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Supporting Information: Cl-OH ion-exchange process in chlorapatite. A deep insight.   

The figures included below (Figures S1-S5) show the LeBail Refinements of the powder XRD patterns of the 

milled samples (obtained after a thermal treatment at 1400ºC, 1450ºC, 1475ºC, 1480ºC and 1500ºC). The results 

of these fittings (unit cell and agreement parameters) are included in each correspondent figure caption. 

 
Figure S1. Observed (red circles), calculated (black line) and residual (lower) X -ray powder diffraction patterns of the 
sample obtained after a termal treatment at 1400ºC, revealed from Le Bail’s powder structure refinement analysis. Peak 
positions of the hexagonal phase are shown at the base line as small black markers. Data over 2θ=34º were multiply by 3 
(included in the figure) to facilitate the visualization of the quality of the fit: Rp(%) = 4.67, Rwp(%) = 6.13, Rexp (%) = 
6.00, lattice parameters a = 9.5469(2) and c = 6.8188(2). 
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Figure S2. Observed (red circles), calculated (black line) and residual (lower) X -ray powder diffraction patterns of the 
sample obtained after a termal treatment at 1450ºC, revealed from Le Bail’s powder structure refinement analysis. Peak 
positions of the hexagonal phase are shown at the base line as small black markers. Data over 2θ=34º were multiply by 3 
(included in the figure) to facilitate the visualization of the quality of the fit: Rp(%) = 4.56, Rwp(%) = 5.88, Rexp (%) = 
5.96, lattice parameters a = 9.4877(3) and c = 6.8513(2). 
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Figure S3. Observed (red circles), calculated (black line) and residual (lower) X -ray powder diffraction patterns of the 
sample obtained after a termal treatment at 1475ºC, revealed from Le Bail’s powder structure refinement analysis. Peak 
positions of the hexagonal phase are shown at the base line as small black markers. Data over 2θ=34º were multiply by 3 
(included in the figure) to facilitate the visualization of the quality of the fit: Rp(%) = 4.78, Rwp(%) = 6.21, Rexp (%) = 
6.42, lattice parameters a = 9.4282(2) and c = 6.8774(2). 
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Figure S4. Observed (red circles), calculated (black line) and residual (lower) X -ray powder diffraction patterns of the 
sample obtained after a termal treatment at 1480ºC, revealed from Le Bail’s powder structure refinement analysis. Peak 
positions of the hexagonal and monoclinic phases are shown at the base line as small black markers. Data over 2θ=34º were 
multiply by 3 (included in the figure) to facilitate the visualization of the quality of the fit: Rp(%) = 6.21, Rwp(%) = 8.50, 
Rexp (%) = 12.96. Lattice parameters hexagonal system: a = 9.4356(3) and c = 6.8827(2). Lattice parameters monoclinic 
system: a = 12.6312(3), b = 9.1112(2) c = 12.6312(3), b = 107.36809(15). 
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Figure S5. Observed (red circles), calculated (black line) and residual (lower) X -ray powder diffraction patterns of the 
sample obtained after a termal treatment at 1500ºC, revealed from Le Bail’s powder structure refinement analysis. Peak 
positions of the hexagonal and monoclinic phases are shown at the base line as small black markers. Data over 2θ=34º were 
multiply by 3 (included in the figure) to facilitate the visualization of the quality of the fit: Rp(%) = 7.64, Rwp(%) = 10.53, 
Rexp (%) = 10.12. Lattice parameters hexagonal system: a = 9.4382(1) and c = 6.8768(1). Lattice parameters monoclinic 
system: a = 12.8436(3), b = 9.1098(2) c = 12.8641(2), b = 107.4271(14). 

 

 
Figure S6. Synthetic precession images along the indicated projections which are obtained from the whole set of collected 
images. The orientation matrix was calculated from a=9.63Å, b=6.74Å, c=9.64Å,  α=90º, b β=120º and γ=90º monoclinic 
cell. 
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Figure S7. Projections for layer k=-1, +l down, +h to right for monoclinc1 orientation (A) (cmonoclinic=2ahexagonal), for 
monoclinic2 orientation (C) (cmonoclinic=ahexagonal+bhexagonal) and for monoclinic3 orientation (E) (cmonoclinic=2bhexagonal). 
Projection for layer 'k=1, +l down, +h to right' images are also included in (B), (D) and (F) according to the monoclinic1, 
monoclinic2 and monoclinic3 orientations, respectively. 
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In the following tables (Tables 1-6) are included the experimental data of the SXRD measurements. 

Table 1. SXRD data of the crystals in the apatite type binary system Ca5(PO4)3Clx(OH)1-x (obtained at 1400ºC, 1450ºC, 
1475ºC and 1480º) and the monoclinic system obtained at 1500ºC. 

 Crystal data Data collection & refinement 

1400 

Low 
Dx = 3.176Mgm−3; a = 9.5377(3)Å ; c=6.7999(5)Å; 

0.48×0.11×0.06mm; F(000)=508.8; µ = 3.16 mm−1 

Rint = 0.044; Tmin=0.685, T=1;  

R[F2>2σ(F2)]=0.027; wR(F2)=0.064; 

w=1/[σ2(Fo2)+(0.0265P)2+1.1517P];  

Δρmax=0.87eÅ−3; Δρmin=−0.86eÅ−3; S=1.18; 

θmax=28.3°, θmin=2.5° 

Room 
Dx=3.164Mgm−3; a=9.5439(2)Å; c=6.8174(3)Å; 

0.23×0.09×0.07mm; F(000)=508.8; µ=3.14mm−1 

Rint=0.031; Tmin=0.343, Tmax=0.430; 

R[F2>2σ(F2)]=0.028; wR(F2)=0.069; 

w=1/[σ2(Fo2)+(0.0285P)2+1.0863P];  

Δρmax=0.74eÅ−3; Δρmin=−0.54eÅ−3; S=1.20; 

θmax=26.4°, θmin=2.5° 

 

 

1450 

Low 
Dx=3.193Mgm−3; a=9.4815(2)Å; c=6.8200(3)Å; 

0.11×0.08×0.04mm; F(000)=507.2; µ=3.16mm−1 

Rint=0.024; Tmin=0.815, Tmax=1;  

R[F2>2σ(F2)]=0.034; wR(F2)=0.075; 

w=1/[σ2(Fo2)+(0.0229P)2+2.4011P];  

Δρmax=1.45eÅ−3; Δρmin=−0.92eÅ−3; S=1.13; 

θmax=30.6°, θmin=2.5° 

Room 
Dx=3.168Mgm−3; a=9.4894(4)Å; c=6.8612(7)Å; 

0.25×0.12×0.05mm; F(000)=507.2; µ=3.14mm−1 

Rint=0.030; Tmin=0.598, Tmax=0.748; 

R[F2>2σ(F2)]=0.032; wR(F2)=0.076; 

w=1/[σ2(Fo2)+(0.031P)2+3.9033P];  

Δρmax=0.89eÅ−3; Δρmin=−1.03eÅ−3; S=0.96; 

θmax=26.3°,θmin=2.5° 

1475 

Low 
Dx=3.192Mgm−3; a=9.431(5)Å; c=6.860(5)Å; 

0.29×0.12×0.09 mm; F(000)=504.8; µ = 3.14 mm−1 

Rint=0.019; Tmin=0.672, Tmax=1;  

R[F2>2σ(F2)]=0.037; wR(F2)=0.085; 

w=1/[σ2(Fo2)+(0.0235P)2+2.7715P];  

Δρmax=1.67eÅ−3; Δρmin=−1.17eÅ−3; S=1.22; 

θmax=30.6°, θmin=2.5° 

Room 
Dx=3.184Mgm−3; a=9.4284(8)Å; c=6.8756(7)Å; 

0.29×0.09×0.03mm; F(000)=504.8; µ = 3.13 mm−1 

Rint=0.038; Tmin=0.772, Tmax=1;  

R[F2>2σ(F2)]=0.033; wR(F2)=0.081; 

w=1/[σ2(Fo2)+(0.0408P)2+1.7689P]; 

Δρmax=0.84eÅ−3; Δρmin=−0.60eÅ−3;  S=1.07; 

θmax=26.3°, θmin=2.5° 
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1480 

Low 
Dx=3.165Mgm−3; a=9.4139(2)Å; c=6.8679(2)Å; 

0.20×0.17×0.02mm; F(000)=503.2; µ=3.12mm−1 

Rint=0.019; Tmin=0.745, Tmax=1;  

R[F2>2σ(F2)]=0.039; wR(F2)=0.085; 

w=1/[σ2(Fo2)+(0.0246P)2+3.2518P]; 

Δρmax=1.57eÅ−3; Δρmin=-1.00eÅ−3; S=1.13; 

θmax=30.5°, θmin=2.5° 

Room 
Dx=3.175Mgm−3; a=9.4230(2)Å; c=6.8794(3)Å; 

0.23×0.08×0.07mm; F(000)=503.2; µ = 3.11 mm−1 

Rint=0.033; Tmin=0.744, Tmax=1;  

R[F2>2σ(F2)]=0.029; wR(F2)=0.067; 

w=1/[σ2(Fo2)+(0.0255P)2+1.942P];  

Δρmax=0.77eÅ−3; Δρmin=−0.45eÅ−3; S=1.14; 

θmax=26.4°, θmin=2.5° 

 

1500 

 

Low 

Monoclinic; P21/c; 

Dx = 2.882 Mgm−3; 

a = 12.8348(6)Å ; b = 9.0961(4)Å 

c=12.8365(5)Å; β = 107.434 (2)° 

0.23×0.07×0.06mm; 

F(000)=1232; µ = 2.77 mm−1 

Rint = 0.032; Tmin=0.611, Tmax=0.746; 

R[F2>2σ(F2)]=0.042; wR(F2)=0.101; 

w=1/[σ2(Fo2)+(0.0418P)2+6.137P]; 

Δρmax=0.93eÅ−3; Δρmin=−0.84eÅ−3; S=1.06; 

θmax=26.4°, θmin=1.7° 
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Table 2. Atomic positions and equivalent thermal parameters of the atoms in the AU. Crystals obtained after a thermal 
treatment at 1400ºC have been analyzed by SXRD at low (100K) and room (300K) temperature. 

1400 Low 
Room x y z Uiso*/Ueq Occ. (<1) 

Ca1 
0.74382 (8) 0.74544 (8) 0.25 0.01107 (19)  
0.74331 (11) 0.74629 (10) 0.25 0.0163 (3)  

Ca2 
0.3333 0.6667 1.00259 (11) 0.00759 (19)  
0.6667 0.3333 0.99736 (14) 0.0117 (3)  

P1 
0.59634 (9) 0.62795 (9) 0.75 0.00513 (19)  
0.59691 (11) 0.62804 (11) 0.75 0.0078 (3)  

O2 
0.4093 (3) 0.5341 (3) 0.75 0.0144 (5)  
0.4102 (3) 0.5343 (4) 0.75 0.0202 (7)  

O3 
0.6482 (2) 0.7356 (2) 0.5677 (3) 0.0205 (4)  
0.6487 (3) 0.7356 (3) 0.5687 (3) 0.0272 (6)  

O4 
0.6639 (3) 0.5117 (3) 0.75 0.0087 (4)  
0.6640 (4) 0.5117 (3) 0.75 0.0139 (6)  

Cl1 
1 1 0.4609 (7) 0.014 0.272 (4) 

1 1 0.4608 (18) 0.032 (4) 0.27 

O1 
1 1 0.128 (3) 0.010 (2) 0.150 (7) 

1 1 0.135 (3) 0.031 (5) 0.15 

H1 
1 1 0 0.012* 0.300 (13) 

1 1 0 0.038* 0.3 

O1A 
1 1 0.25 0.0117 (15) 0.155 (11) 

1 1 0.25 0.031 (5) 0.16 

H1A 
1 1 0.106 (3) 0.014* 0.078 (6) 

1 1 0.106 (3) 0.037* 0.08 
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Table 3. Atomic positions and equivalent thermal parameters of the atoms in the AU. Crystals obtained after a thermal 
treatment at 1450ºC have been analyzed by SXRD at low (100K) and room (300K) temperature. 

1450 Low 
Room x y z Uiso*/Ueq Occ. (<1) 

Ca1 
0.74372 (10) 0.74879 (9) 0.25 0.01253 (19)  
0.74370 (13) 0.75079 (13) 0.25 0.0179 (3)  

Ca2 
0.3333 0.6667 1.00217 (12) 0.00778 (19)  
0.6667 0.3333 0.99791 (17) 0.0128 (3)  

P1 
0.59806 (10) 0.62892 (10) 0.75 0.00514 (18)  
0.59950 (13) 0.62969 (13) 0.75 0.0083 (3)  

O2 
0.4105 (3) 0.5338 (3) 0.75 0.0182 (6)  
0.4121 (4) 0.5342 (4) 0.75 0.0263 (9)  

O3 
0.6484 (3) 0.7363 (3) 0.5680 (3) 0.0241 (5)  
0.6500 (4) 0.7366 (3) 0.5692 (4) 0.0332 (8)  

O4 
0.6671 (3) 0.5130 (3) 0.75 0.0082 (4)  
0.6688 (4) 0.5139 (4) 0.75 0.0132 (7)  

Cl1 
1 1 0.4685 (9) 0.014 0.220 (4) 

1 1 0.4697 (15) 0.039 0.22 

O1 
1 1 0.129 (3) 0.017 (2) 0.152 (8) 

1 1 0.136 (3) 0.035 (2) 0.15 

H1 
1 1 0 0.021* 0.303 (16) 

1 1 0 0.041* 0.3 

O1A 
1 1 0.25 0.0162 (15) 0.257 (14) 

1 1 0.25 0.0356 (17) 0.26 

H1A 
1 1 0.106 (3) 0.019* 0.129 (7) 

1 1 0.107 (3) 0.043* 0.13 
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Table 4. Atomic positions and equivalent thermal parameters of the atoms in the AU. Crystals obtained after a thermal 
treatment at 1475ºC have been analyzed by SXRD at low (100K) and room (300K) temperature. 

1475 Low 
Room x y z Uiso*/Ueq Occ. (<1) 

Ca1 
0.74445 (12) 0.75333 (11) 0.25 0.0122 (2)  
0.74514 (12) 0.75420 (11) 0.25 0.0163 (3)  

Ca2 
0.3333 0.6667 1.00178 (14) 0.0082 (2)  
0.6667 0.3333 0.99827 (18) 0.0125 (3)  

P1 
0.60061 (12) 0.63047 (12) 0.75 0.0046 (2)  
0.60124 (12) 0.63086 (13) 0.75 0.0075 (3)  

O2 
0.4118 (4) 0.5332 (4) 0.75 0.0236 (8)  
0.4133 (4) 0.5345 (4) 0.75 0.0296 (10)  

O3 
0.6502 (4) 0.7377 (3) 0.5690 (4) 0.0298 (7)  
0.6512 (4) 0.7377 (3) 0.5700 (4) 0.0351 (8)  

O4 
0.6715 (4) 0.5148 (3) 0.75 0.0070 (5)  
0.6714 (4) 0.5148 (4) 0.75 0.0114 (7)  

Cl1 
1 1 0.160 (4) 0.021 (2) 0.188 (10) 

1 1 0.173 (4) 0.028 (3) 0.19 

O1 
1 1 0.030 (5) 0.025* 0.188 (10) 

1 1 0.044 (5) 0.034* 0.19 

H1 
1 1 0.25 0.0185 (15) 0.34 (2) 

1 1 0.25 0.029 (3) 0.34 

O1A 
1 1 0.106 (3) 0.022* 0.168 (10) 

1 1 0.107 (3) 0.034* 0.17 

H1A 
1 1 0.480 (2) 0.014 0.143 (4) 

1 1 0.473 (3) 0.029 (3) 0.14 
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Table 5. Atomic positions and equivalent thermal parameters of the atoms in the AU. Crystals obtained after a thermal 
treatment at 1480ºC have been analyzed by SXRD at low (100K) and room (300K) temperature. 

1480 Low 
Room x y z Uiso*/Ueq Occ. (<1) 

Ca1 
0.74535 (12) 0.75446 (11) 0.25 0.0127 (2)  
0.74568 (11) 0.75472 (10) 0.25 0.0146 (3)  

Ca2 
0.3333 0.6667 1.00177 (15) 0.0094 (2)  
0.6667 0.3333 0.99825 (15) 0.0118 (3)  

P1 
0.60148 (12) 0.63123 (12) 0.75 0.0058 (2)  
0.60169 (11) 0.63108 (12) 0.75 0.0068 (3)  

O2 
0.4125 (4) 0.5335 (4) 0.75 0.0234 (8)  
0.4139 (4) 0.5347 (4) 0.75 0.0267 (8)  

O3 
0.6517 (4) 0.7387 (3) 0.5691 (4) 0.0291 (7)  
0.6523 (4) 0.7384 (3) 0.5697 (4) 0.0321 (7)  

O4 
0.6725 (4) 0.5152 (4) 0.75 0.0087 (5)  
0.6720 (3) 0.5149 (3) 0.75 0.0115 (6)  

Cl1 
1 1 0.482 (3) 0.0202 (15) 0.101 (5) 

1 1 0.471 (3) 0.023 (3) 0.1 

O1 
1 1 0.177 (5) 0.024 (2) 0.226 (14) 

1 1 0.171 (3) 0.025 (3) 0.22 

H1 
1 1 0.047 (6) 0.029* 0.226 (14) 

1 1 0.041 (4) 0.03* 0.22 

O1A 
1 1 0.25 0.0224 (17) 0.35 (3) 

1 1 0.25 0.025 (3) 0.34 

H1A 
1 1 0.107 (3) 0.027* 0.173 (14) 

1 1 0.107 (3) 0.029* 0.17 
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Table 6. Atomic positions and equivalent thermal parameters of the atoms in the AU. One crystal obtained after a 
thermal treatment at 1500ºC has been analyzed by SXRD at low (100K) temperature. 

 

 
1500   
Low 

x y z Uiso*/Ueq Occ. (<1) 

Ca1 0.79942 (15) 0.75869 (16) 0.68890 (11) 0.0178 (4) 0.710 (3) 
Ca1B 0.7475 (4) 0.7386 (4) 0.6915 (3) 0.0178 (4) 0.290 (3) 
Ca2 0.92434 (9) 0.42777 (11) 0.81347 (7) 0.0247 (3)  
Ca3 0.94760 (7) 0.28044 (11) 0.54694 (7) 0.0189 (2)  
Ca5 0.6721 (3) 0.3543 (4) 0.3177 (2) 0.0193 (6) 0.710 (3) 
Ca5B 0.6769 (9) 0.3847 (10) 0.3422 (7) 0.0193 (6) 0.290 (3) 
Ca6 0.55930 (7) 0.72465 (10) 0.42602 (7) 0.0143 (2)  
Ca4 0.68052 (8) 0.08358 (10) 0.53649 (7) 0.0197 (2)  
P1 0.84378 (9) 0.61697 (12) 0.97220 (8) 0.0102 (2)  
O1 0.8681 (3) 0.6745 (4) 0.8694 (2) 0.0189 (7)  
O2 0.8543 (5) 0.4462 (6) 0.9731 (4) 0.0102 (13) 0.710 (3) 
O3 0.7327 (4) 0.6552 (6) 0.9837 (4) 0.0163 (12) 0.710 (3) 
O4 0.9319 (4) 0.6842 (6) 1.0674 (4) 0.0185 (13) 0.710 (3) 
O2B 0.8847 (13) 0.4611 (18) 0.9847 (12) 0.019 (4) 0.290 (3) 
O3B 0.7202 (9) 0.6257 (12) 0.9523 (9) 0.007 (2) 0.290 (3) 
O4B 0.9032 (10) 0.6957 (14) 1.0822 (9) 0.012 (3) 0.290 (3) 
P2 0.69970 (9) 0.41361 (13) 0.58422 (10) 0.0175 (3)  
O5 0.6282 (5) 0.3099 (7) 0.6211 (5) 0.0180 (16) 0.710 (3) 
O6 0.6333 (5) 0.5015 (6) 0.4847 (4) 0.0309 (12) 0.710 (3) 
O7 0.7579 (5) 0.3257 (6) 0.5138 (5) 0.0260 (14) 0.710 (3) 
O8 0.7767 (6) 0.4983 (7) 0.6808 (6) 0.0277 (18) 0.710 (3) 
O6B 0.6289 (15) 0.559 (2) 0.5450 (15) 0.0309 (12) 0.213 (8) 
O7B 0.7778 (10) 0.3012 (13) 0.5494 (10) 0.012 (3) 0.290 (3) 
O8B 0.7812 (12) 0.5083 (16) 0.6554 (11) 0.012 (3)* 0.290 (3) 
P3 0.89564 (9) 0.41934 (12) 0.28003 (8) 0.0114 (2)  
O9 0.7841 (5) 0.4804 (7) 0.2049 (5) 0.0142 (15) 0.710 (3) 
O10 0.9432 (4) 0.3135 (6) 0.2109 (4) 0.0221 (11) 0.710 (3) 
O11 0.9708 (3) 0.5466 (5) 0.3187 (3) 0.0147 (9) 0.710 (3) 
O12 0.8668 (4) 0.3296 (5) 0.3667 (4) 0.0139 (10) 0.710 (3) 
O9B 0.7944 (12) 0.5087 (16) 0.2255 (11) 0.012 (4) 0.290 (3) 
O10B 0.9741 (9) 0.3828 (13) 0.2189 (8) 0.013 (2) 0.290 (3) 
O11B 0.9647 (9) 0.5027 (12) 0.3973 (8) 0.020 (2) 0.290 (3) 
O12B 0.8571 (8) 0.2830 (12) 0.3311 (8) 0.009 (2) 0.290 (3) 
P4 0.53622 (10) 0.60767 (12) 0.16534 (8) 0.0120 (2)  
O13 0.4219 (3) 0.6733 (4) 0.1339 (2) 0.0204 (7)  
O14 0.6113 (4) 0.6966 (5) 0.1119 (3) 0.0176 (10) 0.710 (3) 
O15 0.5330 (4) 0.4502 (6) 0.1224 (4) 0.0293 (12) 0.710 (3) 
O16 0.5969 (4) 0.6002 (6) 0.2891 (4) 0.0221 (11) 0.710 (3) 
O14B 0.5796 (8) 0.6183 (11) 0.0716 (7) 0.010 (2) 0.290 (3) 
O15B 0.5199 (8) 0.4406 (10) 0.1898 (7) 0.009 (2) 0.290 (3) 
O16B 0.5983 (8) 0.6880 (12) 0.2618 (8) 0.015 (2) 0.290 (3) 
O6C 0.597 (4) 0.487 (6) 0.518 (4) 0.0309 (12) 0.078 (8) 
O5C 0.6427 (11) 0.2910 (15) 0.6450 (11) 0.009 (3) 0.290 (3) 


