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The crystal is hexagonal, P6a/m, with a = 9.859 (1) and c = 7.206 (2)/~. Least-squares refinements (1174 
independent diffractometer-measured reflections, 42 parameters, Mo K~ radiation, corrections for 
absorption and extinction, simultaneous diffraction effects minimized) led to R(IF[)= 0.034 and wR(IFI) 2 
= 0.044. The general structural features are the same as those of fluorapatite and hydroxyapatite except 
for the position of the chlorine atom, which is at 0,0,½, midway between the two Sr triangles on the 
mirror planes at z = ¼ and z = ¼. Error analysis carried out with normal probability plots and correlation- 
testing plots showed that over and above the counting statistical errors and instrument instability there 
was an additional random error, of the order of 5 % of IFI 2, of unknown origin. Also encountered with 
other specimens, and thought not to be due to crystal dimension and absorption coefficient errors, this 
additional error might be due to crystal inhomogeneity with respect to diffraction. 

Introduction 

Strontium 'chlorapatite' is one of the members of the 
apatite group having the same basic structure and com- 
position As(MO4)3X, where A is alkali metals, alkaline 
earths, rare earths, Cd, Pb, Mn, etc.; M is P, As, V, Si 
etc., and X is a halogen or hydroxyl group. While 
'fluorapatite', Cas(PO4)aF (Naray-Szabo, 1930; Su- 
darsanan, Mackie & Young, 1972), crystallizes in the 
hexagonal system with space group P6a/rn, stoichio- 
metric 'chlorapatite' crystallizes in a very closely related, 
strongly pseudo-hexagonal, monoclinic structure (b= 
2a, ~,= 120 °) in space group P2x/b with chlorine at the 
site (0,0,0.444) (Mackie, Elliott & Young, 1972). 
[Usually occurring in P63/m, Cas(PO4)aOH also crys- 
tallizes in P21/b on occasion (Elliott, Mackie & 
Young, 1973).] In contrast, in Cds(PO4)3C1, the chlorine 
occurs at 0,0,¼ (Sudarsanan, Young & Donnay, 1972), 
making it isostructural with fluorapatite. 

The strontium analogs of hydroxyapatite (and chlor- 
apatite) hold biological interest because of the ready 
entry of Sr into the food chain and its subsequent in- 
corporation in bone. The strontium analogs differ 
somewhat from the calcium apatites in their crystal- 
lization characteristics under the same conditions. 
Strontium present in trace amounts in human tooth 
enamel, presumably substituted for Ca in the model 
compound Cas(PO4)3OH, has been suggested to in- 
hibit caries formation (Curzon, Adkins, Bibby & 
Losee, 1970). It would seem that such differences 
should find their origins in the structural details of the 
crystals. The structure of strontium hydroxide phos- 
phate 'strontium hydroxyapatite'  has been reported 
in detail (Sudarsanan & Young, 1972); it is essentially 
the same as that of hydroxyapatite (Sudarsanan & 
Young, 1969). The detailed refinement of the strontium 
'chlorapatite' structure was undertaken and the par- 
ticular emphasis then placed on error analysis produced 
some unexpected results. 

Experimental 

Crystal growth 
Single crystals of strontium chlorapatite were pre- 

pared by standard flux growth techniques with excess 
strontium chloride used as the flux. Strontium hydroxy- 
apatite was first prepared by adding (NH4)2HPO4 
solution to a solution of Sr(NO3) 2 maintained at 
95 °C, both solutions being made basic with ethylene- 
diamine (Collin, 1959). A mixture of 80 wt. % of SrCl2 
(m.p. 873°C) and 20 wt. % of Srs(PO4)aOH was then 
placed in a tightly covered platinum crucible and 
heated to a temperature of 1280°C in a resistance fur- 
nace. After the melt had been kept at this temperature 
for 24 h, the furnace was cooled at the rate of ,-~ 20 °C 
per day to 1080°C and then shut off. The resulting 
crystals were separated from the melt by repeated 
washing in distilled hot water and were then filtered 
out and dried. Clear needle-shaped crystals, of length 
~0.06 cm and with hexagonal cross-sections of side 
about 0.01 cm, were obtained. The particular specimen 
used for X-ray study was 0-052 mm long with 0-015 mm 
and 0.013 mm, respectively, maximum and minimum 
distances between opposing faces. Crystal optical data 
are: uniaxial positive, length slow, ne = 1"667, no, = 1-664 
for 2--5893/~,. Chemical analyses of a portion of the 
batch from which the specimen was taken were re- 
ported as 59.07, 36.32, and 4.50 wt. %, respectively, for 
Sr, PO4, and C1. The stoichiometric values are 57.77, 
37.56 and 4.67 wt. %, respectively. 

Diffraction data 
The lattice parameters were determined from least- 

squares refinements with crystal-setting data for 12 
reflections (within the angular range 7 0 ° < 2 0 <  105 °) 
measured on a computer-controlled four-circle diffrac- 
tometer with Mo K~ radiation, 2=0.70926 A. A bal- 
anced-filter (Zr&Y) og-scan technique was used for 
measurement of the intensities of the lower-angle re- 
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flections for which the absorpt ion edge of  Zr fell within 
the scanning range for peak plus background;  the 20- 
scan technique with a Zr filter was used for other re- 
flections ( 2 0 < 8 0  ° for all). Simultaneous diffraction 
effects were assessed by remeasurement  of  each reflec- 
tion intensity after the specimen was rotated about  the 
diffraction vector by one degree. Those measured re- 
flection intensities which, for the two settings of  the 
crystal, differed by more than three times the expected 
s tandard deviation (on the basis of  counting statistics) 
were eliminated from further consideration. Each re- 
flection was scanned repeatedly, as required to yield 
2 % statistical precision (counting statistics) in the net 
intensities, up to a maximum of 16 times. (Approx- 
imately 58 % of the 1178 reflections used were meas- 
ured with a precision of 2 % while the other 42 % were 
limited in precision to a roughly estimated average of  
~ 6 % . )  Absorpt ion corrections were applied by the 
method of  Busing & Levy (1957) with p t=235.1  cm -1 
for Mo Ke radiation. The calculated transmission co- 
efficient ranged from 0"065 to 0. I 15. 

Refinement of the structure 
A version of  the Busing, Mart in  & Levy (1962) 

least-squares refinement p rogram as modified by Elli- 
son, Hamilton,  Ibers, Johnson & Thiessen (1971), to 
include anomalous  dispersion and isotropic and an- 
isotropic extinction corrections, and called ORXFLS3 
was used. The sources of  atomic scattering factors used 
were Cromer  & Waber  (1965) for Sr 2+, P and CI-  and 
Tokonami  (1965) for O z- .  Anomalous  dispersion cor- 
rections were made with values of  Af'  and Af"  calcu- 
lated by Cromer  (1965). The observed structure factors 
were corrected for isotropic secondary extinction. The 
final extinction parameter  was 0.075. In the refine- 
ments, the chlorine a tom moved close to (0,0,½3 and 
was fixed there for several cycles. In the late stages of  
refinement, a trial refinement of all other variable par- 
ameters with CI fixed at (0,0,0.47) rather than (0,0,½) 
led to wRz=O.086 rather than 0.044. The position 
(0, 0, ½) was therefore accepted as correct and was used 
in further refinements. The final values of  the reliability 
values are R1=0.034,  R2=0.038 and wR2=0.044, 
where 

R~= ~, (llFol-IFcll)/ ~, IFol, 
Rz= E (]lFolZ-IFclZ])/ Z IFolZ 

and 

wR2= { E w([Fol2-lFc[2)2/ E wIFol4}"2 

where w is the reciprocal of  the variance estimated 
from counting statistics. 

R e s u l t s  a n d  d i s c u s s i o n  

The positional and temperature parameters  are listed 
in Table 1 and the bond angles and interatomic dis- 
tances in Table 2. Structure factors are given in Table 3. 
Srs(PO4)3CI would be isostructural with Srs(PO4)3OH 
(Sudarsanan & Young, 1972) except for the chlorine 
position midway between the two Sr(2) triangles 
(related to each other by the screw axis) at z = ¼  and 

Table 2. Bond angles and interatomic distances~f 
(standard deviation, in units of the last significant 

figure, is given in parentheses) 
Bond angles 

O(I)PO(2) 111"0 (1) ° 
O(2)PO(3) 107.0 (1) 
O(I)PO(3"') 111"6 (1) 
O(3)PO(3'") 108"6 (1) 

Interatomic distances 
P O(l) 1.540 (2) ,~ 
P 0(2) 1.544 (2) 
P 0(3) 1.537 (2)* 
0(1)-0(2) 2.542 (3) 
0(1)-0(3) 2.545 (3)* 
0(2)-0(3) 2.476 (3)* 
0(3)-0(3 '")  2.496 (4) 
Sr(l)-O(l) 2-567 (2)** 
Sr(l)-O(2) 2"580 (2)** 
Sr(l)-O(3) 2.859 (2)** 
Sr(2)-O(l) 2.847 (2) 
Sr(2)-0(2) 2-437 (2) 
Sr(2)-0(3) 2"696 (2)* 
Sr(2)-0(3"') 2-510 (2)* 
Sr(2)-Cl 3.086 (1) 
Sr(2)-Sr(2') 4"340 (1) 

* The number of asterisks indicates the number of times 
the distance is repeated for symmetry-related sites of the 
second atom. 

t The function and error program of Busing, Johnson, 
Thiessen & Levy (1973) called ORFFE3 was used in the cal- 
culations. 0(3'") is related to 0(3) by reflection at z=¼. A 
singly primed symbol designates an atom with coordinates 
y - x ,  - x ,  z and a doubly primed one an atom with coordinates 
x-y,x,½+z where x,y,z are those of the atom designated by 
an unprimed symbol. 

Table 1. Atomic parameters (with estimated standard deviations) 

Multiplier x 
O(1) 5000 (21) 3365 (3) 
0(2) 5000 (21) 5861 (2) 
0(3) 10000 (42) 3549 (2) 
P 5000 (21) 4052 (1) 
Sr(1) 3331 (9) ½ 
Sr(2) 5003 (11) 104 (0) 
CI 1508 (14) 0 

All values except fractions have been multiplied by 104 . 

y z f t .  #22 P33 fl12 
4821 (3) ¼ 43 (3) 35 (3) 58 (4) 32 (2) 
4662 (3) ¼ 18 (2) 24 (2) 101 (5) 7 (2) 
2670 (2) 768 (2) 68 (2) 40 (2) 57 (3) 35 (2) 
3720 (1) ¼ 23 (1) 19 (1) 37 (1) 12 (1) 

~] 9 (1) 30 (1) 30 9 5 
2592 (0) ¼ 28 (0) 27 (0) 43 (0) 14 (0) 

0 ½ 30 (2) 30 85 (3) 15 

ill3 
0 
0 

- 27  (2)  
0 
0 
0 
0 

fl23 
0 
0 

- 18 (2)  
0 
0 
0 
0 
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z =3.  The Sr-C1 distance is 3"086/~. Sr(2) in the struc- 
ture has a coordination number 8 (6 oxygen and 2 
chlorine ions). Taking the ionic radius of C1- as 
1"81 /k and that of Sr ~+ in coordination 8 as 1.25 /~ 
(Shannon & Prewitt, 1969), one sees that the observed 
Sr-Cl distance is in agreement with the sum of the 
ionic radii. [In the structure of chlorapatite, 'ClAp', 
CadPO4)3Cl (Mackie, Elliott & Young, 1972) this site 
for the Cl atom would result in a Ca-CI bond distance 
greater than the sum of the ionic radii. To avoid that, 
the chlorine atom in ClAp occurs 0.38 ~ away from 
0,0,½- along the c direction]. 

Comparing this SrdPO4)3Cl structure (SrCIAp) with 
that of SrdPO~)3OH and various calcium apatites, one 
sees that the chlorine ions occurring at 0, 0, ½- (SrCIAp) 
and 0,0,0.444 (ClAp) appear to repel the nearby 0(3) 
ions, thus expanding the entire cell perpendicular to c, 
including the M(2) triangles (see Table 4), where M(2) 
is either Sr(2) or Ca(2). 

The PO4 groups are similarly but slightly less dis- 
torted in the Sr apatites than in the Ca apatites. (In the 
present structure the phosphate tetrahedra have an 
average P-O bond length of 1.539 (2) A, all the four 

Table 4. Comparison of the distances of 0(3) and 
M(2) from the screw axis for strontium and calcium 

apatites 
63-0(3)  63-M(2) 

SrdPO4)3C1 3"08 /~ 2"51 /~ 
SrdPO~)3OH 3"04 2.46 
Cad PO~)~CI 3" 16 2.48 
CadPO4)3OH 2.90 2-36 

lengths agreeing within two standard deviations, but 
the same type of regularity is not exhibited in the bond 
angles.) The PO4 groups are also rotated away from 
the higher lattice-symmetry (P63/mcm) orientation to 
increasing degree in the order CadPO~)3Cl, 
Ca~(PO4)3OH,  Sr~(PO4)3OH,  a n d  Srs(PO~)3CI.  

Error analysis 

In the least-squares refinements, the weights used were 
reciprocal estimated variances, cr -z, for the individual 
reflections. Refinements with a=a~, the standard de- 
viation estimated from counting statistics, led to a 
value greater than 2.5, rather than the expected 1.00, 

Table 3. Squares of observed and calculated structure factors 
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for ~ x = { ~ , w ( l F o i Z - l F d Z ) 2 / ( m - n ) }  l/z, where m is the 
total number of observations and n the number of par- 
ameters varied. The normal probability plot (OR type; 
Abrahams & Keve, 1971) was 'S' shaped (Fig. 1) and 
had a best-straight-line slope of 2.41. The magnitude 
and source of the additional error, thereby indicated 
to be present in addition to ac, were sought. A strong 
correlation of the magnitude of an indicated random 
error with IF[ z was found; the 'envelope' of a AIFI2/~r 
vs. log IFI z plot (Fig. 2) showed a horn-shaped char- 
acter opening toward large IF[ z. (Plotting against 
log ]FI z rather than IFI z gave much the more useful 
display.) A plot of AIFI2/a vs. sin 0/2 showed an ap- 
parent correlation which is probably attributable to the 
partial correlation of IF[ 2 with sin 0/2 (Fig. 3). The 
estimated variance, a2 for each observation was then 
arbitrarily revised according to 

where 
0 .2 ~__. 0 .2 .-it- 0 .2 
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is the indicated additional random error of unspecified ,2 
source. Subsequent refinements were carried out with ~01 

1 
different values assigned for k and the three types of 8i 
plots described were used to check the distribution of e i 
random errors corresponding to each assignment. Set- 
ting a~=0.05[F[ 2 straightened the normal probability 2 ~, 
plot (Fig. 4) bringing its best-straight-line slope to 1.01 ~ 0 " 
(vs. 1.00 ideal) and removed the obvious correlation ,~-2 
of A[F[2/a with log [F[ z (Fig. 5). (Setting a~=0.04[F[ z -4" 
resulted in 1.13 for the slope in the normal probability -6" 
plot; ax=0.06[F[ z resulted in a slope of 0.93.) -8~ 

As is algebraically evident from the variance expres- -,0 
sion that worked well 2 2 2 (a = a c + a x ) ,  the horn-shaped -~2. 
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character in A[FlZ/a vs. log [F[ z should be confined to 
the range of IF[ 2 where dominance is shifting from the 
ac term to the ox term. As would therefore be expected, 
in a refinement with data from a spheroidal crystal of 
fluorapatite (Mackie, 1972) for which oc_< 1%[F[ z for 
nearly all reflections, the horn-shaped character was 
not evident except, possibly, in the lower range of IF] 2. 

The failure of the normal probability plot to pass 
through the origin is not uncommon [see for example 
Abrahams & Keve (1971), Fig. 7], even though the 
overall scale factor has been adjusted along with the 
other parameters in the full-matrix least-squares re- 
finement. This failure reflects a difference between 
the median (on which the origin of the plot is based) 
and the arithmetic mean (on which the scale factor is 
based) of the A[F[ z values, something that would not 
be possible for a normal distribution except for the 
fact that the arithmetic mean used here is actually a 
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weighted mean. The fact that the median is higher than 
the mean is also indicated in Fig. 5 by the appearance 
of more positive than negative values of dlFl2/o -. Pro- 
duction of this effect requires that the reflections for 
which AIF] 2 is negative must be weighted more heavily 
(have smaller tr values) on the average than are those 
for which AIFI 2 is positive. The appearance of a gen- 
eral slightly negative slope in the aggregate of points 
in Fig. 5 suggests that this is what has occurred in the 
present data set, as there appears to be a slight correla- 
tion of negative AIFI 2 with the large IFI 2. That, in turn, 
suggests that the uncertainties in the strong reflections 
are still underestimated even though cr~=0.051F[ 2 has 
been included. 

Possible sources of ax to be considered include in- 
strument instability, absorption correction errors, 
model inadequacies, counter dead-time counting losses, 
extinction errors, and crystal inhomogeneity with re- 
spect to diffraction, perhaps among others. Instrument 
instability was shown by several tests to be less than 
1%, e.g. two independent collections of 231 reflection- 
intensity data from the same fluorapatite crystal 
(Mackie, 1972) yielded a mutual R index of 0.67%; 
thus, only a small portion of o'~ should be attributed to 
instrument instability. In Mackie's (1972) refinement 
with the spheroidal crystal Y.t = 3.53 and the indicated o'~ 
was, again a few percent of IF[ 2. It would seem unlikely 
that the pseudo-randomly distributed absorption- 
correction errors would be nearly as large for that 
spheroidal specimen as for the present crystal of nat- 
ural shape• Thus, absorption correction errors do not 
appear to be a probable source of the bulk of o-~. The 
fact that the 'horn' in the AlFl~/~r vs. log IFI 2 opened 
toward large IF[ 2 indicates that ~rx is not primarily due 
to model inadequacies• It seems that uncorrected ex- 
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tinction cannot be the source of ax because (i) the ex- 
tinction corrections were carried through to comple- 
tion as a part of the least-squares refinement, (ii) in- 
spection of the structure factor tables showed no 
characteristic excess of IF¢12 over IFol 2 for strong re- 
flections, and (iii) the extinction correction was gen- 
erally very small (~  25 %, ~ 6 %, and ~ 4 % in 2 cases 
each, less than 2 % in the other 1168 cases). Counting 
losses due to counter dead-time seem not to be a sig- 
nificant contributor to crx, as (i) the intensity at no time 
reached that at which attenuators were programmatic- 
ally inserted into the beam and (ii) test data covering 
both strong and weak reflections gave the same results 
for relative intensities both with and without attenu- 
ators in the beam. The possibility remains that it may 
be due to a variety of crystal imperfections (Hamilton, 
1972), i.e. crystal inhomogeneity with respect to dif- 
fraction. 

The occurrence of a random error representable by 
a o'x corresponding to a few percent is, apparently, not 
uncommon. In all of the several tens of structure re- 
finements of apatites done in this laboratory in recent 
years the value of ~1 obtained suggests the existence 
of such a cr~ term. Other workers have also found con- 
sistent need for the inclusion of such a term (Hamilton, 
1972; Verbist, Lehmann, Koetzle & Hamilton, 1972; 
Coppens, 1972). Mais, Owston & Wood (1972), in 
particularly careful assessment of errors in refinements 
of KzPtC14 and KzPdCI4, found an unexplained uncer- 
tainty in the structure amplitudes of approximately 2 % 
(which is comparable to 4 % in IFI 2 used here). As they 
note, 'the next step in improving accuracy evidently 
must be to find reasons for this, at present unexplained, 
variation'. 

Inclusion of the a~ term required to straighten the 
normal probability plot and to remove the correlation 
of AlFlZ/a with log IFI z and to make ~1 ~ I increased 
wR2 from 4.4 to 7.1%, yet only one of the 42 param- 
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eters was changed by as much as 2ap (ap< 5 % for 
thermal parameters and ap < 0.0003 for positional par- 
ameters) where ap is the error calculated for parameters 
varied in refinement before the ax question was taken 
up. Therefore, while the source of the additional ran- 
dom error ax has not been identified, and could be 
especially interesting, there is as yet no evidence that 
ignoring 05, produces significant parameter errors in a 
structure refinement that is otherwise well done. 
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Structure Cristalline et Mol~culaire de la Phellibiline: Alcaloide du Groupe 
de l'Homo6rythroidine 

PAR CLAUDE RICHE 

Laboratoire de Cristallochiraie, Institut de Chimie des Substances Naturelles du CNRS,  91190-Gill Yvette, France 

(Refu le 17 dOeembre 1973, aceeptO le 17 janvier 1974) 

The alkaloid phellibiline, C16H21NO3, is the first member of the homoerythroidine group. It crystallizes 
in the monoclinic space group P21 with a= 8.681, b= 9.365, c= 8.684 A, fl= 97.8 °, Z= 2. The structure 
has been determined by direct methods from data collected with Cu K~ radiation on Weissenberg 
photographs, and refined by least-squares methods to a final R value of 0.09 for 1395 observed reflexions. 
The X-ray analysb confirmed the planar formula and established the configuration of the molecule. 

Introduction 

L'dtude chimique des constituants de Phelline billi- 
ardieri (Ilicac6es) a permis d'isoler les premiers alcalo- 
ides du groupe de l'homo6rythroidine. Les formules 
planes (I) et (II)ont 6td proposdes pour la phellibiline, 
la formule (I) 6tant consid6r6e comme la plus probable 
d'apr~s l'analyse des spectres de rdsonance magn6ti- 
que nucldaire (Nhu Mai, Langlois, Das & Potier, 
1970). 

o 18 __ o ~  o@ 
HO ¢ o --4 

0) 0]) 

La d6termination de la structure cristalline de la 
phellibiline a 6td entreprise pour dtablir avec certitude 
la formule plane et pour en d6finir la st6rdochimie, 


