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57 

Abstract 58 
 59 

Polarized Fourier Transform Infrared (FTIR) microspectroscopy of the OH stretching 60 

region of hydroxylapatite-chlorapatite solid solutions presents novel problems for the assignment 61 

of peaks to specific OH-Cl pairs. Crystal structure refinements of Hughes et al. (2016) identified 62 

new positions for column anions in synthetic mixed Cl-OH apatites, with three different column 63 

anion arrangements depending on composition. These structural refinements, combined with 64 

bond valence calculations, allow for interpretation of the OH stretching region.  65 

A peak at 3574 cm-1 is identified as that from end member hydroxylapatite. A second 66 

major peak at 3548 cm-1 is only found in mixed chlorapatite-hydroxylapatite solid solutions, as is 67 

a third peak at 3592 cm-1. Both represent perturbations of the OH stretching vibration as 68 

compared to hydroxylapatite, to lower and higher frequency, respectively. Both of the new peaks 69 

are the result of a Clb-OH sequence, with adjacent anions in crystallographically similar 70 

positions, both above or both below adjacent mirror planes. One configuration has the hydrogen 71 

atom pointed towards the chlorine atom. The second has the hydrogen of the OH group pointed 72 

away from the chlorine atom.  73 

Both configurations present novel problems. The shift to lower wavenumber at 3548 cm-1 74 

is characteristic of hydrogen bonding in fluorapatite-hydroxylapatite mixtures, yet the distance 75 

between O(H) and Clb is too great to allow it. The shift of OH stretching vibrations to lower 76 

wavenumber is produced through changes in polarization of intervening Cl-Ca2’ (or Ca2) and 77 

Ca2(’)-O3 bonds, which are affected by the presence of the large chlorine atom. Lowering the 78 

OH stretching vibration mimics the expected effect of a chlorine on a neighboring OH group in 79 

the apatite c-axis column, though without hydrogen bonding. The shift to higher wavenumbers, 80 
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i.e. higher frequency at 3592 cm-1, is the opposite of that expected for hydrogen bonding between 81 

column anions in the apatite mineral group. It is ascribed to interaction between an adjacent Clb 82 

and the oxygen end of an adjacent OH dipole. This pairing places an oxygen and a chlorine atom 83 

in close proximity. Possible means of accommodation are discussed. 84 

A ubiquitous peak at 3498 cm-1 represents hydrogen bonding between an OH and the 85 

OHa site, with an interoxygen distance of about 2.9 Å. Published modeling supports the 86 

hypothesis that the OHa site is occupied by an O rather than an OH. However, no clear 87 

counterpart to this pairing is observed in crystal structure refinements for specimens lacking 88 

OHa, although the infrared absorbance is present. The existence of oxyapatite is inferred from 89 

studies of plasma-sprayed biomaterials, but the crystallographic details of the substitution have 90 

remained elusive.  91 

A minor shoulder at 3517 cm-1 does not have a clear counterpart in the structural 92 

refinements. Sequences of three columnar anions (e.g. OH-Cl-OH or Cl-OH-OH) can be ruled 93 

out, but unequivocal assignment awaits further research. 94 

 95 

KEY WORDS: apatite, solid solution, FTIR, structure refinements, hydrogen bonding, 96 

oxyapatite 97 

 98 

  99 

 100 

Introduction 101 

 H2O is one of the most important participants in terrestrial igneous, metamorphic, and ore-102 

forming processes. It is incorporated into the apatite crystal structure as OH in response to 103 
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variations in intensive parameters such as the activity/fugacity of H2O in the environment. 104 

Chlorine is an important component of hydrous geologic fluids, and an essential ligand in mass 105 

transport of most metals. The presence of OH, halogens (F and Cl), CO3
2-, and SO4

2- in the 106 

apatite structure provides a unique mineralogical opportunity to monitor several fluid or gaseous 107 

species simultaneously. The ubiquitous distribution of apatite allows it to be utilized in 108 

developing an extensive, and internally consistent, picture of fluid behavior in the Earth’s crust 109 

and mantle, as well as the other terrestrial planets, moons and meteorites.  110 

 A reliable thermodynamic model for the apatite F-OH-Cl solid solution series requires a 111 

thorough understanding of the apatite structure, and how solid solution is achieved. Recent 112 

studies have revealed unexpected details about anion positions as a function of composition 113 

(Hughes et al. 2016; Hughes et al. 2018; Hughes et al. 2014). The expression of these structural 114 

details in infrared spectra, or as effects on the equations of state, has not yet been examined in 115 

depth. Hydrogen bonding contributes to the energetics of mixing, if OH···Cl and OH···F pairs 116 

form in the solid solutions.  117 

 The apatite structure has been reviewed in detail (Hughes and Rakovan 2002). Fluorine, 118 

chlorine, and OH lie along the principal axis of symmetry in P63/m apatites, coincident with the 119 

c-axis. The exact positions of the anions along the c-axis are dependent on their abundance and 120 

the concentration of their counterparts  (Hughes et al. 2016; Hughes et al. 2014). The end 121 

members hydroxylapatite and chlorapatite are reduced in symmetry to P21/b (first setting), as 122 

hydroxyl groups and Cl atoms are offset above or below the Ca2 triangles in single columns 123 

(which lie on a mirror planes at 0 0 ¼ and 0 0 ¾ ), and ordered in the opposite sense in adjacent 124 

columns along b.  125 



REV 1     p. 4 
 

 Routine measurement of the OH contents in apatite is complicated by problems with 126 

measurement of F and Cl concentrations via electron microprobe, combined with subsequent 127 

assumptions of stoichiometry and charge balance on the halogen site (Goldoff et al. 2012; 128 

Stormer et al. 1993). Measurement via Secondary Ion Mass Spectrometry (SIMS) can be 129 

complicated by low OH concentrations. Fourier Transform Infrared Spectroscopy (FTIR) is ideal 130 

for measuring OH and H2O in minerals, however the OH signal in apatite is not simple (Engel 131 

and Klee 1972; Tacker 2004). The position of the OH stretching vibration near 3572 cm-1 shifts 132 

as a function of the cations in the Ca2 sites, and the position is very sensitive to anion nearest 133 

neighbors along c. This sensitivity makes FTIR an ideal tool for describing nearest-neighbor 134 

interactions, and ordering, in solid solutions involving hydroxylapatite.  135 

 In this study, FTIR supplements the X-ray crystal structural refinements of Hughes et al. 136 

(2016) for a set of synthetic apatites across the chlorapatite – hydroxylapatite join. Structure 137 

refinements yield a list of possible nearest neighbors among the c-axis column  anion sites; FTIR 138 

shows which populations are present. The OH stretching region provides information about the 139 

hydrogen position, which may not be discerned directly in diffraction studies (Hughes et al. 140 

2016).    141 

  142 
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 143 

Previous Work 144 

  Hydrogen bonding in minerals is governed by the distance between the donor oxygen and 145 

the hydrogen acceptor, as well as the electronegativity of the hydrogen acceptor (Libowitzky 146 

1999). Both factors act on hydrogen stretching vibration. In end-member monoclinic 147 

hydroxylapatite, Ca10(PO4)6(OH)2, the oxygen-oxygen distance is 3.440 Å (Elliott et al. 1973), 148 

and the position of the OH stretching vibration lies at 3572 cm-1 (Tacker 2004).  149 

 Early infrared studies of fluorapatite-hydroxylapatite mixtures identified an additional OH-150 

stretching peak at about 3535 cm-1. A complete historical review may be found in Elliott (1994). 151 

The X -ray structural refinements of Hughes et al. (2018) show O(H)-F interatomic distances 152 

ranging from 3.078(10) Å to 3.15(3) Å. This is well within the 3.2 Å limit for weak hydrogen 153 

bonding (Libowitzkiy 1999). The interaction of the negative fluorine atom with the positive end 154 

of the OH dipole leads to a shift of the OH stretching frequency from 3572 cm-1 in end member 155 

hydroxylapatite to 3535 cm-1 in the F-OH apatite solid solution. This observation- hydrogen 156 

bonding with a neighboring column anion equals downshift in OH stretching frequency- greatly 157 

influenced interpretations of the additional peaks observed in mixed Cl-OH apatites.  158 

 Addition of the larger Cl atom to hydroxylapatite was interpreted to shift the OH stretching 159 

to lower frequency, 3498 cm-1 (Dykes and Elliott 1971). The greater magnitude of this shift, 160 

compared to that produced by a neighboring F (3535 cm-1), was attributed to proximity rather 161 

than electronegativity (Baumer et al. 1995; Dykes and Elliott 1971; Maiti and Freund 1981). 162 

Subsequent work (Baumer et al. 1995; Baumer et al. 1994) identified additional absorbance 163 

bands in mixed synthetic Cl-OH apatites. Baumer et al. (1994) characterized peaks at 3485, 164 

3545, and 3498 cm-1 as OH···Cl pairs, and 3571 cm-1, as the OH-OH-OH sequence determined 165 
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for hydroxylapatite. An additional band was observed at 3595 cm-1, ascribed to a hydroxyl 166 

adjacent to a vacancy or from the splitting of Ca2 into two sites (Baumer et al. 1995).  167 

 X-ray crystal structure refinements of the Cl-OH mixed apatites were conducted by Hughes 168 

et al. (2016), identifying a site distinct from those found in earlier works. This site was 169 

designated ClOH, and can accommodate either a Cl atom (ClOH-Cl) or an OH molecule (ClOH-170 

OH).  This additional site yields a new array of possible hydrogen-bonded pairs in the OH-Cl 171 

binary system (Hughes et al. 2016), and three different column arrangements were identified 172 

depending on composition. The different column arrangements are shown in Table 1 and in the 173 

groupings of Figure 1.  174 

 175 

 176 

Synthesis and Analytical Procedure 177 

Synthesis 178 

 Apatites across the Cl-OH join were synthesized utilizing Cl-OH exchange between 179 

synthetic pure end member chlorapatite and a series of Ca(OH)2-H2O solutions at 1100 °C and 180 

400 MPa.  Synthesis of a large size range of chlorapatite crystals up to 5 or more mm in length 181 

was achieved by dry mixing 0.03 moles (9.3 grams) of Ca3(PO4)2 into 0.1 moles of CaCl2 (11 182 

grams).  This mix was heated to 1375 °C in a covered Pt crucible in open air, soaked at 1375 °C 183 

for 15 hours, and then slowly cooled to 1220 °C at 3 °C per hour after which the crucible was 184 

removed from the oven and air cooled (see Schettler et al. 2011). The chlorapatite crystals were 185 

released from the flux by boiling the crystal/flux mass in 2 liters of distilled H2O, followed by 3 186 

– 4 additional washings.   187 

 Apatites across the Cl-OH join were then synthesized by exchanging 400 mg of a 200 – 188 

500 µm size separate of these synthetic chlorapatites with 25 – 200 mg of a Ca(OH)2-H2O 189 
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solution with variable proportions of Ca(OH)2 and H2O. Each of the chlorapatite-Ca(OH)2-H2O 190 

mixes were sealed in a 4 cm long, 5 mm diameter Pt capsule and taken up to 1100 °C and 400 191 

MPa in an internally heated gas pressure vessel using Ar as the pressure medium. Run duration 192 

was 3 – 6 days. The temperature was measured with 3 S-type thermocouples and calibrated to 193 

the melting points of NaCl at 843 °C/200MPa and 904 °C/500 MPa (Akella et al. 1969). The 194 

accuracy is about ±5 °C at 200 MPa and ± 20 °C at 500 MPa. Maximum thermal gradients along 195 

the capsules were ±10 °C. Pressure measurement was done with a strain gauge and was accurate 196 

to ±7 MPa for experiments up to 500 MPa.  Pressure was controlled automatically within ±5 197 

MPa using the hydraulic system of the intensifier and a programmable control unit. The samples 198 

were heated isobarically with a rate of 30 °C/min and quenched isobarically with quench rates of 199 

150–200 °C/min. 200 

 Synthesis of end member hydroxylapatite in hydrous molten salts, (Ca(OH)2-Hap-H2O or 201 

Ca(OH)2-Ca3(PO4)2- H2O) at 700-850°C and 100 MPa  total pressure in cold seal pressure 202 

vessels, was done at the North Carolina Museum of Natural Sciences. This method yielded 203 

apatites with an absorbance at 3498 cm-1. Initially this was interpreted as contamination of the 204 

starting mixtures, possibly with CaCl2, or from the dilute HCl used to separate out the apatite 205 

crystals after quench. Starting powders were prepared again, and crystals synthesized per the 206 

procedure outlined above. However, the 3498 cm-1 absorbance was still present. Hydroxylapatite 207 

crystals were synthesized a third time from a newly ordered batch of reagent-grade Hap, 208 

Ca(OH)2, Ca3(PO4)2 and deionized water. Crystals were separated from the matrix using dilute 209 

acetic acid in de-ionized water. The Pt tubing was thoroughly cleaned in HCl, then boiled several 210 

times in deionized water. Again, the synthesis resulted in a peak at 3498 cm-1, ‘which is 211 

examined further below.  212 
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 213 

Fourier Transform Infrared Spectroscopy (FTIR) 214 

 FTIR measurements were conducted on a Nicolet Continuum IR microscope, with a 215 

Nicolet 6700 FTIR bench spectrometer, both from ThermoScientific. Resolution was 4 cm-1. The 216 

microscope was equipped with a petrographic stage for sample orientation. Specimens were 217 

mounted in Crystal Bond, single polished, removed from the adhesive with acetone, and placed 218 

on 2 x13 mm pre-prepared KBr discs for analysis on the petrographic stage of the IR 219 

microscope. Apatite crystals were euhedral, so the c-axis of the finished product was usually 220 

parallel to the stage to within a few degrees. The thickness of specimens was determined using a 221 

Mituyo thickness gauge to ±0.001 mm. Also used was an internal laboratory calibration of the 222 

absorbance of the phosphate combination and overtone bands between 1900 and 2300 cm-1 223 

versus thickness (expanded from Tacker (2008)), augmented by the relationship between 224 

fringing and thickness when fringing was observed. 225 

 A ZnSe infrared polarizer was fixed in alignment with the intrinsic partial polarization of 226 

the incident radiation (Libowitzky and Rossman 1997). Polarization extinction is thus slightly 227 

better than a ZnSe polarizer alone. The OH stretching vibration in apatite is very strongly 228 

polarized parallel to the c-axis, so a series of short analyses located the maximum absorbance to 229 

within 2 degrees.  The minimum absorbance was then measured normal to this direction.  230 

 A complete 180° polarized study was made of each specimen in a search for possible water 231 

substitution. These studies confirmed that the OH stretching vibration was highly polarized 232 

parallel to the c-axis, and zero perpendicular to the maximum. Only one specimen had a non-233 

zero component parallel to the a-axis, APS-76. This was attributed to the polished section sitting 234 

with the c-axis at an angle to the stage, which was confirmed by polarized light microscopy. In 235 
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hexagonal minerals, total absorbance AT is equal to the sum of absorbance in two mutually 236 

perpendicular directions (Libowitzky and Rossman 1986), or for these purposes, parallel to c- 237 

and a-axes, AT = A||c + A||a. If radiation is parallel to c in the apatites, AT = A||c. For APS-76, AT 238 

is shown.  239 

  Peak fitting was an essential part of data reduction. The OH stretching region of the 240 

apatite group minerals is crowded with several overlapping peaks. As two peaks overlap, the 241 

apparent peak maximum is shifted towards the adjacent peak. Erroneous results are found if this 242 

overlap is not strictly accounted for. An example may be found in groundbreaking work by 243 

Baumer et al. (1985) on fluorapatite-hydroxylapatite mixtures, which have an OH stretching 244 

peak similar to the end member hydroxylapatite, and a single peak due to hydrogen bonding with 245 

a neighboring fluorine atom.  The authors found that the apparent maxima of the hydrogen 246 

bonded peak shifted from 3538 cm-1 to 3548 cm-1, illustrated in their Figure 2.  The lesser 247 

hypothesis is that the apparent changes in peak maxima are due to the simple additive effect 248 

produced by two overlapping peaks of changing intensity, rather than any structural changes.  249 

 Peak fitting was accomplished with Matlab programs written for this purpose. Gaussian 250 

curves were used to speed computer iteration, but where small additional curves were needed for 251 

the model to converge, the models were also tested against Voight peak shapes. Choice of peak 252 

formulation did not affect results. The wavenumber of the Gaussian maximum is taken to be the 253 

peak position.  254 

 Background correction was questioned in review, with the assertion that it might change 255 

peak maxima. Each spectrum (600-4000 cm-1) was corrected to a zero baseline by subtracting the 256 

lowest absorption point from the entire spectrum. Background correction for the O-H stretching 257 

region relied on a linear model with endpoints at 3400 cm-1 and 3650 cm-1. Results are provided 258 
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in Supplemental Materials on background correction. Linear background correction does not 259 

affect peak maxima.  260 

Results and Discussion 261 

 Earlier studies of the OH stretching domain of synthetic Cl-OH apatites showed a 262 

combination of peaks (Baumer et al. 1995; Baumer et al. 1994). Figure 1 shows the peaks 263 

required to successfully decompose these spectra. The entire data set of decomposed spectra has 264 

maxima, with 1 sigma error, of 3498 ±0.85, 3517 ± 3.6, 3548 ±1.08, 3574 ±1.4, and 3592 ±0.97 265 

cm-1. These five listed peaks are observed, in various intensities, in all the studied Cl-OH mixed 266 

apatites (Figure 1, and Supplemental Materials). Assignment of peaks to specific atomic pairs is 267 

thus simplified such that each suite of mixed Cl-OH apatites will have populations with similar 268 

interatomic distances along the c-axis.  269 

 Assignment is constrained by consideration of the structural commonalities in the 270 

specimens studied. Table 1 gives the occupied column anion positions of the specimens, after 271 

Hughes et al. (2016). Most specimens have a Ca2’ position, allowing accommodation of the 272 

larger chlorine atom. In the most chlorine rich specimens, Ca2 positions are not split into Ca2 273 

and Ca2’; the Ca2 triangle is simply larger to accommodate chlorine atoms. All have an OH 274 

group that is displaced from the mirror plane coincident triangle of Ca2 atoms: either a ClOH-275 

OH group (APS-71, 72, 80), or an OH in the Cl-rich specimens (APS-76, 78, 82, 83). All 276 

specimens have a chlorine atom in the Clb site. Assignment of the observed spectral maxima 277 

could be limited to interactions between these anions, as a starting point.  278 

 The assignment of OH and anion pairs, or OH-OH pairs relies on several further 279 

observations. Hughes et al. (2016) found no vacancies in the structure. Anionic sequences along 280 

the c-axis must not be so distant as to introduce a vacancy. Evaluation of hydrogen bonding 281 
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between OH and adjacent atoms, using bond valence calculations (Brese and O'Keeffe 1991; 282 

Gagne and Hawthorne 2015) affirms that distances beyond about 3.2 Å are too great for 283 

hydrogen bonding to occur (Libowitzky 1999). Bond valence calculations were used to evaluate 284 

all possible interactions between the column anions and the calcium (Ca2 or Ca2’) and oxygen 285 

atoms (O3) lining the column.  286 

 The orientation of the OH molecule with respect to the Ca2 (Ca2’) triangle is an additional 287 

and important limitation. The position of the hydrogen atom was not refined in Hughes et al. 288 

(2016), but earlier crystal structural studies (Elliott et al. 1973; Hughes et al. 1989) and DFT 289 

models (De Leeuw 2002; de Leeuw 2010) locate the hydrogen end of the OH dipole pointing 290 

away from the adjacent Ca2 (Ca2’) triangle.     291 

 The results of the constraints, as presented above, may be summarized in a single sentence: 292 

Most of the possible Cl-OH pairs, and possible OH-OH pairs, are either too close to be 293 

permissible, or too distant to permit hydrogen bonding. The exceptions are presented below. 294 

 295 

Assignment of the 3574 cm
-1

 absorbance 296 

 A single peak for O-H stretching at 3574 cm-1 is observed in end member hydroxylapatite 297 

for infrared and for laser Raman spectroscopy (Fowler 1974; Nelson and Williamson 1982). This 298 

peak is observed in all specimens (Figure 1, and Figures 1 and 2 in Supplemental Materials). 299 

Inter-oxygen distances for the OH anions, along the c-axis, have been determined to be 3.440 Å 300 

(Elliott et al. 1973). This provides  the frame of reference for OH-bearing apatites. Only O(H)-O 301 

distances below 3.2 Å (Libowitzky 1999) will produce hydrogen bonding and shift the 3574 cm-1 302 

peak for O-H stretching to lower wavenumber. Thus, the OH-OH distances in Hap are too long 303 
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for hydrogen bonding and bond valence calculations support this. This also provides a reference 304 

for shifts to higher frequency.  305 

 306 

Assignment of the absorbance at 3548 cm
-1

 307 

 A peak maxima at 3548 ±1.08, cm-1 is found in all spectra. Exploration of O(H)-Cl 308 

distances for the group of specimens yields possible pairings of an OH & Clb, OHa & ClOH-Cl, 309 

and ClOH-OH & Clb, all at interatomic distances of approximately 3.9Å (Table 2, Supplemental 310 

Materials). This is too distant for direct hydrogen bonding, yet the peak is shifted to lower 311 

wavenumbers, as compared to OH stretching in end member Hap at 3572 cm-1. This shift mimics 312 

the effects of hydrogen bonding as expected in hydroxylapatite solid solutions. 313 

 The most direct effect the chlorine atom may have on neighboring OH is via the 314 

intervening Ca2 triangle (at z=0.75 in Figure 2a), or via the Ca2’ when present. The Ca2 cations 315 

are too distant for anything more than minimal influence on the O(H) atoms, for which bond 316 

valence can be calculated at 0.02-0.03 v.u. (Gagne and Hawthorne 2015). However, the nearest 317 

O3 atom to any particular Ca2 atom lies, not in the O3 triangle at z=0. 57, directly adjacent to the 318 

Ca2 triangle, but in the next at z=0.432 (Figure 2a). The presence of the Clb atom changes the 319 

polarization of the Ca2-O3 (at z=0.432) bond. These changes, in turn, affect the O3-H 320 

interaction, as compared to that of end member Hap.  321 

 The position of the hydrogen atoms were not determined in Hughes et al. (2016), but O-H 322 

distances have been determined as small as 0.92 Å (Elliott et al. 1973) and as large as 1.08 Å 323 

(Hughes et al. 1989). This places the hydrogen atom at 3.01Å and 3.07 Å, respectively, from the 324 

nearest O3 atoms, close enough for weak hydrogen bonding. The hydrogen is symmetrically 325 

equidistant from the three O3 atoms at z=0.432 (Figure 2a) so the weak hydrogen bonding is 326 

multiplied by three. Hydrogen atoms at a distance of  3.01Å or 3.07 Å, respectively, from three 327 
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O3 atoms receive a total bond valence contribution (Brese and O’Keeffe 1991) of about 1%. The 328 

net effect is to lower the O-H stretching wavenumber by 22 cm-1.  329 

 The proposed origin of the O-H stretching shift may be summarized as follows. The effects 330 

of a neighboring Clb atom on an adjacent OH group are structural in nature, as compared to end 331 

member Hap. Changes in polarization of the intervening Cl-Ca2 (Ca2’) and Ca2(‘)-O3 atoms 332 

“transmit” the presence of the chlorine atom. The shift of the O-H stretching mimics weak Cl-H 333 

hydrogen bonding even though the interatomic distance is too great.  334 

 335 

Assignment of the absorbance at 3592 cm
-1 336 

  Assignment of the absorbance at 3592 cm-1 is more difficult, because hydrogen bonding 337 

in the apatite column anions shifts a peak maximum to lower frequencies (“redshifting”), not 338 

higher. A peak absorbance at 3548 cm-1 is found for an OH & Clb pair where the hydrogen end 339 

of the dipole is pointed towards the neighboring chlorine atom (Figure 2a). A similar sequence of 340 

Clb-OH is possible with the hydrogen end of the dipole pointed away from the chlorine atom 341 

(Figure 2b). In the second case, the chlorine atom interacts with the negative end of the dipole, 342 

producing a shortened O-H bond and a shift to higher wavenumbers (“blueshifting”).  343 

 Proximity of chlorine and oxygen atoms produces something of a conundrum in terms of 344 

space requirements. (Interatomic distances are listed in the Supplemental Materials.) The 345 

parameter d, interatomic distance, divided by the sum of the atomic radius of the chlorine and 346 

oxygen atoms, should be 1 or greater, using data of Shannon (1976) for rCl=1.67 Å and rO= 1.20. 347 

The d/(rCl+rO) parameter is acceptable for the more chlorine-rich specimens in Group 2 and 3, 348 

but ranges from 0.96 (APS-72) to 0.99 for other Group 1 specimens. Consideration of 2 error 349 

does not improve the situation for APS-72. Specimen APS-72 exhibits a pairing of OHa & 350 
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OHCl-Cl where there is some overlap between oxygen and chlorine atoms. The OHCl-OH & Clb 351 

pair may predominate for APS-72. 352 

 Other details deserve consideration. The radius of the chlorine atom (Shannon 1976) is 353 

listed only for sixfold coordination. Coordination on the Clb site in the apatite structure is 354 

effectively threefold, and the chlorine atom will be slightly smaller.  355 

 In the literature of organic chemistry, the shift of hydrogen stretching frequency to higher 356 

wavenumbers is attributed to “anti-hydrogen bonds” (Hobza and Havlas 1999) or “blueshifted, 357 

improper hydrogen bonds” (Hobza and Havlas 2002). Reimann et al. (2001) examine the 358 

phenomenon in detail. The important difference here is the shift to higher frequency is an 359 

indirect effect of hydrogen bonding in the organic compounds. Direct interaction of the chlorine 360 

atom with the oxygen end of the OH dipole is proposed for the Cl-OH apatites. 361 

 362 

 Assignment of the 3498 cm
-1

 absorbance  363 

 Apatites specimens of Group 1 (Table 1) show a prominent absorbance between 3498 and 364 

3500 cm-1. The absorbance at 3498 cm-1 was initially assigned to a hydrogen-bonded OH & Cl 365 

pair (Dykes and Elliott 1971; Engel and Klee 1972; Maiti and Freund 1981), as observed in 366 

synthetic and natural Cl-bearing apatites.  More recent syntheses of apatite at high temperature 367 

(by DH and RCT) show absorbance at the identical position, yet are devoid of chlorine. Figure 368 

3a shows the hydroxylapatite (synthesized at the North Carolina Museum of Natural Sciences) 369 

with the peak at 3498 cm-1 indicated. The crystal chemistry of Cl-absent apatites along the F-OH 370 

join, also synthesized at 1100 °C and 300 MPa using the technique outlined above, was 371 

described by Hughes et al. (2018). These also showed a peak at 3498 cm-1. The spectra are 372 

shown in Figure 3b, with the 3498 cm-1 indicated. The hypothesis of OH-Cl hydrogen bonding 373 
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fails. Polarized FTIR shows that the 3498 cm-1 vibration is polarized parallel to the c-axis as are 374 

other OH stretching vibrations in apatite (Figure 2a). 375 

 If hydrogen bonding with adjacent Cl is not responsible for the signal at 3498 cm-1, three 376 

possibilities are suggested as nearest-neighbor hydrogen acceptors. First, the halogen site may be 377 

vacant (Schettler et al. 2011, Prener et al. 1969). Second, an H2O molecule may have substituted 378 

into the apatite structure (Goldenberg et al. 2015). Third, there may be an oxygen present on a c-379 

axial site (Schettler et al. 2011).   380 

 The presence of a vacancy should yield an increase rather than a decrease in wavenumber, 381 

as is observed for surficial OH groups (Diallo-Garcia et al. 2014). The presence of vacancies 382 

among the column anion sites is unsupported by the data (Hughes et al. 2016). The lack of 383 

vacancies and the shift to lower frequency preclude assignment of the 3498 cm-1 peak to a 384 

vacancy-related pairing.  385 

 If H2O is present within the c-axis channel, it should produce two OH stretching signals, 386 

but also an H2O bending mode between 1590 and 1700 cm-1. Water in beryl likewise occupies an 387 

axial channel and provides a structural analogy (Zhukova et al. 2014). If the longer axis of the 388 

H2O molecule parallels the axis of symmetry, the bending mode is polarized more strongly 389 

parallel to a (Zhukova et al. 2014).  Beryl has an additional sodium-linked water substitution 390 

where the bending mode is stronger parallel to c. The H2O substitution hypothesis was tested by 391 

180 degree rotation of the apatite crystal with analyses every 5-10 degrees, with the c-axis 392 

parallel to the stage, using polarized radiation. Candidates for the H2O bending mode in this 393 

region are muted and isotropic, excluding these two orientations as well as other possibilities. 394 

Further, the 3 asymmetric stretch for H2O at  3700 cm-1 is not present (Kolesov 2006).   395 
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 Least hypothesis for the peak near 3500 cm-1 is an OH & OH pairing shorter than that seen 396 

in end member Hap. Group 1 specimens that have an OHa position in the center of the Ca2’, and 397 

a ClOH-OH anion position, show the most prominent peaks at about 3500 cm-1. Of these, a 398 

CaOH-O(H) & O(H) pair shows interoxygen distances range from 2.76-2.92 Å. Group 2 399 

specimen, APS-76, does not have an OHa site, but has two OH groups that have a similar 400 

spacing. 401 

 Group 2 specimen APS-76 has two other off-mirror-plane OH groups that could potentially 402 

pair, OH & ClOH-OH. Interoxygen distances for this pair are 2.45 Å. Radii for OH and O in 403 

three-fold coordination are 1.20 Å and 1.22 Å, respectively, (Shannon 1976), yielding a 404 

minimum atomic distance equal to the sum of the radii, or 2.40 or 2.42Å. Libowitzky (1999) lists 405 

inter-oxygen distances as low as 2.46 Å, and Krickl and Wildner (2009) give the shortest known 406 

as 2.429 and 2.420 Å. This short inter-oxygen distance was discussed by Hughes et al. (2016) 407 

and found to be acceptable. 408 

 Such a short distance would yield a strong hydrogen bond, however. The data of 409 

Libowitzky (1999) show that, at interatomic distances below about 2.85 Å,  wavenumber 410 

decreases rapidly as interatomic distance falls. The mathematical relationship of Libowitzky 411 

(1999) predicts that an O(H)-O spacing of 2.4 Å yields an OH stretching vibration near 1600 cm-412 

1. The polarization test for an H2O bending band in this region likewise rules out the short 413 

interoxygen distance. 414 

 Group 3 specimens lack a distinct OHa site, and the 3497 cm-1 peak is slightly lower 415 

intensity than that of Group 1. Existing O-O distances do not permit OH···OH, yet the peak is 416 

present, a conundrum where infrared and X-ray data do not agree.  The presence of the 3497 cm-417 

1 signal may indicate a minor subset of OH population, or some small differences among splits of 418 
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the experimental products. These differences were not apparent in the specimens submitted for 419 

FTIR analysis.  420 

 Density Function Theory (DFT) models (de Leeuw et al. 2007) suggest an interesting 421 

possibility, that the OHa site would actually hold an oxygen rather than an OH.  The data of 422 

Hughes et al. (2016) allows this possibility as it did not resolve the hydrogen atoms. An 423 

interesting implication of this assignment is that it solves the crystallographic details of 424 

oxyapatite substitution, and provides a means through which the presence of OH···O hydrogen 425 

bonding may be identified in plasma-sprayed Hap powders. Oxyapatite is accepted as forming 426 

during high-temperature dehydration of hydroxylapatite powders during plasma-spraying (Gross 427 

et al. 1998; Hartmann et al. 2001). 428 

 Independent infrared spectroscopic support for this OH···O peak assignment is lacking. 429 

Zhou et al. (1993) studied changes in Hap with heating, and show a peak at lower frequencies 430 

than 3570 cm-1 that is potentially an OH paired with an oxygen. In other studies the peak position 431 

is commonly obscured by a broad absorbance related to H2O (e.g. Yu et al. 2007) resulting from 432 

the use of Nujol or KBr pressed pellets which are hygroscopic. Many studies relied on attenuated 433 

total reflectance (ATR) methods, far less sensitive to the OH stretching region than the 434 

microanalytical methods used in this study. 435 

 Definitive support for oxyapatite, with oxygen in the OHa site, is not available from other 436 

lines of inquiry. Electron paramagnetic resonance spectroscopy (EPR) has readily identified an 437 

oxygen hole-like defect on the hexad in natural apatite (Gilinskaya 2001), Hap (Ishchenko et al. 438 

2009) and in Clap (Nokhrin et al. 2005), but do not reveal the position along the c-axis.  439 

Alberius-Henning et al. (1999, 2001) show reduction in symmetry for partially hydroxylated 440 

Hap, with the oxygen near the center of the Ca2 triangle or slightly off the plane of the triangle, 441 
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but these results were reached with Rietveld analysis rather than single-crystal structural 442 

analysis. Hartman et al. (2001) present intriguing NMR data that shows an additional hydrogen 443 

population developing in heat-treated Hap (an OH···O population?), but unfortunately, the 444 

infrared spectra cut off above 1500 cm-1.  445 

 However, oxygen in an OHa position may serve a more fundamental role in stabilizing the 446 

apatite structure and providing charge balance. Certainly, it is frequently observed in natural 447 

apatites (Tacker 2004). In hydroxyl-rich apatites it may serve to stabilize the hexagonal structure 448 

by reversing the ordering of the hydroxyl ions above or below the mirror plane, which is 449 

essential to the monoclinic structure. Assignment of the 3498 cm-1 absorbance to an OH···O pair 450 

hints at a tool for studying its occurrence in plasma-sprayed biomaterials. 451 

 Data in hand show that the 3498 cm-1 is best explained by an OH anion hydrogen bonded to 452 

another OH in the OHa site, at a distance of about 2.9 Å. The presence of an oxygen without 453 

hydrogen in the OHa site is intriguing, but awaits further inquiry.  454 

  455 

Assignment of the 3519 cm
-1

 peak 456 

 The final peak at about 3519 cm-1 is a minor absorbance, or a shoulder, and does not have a 457 

clear counterpart in the crystallographic refinements. The peakfitting model does not 458 

approximate this peak very well, sometimes shifting the peak position to the non-zero space at 459 

slightly higher wavenumbers. Addition of another peak in this region would improve the fit, but 460 

there is no justification for doing so. The maximum mismatch for the area around the 3519 cm-1 461 

peak is 2 absorbance units (Figure 1). In the end, it was preferable to have a small mismatch 462 

rather than introduce spurious peaks to the model. 463 
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 The calibration of Libowitzky (1996) predicts an O-O distance of 2.926Å. The 464 

calibrations of Mikenda (1985) and Mikenda et al. (1996) predict an interatomic O-Cl distance of 465 

3.371 and 3.374 Å, respectively. Spacing of 3.45 Å in apatite is that of anions in structurally 466 

equivalent positions along the c-axis. This would also apply to anions in the ClOH site.  467 

   468 

 Interatomic spacing for the ClOH sites, hosting chlorine or OH, is slightly greater than 469 

predicted from the Mikenda (1985) and Mikenda et al. (1996) calibrations, and again, greater 470 

than the 3.2 Å limit on hydrogen bonding. Structural control of the changes to the O-H vibration 471 

would be similar to those ascribed to the 3548 cm-1vibration, that is, changes in the Ca-Cla or Ca- 472 

Clb dipole would effect changes on the Ca-O3 dipole for the O3 triangle surrounding the 473 

hydrogen atom.   474 

 Yet assignment of the absorbance to this pair of anions is possible for the Group 1 and 475 

Group 2 specimens, but not for Group 3. To apply this assignment across the data set would 476 

require the presence of a ClOH site in specimens where it was not observed via X-ray, or an 477 

amount of heterogeneity among the specimens that is not supported by the FTIR data.  478 

 There is a possibility that the 3517 cm-1 represents three column anions in sequence along 479 

the c-axis,  for example, OH-Cl-OH or Cl-OH-Cl. This hypothesis is testable by bond valence 480 

calculations, and the viability of these sequences is precluded by anionic size or distance. 481 

Ultimately, the assignment of the 3517 cm-1 peak is left open until more data is available.  482 

  483 

Implications 484 

Comparison of results with earlier studies (Figure 4) of OH stretching frequency versus 485 

distance (O(H)···O (Libowitzky 1999), or for O(H)···Cl (Mikenda 1986; Mikenda and Steinböck 486 
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1996)) further suggests that direct hydrogen bonding is not the principle control in the OH 487 

stretching region for Cl-OH apatite mixtures. The O(H)···O(H) pair at 3498 cm-1 is the only one 488 

to compare well with Libowitzky’s (1996) calibration (Figure 4).  489 

The peak shift to higher wavenumbers, producing the 3591 cm-1 peak, is the result of 490 

interaction between the oxygen end of the OH dipole and a neighboring chlorine atom. To avoid 491 

confusion with the earlier terms, “anti-hydrogen bonds” and “improper, blueshifting hydrogen 492 

bonds”, the term “inverted hydrogen bonding” is suggested.  Future studies could exploit neutron 493 

diffraction studies to identify the hydrogen atom position. Solid state proton nuclear magnetic 494 

resonance spectroscopy may assist in testing for the presence of a shorter O-H bond.  495 

 The frequency of the OH stretching vibration increases with increasing unit cell size of 496 

these three end members, calcium hydroxylapatite (Fowler 1974a), strontium hydroxylapatite 497 

(Collin 1959, Engel and Klee 1972, Fowler, 1974a, Frangopol et al. 2016); and barium 498 

hydroxylapatite (Engel and Klee 1972, Fowler 1974a, Yasukawa et al. 2005).  Fowler (1974b) 499 

attributed the differences to possible changes in the PO4 group, which is bonded to two O3 atoms 500 

(above and below the mirror plane), lining the sixfold axial channel. Our mechanism for a 501 

decrease in OH stretching wavenumbers relies instead on changes in the Ca2(‘) triangle and its 502 

closest O3 atom. Changes in polarization resulting from different size cations should be 503 

considered, but our mechanism may apply to the spectra of Ca-Hap, Sr-Hap and Ba-Hap as well.  504 

The peak at 3548 cm-1 has been recognized (Tacker 2004) but not properly assigned. 505 

Originally, the best match was a configuration of 3Sr-OH-F or 3Mn-OH-OH (three cations 506 

substituted in the Ca2 site), suggesting that the cations were not distributed randomly in the Ca 507 

positions. Correct attribution as a 3Ca2-OH-Cl configuration negates these difficulties. 508 
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The possible presence of OH···O pairs requires reassessment of assumptions of 509 

stoichiometry in the column anion sites. The area of the 3498 cm-1 peak represents 2%-15% of 510 

the total area of the OH-stretching region in the spectra presented herein. Spectra from this study 511 

show that as much as 15% of OH calculated from assumed stoichiometry ( XOH = 1 − XF +512 

XCl) may actually be oxygen. As discussed above, crystal structure data (Hughes et al. 2016) do 513 

not permit vacancies, so the charge balance mechanism remains somewhat enigmatic. A realistic 514 

expression for normalized stoichiometry on the sixfold axial site for natural apatites includes 515 

oxygen, carbonate and vacancies, where  1 =  XF + XCl +  XOH +  XO +  XA Type CO3
+ X[],  X is 516 

mole fraction and [] is a vacancy (see Schettler et al. 2011 for discussion of vacancies.). 517 

 The data also suggest that curve fitting methods for natural ternary (OH-Cl-F) apatites 518 

require close attention to detail. The peaks at 3548 and 3517 cm-1 flank a prominent OH-F band 519 

at 3535 cm-1 in natural apatites and may be obscured.  Two observations simplify the process. 520 

First, peak maxima positions for the apatite OH stretching domain are quite consistent. Second, 521 

peakfitting relies on an assumption of peak symmetry, so statistical tests of skewness are 522 

appropriate. Peak broadening is a common feature in apatite spectra, especially those produced at 523 

low temperature, but apatite crystals from igneous and metamorphic sources can be expected to 524 

be far more crystalline and possess better long-range ordering than do low-temperature 525 

precipitates.   526 
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Figure captions 663 

Figure 1- Representative spectra for each grouping of apatites along the Cl-OH apatite join. 664 

Spectra can be all fit with Gaussian curves with similar peak maxima. All are normalized 665 

to 1mm thickness. Note the changing y-axis values for the difference between observed 666 

and fitted data. Group 1, (a) APS-71, (b) APS-72, (c) APS-80; Group 2, (d) APS-76; 667 

Group 3, (e) APS-78, (f) APS-82, (g) APS-83. 668 

Figure 2- (a) “Transmission” of the effects of a Clb nearest neighbor to produce the peak at 3548 669 

cm-1. The Cl and OH group are too distant for hydrogen bonding, but the chlorine affects 670 

polarizability of the Ca2 atoms at z=0.75, which in turn affects the polarization of the O3 671 

atoms at z=0.432.  Hydrogen position is hypothetical, set at the maximum O-H distance 672 

observed for Hap (1.085 Å; Hughes et al. 1989), not measured. Note that the O3 atoms at 673 

z=0.432 are closer to a Ca2 atom than those at z=0.568. (b) “Reversed hydrogen 674 

bonding” produced by the Cl-OH pair results in a peak at higher frequency, 3592 cm-1. 675 

Hydrogen position is hypothetical, at the maximum O-H distance observed for Hap 676 

(1.085 Å; Hughes et al. 1989), not measured.  677 

Figure 3. The absorbance at 3498 cm-1 is present in apatites that lack chlorine. (a) 3498 cm-1 678 

peak in synthetic FHap. Polarized spectra in c-axis and a-axis directions are shown. (b) 679 

3498 cm-1 peak in synthetic Hap. Crystal were too small for oriented study with polarized 680 

radiation.  681 

Figure 4- Comparison of present data with earlier work. The calibrations shown are for OH 682 

stretching frequency versus interatomic distance for O(H)···O (Libowitzky 1999), and for 683 

O(H)···Cl (Mikenda 1986; Mikenda and Steinböck 1996). One sigma error is shown. 684 

Results of earlier studies are shown in open circles for calcium hydroxylapatite (Fowler 685 
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1974a), strontium hydroxylapatite (Collin 1959, Engel and Klee 1972, Fowler, 1974a, 686 

Frangopol et al. 2016); and barium hydroxylapatite (Engel and Klee 1972, Fowler 1974a, 687 

Yasukawa et al. 2005). 688 

 689 



Table 1- Similarities and differences in crystallographic features of the anion column, after Hughes et al. (2016). The Group 1 solid 

solutions are lower in chlorine, and have a wider Ca2’ triangle to accommodate the larger chlorine atom. The Group 1 ClOH-OH site 

lies off the mirror plane, as does the OH in Group 3. OHa lies at the center of the Ca2’ triangle. Specimen APS-76, Group 2, is 

somewhat intermediate to Groups 1 and 3. All three groups contain a Clb atom. 

 

 OH OHa Cla Clb ClOH-OH ClOH-Cl 

Ca 

position 
XOH XCl Group 

APS-71 

 

X 

 

X X X Ca2’ 1.01 0.99  1 

APS-72 

 

X 

 

X X X Ca2’ 0.53 1.47  1 

APS-80 

 

X 

 

X X X Ca2’ 1.30 0.70  1 

APS-76 X 

  

X X X Ca2’ 1.73 0.27  2 

APS-78 X 

 

X X 

  

Ca2 0.37 1.65  3 

APS-82 X 

 

X X 

  

Ca2 0.38 1.66  3 

APS-83 X 

 

X X 

  

Ca2 0.26 1.75  3 
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