for each major specie 
evolved. This technique, DGIR, TS presently being investigated as a potential 
analytic assay for water. The only bands of the 9 assigned with certainty are 
H20 and C02 which are the largest. Several other bands are assigned to at 
least two different organic species (one a gas and the other a condensed vapor). 

Equipment Design, Fabrication and Modification 

Several pieces of equipments were designed and built for DE04151. As mentioned 
in the section on x-ray diffraction, a sample environmental chamber (see Photos 1 
through 3) was built to enable the sample to be heated up to 500°C while maintaining 
the sample in a vacuum or some control atmosphere. This chamber was used to obtain 
the TE (under vacuum) data_ vs temperature used in the PFSR studies. 1t will be fur
ther used in DE04·151-03 to maintain the sample at humidities other than ambient. 

A special sample chamber (see photo #4) was constructed such that various 
species of the evolved gases could be monitored by IR continuously as the 
temperature of the sample was increased. This chamber has been used extensive~ 
ly in the dynamic pyrolysis studies of human TE (see R.A. Young et al. "Dyna
mic Pyrolysis Studies of Human Tooth Enamel'', AADR, Las Begas, June 1977). 

A4d) Published Abstracts of Oral -Presentations at Sci~ntific Meetings 

i) "Experience with x-Ray PFSR: Profiles, LaP04, and Tooth Ena
mel", P.E. f~ackie, Dennis B. Wiles and R.A. Young, Program and 
Abstracts, American Crystallographic Association, Series II, 
5 42, (1977). 

ii) "Preliminary Crystal Structur·e Analysis of Powered Human Tooth 
Enamel", P.E. Mackie and R.A. Young, J. Dent. Res., 56, (Special 
Issue B), ~ 232 (1977). 

iii) "Dynamic Pyrolysis Studies of Human Tooth Enamel 11
, R.A. Young,

Oerrold W. Holcomb and P.E. Mackie, J. Dent. Res., 56 (Special 
Issue B), B 233 (1977)~ · 
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Paul E. Mackie, Senior Research Scientist June 1975 - 31 May 1977 
Engineering Experiment Station 

R.A. Young, Principal Reserach Scientist June 1975 - 31 May 1977 
Engineering Experiment Station 

D.W. Holcomb, Assistant Reserach Scientist 1 July 1976 - 31 May 1977 
Engineering Experiment Station 
Graduate Research Assistant 1 Jan 1976 - 1 June 1975 
Engineering Experiment Station _ 

J.R. Cagle, Assistant Research Scientist 1 June 1975 - 31 May 1977 
Engineering Experiment Station 

B. Specific Aims* 

To further improve our knowledge of the role of water in human tooth ena
mel by : 

1) refining the assay techniques for -water by TGA, IR, PFSR and 
dynamic evolved gas IR analyses developed in DE04J51 years 1 through 3. 

2) developing atomic-scale detailed models for the incorpora
tion,mobility and changeability of various \'Jater species in tooth 
enamel. 

3) determining how atomic-scale detail of TE (with particular 
emphasis on 'water') varies or correlates with various selected 
parameters (e.g., age, density, carious character, color, white 
spots, etc.). 

C. Methods of Procedure 

C1. Sample Collection 

Teeth will be collected from local dental clinics. Both pooled and classi
fied teeth will be collected. Initial classification of the teeth into 
three ages groups (15 years and under, over 50 years old, and 16-49 year) will 
be made at the collection point by the oral surgeons. Further classification 

*N.B. These aims are necessarily similar to ~~ose of the original project 
period, because of both 1) the comprehensive nature of the aims in this project 
area and 2) the reduction of effort noted at the beginning of the Comprehensive 
Progress Report (section A4). 
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of the teeth into subgroups (e.g., type of teeth, carious or noncarious, etc.) 
will be made by dental personnel working on the project and working as consul
tants. 

C2. Tooth Handling and Powder Preparation 

A few sound teeth will be set aside for sectioning for SEM work. The re
mainder will be used to form the "pooled 11 enamel po\\lder. (Pooling is necessary 
in view of the quantities needed, especially for x-ray (up to 1 gm) and neutron 
(up to 15 gm) diffraction.) The word 11 pooled 11 is used here in the sense that 
some variables (e.g., sex, age within the age bracket, tooth type, fluoride en
vironment, CO 3 content, etc. ) vJi 11 be averaged in the process of generating the 
enamel pov:der from the supply of teeth. The teeth \'Ji 11· be cleansed by rinsing 
in distilled \t.Jater" and the pellicule removed by a light burnishing of the sur
face. The crowns will then be separated from the roots and the dentine ground 

. away from the crowns. The cro\\lns will then be crushed and the powder examined 
under a low power microscope and ultraviolet illumination for fluorescence in
dicative of remaining dentine. Particles· fluorescing will be removed. Fractions 
of the enamel with various densities \~ill be obtained with the technique of 
flotation in liquids of different densities (e.g.~ in tetrabromoethane to ob-
tai n en am e 1 \'I' i t h a spec f f i c g r a vi ty 2 . 9 5) . 

C3. Pretreatments 

Before the main parts of the experimental procedures are carried out, some 
enamel samples will be subjected to various_ pre-treatments (e.g., heating, rela
tive hum·idity adjustment, chemical treatme·nt, deuteration, etc,). These pre
treatment (or pre-conditioning) will be used to obtain various standard conditions 
prior to the actual experimental procedures, 

C4. Analytical Techniques 

The main techniques to be employed are x-ray diffraction, infra-red spec
troscopy, dynamic evolved gas infra-red spectroscopy and thermogravimatric analy
sis. Additional techniques to be used as time and money permit are neutron dif
fraction, mass spectrometry and nuclear magnetic resonance. 

C4a. X-ray and Neutron Powder· Diffractio~ Studies (XRD, ND) 

In these experiments ( per·formed on human TE) we \vi 11 ( 1) rna ke prec1 s 1 on mea
surements of the lattice parameters as a function of temperature and as a function 
of humidity at room temperaure~ (2) detect and identify any other crystalline 
phases which may occur during these temperature and humidity treatments, and (3) 
perform pattern-fitting-structure-refinements with the powder diffraction data. 
The samples to be examined will be those which have had the same pre-treatments 
as those used in the IR and dynamic evolved gas IR (DGIR) experiment. There are 
several goals we can expect to attain from these diffraction experiments: 

(1) From the DGIR experiment~ we will know at what stages in the heating programs 
the various effluents appear. Lattice parameter measurements (especially~) will 
tend to indicate whether or not that effluent is part of the crystal structure 
rather than a part of the enamel incorporated at a higher level of structure 
organization. 
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(2) The analyses of the p0\1der diffraction patterns (collected at 'approximately 
50°C increments from room temperaure to 500°C and at several different relative 
humidities at room temperature) \'lill permit identification of other crystalline 
phases and, \'lith use of an internal standard, indicate the amount of any amor
phous content. The primary interest in these various components of enamel, 
crys tall i ne or amorphous, being their water content and hovJ they may effect the 
various assay techniques for water. 

(3) The pattern-fitting-structure-refinement (PFSR) method (a ne\'1 and very pro
mising analytical technique for analyses of powder diffractin data) will permit 
the refinement of various atomic-scale structural models to the purpose of 
determination of how water is incorporated in the crysta.l (if indeed we find from 
concomitant lattice parametet changes that it is in the crystal). In as much 
as the other effluents of TE may affect our determination of how water is in-

- corporated in the inorganic phase of enamel, this project will depend heavily 
on the results of NIDR project DE 01912 (DE 04151 and DE 01912 share labol~atory 
and office space and in serveral instances personnel.) This technique applied 
to x-ray data is more effective for the heavier effluents (the "tracks .. of those 
lighter effluents can be follm-Jed to some degree by observing their effect \oJith 
PFSR on the remainder of the structure). However, for the lighter effuents (such 
as H,OH,H20 and H30) the same technique \<Jill be more effectively applied with 
neutron powder diffraction data. Neutron diffraction will be used sparingly 
since the sample requir'ements are very high (15 grams, or the dense-fraction ena
me·l harvest of about 150 teeth) and neutron beam charges are expensive. 

C4b. Infra-Red Spectroscopy (IR) ·and Dynamic Evolved Gas IR (DGIR) 

Infra-red spectra will be collected from samples having had the same pre
treatment as those samples used in the TGA and x-ray diffraction experiments. 
Bartlett and Young (1972), among many others, have shown that with the proper 
precautions during the preparation bf the sample in a KBr pellet, atmospheric 
moisture can be effectively excluded from apatite specimens prepared for IR 
studies. Using the techniques they (Bartlett and Young, 1972) used, one can do 
quantitative IR analysis for OH in its structural locution in hydroxyapatite 
and, to some extent, for H£0. In the DGIR experiments, several different IR bands 
willbe followed as the sample is treated and in this manner the weight change 
observed vJi th the TGA expet'i ments wi ·11 be apportioned to the various effluents 
identified so that an accurate assay for water~Jill be obtained . 

. C4c. Weight Change vs Heating 

The various samples will be heated at several different temperaures (~50°C 
intervals up to l000°C and held at one temperature until constant weight is 
achieved) and the weight changes recorded. In conjunction with DGIR, XRD, NO 
and IR data, these data will be used to quantify (weight%) the contributions 
to the weight loss of the various volatile constituents at each stage in the 
heating program~ 
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To have a chemical understanding of the mechanisms of tooth properties in 
health and in disease, one must have (as a minimum) a knowledge of the struc~ 
tural relationships and roles of the majot~ constituents in tooth enamel. Watel~, 
present at 2 to 7 wt%, is a s·ignificant constituent about which not much is 
known (cf. the knowledge of the crystalline component, upatite). In this work, 
Ne propose to study those aspects of water in enamel which will provide a 
foundation for the understanding of the role(s) of water in human tooth enamel. 
The study will involve a coordinated approach in which use will be made of 
several complementary techniques, both established (e.g., x-ray and neutron 
diffraction, IR, etc.) and new (e.g., the pov.rerful new technique of pattern
fitting-structure~refinements of powder diffraction data), to explore the 
applicability of various models for the inclusion of water in enamel. 

E. Facilities Available 

All required facilities, including major equipment (with the exception of the 
quadrapole mass spectrometer requested in the first year's budget), labor·atory 
space and office space, are available~ The major equipment items include those 
for computer-controlled or assisted powder x-ray diffractometl~, a versatile 
computel~-controlled single-crystal and pov1der neutron diffraction unit operating 
at a major research reactor (5 megawatt heavy-water moderated), large and small 
computer facilities, access to infrared and laser-Raman spectroscopy facilities 
on campus, sma 11 chemistry 1 aboratory especially equipped for \IJOrk on apatites 
and tooth enamel and e major library. 

F. Collaborative Arrangements 

The proposed project is not critically dependent on any formal collabora
tive arrangements. Dr·. Hm1ard Myers, who did some of the stimulating early 
studies of water in tooth enamel and is very well known in dental-research 
circles, is presently ser~ing as a consultant to DE04151 and has agreed to 
continue on v.Ji th the renewa 1 project. Dr. ~1yers is headquartered in 
Philadelphia. 

G. Principal Investigator Assurance 

The undersigned agrees to accept responsibility for the scientific and 
technical conduct of the research project and for provision of required pro
gress reports if a grant is awarded as the result of this application. 

Date Principal Investigator 
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