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'Two independent determinations of the crystal structure of calcium L-ascorbate dihydrate, Ca2+(C6H7 - 
O6)2.2H20 [Hearn & Bugg (1974). Acta Cryst. B30, 2705-2711 and Hvoslef & Kjellevold (1974). Acta 
Cryst. B30, 2711-27161, are compared by use of normal probability plots. The two sets of measured structure 
factors give a normal probability plot that is largely linear, with a slope of 2.7 and nearly zero intercept. Both 
sets are hence drawn from essentially similar populations that differ only slightly in systematic error distri- 
bution, with pooled standard deviations underestimated by a factor of nearly three. Difficulties in comparing 
the original atomic position and thermal parameters and standard deviations were obviated by additional 
least-squares refinement of both sets under identical conditions. A half-normal probability plot based on the 
refined parameters is nearly linear with a slope of 1.7 and zero intercept. The ascorbate ion is shown, from 
the anomalous scattering contribution to both sets of data, to be the L-enantiomer. The crystal structure of 
calcium L-ascorbate is best represented by the weighted mean of the two independent parameter sets. 

Introduction 

The chances that two or more independent deter- 
minations of a given crystal structure may be under- 
taken nearly simultaneously have greatly increased 
since automatic diffractometers and a more powerful 

methodology have become rather widely available. It is 
highly desirable in such cases to present a detailed 
comparison of the replicate structural information. 
Such information is valuable for several reasons. 
Should the differences between determinations be 
identified as primarily random, confidence in the meas- 
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urements and results becomes substantially enhanced. 
On the other hand, demonstration of systematic or, 
more seriously, gross differences should lead to 
scrutiny of these differences and, if necessary, to 
repetition of one or both experiments under improved 
conditions. 

Comparison is readily made by analysis of the 
normal probability plots (Abrahams & Keve, 1971), 
and this technique has been used in several recent 
duplicate determinations [see, for example, Bernstein 
(1975), Escande & Galign~ (1974), Ladd & Povey 
(1973), Power, Turner & Moore (1976)1. Two simul- 
taneous and independent determinations of the struc- 
ture of calcium ascorbate dihydrate [Hearn & Bugg 
(1974), Hvoslef & Kjellevold (1974), hereafter HB and 
HK respectively] were published without detailed 
comparison. The monoclinic unit-cell orientations 
chosen by HK and HB differ, making casual com- 
parison harder than usual and emphasizing the need for 
more formal treatment, such as is made in the present 
communciation. Further, the error introduced in one set 
of atomic coordinates by neglecting anomalous disper- 
sion in this polar crystal is eliminated, and the standard 
deviations in all parameters determined, by new refine- 
ments undertaken with the two sets of data as reported 
herein. 

Normal-probability-plot analysis 

Comparison of the independent HB and HK sets of 
structural information for calcium ascorbate dihydrate 
is most appropriately made following initial trans- 5 
formation of both sets to the reduced cell as given by 
HK with right-handed base vectors but retaining the 
molecular chirality of HB. Values of the statistic: 4 

fPi = I Pi(HB)--pi(HK)l/[tr2pi(HB) + tTZPi(HK)] 1/2 

]where pi(HB), api(HB ~) are the ith position coordinate 
and standard deviation given by HB after trans- ~ 3 
formation, and pi(HK), trPi(HK ) are corresponding , o 
values given by HK] are ordered and plotted against 
the expected values (Xi) of the ranked moduli of the ,z, 

~ 2  

normal deviates, as shown in Fig. 1. Values of X i are 
obtained from tables of the normal probability function ,~ 

la.i 

[for example, Tables of Normal Probability Functions 
(1953)1 given in equation (1), t 

x 

P ( X i ) = ( I l v / ~ ) f  e-'~2/2 da. 
--X 

(1) 

A good approximation to P(X~) for sample size n is 
given by equation (2), 

P(Xi) ~ [3(n -- i) + 2]/(3n + 1). (2) 

Table 4.3.2D in International Tables for X-ray 
Crystallography (1974) lists values o f X  i for n < 80. 

The array of 134 6pi statistics in Fig. 1 does not 
depart widely from linearity, indicating that any 
difference in systematic error components between the 
two determinations is not severe. The slope of 1.51 
shows that the pooled standard deviations are under- 
estimated by about 50%. Comparison of the two sets of 
180 flu is hampered by the mathematical complexities 
of assigning standard deviations to HB's transformed 
coefficients of thermal vibration. A full comparison of 
the two sets of structure factors F(HB) with trans- 
formed indices* and F(HK)  and their assigned stan- 
dard deviations trF(HB) and trF(HK) can, however, be 
immediately made using the order statistic: 

&m~ = [ F i ( H B ) -  kF~(HK)]/Ia2Fi(HB) 
+ k2t72Fi(HK)] 1/2 

in a normal probability plot, as shown in Fig. 2. The 
value of tr2Fi(HB) is taken as tr2F~HB)/4FiE(HB) and 
the scale factor k determined by a least-squares fit. The 
resulting common set of 1286 t~m i t e r m s  forms an array 
that deviates somewhat from linearity, primarily as a 
result of differences in anomalous scattering contri- 
bution, in intensity measurement technique, in the 

*The transformed-index HB structure factor set has been 
deposited with the British Library Lending Division as Supplemen- 
tary Publication No. SUP 33691 (15 pp.). The HK structure factor 
set was previously deposited, as No. SUP 30510 (15 pp.). Copies 
may be obtained through The Executive Secretary, International 
Union of Crystallography, 5 Abbey Square, Chester CH 1 2HU, 
England. 
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Fig. 1. Half-normal probability plot of 134 ~Pi order statistics 
based on the transformed positional parameters given by HB and 
HK for calcium ascorbate dihydrate, where ~Pi = IPi(HB) - 
pi(HK)l/[o2pi(HB) + tr2pl(HK) ]1/2, against the expected ranked 
moduli of the normal deviates [see text for meaning of Pi(HB), 
trp~(HB), pi(HK) and trpi(HK)]. 
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treatment of absorption and extinction, and in the 
estimated standard deviations. The array has a slope of 
2.72 indicating an underestimation in the pooled 
standard deviation by a factor of  nearly three. The 
almost zero intercept shows the scale factor k to be 
correctly determined. 

R e f i n e m e n t  and c o m p a r i s o n  o f  the two  resulting sets o f  
a tomic  coord inates  

The atomic coordinates reported by HB [with pub- 
lished R = 0.038 and S (the standard deviation of an 
observation of unit weight) = 2.16], transformed to 
HK's  reduced-cell orientation, were refined by the least- 
squares method using HB's structure factors with 
transformed indices. The transformed HK coordinates 
(R = 0.036, S not stated) were refined using the HK 
set of structure factors. A full matrix of 316 x 316 
elements was used for the HB set (including the 
extinction parameter), 315 x 315 for the H K  set (no 
extinction correction was required). In both cases, the 
calculations were carried out on h PDP 11/40 
computer with the Enraf-Nonius Structure Deter- 
mination Package (1977). Atomic scattering factors 
and anomalous dispersion corrections ( f '  and f " )  
were taken from International Tables for  X-ray Crystal- 
lography (1974), based on Cu Ka radiation for the HB, 
M •  Ka for the HK data. 

Refinement with each set of  IFl's, using the original 
weights given by HB and HK,  was continued until all 
shifts were less than 10% of the corresponding 
standard deviation. Since the crystal belongs to the 

polar space group P21, it is necessary to determine if 
structure factors calculated using the x~z set of 
coordinates fit the measured structure factors better 
than those using the corresponding xyz set. A choice 
may be made on the basis of  the Hamilton (1965 ) ,~ -  
ratio, using the wR indicator values in Table 1. The HB 
structure factors correspond to the experimental value 
.~(xf~z/xyz) = 1. 172, whereas the theoretical value 
,~i,1o05,o.oos = 1.004. As expected, the hypothesis that 
the x~z set of coordinates is correct may be rejected at 
the 0.005 confidence level, since the xyz set corre- 
sponds to the recognized L-enantiomeric form. The HK 
x~z set hypothesis may similarly be rejected, since the 
experimental .~(x~z/xyz)  = 1.031 and the theoretical 
value .F)~. 1 , 1 9 7 7 , 0 . 0 0 5  = 1"002. This also is expected, since 
HK collected their intensity measurements in a right- 
handed unit cell. Their original refined parameters 
correspond to the D-enantiomer" this inconsistency was 

Table 1. Structural refinement indicators for  calcium 
L-ascorbate dihydrate 

Model p N R wR S 

HB (xyz) 316 1321 0-0374 0.0406 1.824 
HB (x~z) 316 1321 0.0427 0.0476 2.133 
HK (xyz) 315 2292 0.0336 0.0414 2.920 
HK (x~z) 315 2292 0.0349 0.0427 3.015 

p is the number of parameters varied, N the number of observations. 
R, wR and S are respectively the unweighted, the weighted agree- 
ment factor, and the standard deviation of an observation of unit 
weight: see, for example, Abrahams, Bernstein & Keve (1971) 
for definitions. 
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Fig. 2. Normal  probabi l i ty plot o f  1286 6rn t order statistics based 
on structure factors common to the two sets, where 6m~ = 
[F~(HB) - kFi(HK)I/[o2Fi(HB) + k zazFi(HK)]'/2, against the 
expected normal order quantiles (see text). 
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Fig. 3. Half-normal probability plot of the 315 6p~ order statistics 
based on the two complete xyz sets of atomic parameters refined 
with the transformed HB and HK structure factor sets (see text). 
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permissible since anomalous dispersion effects had been 
neglected. The present analysis shows that such neglect 
leads to a general displacement of the ascorbate ions by 
0.011 A (as much as seven of HK's original estimated 
standard deviation in the y coordinates) along b relative 
to the Ca 2+ ion (of. Ueki, Zalkin & Templeton, 1966). 
Both the HB and HK final sets of xyz position 
coordinates* correspond to the L-configuration for the 
ascorbate ion. 

The deposited position coordinates and corre- 
sponding thermal parameters* are compared in Fig. 3 
in a 6,o i half-normal probability plot. The ordered 6pi 
array is closer to linearity than that shown in Fig. 1 but 
has a small change in slope for 6pi > 1.5. The average 
slope is 1.72, with nearly zero intercept. Examination 
of the 94 Pi terms with 6p~ > 1.5 shows that about one 
third are position coordinates of O, C and H atoms: of 
this number, 64% are z coordinates. It is likely that the 
standard deviations of this group have been under- 
estimated by a factor larger than the average 70%. The 
small departures of the arrays from linearity (Figs. 2 
and 3) show that, to a fair approximation, the HK and 
HB structure factors and the deposited coordinates are 
drawn from the same population. The crystal structure 
of calcium L-ascorbate dihydrate is thus best represen- 
ted by the weighted mean of the two coordinate sets, as 
given in Table 2. 

* The lists of fully refined position coordinates and thermal 
parameters (anisotropic for all atoms except hydrogen) are 
deposited together with the transformed H B structure factor set. 

The power of the half-normal probability plot to 
reveal subtle but important systematic error is il- 
lustrated by the ~Pi plot in Fig. 4. In constructing this 
plot, the deposited pi(HB) and op~(HB) values are used: 
those of p~(HK) and opi(HK), however, correspond to 
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Fig. 4. Half-normal probability plot of the 315 6p i order statistics 
based on the deposited HB parameters and a refined x.f'z HK 
parameter set, i.e. with the sense of the y coordinates reversed 
(see text). 

Table 2. Weighted mean atomic position coordinates for calcium L-ascorbate dihydrate 

Values have been multiplied by 105 for Ca 2+, by 104 for O and C, and by 103 for H. Standard deviations are given in parentheses. 

x y z x y z 

Ca 2+ 78695 (5) 0 52660 (6) O(5)B -1407 (2) 9225 (1) 2215 (2) 
C(1)A 3526 (3) 8229 (2) 233 (3) O(6)B 699 (2) 9411 (1) 6166 (3) 
C(2)A 4918 (3) 7953 (1) -428  (3) OW(1) 5493 (2) 93 (1) 2000 (3) 
C(3)A 5093 (3) 7092 (1) -178  (3) OW(2) 568 (2) 5391 (1) 975 (3) 
C(4)A 3814 (2) 6810 (1) 937 (3) H(C4)A 310 (3) 642 (2) 13 (3) 
C(5)A 4627 (2) 6564 (1) 3356 (3) H(C5)A 532 (3) 702 (2) 407 (4) 
C(6)A 5638 (3) 5752 (2) 3696 (,4) H(1)(C6)A 643 (3) 575 (,2) 279 (4) 
O(1)A 2922 (2) 8940 (1) 212 (3) H(2)(C6)A 624 (3) 576 (2) 529 (4) 
0(2),4 5902 (2) 8534 (1) -1086  (2) H(O2)A 642 (4) 839 (2) -202  (5) 
O(3)A 6118 (2) 6582 (1) - 6 5 0  (3) H(O5)A 276 (3) 682 (2) 408 (5) 
O(4)A 2810 (2) 7561 (1) 972 (3) H(O6)A 476 (4) 478 (2) 259 (5) 
O(5)A 3347 (2) 6443 (1) 4414 (3) H(`C4)B -205  (3) 769 (2) 248 (4) 
O(6)A 4505 (2) 5053 (1) 3183 (3) H(C5)B 18 (3) 839 (2) 168 (4) 
C(1)B 62 (2) 6711 (`1) 5973 (`3) H(`I)(C6)B 187 (,3) 930 (,2) 381 (5) 
C(2)B -874  (2) 7208 (1) 7056 (3) H(2)(C6)B 209 (4) 847 (2) 545 (5) 
C(3)B -1540  (2) 7896 (1) 5780 (3) H(O2)B -184  (3) 684 (,2) 917 (5) 
C(4)B -1053 (2) 7816 (1) 3673 (3) H(OS)B -206  (3) 903 (2) 139 (4) 
C(5)B -195  (2) 8559 (1) 2910 (3) H(O6)B 108 (5) 931 (3) 741 (7) 
C(6)B 1288 (3) 8937 (2) 4638 (4) H(1)OW(I) 472 (4) 24 (`3) 146 (6) 
O(I)B 821 (2) 6042 (1) 6509 (2) H(2)OW(1) 507 (3) 992 (,2) 168 (4) 
O(,2)B -960(2)  6989 (1) 9096 (2) H(1)OW(2) 77 (4) 521 (,3) - 8  (6) 
O(,3)B -2516 (,2) 8490 (1) 6052 (3) H(2)OW(2) 16 (4) 587 (2) 59 (5) 
O(4)B 58 (2) 7088 (1) 4020 (2) 
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the refined values obtained with the HK(x)3z) model  
coordinate  set, i.e. with the sense of  the best y 
coordinates  reversed, giving the D-enantiomer with wR 
= 0-0427. It is probable that  the significant error 
p roduced  in several Ca anisotropic tempera ture  factors, 
shown in Fig. 4, results from minimizat ion in the least- 
squares refinement of  the effects of  Ca  anomalous  
scattering in an incorrect  enant iomeric  model.  

lnteratomic distances 

The weighted mean of  the two sets of  refined 
coordinates,  given by 

"~i = [xi(HB)/a2xi(HB) + xi(HK)/a2xi( HK)]/ 

[1/trExi(HB) + 1/trExi(HK)], 

together  with the corresponding variance 
weighted mean 

(72)~i -~- 1/{[ 1/tY2xi(HB) + 1/ty2xi(HK)] }, 

of  the 

Table 3. Selected interatomic distances based on 
weighted mean of  l iB  and HK coordinates 

Distances are in hngstr6ms, standard deviations in parentheses. 
A, B refer to the ascorbate anions. 

Ca -O(I)B 
Ca -O(37B 
Ca-O(57B 
Ca-O(67B 

A 
C(I)-O(1) 1.231 (3) 
C(1)-O(4) 1.365 (3) 
C(1)-C(2) 1.417 (4) 
C(2)-O(2) 1-375 (3) 
C(27-C(3) 1.371 (4) 
C(37-O(3) 1.275 (3) 

2.426 (2) Ca-O(5)A 2-521 (2) 
2-482 (27 Ca-O(6)A 2.466 (27 
2.519 (2) Ca-OW(2) 2.432 (2) 
2-439 (2) Ca-OW(1) 2.410 (2) 

B A B 
1.229 (3) C(3)-C(4) 1.516 (4) 1.518 (4) 
1-374 (3) C(4)-O(4) 1.453 (3) 1-451(3) 
1.421 (4) C(4)-C(5) 1.533 (3) 1.528 (4) 
1.366 (3) C(5)-O(5) 1.436 (4) 1-431 (3) 
1.370 (3) C(5)-C(6) 1.514 (4) 1.508 (3) 
1.288 (3) C(6)-O(6) 1-422 (4) 1.425 (4) 

O(2)A -H. • • O(3)B 
O(5)A-H. - • O(4)B 
O(5)/1-H.. • 0(4),4 
O(6)A-H... 0(2),4 
O(2)B-H • • • O(3)A 
O(5)B-H • • - O(2)A 
O(6)B -H. • • O( 1),4 
OW(I)-H(I)-..O(5)B 
O W( I)-H(2)- • - O(2)B 
O W(2) H(2).. • 0(3),4 
OW(27 -H( 17-.-O(I),4 

O-H H.--O O...O 
0.91 (5) 1.67 (5) 2.549 (3) 
0-75 (4) 2-26 (4) 2.863 (3) 
0.75 (4) 2.32 (4) 2-740 (3) 
0.59 (4) 2.23 (4) 2.715 (3) 
0.78 (4) 1.79 (4) 2.570 (3) 
0.66 (4) 2.13 (4) 2.793 (2) 
0-65 (5) 2.20 (4) 2.785 (2) 
0.82 (6) 2.20 (5) 2.972 (3) 
0.73 (5) 2.20 (5) 2.917 (3) 
0.67 (5) 2.04 (5) 2.710 (3) 
0.91 (5) 1-88 (5) 2.779 (3) 

are given in Table 2 and result in the selected inter- 
atomic distances of  Table 3, based on the weighted 
mean lattice constants  a = 8 . 3 3 6 5 ( 1 7 ) ,  b = 
15.7860 (28), c = 6 .3612 (17) A, fl = 107.479 (9). 
Compar i son  of  the interatomic distances in Table 3 
with those in H K ' s  Tables 3 and 5 and Fig. 2 shows no 
differences greater  than two weighted mean s tandard 
deviations. Compar i son  with HB's  Tables 5 and 6 
shows four distances that  differ by more  than three 
weighted mean  s tandard deviations, i.e. C ( 1 ) B - O ( 1 ) B ,  
C ( 4 ) A - C ( 5 ) A ,  O W ( 1 ) . . . O ( 3 ) A  and H ( 2 ) . . . O ( 3 ) A ,  
b u t  only the H .  • • O distance differs by more  than two 
of HB's est imated s tandard deviations. 

It is concluded that the weighted mean  set of  
coordinates  is more  representative of  the structure of  
calcium L-ascorbate d ihydra te  than either set taken 
separately, both having been demons t ra ted  as drawn 
from essentially the same statistical population.  
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