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ABSTRACT

Fluoride is one of the most consumed pharmaceuticals in the world, and its facility in preventing
dental caries is recognized as one of the top 10 public health achievements of the 20" century.
Although hydroxylapatite is often used as an analog of dental enamel, the details of the
substitution of F for OH in the apatite anion column are not well known. Using new synthesis
techniques, this study extends the structure work on P63/m apatites along the middle portion of
the F-OH apatite join to compositions near the composition of fluoridated human teeth. The first
F substituent in hydroxylapatite, near fluoridated dental enamel compositions, is dramatically
underbonded by the surrounding Ca2 atoms (0.72 vu) in a hydroxylapatite matrix. However, the
hydroxyl hydrogen is able to contribute 0.20 or 0.10 vu in hydrogen bonding, depending on
whether the substitution creates a reversal site in the anion column; this hydrogen bonding
alleviates the bonding requirements of the substituent F. As F concentrations increase along the
join, the average hydroxyl contributes increasing amounts of hydrogen bonding to the F column

anions; to mitigate the loss of its hydrogen bonding, the hydroxyl oxygen migrates toward the
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adjacent mirror plane that contains the bonded Ca2 atoms, and the triangle of bonded Ca2 ions
concomitantly contracts. These two mechanisms increase bonding to the column hydroxyl
oxygen from the adjoining Ca2 atoms to balance the loss of hydrogen bonding that stabilizes the

substituent F column anion and the increasing concentration of underbonded F.

Introduction

A pharmaceutical can be defined as a compound that is used to prevent, treat, or cure a
disease; among the most widely administered pharmaceuticals is fluoride (the ionic form of
fluorine), administered in several forms. Indeed, in 2018 73.0% of the U.S. population consumed
water from community water systems that contain fluoridated water (United States Centers for
Disease Control and Prevention 2021) in order to prevent dental caries. Community water
fluoridation is recognized as one of the 10 greatest public health achievements of the 20th
century, preventing at least 25% of tooth decay in adults and children (American Public Health
Association 2021).

In the administration of pharmaceuticals, it is fundamental to understand how that
pharmaceutical compound interacts with the human body. Although there are models that
conjecture on how the addition of fluoride to the outermost unit cells of human dental enamel
can prevent dental caries, there are no quantitative measurements of the changes in the atomic
arrangement or bonding that occur in response to fluoridation; human teeth are not well-
crystallized or suitable for the high-precision diffraction studies that are necessary to understand
the atomic-level interactions with fluorine as a pharmaceutical.

It is well known that inorganic hydroxylapatite, natural or synthetic Ca;o(PO4)s(OH),, is
an analog for human dental enamel, although the latter also contains several percent of the
carbonate anionic complex (Leventouri et al. 2009). Natural mineral samples of hydroxylapatite

are not particularly useful in examining detailed atomic arrangements as they apply to human
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teeth. Mineral samples are inherently mixtures of the three anionic end-members of apatite,
Ca;9(PO4)s(OH,F,Cl),, and pure OH end-member minerals are unknown. Even the putative
natural hydroxylapatite end-member from Holly Springs, Georgia, USA, has been shown to
contain both F and Cl in the anion column, obviating direct comparisons to human dental apatite
(Dykes 1971). For this reason, Hughes et al. (2018) attempted to synthesize apatite samples
along the F-OH join, and reported the detailed atomic arrangements of apatites in the mid-solid
solution range, with anion compositions between and including [F4o(OH)eo] and [F7(OH)33].
However, the attempts to synthesize less F-rich hydroxylapatite to mimic and elucidate the
atomic changes that occur with the addition of F to hydroxylapatite through fluoridation were not
successful, thus they reported on the middle range of the fluorapatite-hydroxylapatite solid
solution only; synthesis of hydroxylapatite with small amounts of substituent F is difficult,
particularly with a yield of crystals suitable for single-crystal diffraction studies.

Since that publication, new methods of synthesizing hydroxylapatite with lower F
concentrations, of sufficient size for single crystal study, have been devised, and details of that
synthesis are given below. The addition of the atomic arrangement of samples with compositions
as low as ~[F9(OH)qo] allows us to conjecture on the incorporation of small amounts of F in

hydroxylapatite, and comment on the bonding that occurs with the fluoridation of human teeth.

FLUORIDATION OF HYDROXYLAPATITE IN TEETH

The mechanism(s) by which F reduces the incidence of dental caries have been
investigated in thousands of studies over the last half-century. Numerous reviews on this topic
have been published (e.g. Featherstone 1999; Aoun et al. 2018; Epple et al. 2022; ten Cate and

Buzalaf 2019). Although numerous mechanisms have been suggested, a high degree of
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consensus exists on the following: 1) Promotion of remineralization (new apatite formation after
partial dissolution of original tooth material), 2) formation of fluoridated hydroxylapatite during
remineralization, and with less CO; than the original tooth apatite, 3) antimicrobial properties,
affecting bacteria growth and metabolism, 4) surface armoring by F~ sorption to dental
hydroxylapatite inhibiting dissolution, 5) F incorporation in pre-eruptive tooth apatite,
depending on the amount of F~ ingestion, though it is thought to be negligible in preventing
dental caries.

Although there are still many questions to be answered there is sufficient evidence that
fluoridated hydroxylapatite, with variable amounts of other substituents (e.g. CO3), can be
created in teeth by engineered exposure to F~ (reviews cited above). This may be through the
process of diffusion of sorbed F into tooth apatite (only in the surface-most regions of
crystallites). It is thought that a more important mechanism of fluoridated hydroxylapatite
formation is dissolution (demineralization) of original tooth apatite and reprecipitation
(remineralization) of new F~ doped hydroxylapatite. Fluoridated hydroxylapatite has a lower
solubility than the non-fluoridated species. It is believed that one mechanism for F~ reduction of
dental caries is by decreasing the susceptibility of fluoridated hydroxylapatite in teeth to acid

dissolution as a result of its lower solubility compared to non-fluoridated tooth apatite.

EXPERIMENTAL
Synthesis of the four low-F samples
The eight most F-rich samples shown in the accompanying figures (between [F4o(OH)eo]
and [Fe¢7(OH)33]) were reported in Hughes et al. (2018), and that paper contains the experimental
details for the synthesis of those samples as well as the sample with composition [F;7(OHss3)],

1.e., the most F-rich of the four low-F samples.
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We encountered difficulty in synthesizing low-F crystals using the methods detailed in
the previous work, and several years were spent in attempts at synthesizing such samples. Using
the synthesis methods outlined below, we were successful in synthesizing samples with
compositions as low as ~(Fo 100Hy.90), significantly extending the range of samples from the
middle portion of the binary join reported earlier. These new syntheses included samples APS-
110, APS-125, APS-126, and APS-127a with F contents lower than the hydroxyl-fluorapatites
reported by Hughes et al. (2018).

Synthesis of these four fluoridated hydroxylapatite compositions was undertaken at
GeoForschungsZentrum, Potsdam, Germany; the syntheses were accomplished by mixing
commercial-grade hydroxylapatite (1 um particle size) with NaF in gram amounts in order to
ensure a low weighing error. This nominally consisted of 9.5 — 10 grams of hydroxylapatite +
0.01 — 0.02 grams of NaF mixed with ethanol in an agate mortar using an agate pestle
continuously by hand for about 15 minutes to ensure a homogeneous mixture. The
hydroxylapatite-NaF mix was then dried at 105 °C for about an hour. A random sampling of
approximately 50 — 55 mg of this mix + 7 mg of H,O was then added to a tempered (1000 °C), 3
mm diameter, 2-cm long Pt capsule that was arc-welded shut at one end. The H,O was added
first. The mix was then added and subsequently packed in. The Pt capsule was then arc-welded
shut and placed in the 105 °C oven for 5 — 10 hours, and then weighed again in order to check
for leaks. Any capsule showing weight loss greater than 0.02 mg was discarded.

The four synthesis experiments were run at 1100 °C and 300 MPa in the internally heated
gas pressure vessel (IHGPV) for 8 days. An example (APS-126) of the basic reaction between
the hydroxylapatite and the NaF in an H>O-rich environment (assuming total reaction) is as

follows:
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Ca;o(PO4)s(OH), + 0.04 NaF = Ca;o(PO4)s(OHg 03, Fo.02)2 + 0.04 NaOH

All four synthesis capsules were run together at the same time. In the IHGPV, the
temperature was measured with 3 S-type thermocouples and calibrated based on measurements
of the melting points of NaCl at 843 °C/200 MPa and 904 °C/500 MPa (Akella et al. 1969). The
accuracy is about = 5 °C at 200 MPa and + 20 °C at 500 MPa. Maximum thermal gradients along
the capsules were = 10 °C. Pressure measurement was done with a strain gauge and was accurate
to = 7 MPa for experiments up to 500 MPa. During the experiment, pressure was controlled
automatically to within £5 MPa using the hydraulic system of the intensifier and a programmable
control unit. The samples were heated isobarically at a rate of 30 °C/min and quenched
isobarically with quench rates of 150 to 200 °C/min. After the run, the very shiny and slightly
deformed Pt capsules were removed, cleaned, and weighed. Any capsules showing weight loss
(> 0.05 mg) were discarded. The capsules were punctured and then dried at 105 °C for several
hours, and weighed again to determine fluid loss. The dry and recrystallized hydroxylapatite was
removed from the Pt capsule, labeled, and stored.
X-ray structure studies

Data from the eight most F-rich samples presented here are taken directly from Hughes et
al. (2018), and details of the X-ray structure studies, including CIF files, are contained or
referenced therein. The structure of the sample of composition [F;7(OHgs)] was analyzed in the
same laboratory using the same procedures detailed in the 2018 work, and the CIF for that
sample is on deposit with the present study.

Crystals from the three samples with the lowest F contents were significantly smaller
than the other samples, presumably due to the different synthesis conditions. To successfully

undertake structure studies of those samples, a Bruker D8 Quest single-crystal X-ray
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diffractometer with a D8 three-circle goniometer, Mo microfocus (InS) Ka radiation, and a
PHOTON III C7 area detector was employed. The deposited CIF files contain crystal data and

data collection/refinement parameters for the three lowest-F samples.

Bonding of the Apatite Column Anions: OH-F

In the Ca;o(PO4)s(OH,F,Cl), system, the anion column accommodates three monovalent
species, (OH), F, and CI. Hughes et al. (1990) detailed the structural accommodation of all three
species in hexagonal ternary apatite and demonstrated that a monoclinic ternary apatite also
exists. Hughes et al. (2014) examined the details of the atomic arrangement along the F-Cl
binary and the structural accommodation of the two anions of disparate size, and Hughes et al.
(2016) elucidated the accommodation of Cl and OH along that binary apatite join and
demonstrated that three different arrangements of the column anions exist. Hughes et al. (2018)
examined the structure along the central portion of the F-OH apatite binary, a binary of particular
interest in biological systems. As noted previously, the present work extends the results of
Hughes et al. (2018) toward the hydroxyl end-member, and allows conclusions regarding
incorporation of substituent F in biological hydroxylapatite such as occurs during the fluoridation
of human teeth.

In compositions along the F-OH apatite join, two species occupy the anion column.
Figure 1 illustrates the possible positions of the column occupants, OH and F, at two adjacent
intersections of the (00€) mirror planes and [001] anion column. The mirror planes occur at z = Y4
and ¥ within each unit cell of P63/m apatite, and at each intersection, one of three possible
occupants can exist, each with bonds to the three Ca2 ions disposed in a triangle within the

mirror plane. If an F ion occurs in that anion column, it lies coplanar in the mirror plane with the

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2024-9393. http://www.minsocam.org/

three Ca2 atoms. If a hydroxyl exists at that mirror plane, it will be displaced approximately 0.34
A above or below the plane due to its slightly larger size (see depiction of OH,pove and OHypejow in
Fig. 1), bonding to the three Ca2 atoms at slightly longer lengths than the aforementioned Ca-F
bonds. In every case, the hydrogen atom of the hydroxyl is directed away from the mirror plane,
leading to the possibility of hydrogen bonding within the anion column. Thus, of interest are the
steric interactions between OH and F in neighboring sites in the anion column, particularly near
the OH end of the F-OH join; that compositional region mimics the composition of fluoridated
hydroxylapatite in teeth. Given the reported structures, we can examine the changes that occur
with decreasing fluoridation along the fluorapatite-hydroxylapatite join, as well as calculate the
strength and direction of the bonding impinging on each column anion. Keep in mind that the
conclusions are based on X-ray structure studies that average over the entire crystal.

In pure hydroxylapatite, [Fo(OH);¢0], the hydroxyl in any individual anion column will be
ordered as all OHgpove OF OHypeow, as there are no vacancies or impurities to reverse the anion
sequence at any of the column anion sites; this leads to P2,/b monoclinic apatite (Elliot et al.
1973). However, in geologic apatite, this has not been observed, as sufficient impurities
apparently exist to provide reversal sites for the hydroxyls, and there is probably sufficient Type
A carbonate substitution in dental enamel to also provide reversal sites. However, the presence of
monoclinic zones in hydroxylapatite does not obviate the discussion of hydrogen bonding in this
work.

In pure hydroxylapatite, there is weak hydrogen bonding between adjacent hydroxyls that
are ordered in the same sense, i.€., both OHgpeve Or OHpelow. For example, in Fig. 1, a hydroxyl
disordered below the plane at z = % will lead to a neighboring OHy.ow associated with the

adjacent mirror plane, at z = %4. The O — O distance will be ¢/2, or ~3.44 A, which will yield a
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hydrogen bond length (O — H ** O) length of 2.49 A, using the method of Brown and Altermatt
(1985) wherein H ** O = [(O — O) - 0.95 A]. That hydrogen bond length yields a hydrogen bond
strength of 0.08 vu (Ferraris and Ivaldi 1988; all H-bond calculations assume a linear O —H "~ O
sequence, in accord with the P63/m symmetry). Thus, a hydroxyl oxygen in end-member
hydroxylapatite receives 1.92 vu in charge-balancing bonding: [(3 x 0.307) = 0.92 vu] (Fig. 2)
from Ca2, and a net sum of 1.00 vu from the two neighboring H atoms (i.e., (1.00 — 0.08) vu
direct donor — H bonding and 0.08 vu in H " acceptor hydrogen bonding from the immediately
adjacent hydroxyl)]. This bond valence sum of 1.92 vu is a nearly ideal value for the hydroxyl
oxygen. We note that the situation of the incorporation of the first F substituent is essentially an
equivalent model for fluoridated teeth, as fluoridated human dental enamel incorporates only up
to about 2000 ppm of fluorine (Robinson et al. 1996). This model demonstrates the method of
stabilization of the fluoride substituent in human teeth.

As fluorine is incorporated into the anion column, the bonding incident upon the column
anions changes. Consider the first F atom incorporated into hydroxylapatite. Referring to Fig. 1,
if that first F ion is incorporated in the mirror plane at z = %, it will reside in the special position
at 0,0,1/4. For F, the bonding environment in a hydroxylapatite matrix is “uncomfortable”; the F
substituent receives only 0.72 vu of charge balance from the surrounding coplanar Ca triangle
and thus is significantly underbonded (Fig. 3). This underbonding is alleviated, however, by the
hydrogen bonding contributed by neighboring OH ions. Examining the H ** F bonding from the
H atom associated with the z = % hydroxyl, the H  F distance, smaller than the H " O distance
between two OH groups because of the displacement of OH, is now ~2.14 vu (Fig. 4), yielding a

bond valence of 0.10 vu (Brown and Altermatt 1985). The F column anion, underbonded with its
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bonds from Ca, thus gains 0.20 vu from H " F hydrogen bonding, contributed from both sides of
the F ion, yielding a comfortable bond-valence sum of 0.92 vu (Fig. 4).

It is clear that a local fluorine environment must also exist wherein the ion receives H-
bonding from only one side in any individual column. Young et al. (1969), suggested that if the
sense of the hydroxyl hydrogen was not reversed, and the F received hydrogen bonding from
only one direction, the F would be displaced ca. 0.10 A toward the hydrogen-bonded hydroxyl.
Although difficult to observe in diffraction experiments, we did not observe this shift even when
the F atom was initially displaced from the special position in the structure modeling. In
addition, a 0.10 A shift of the F ion would yield little additional hydrogen bonding to the F
column anion because of the flatness of the hydrogen-bond distance vs hydrogen-bond valence in
that region (Brown and Altermatt 1985). Thus, that first F column anion incorporated into
hydroxylapatite would have an incident bond valence of 0.82 vu if H-bonding was received from
one side, as opposed to 0.92 vu at a reversal site with incident H-bonding from the +/- [001]
directions.

Because we know the position of the O(H) atom as a function of F apfu (Fig. 5) and the
strength of the bonds to F and O(H) from the surrounding Ca2 atoms (Figs. 2, 3), we can extend
the curves of Hughes et al. (2018) and comment on the incident bond strength to the F and OH
column anions over the portion of the F-OH binary that has been synthesized and studied. The
bond-valence sum from the surrounding Ca2 atoms to the individual column anions is displayed
graphically in Figure 6. As seen therein, at apatite composition of Fy, essentially equivalent to
fluoridated dental enamel (which has an F content of approximately [Fo 02(OH)g90s]), an F
column anion is quite underbonded at 0.72 vu, and a hydroxyl oxygen has a bond valence of 0.92

vu. The underbonding of the “first F substituent” is modified by 0.20 or 0.10 vu of hydrogen

10
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bonding, alleviating the underbonding as discussed earlier and allowing the bonding of F
substituents to reach acceptable levels. As additional F substitutes, a larger portion of the donor —
H direct hydrogen bonding is shed from the average hydroxyl oxygen in the structure to alleviate
the underbonding of the additional F ion. Thus, for the average hydroxyl, the hydroxyl oxygen
must contribute more H — Receptor bonding to each substituent F ion, concomitantly reducing
the average Donor — H bonding to the hydroxyl oxygen. This reduced bonding from the
hydrogen to the hydroxyl oxygen must be balanced by increased bonding from the triangle of
Ca2 atoms.

As F-content increases in compositions along the join, the decreased donor-H bonding
received by the hydroxyl oxygen is compensated by increased bonding from the Ca2 atoms by
two methods. Figure 5 illustrates the shift of the O(H) toward its associated mirror plane, thus
decreasing the Ca2 — OH bond distance and concomitantly increasing the bond-valence received
by the O(H) column anion from the Ca2 atoms in the (00¢) triangle of Ca2 atoms. In addition to
this shift of the O(H), Figure 7 illustrates the contraction of the Ca2 triangle, also decreasing the
Ca2 — O(H) distance. The combined effect of these two bond-distance diminutions, and
concomitant bond-strength increase is illustrated in Figure 2. Figure 6 (middle line) illustrates the
remarkable stability in bond valence delivered to the anion column over the range of
compositions studies. The summed bond valence impingent on column F and OH, weighted by
the relative amounts of each anion, sums between 0.93 and 0.96 vu over the entire range of

samples, not including the intracolumn bonding of 1.00 vu for each hydroxyl.

Implications

11
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The addition of trace amounts of fluoride to human dental enamel has profound effects in
preventing dental caries; the process is considered one of the 10 greatest public health
accomplishments of the 20" century, and places fluoride among the most consumed
pharmaceuticals in the world. However, because of the poorly-crystallized nature of dental
enamel and the difficulty in synthesizing crystals along the F-OH apatite join, considered the
best analog of human tooth enamel, the environment of low-concentrations of F in a
hydroxylapatite matrix is unknown. This work demonstrates that up to ~25% of the bond-valence
received by a substituent F column anion is hydrogen bonding; hydrogen bonding is thus
essential for stabilization of F in the apatite column of a hydroxylapatite matrix. The series of
crystal structures of apatites along the hydroxylapatite-fluorapatite join that are presented in
Hughes et al. (2018) and this work allow calculation of bonding environments for column anions
along the majority of the F-OH join. The study also illustrates the consistent bond valence
delivered to the anion column anionic species over the range of samples studied, as the fluor-

hydroxyl atomic arrangement responds to changes in anionic column composition.
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334

335

336  FIGURE 1. Possible positions of OH and F at anion site in anion column of F-OH apatite. The
337  mirror planes (at z = 4, %) in P63/m apatite contain the three Ca atoms in the Ca triangle and the
338 F atom in the center of the triangle; Ca - F bonds are shown. The OH (shaded atoms, with
339  bonded black H atoms) positions are ~0.34 A above or below the mirror plane; the possible Ca2
340 — OH bonds are not depicted. At any intersection of the anion column and a mirror plane, only

341  one of the three depicted anion positions (OHapeve, F, OHpelow) 1S 0ccupied.
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346
347

348

349  Figure 2. Relationship between Ca2 — O(H) bond valence (a.) and Ca2 — O(H) bond distance (b.)
350 VS % F in anion column. Samples of 40% F and higher were reported in Hughes et al. (2018).
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Figure 3. Relationship between Ca2 — F bond valence (a.) and Ca2 — F bond distance (b.) vs % F
in anion column.
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FIGURE 4. Depiction of O — H"'F hydrogen bonding to F column anion occupant adjacent

to two OH occupants disordered toward the F occupant.
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FIGURE 5. Migration of hydroxyl oxygen as a function of % F in anion column.
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FIGURE 6. Bond valence from Ca2 triangle contributed to hydroxyl oxygen and F ion in apatite
anion column for varying F compositions. Upper line is the bond valence contributed to column
anion sites occupied by OH, lower line is bond valence contributed to column anion sites
occupied by F. The middle line, labeled Weighted Sum to Anion Column, is the actual average
bond valence contributed to the anion column for study samples as weighted by anion

composition.
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408  Figure 7. Area of (000) triangles of Ca2 atoms Vs F content.
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