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Ca(H:POy),, a Crystal Structure Containing Unusual Hydrogen Bonding
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Ca(H,PO,), crystallizes in the triclinic unit cell a=7-5577 (5), b=82531 (6), c=55504 (3) A, a=
109-87 (1)°, f=93-68 (1)° and y=109-15 (1)° at 25°C with Z=2. The structure was determined by an
automated >, method from X-ray data and refined by least-squares analysis to R,(F)=0-048, R(F)=
0-020 using 3678 observed X-ray data and to R.(F) = 0-055, R(F) = 0-048 using 843 observed
neutron data. Corrections were made for absorption, isotropic secondary extinction and anomalous
dispersion in the X-ray case and for anisotropic secondary extinction in the neutron case. Least-squares
refinements proceeded to the limits of the data sets in space group PI. Rudimentary chains
Ca---[P(1)O,-H(1): - -[P(2)O,]- - - run parallel to [170]. Adjacent chains are joined by Ca---O
bonds on one side and by O(8)-H(5)-O(8") hydrogen bonds on thc other. Alternatively, the
structure may be considered to contain hydrogen-bonded layers of PO, groups; these layers are
held together by hydrogen bonds on one side and by Ca- - -O bonds on the other. There are two very
strong hydrogen bonds in the structure; O(7)--H(4)--0(7), O(7) - -O(7’)= 2-434 (2) A and O(8)--
H(5)--0(8"), O(8)- - -O(8’)=2-423 (2) A. These hydrogen bonds join the P(2)O; groups together to form
an infinite chain. The very strong hydrogen bonds are across nominal centers of symmetry, and diffrac-
tion results indicate that each of the H(4) and H(5) protons is effectively centered in a broad symmetric
potential well, possibly with a central barrier. A combination of diffraction and infrared spectral con-
siderations suggests that the central barriers in the wells, if they exist, probably lie below the zero-
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point energy of the hydrogens.

Introduction

Our earlier studies of calcium phosphates have in-
cluded refinements of the crystal structures of the hy-
drogen-containing salts Ca(H,PO,),. H,0O (Dickens &
Bowen, 1971) and CaHPO, (Dickens, Bowen & Brown,
1971a). Here we have extended our studies of hydro-
gen bonding in calcium phosphates and related com-
pounds by determining and refining the crystal struc-
ture of Ca(H,PO,), using both X-ray and neutron
data. Ca(H,PO,), alters to randomly oriented crystal-
lites of Ca(H,PO,),.H,0 in moist air (Smith, Lehr &
Brown, 1955); perhaps because of this it has been
studied comparatively little. It is an important con-
stituent of freshly made superphosphate fertilizer.

Experimental details

Clear colorless platy crystals of Ca(H,PO,), were pre-
pared according to the method of Smith, Lehr &
Brown (1955). An ellipsoidal crystal with axes of 0-15,
0-15 and 0-18 mm was the result of an attempt to
grind a sphere. This crystal was mounted in a borate
glass capillary with clear household cement and was
used in the X-ray study. Crystal data are as follows:
ideal formula: Ca(H,PQ,),; cell at 25°C: triclinic with
a=7-5577 (5), b=8-2531 (6), c=55504 (3) A, a=
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109-87 (1), f=93-68 (1), y=109-15 (1)°, cell volume =
30201 A3; space group PT; cell contents 2[Ca(H,PO,),];
calculated density 2-57 g cm~3; observed density 2-546
g cm™3 (Bassett, 1908); linear absorption coefficient
for Mo Ka=14-3 cm~". Standard deviations are given
in parentheses after the cell parameters, which were
calculated by least-squares methods from 30 26 values
observed at 25°C on an X-ray diffractometer equipped
with a highly oriented graphite monochromator. Care
was taken to use only the Kz, peak in determining
these 26 values. The wavelength /(Mo Ke,)=0-709260
was assumed.

The X-ray data were measured and processed as de-
scribed by Dickens & Bowen (1971) with the excep-
tion that the diffractometer setting program used was
written by Lenhert (1970). 12043 reflections (maxi-
mum sin §/A=0-907 A-') comprising two complete
sets from one hemisphere and one set from the other
hemisphere were measured and merged into a unique
set of 3756. Of these, 3690 were greater than 2o0(])
above background and 66 were less than this thresh-
old. The average disagreement between equivalent or
remeasured reflections was 0-8%. Absorption correc-
tions were applied for a sphere with a radius the aver-
age of the axes of the elliptical crystal. The maximum
systematic effect on F due to the asphericity of the
crystal, is estimated at 4%. Absorption due to the
capillary was neglected.

The X-ray structure was solved by >, methods using
the sequence DATRDN-DATFIX-SIGMA2-PHASE-
FOURR in the XRAY 67 System of computer pro-
grams (Stewart, 1967). Seven £ maps were calculated.
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Calculations of distances between the three highest
peaks (presumed to be one Ca ion and two P atoms)
in these trial structures ruled out all but one. The oxy-
gen atoms were found from a subsequent electron-
density synthesis with phases based on the Ca and P
atoms. The structure with hydrogens excluded was re-
fined with isotropic temperature factors using the pro-
gram RFINE (Finger, 1968) to R,,=0-077 and R=
0-064 (R, =[>w(F,|~|F|)*/Zw(F,|)]"* and R=
SIFI—1F|/Z|F,]). The maximum shift/error was
— 64, The structure was then refined with anisotropic
temperature factors to R,,=0-065, R=0-037 (maximum
shift/error =0-90). The scattering factors used were
for Ca?* and neutral P, O and H; they were taken
from Cromer & Mann (1968) and Cromer & Liber-
man (1970) for Ca?*, P and O and from Finger (private
communication) for H. Only reflections greater than
20(I) were used in the refinements.

The neutron data were taken on a computer-con-
trolled four-circle diffractometer at the National Bu-
reau of Standards Research Reactor (Alperin &
Prince, 1970) according to the procedure described by
Prince (1972). The crystal was sealed with CaCl, in a
silica-glass enclosure to protect it from moisture. With
a wavelength of 1:232 A and a limiting 20 angle of
100°, 1212 independent reflections were accessible; of
these 843 had integrated intensities greater than 2o(J).
The crystal was a plate with dimensions approximately
0-5x 1-0x 3-0 mm. The hydrogen positions were ob-
tained from a Fourier synthesis based on the neutron
data and signs determined from the X-ray parameters.
The structure was then refined further.

In the X-ray refinement of the complete structure,
consideration of isotropic secondary extinction was
deemed adequate and the refinement on all parameters
but the thermal parameters of hydrogen, which were
fixed at 1 A%, gave R, =0-033 and R=0-023. The iso-
tropic secondary extinction factor, r, in the notation
of Zachariasen (1967) was 0-33(7)x 10=* cm. The
standard deviation of an observation of unit weight
(SDOUW), 7-81, indicated that improper weights were
being applied in the least-squares analysis, so that new
weights, (024000058 F2)~!, were applied. Here o,
is the standard deviation of F, as estimated from count-
ing statistics. The few reflections with extinction fac-
tors less than 0-95 were rejected from the final refine-
ment. The final values are R, =0-048, R=0-020,
SDOUW=1-84, r=0-74(5)x 10* cm. The largest
peaks in a difference synthesis calculated after the last
cycle of refinement were 0-63, 0-58 and 0-53 ¢ A~3. The
lowest value was —0-51 e A~3. The first three are all
halfway between P and O in PO, groups. The fourth
is 0-1 A from Ca.

In the neutron case, anisotropic secondary-extinc-
tion corrections were deemed necessary. The value of
SDOUW, 6-87, showed that once again counting
statistics were inadequate. New weights, given by
(62+0-00025F2)~' were applied. The structure was
then refined to R,,=0-055, R=0:048, and SDOUW =
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2:50. The scattering lengths used were Ca: 0-49; P:
0-51; O: 0:577; H: —0-372 (The Neutron Diffrac-
tion Commission, 1969).

The components ( x 10'%) of the extinction tensor,
w (Coppens & Hamilton, 1970) in the neutron case
are 0-29(5), 0-:27(4), 0-42(6), —0-11(3), 0-24(4), 0-06(3),
and indicate considerable anisotropy. This extinc-
tion tensor results from a type Il treatment in
which extinction is dominated by domain size. The
principal axes (x 10*) of the ellipsoidal domain are
0-128, 0-172 and 0-502 cm. One-third of their sum,
0:435 x 10~* ¢m, is comparable with the isotropic value
0-74 x 10~* cm given by the X-ray refinement.

Refinement using the type I treatment, where mosaic
spread dominates, led to non-positive definite tensors
and diverged even when starting from converged iso-
tropic-extinction refinements. This can be understood
by considering the isotropic extinction parameter for
the X-ray case, which as given is equivalent to the mean
radius of the domains in the crystal. However, the re-
fined parameter can also represent a mosaic-spread
parameter. Such a calculation leads to a mosaic spread
of ~30", roughly a factor of ten larger than that
usually obtained in cases where type 1 occurs (Cop-
pens & Hamilton, 1970). Thus, our refinements sug-
gest that extinction in Ca(H,PQ,), is dominated by the
effect of the domain size.

The largest positive peaks in a difference synthesis
with the neutron data were 27, 25 and 25 and the largest
negative peaks were —27 and —27 on a scale on
which the amplitude of a hydrogen peak is — 600. The
first four peaks are obviously artifacts, since they do
not occupy chemically reasonable positions. The fifth,
in a chemically reasonable position, is 1-03 A from
O(1) and 204 A from O(7), and thus could be evi-
dence for very slight disordering of the hydrogen atoms,
but was not given serious consideration because it is
comparable with the background in the map.

The appropriateness of the final weighting schemes
was checked by comparisons of F,, F, and a(F,) with
a normal distribution as suggested by Abrahams &
Keve (1971) using an unpublished program written by
us. The comparison for the neutron data showed that
there was little skewness in the fit of F, and F,, imply-
ing that the residuals followed a normal distribution.
The value of the standard deviation of an observation
of unit weight obtained from the least-squares refine-
ment was confirmed in this comparison. A similar
comparison of the X-ray data showed the F,— F, dis-
tribution to be somewhat skewed with F, being a little
smaller than F, suggesting that the extinction correc-
tion may have been somewhat overestimated. Similar
comparisons of the structural parameters from the
X-ray and neutron refinement gave a least-squares line
of dp=—0-10+1-50x for the positional parameters
and dp=0-01+1-49x for the thermal parameters,
where

opi= |l p(Dil — 1 p2)l)/(6*p(1)i + a’p(2):)'?
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for the ith parameter (1 =X-ray, 2=neutron), and x is
the expected quantile (Hamilton & Abrahams, 1972).
Points with x> 1-5 were not included in the plots so
that effects in the tails of the distributions were not
overemphasized. The positional parameters and ther-
mal parameters from the X-ray and neutron studies
were compared in separate plots. Comparison of the
goodness-of-fit for a least-squares line (0-11) and a
least-squares quadratic (0-09) shows that the posi-
tional plot contains a slight curvature, which, taken
with the non-zero intercept, indicates systematic dif-
ferences between the X-ray and neutron parameters.
The slope of ~1-50 suggests that the standard devia-
tions of the positional parameters should be increased
by 50%. The plot of the 66 common thermal param-
eters is essentially linear out to x=1-45 and has a
similar slope to the positional parameter plot. The
largest discrepancies consist of B;; for Ca and Bs; for
P(1), P(2) and O(3) to O(7). Some rationalization can
be given. Each B;; of Ca in the X-ray study is less than
the corresponding quantity in the neutron study. This
suggests that the X-ray scattering factor for Ca?* does
not adequately represent the electronic density of Ca
in Ca(H,PO,),. The observation that the neutron value
of Bj; is more than 20 % larger than the X-ray value
for 8 of the 11 non-hydrogen atoms in the structure
suggests an anisotropic effect. This may arise from our
treatment of extinction or, in the case of the oxygen
atoms, from the way we included hydrogen atoms in
the X-ray study. It could also arise from systematic
error in the X-ray absorption correction. Extinction is
probably the largest effect. Both crystals came from
the same crystallization batch but only refinements
using the neutron data included anisotropic extinc-
tion corrections. The X-ray sample was obtained from
a fragment of a crystal originally comparable in size
with the one used in the neutron study. About 2% of

2059

the X-ray data had extinction factors less than 0-90,
suggesting slight to moderate extinction which we
treated as being isotropic. About 30% of the neutron
data had extinction factors less than 0-90 and about
5% had extinction factors less than 0-60. A factor less
than ~0-6 is beyond the range of the Zachariasen
correction, which below this value tends to under-
estimate the correction as is shown by comparison with
the exact results for an infinite plate (Zachariasen,
1967) and with the work of Cooper & Rouse (1971).
This 5% of reflections was excluded from the refine-
ments. We feel that a more detailed comparison of the
X-ray and neutron models is not warranted until a
better extinction correction can be applied to the 30 %
of the neutron data considerably affected by extinc-
tion. The importance of extinction is dramatically il-
lustrated by Denne (1972) who shows the effect of
anisotropic extinction on intensities measured from
different crystals of the same compound.

In the neutron case, the largest correlation coeffi-
cient was 0-83 between components of the extinction
tensor. Coefficients between the extinction parameters
and the scale factor were in the range 0-56 to 0-69.
Other coefficients in the range 0-56 to 0-69 involved
the B’s of H(5), but as Fig. 1 shows, the tensor is
oriented with respect to the crystal coordinate system
in such a way that fairly large correlations are expected.
In the X-ray refinement the three largest coefficients
were 0-64 to 0-65 between the scale factor and B;; of
Ca(l). The three next largest (~0-62) were between
B;; of Ca(l) and the corresponding B;, of P(1) and
P(2). The correlation coefficient between the extinc-
tion parameter and the scale factor was 0-57. Both
X-ray and neutron refinements proceeded satisfactorily
to the limits of the data sets assuming space group PT.
There is therefore no indication from the diffraction
data that the crystals are not centrosymmetric. Further-

Fig. 1. A stereoscopic illustration of the Ca(H,PQy,), structure. The origin of the crystallographic coordinate system marked by *.
P(1)O, groups hydrogen bonded into dimers may be seen at the lower left front corner. The P(2)O, hydrogen-bonded infinite
chain passes near the centers of the bottom and right edges of the unit cell. The parameters from the neutron study were used

in making the drawings.
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more, similar crystals did not show any piezoelectric
resonances when tested by the transmission method
(Blume, 1962).

The structural parameters for Ca(H,PO,), are given
in Table 1. The observed and calculated structure fac-
tors are given in Table 2 for the X-ray data and in
Table 3 for the neutron data.

Description of the structure

There are two formula units of Ca(H,POQ,), in a nom-
inally centrosymmetric unit cell. There are five crys-
tallographically different hydrogen bonds, two of which
cross nominal centers of symmetry. If these hydrogen
bonds are centered, all atomic sites would be fully oc-
cupied and there would be no positional disorder as
there is for the hydrogen atoms in CaHPQO, (Jones &
Cruickshank, 1961; Curry, Denne & Jones, 1968;
Dickens, Bowen & Brown, 1971a). The question of
whether the hydrogen bonds in Ca(H,PO,), are ac-
tually centered or not is discussed later.

A CRYSTAL STRUCTURE CONTAINING UNUSUAL HYDROGEN BONDING

There are several ways of describing the Ca(H,PO,),
structure. Many calcium phosphates can be described
in terms of Ca---PO, chains which are linked into
sheets, usually puckered or corrugated but occasion-
ally planar, and which are bonded to each other either
directly or by some chemically different intermediate
layer. In Ca(H,PO,), (Fig. 1), rudimentary chains with
the repeat unit Ca---[P(1)O,-H(1)---[P(2)O,]- - -
exist parallel to [170]. A series of corrugated sheets
may then be imagined parallel to (100). Adjacent
chains are joined by Ca- - - O bonds on one side and by
O(8)---H(5)---0O(8") bonds on the other. There is hy-
drogen bonding along the surfaces of the sheets in-
volving H(3) between neighboring chains. The cor-
rugated sheets are bonded together by hydrogen bonds
involving H(2) and H(4).

An alternative description is that the PO, groups
are held in layers parallel to (010) by hydrogen bonds.
These layers are bonded to each other by hydrogen
bonds on one side and by Ca ions on the other.

Two striking features of the structure are (i)

Table 1. Atomic parameters in Ca(H,PO,),

Figures in parentheses are standard deviations in the last digit(s) as estimated by least squares.
Thermal parameters are in A? and have the form exp —[4(h*a*2B,, + k*b* By, + (3¢ By3 + 2hka*b* By, + 2hla*c* By3 + 2kIb* c* Byy)).

X Y 4 By, B, By By B, B;;

Ca a 031392 (2) 0-41915 (2) 0-18764 (3) 0-835 (6) 0-767 (6) 0-597 (6) 0219 (4) 0-088 (4) 0233 (4)
b 03139 (6) 04190 (5) 0-1877 (6) 1-0 (1) 1-0 (1) 09 (1) 02 (1) 03 (1) 0-3 (1)

P(1) a 025687 (3) 0-15967 (3) 0-51764 (4) 0693 (7) 0-590 (7) 0-534 (7) 0-124 (5) 0-073 (5) 0209 (5)
b 02569 (5) 0-1596 (5) 0-5171 (5) 1-8 (1) 0-7 (1) 0-7 (1) 0-1 (1) 0-14 (8) 0-18 (9)

O(l) a 042553 (8) 0-31905 (8) 0-5122 (1) 0-80 (2) 0-83 (2) 091 (2) 0-05 (1) 0-09 (1) 0-38 (1)
b 0-4259 (4) 0-3189 (4) 0-5122 (5) 0:8 (1) 0-8 (1) -1 (D) —0-08 (8) 0:20 (8) 0:37 (9)

O(2) a 0-17951(9) 0-18764 (8) 0-76582 (1) 1-04 (2) 1-02 (2) 0-63 (2) 0-14 (1) 0-25 (1) 0-20 (1)
b 01802 (4) 0-1888 (4) 0-7671 (5) 1:0 (1) 1:0 (1) 0-7 (1) 0-1 (1) 0-3 (1) 0-1 (1)

O@B) a 02902 (1) —0-02827(9) 0-4366 (1) 1:72 (2) 0-84 (2) 0-96 (2) 0-63 (2) 0-22 (2) 0:32 (1)
b 02906 (4) —0-0270 (4) 0-4384 (6) 1-8 (2) 09 () 1-2 (1) 06 (1) 0-38 (9) 0-3 (1)

0O@4) a 010443 (9) 0:12477 (9) 0-2801 (1) 098 (2) 1-08 (2) 095 (2) 011 (1) —=0-17(1) 0-49 (1)
b 010354 0-1237 (4) 0-2795 (5) 09 (1) 1-1 (1) 1-3 (1) 0-1 (1) —-0-1 (1) 0-5 (1)
a 0306 (3) —-0-:053 (3) 0-566 (5) 1-00

H1) 6 0323909 —0-0622 (8) 0-586 (1) 2:8 (3) 21 (3) 2:3 (2) 1-1 (2) —-0-0(2) 07 (2)
c 0317 —0-064 0-587
a 0021 4) 0-038 (3) 0-235 (5) 1-00

H(2) b —0-0152(8) 0-0123 (8) 0-237 (1) 1-5 (2) 1-5(2) 24 (2) —0-1(2) —0-1(2) 0-5(2)
¢ —0013 0-011 0-236

P(2) a 073538 (3) 0-31138 (3) 0-17145 (4) 0-651 (7) 0-650 (7) 0-624 (7) 0-:210 (5) 0-:029 (5) 0211 (5)
b 07356 (4) 0-3116 (5) 0-1710 (6) 0:6 (1) 0-8 (1) 1-1 (1) 0-3 (1) 0-3(1) 04 (1)

O(5) a 060344 (9) 0-37118 (9) 0-:04075 (9) 1-10 (2) 1-05 (2) 0-94 (2) 0-50 (1) 0-05 (1) 0-47 (1)
b 0-6026 (4) 0-3708 (4) 0-0403 (5) 1-1 (1) 1-1 (1) 1-3 (1) 0-6 (1) 0-2 (1) 0-5 (1)

O6) a 091733 (9) 0-32349 (9) 0-0360 (1) 1-12 (2) 1-26 (2) 101 (2) 0-47 (2) 047 (1) 0-26 (2)
b 09167 (4) 0-3234 (5) 0-0351 (6) 1-1 (1) 1-4 (1) 1-:3 (1) 0-4 (1) 06 (1) 04 (1)

O() a 082615 (8) 0-44107 (9) 0-4552 (1) 063 (2) 1-16 (2) 0:67 (2) 020(1) —-001(1) —-009(1)
b 08261 (4) 0-4407 (4) 0-4553 (5) 0-5(1) 1-3 () 09 (1) 02 (1) 01 (1) —01(1)

OB a 06416 (1) 0-11232 (8) 0-1612 (1) 1-24 (2) 0-71 (2) 1-19 (2) 005(1) -023(1) 0-46 (1)
b 06411 (4) 01126 (4) 0-1610 (6) 1-3 (1) 0-8 (1) 1-3(1) 0-1 (D —-0-2 (1) 0-5(1)
a 0899 (3) 0-248 (3) —0-103 (5) 1-00

H@) b 0-882 (1) 0-233 (1) —0-140 (1) 36 3) 2:7(3) 2:3(3) 16 (3) 11 (2) 04 (2)
¢ 0888 0-230 —-0-147
a 1-000 0-500 0-500 1-00

H@4) b 1-000 0-500 0-500 31 4) 21 (4) 1-3 (3) 0-7 (3) 0-4 (3) 0-1(2)
c 0969 0-490 0-493
a 0500 0-:000 0-000 1-00

H() b 0-500 0-000 0-000 2:5(3) 2:7 (4) 2:8(3) 1-4 (3) 07 (3) 1-7 (3)
¢ 0-526 0-033 0-020

(a) X-ray values.
(b) Neutron values.
(c) Calculated hydrogen positions as described in text.
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H,P(2)O, ions linked into infinite chains by centered
hydrogen bonds involving H(4) and H(5) (Fig. 4) and
(ii) pairs of H,P(1)O, ions linked into dimers across
centers of symmetry by the O(4)-H(2)- - -O(2) hydro-
gen bond (Fig. 3). The latter feature may also be seen
at the lower left front corner of Fig. I.
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The Ca ion environment

The Ca ion is coordinated (Table 4 and Fig. 2) to
eight oxygen atoms including the [O(1'), O(4)] edge
of the P(1)O, group. This edge and the PO, apexes
O(1), O(5), and O(6) are arranged in an approximate
pentagon about Ca. Oxygen atom O(7) and the mid-

Table 2. Calculated and observed X-ray structure factors for Ca(H,PO,),

Columns are /, 10F,, 10F,
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point of the O(5")---O(2) vector occupy apical posi- (Table 4) six of these Ca- - -O bonds are strong; those
tions of an approximate pentagonal bipyramid. Bi- to O(4) and O(6) are weaker.

pyramidal coordination of Ca is common in calcium In the ‘normal’ Ca- - O coordination in sheet-con-
phosphates. As judged from the Ca---O distances taining calcium phosphates the shortest distances are
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from Ca to oxygen atoms in neighboring chains, the
intermediate ones are to oxygens in the same chain
but with no covalently attached hydrogen, and the
longest are to oxygens covalently bonded to hydrogen
(Dickens, Bowen & Brown, 1971a). While vestiges of

this pattern persist in Ca(H,PO,),, strong hydrogen
bonding has apparently modified it, as is the case in
CaHPO, (Dickens, Bowen & Brown, 1971a). The two
oxygens O(4) and O(6), which are covalently bonded
to hydrogen atoms in ‘normal’ hydrogen bonds (see

Table 3. Calculated and observed neutron structure factors for Ca(H,PO,),

Columns are 4, 100F,, 100F, and 100a(F,). Unobserved reflections are those with intensity less than 2¢(/) and are marked by *.
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later), have the largest Ca---O distances, 2:665 and
2-826 A respectively, in some agreement with the nor-
mal pattern. The Ca- - -O(7) distance, 2-:429 A, is rela-
tively short for an oxygen covalently bonded to hydro-
gen. Oxygens O(3) and O(8), which are also bonded to
hydrogens, are not within the primary coordination
of Ca.

A CRYSTAL STRUCTURE CONTAINING UNUSUAL HYDROGEN BONDING

The PO, groups and their environments

The details of the two unique PO, groups and their
environments are given in Table 4 and shown in Figs.
3 and 4. The longest P-O distances in the phosphate
groups are those where the oxygen has a covalently
bonded hydrogen. The P(2)-O(7) and P(2)-O(8) dis-
tances are intermediate in length, which is consistent

tion.

Fig. 4. The H,P(2)O; ion environment in Ca(H,PO,), as obtained in the neutron study. Note the (H,P(2)O,), infinite chain.
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with the ‘half’ hydrogens found to be associated with
O(7) and O(8). The P-O bond lengths are expected to
be in some proportion to the strength of the interac-
tion of each oxygen with its environment. In some in-
stances this expectation is realized but in others it is not.

The O-P-O angles in the unusually distorted P(1)O,
group may be explained as follows. The smallest angle,
O(1)-P(1)-0O(4) (102-:07°), is in accord with Pauling’s
(1960) rule since the O(1)-0O(4) edge is coordinated to
Ca. The O(3)-P(1)-O(4) angle (103-17°) is expected
to be small because O(3) and O(4) are both covalently
bonded to hydrogen and P(1)-O(3) and P(1)-O(4) are

2065

both long (see, for example, Table 11 of Baur & Khan,
1970). Conversely, the O(1)-P(1)-O(2) angle is ex-
pected to be large (the observed value is 117-:59°) be-
cause P(1)-O(1) and P(1)-O(2) are both short. In the
P(2)O, group, the angles involving O(5) are the largest,
as expected because P(2)-O(5) is the shortest P-O dis-
tance in this group. However, it is not clear why the
O(6)-P(2)-O(7) angle (102-41°) is considerably differ-
ent from the O(6)-P(2)-O(8) angle (108-42°), or why
the O(5)-P(2)-O(7) angle is different from the O(5)-
P(2)-O(8) angle.

The O(1)-O(4) edge and the O(1) and O(2) apexes

Table 4. Structural details in Ca(H,PO,),

Figures in parentheses are standard deviations from least squares and do not include errors in cell dimensions. They should not
be taken as implying the mean bond distance is known to this precision. The range of thermal motion corrections for Ca-O and
0-O distances is 0-001 A (max. correlated in-phase displacements) to 0-02 A (max. correlated out-of-phase displacements).

Ca environment Distance, or angle

H,P(2)0O, group (cont.) Distance, or angle

X-ray Neutron X-ray Neutron
Ca, O(2) 2:3547 (6) A 2:345(4) A 0O(5), P(2), O(6)  109-52 (4)° 109-6 (3)°
Ca, O(1) 2:3795 (6) 2379 (5) 0(5), P(2), O(7) 11395 (4) 114,1 (3)
Ca, O(5) 2:4238 (6) 2:426 (4) 0(5), P(2), O(8) 113:49 (4) 113:0 (3)
Ca, O(7) 2-4284 (6) 2:423 (5) 0(6), P(2), O(7) 102-41( 3) 102-7 (3)
Ca, O(1) 2-4316 (6) 2:433 (4) 0(6), P(2), O(8) 10842 (4) 1086 (3)
Ca, O(5) 24874 (7) 2483 (4) O(7), P(2), O(8) 108-38 (3) 1081 (3)
Ca, O(4) 2:6647 (6) 2:670 (4) 0(6), H(3) 078 (2) A 0-957 (8) A
Ca, 0(6) 2-8262 (7) 2-831 (4) 0-985 (8)®
0(7), H(4) 1:2171 (5) 1-218 (3)
H,P(1)0, group 0O(8), H(5) 1:2116 (6) 1-210 (3)
P(1), O(1) 1-5125(6)  1-5157 (6)% 1513 (4)  1-515 ()R P(2), O(6), H(3) 116 (1)° 111-7 (5)°
P(1), O(2) 1-5061 (6)  1-5105 (6)% 1:512(4)  1:515 (4)® P(2), O(7), H4) 11375 (4) 1136 (2)
P(1), O(3) 1:5709 (6)  1:5770 (6)® 1-563 (4)  1:569 (4)R P(2), O(8), H(5) 12159 (5) 121:9 (2)
P(1), O4) 1-5742 (6)  1-5791 (6)% 1-576 (4)  1-579 (4)®
o(1), 0(2) 2-5818 (9) 2:581 (4) H,PO, environments
o(1), 0(3) 2:5773 (9) 2-569 (4) 0oQ1), Ca 2:3795 (6) 2-379 (4)
0(1), 0(4) 2-4003 (8) 2:409 (4) o(1), Ca’ 2:4316 (6) 2:433 (4)
0(2), 0(3) 2-4849 (9) 2:482 (4) 0(2), Ca 2-3547 (6) 2-346 (4)
0(2), O(4) 2:5533 (9) 2:560 (4) 0(2), H(2) 1:70, 1-98 )  1-710 (6)
0(@3), 0(4) 2:4643 (9) 2:463 (4) 0(2), O(4) 2:6778 (9)§ 2:677 (5)8
o(1), P(1), 0(2)  117-59 (3)° 117-2 (3)° 0(3), O(8) 2:6210 (9)§ 2:620 (4)§
o(1), P(1), O(3)  113-40 (4) 113:3 (3) H(1), O(8) 162, 1-80 () 1:625 (7)
o(1), P(1), O(4)  102:07 (3) 102-5 (3) 0@3), HQ1), O(8) 177°,175 (1)°L 1736 (6)°
0(2), P(1), O(3) 107:69 (4) 107-6 (3) 0(3), H(3) 1:90, 2:11 (2) At 1922 (8) A
0(2), P(1), O(4) 11195 (4) 112:0 (3) 0(3), 0(6) 2-8101 (9)§ 2-817 (4)§
0(3), P(1), O(4) 10317 (4) 103:4 (3) 0(4), Ca 2:6647 (6) 2:671 (5)
0(3), H(1) 0-82(2) A 1-000 (8) A 1-016 (8)F 0(4), 0Q2) 2:6778 (9)§ 2:677 (5)8
0(4), H(2) 0-73 (2) 1-000 (8)  1-011 (8)R H(2), O(2) 1-70, 1-98 (2)f  1-710 (6)
P(1), O(3), H(1) 110 (1)° 1159 (4)° 0(4), H(2), O(2) 164, 161 (2)°t 1628 (6)°
P(1), O(4), H(2) 117 (1) 117-0 (3) 0(5), Ca 2:4238 (6) A 2:426 (4) A
0(5), Ca” 2:4874 (7) 2483 (4)
H,P(2)0, group 0(6), Ca 2-8262 (7) 2-831 (4)
P(2), O(5) 1-4959 (6) A 1:4997 (6)% 1-499 (4) A 1-502 (4)® 0(6), O(3) 2-8101 (9)§ 2-817 (4)§
P(2), O(6) 1-6001 (6)  1-6057 (6)% 1-596 (4)  1-601( 4)® H(3), 0(3) 1:90, 2-11 Q)  1-922(8)
P(2), O(7) 1-5266 (6)  1-5308 (6)° 1-528 (4)  1:532 (4R 0(6), H(3), O(3) 150, 150 (2)°% 1545 (6)°
P(2), O(8) 1:5401 (6)  1:5461 (6)F 1-540 (4)  1:545 (4)R o(7), Ca 2:4284 (6) A 2429 (4) A
0(5), O(6) 2-5292 (9) 2-530 (4) o7, O(7) 2:434 (1)§ 2434 (5)§
0o(5), 0(N 2:5341 (8) 2:540 (4) H(4), O(7") 1:43, 1217 (5 1-217 (3)
0(5), O(8) 2-5389 (9) 2:535 (4) 0O(7), H(4), O(7) 180, 180°% 180°
0(6), O(7) 24372 (9) 2:439 (4) 0(8), O(8") 2:423 (1)§ 2-419 (6) A§
0(6), O(8) 2:5473 (9) 2-547 (4) H(5), O(8") 1-44, 1-216 (6)1 1-210 (3)
0o(7), O(8) 2-4869 (9) 2:484 (4) 0(8), H(5), O(8") 167, 180°t 180°
0(8), 0(3) 2:6210 (9)§ 2:620 (4)§
0O(8), H(1) 162, 1-80 ()% 1:625 (7)

t First value from calculated hydrogen position,0-H distance of 1:000A, P-O-H angle
of 114° assumed, as described in text, second value from X-ray results.

§ These O- - -O distances involve hydrogen bonds.
R Riding-model correction (Busing & Levy, 1964).

AC2B-3
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in the P(1)O, group and the O(5), O(6) and O(7) apexes
in the P(2)O, group are coordinated to Ca. No edge
in the H,P(2)0, ion is coordinated to Ca.

The hydrogen bonds

In our X-ray studies of calcium phosphates, the posi-
tions of the hydrogen atoms are known only imprecisely
owing to known systematic error in the scattering fac-
tors of hydrogen. It has become our practice to cal-
culate ‘ideal hydrogen positions’. In Table 1 we report
similarly calculated hydrogen positions for compari-
son with the positions from the neutron-diffraction re-
sults. The calculated positions were obtained by as-
suming that the O-H distance is 1000 A and the
P-O-H angle is 114°, averages of the values found by
neutron diffraction here and in CaHPO,.2H,0 (Jones,
1970). The calculated positions for H(I), H(2) and
H(3) are close to those found by neutron diffraction,
and justify the procedure for use in cases of non-
centered hydrogen bonds if neutron studies may
be unavailable.

The variation of the O-H distance with the O---O
distance for the non-centered hydrogen bonds is con-
sistent with the curve given by Pimentel & McClellan
(1971; Fig. 4, therein). The O(6)-H(3) distance of 0-97
A is the value expected for an O- - -O distance of 2-82
A. Likewise, the O(3)-H(1) and O(4)-H(2) distances
of ~1:03 A are those expected for O-.-O distances
of 2:62 and 2-68 A.

While the precision of our neutron study does not
equal that of our X-ray work, the orientations of the
ellipsoids representing the vibrational motion of H(1)
and H(2) are reasonable in that the smallest principal
axis is in each case approximately parallel to the O-H
bond, and the largest amplitude of motion is perpen-
dicular to the P-O-H-.-O plane. This is to be ex-
pected since motion of the hydrogen out of this plane
(derived from OH libration about the P-O bond) is
known to be of low frequency (~950 cm~!) and thus
of relatively large amplitude (Chapman & Thirlwell,
1964).

The orientation of the thermal ellipsoid for H(3) is
not as easily understood as those of H(1) and H(2).
The large errors (~20°) in the orientation angles for
H(3) suggest that the motion of this hydrogen may not
be adequately described by the usual thermal ellipsoid.

Hydrogen atoms H(4) and H(5) are both involved
in very short hydrogen bonds, the O.--O distances
being 2+434 and 2:423 A respectively, and link P(2)O,
groups together to form a chain with the repeating
unit -H(4)---O(7)P(0O,H)O(8)---H(5)- (see Figs. 1
and 4). The apparent positions of these protons on
centers of symmetry may be examined in terms of
three models. (i) The protons could be ordered in a
chain so that each one is associated with only one PO,
group. Thus, H(4) and H(5) would not be on centers
of symmetry, but the sense of neighboring chains
would be random to give an average picture of two
half-hydrogens about the center. This situation is very
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unlikely in view of the very short O-.-O distances;
asymmetric distributions have been found only for
O---0O distances greater than 2-54 A (Pimentel &
McClellan, 1971). (ii) Each proton could be located
in a symmetrical double-minimum potential with the
very short O- - - O distance implying a low central bar-
rier and consequently a high tunneling rate. (iii) Each
proton could be in a potential well with a central bar-
rier, if any, below the zero-point energy.

The difficulty of deciding from diffraction data alone
whether the potential has a single or double minimum
has been discussed by Hamilton & Ibers (1968). Using
the neutron data on Ca(H,PO,),, we carried out a
series of refinements in which H(4) and H(5) were dis-
placed off center along the O(7)---0O(7") and O(8)- - -
O(8’) vectors respectively in steps of 0-05 A and only
the vibrational amplitudes of the protons and associ-
ated oxygens O(7) and O(8) were allowed to vary. The
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Fig. 5. The variation of the mean-square amplitudes of hydro-
gen atoms H(4) and H(S) with displacement from the centers
of symmetry along the O(7)---O(7°) and O(8)---O(8)
vectors in Ca(H,PO,),.
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apparent amplitudes of vibration for H(4) and H(5)
along the O-.--O vectors decreased as the protons
were moved further off center while the corresponding
amplitudes for O(7) and O(8) remained constant. No
significant change in the value of R,, occurred until the
protons were 0-17 A off center, when negative ampli-
tudes of vibration were obtained for both protons. Fig.
5 gives the results of these refinements and shows that
an upper bound for the off-center distances is ~0-15 A
assuming the proton vibrational amplitude along the
O-..0 vector must be at least that of the oxygens.
This is a good assumption since the only motions where
the proton does not move with the oxygen atoms are
modes in which the oxygen motions maintain the cen-
ter of symmetry and these optic modes are known to
have very small amplitudes. This reasoning restricts
the protons to within 0-15 A of the centers.

More insight into the nature of these short hydrogen
bonds can be gained by considering both spectroscopic
and diffraction information. The exact frequency of
the OH stretching vibration for very short (~2:45 A)
hydrogen bonds is still under discussion, but is gener-
ally associated with absorptions in the range 600-1500
cm~! (Hadzi, 1965). The infrared spectrum of
Ca(H,PO,), in the range 400-4000 cm~! is shown in
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Fig. 6. Top: infrared spectrum of Ca(H,PO,), in the region 1300
to 4000 cm~! taken from a halocarbon oil mull smeared
between KBr plates. Particle sizes under 10 um. Bottom:spec-
trum in the 400 to 1300 cm ~ ! region taken froma Nujol mull.
Spectra were run on a grating spectrophotometer using the
standard slit program and a scan speed of 33 cm~! min~',
Frequencies were checked against a standard 0-05 mm poly-
styrene film.
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Fig. 7. A comparison of the zero-point energy, E,, and the
central barrier of two combined harmonic potential wells for
an extreme case (dotted lines) and a more probable case
(lines) solid for hydrogens H(4) and H(5) in Ca(H,PO,),.

Fig. 6. Our spectrum confirms an earlier one by Lehr,
Brown, Frazier, Smith & Thrasher (1967). Although
we do not intend to delve into detailed assignments,
some absorption bands can be assigned by analogy
with other phosphates (Chapman & Thirlwell, 1964)
and Ca(H,PO,),. H,O (Berry, 1967). The absorptions
at 3450 and 3320 cm~! are O-H stretching frequencies
expected for an O- - -O distance of ~2-82 A (Pimentel
& McClellan, 1971), while absorption at 2950 cm™~1 is
similarily expected for O---O distances of ~2:6 A.
This leaves open the question of the OH stretching
frequency for the very short (~2:45 A) hydrogen
bonds, which are expected to absorb in the 500-1700
cm~! region (Hadzi, 1965). However, many absorp-
tions including in-plane and out-of-plane OH bends,
which hinder assignments via deuterium shifts, ab-
sorb in this region and make it difficult to uniquely as-
sign the OH stretching frequencies associated with the
short hydrogen bonds. The spectrum indicates that the
highest stretching frequency the OH vibrations in the
centered hydrogen bonds could have is ~ 1400 cm~?!,
assuming the absorption at ~ 1400 cm~1!is due to OH
stretching rather than to OH in-plane bending. One
can construct an approximate double-minimum poten-
tial for these protons using both spectroscopic and
diffraction data. As the extreme case, we can take an
upper bound to the OH stretching frequency as 1400
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cm~!, and using the relationship (Hamilton & Ibers,
1968) i
N "
W= 8nmcy

for the harmonic oscillator in the ground state, we ob-
tain (u?)=~0-012 A2, where (u?) is the mean-square
amplitude of vibration in A% and v is the frequency in
cm~!. If we make the assumption that the total mean-
square amplitude of each proton is at least that of the
bonded oxygens, the potential minimum could be 0-15
A off center (Fig. 5). Fig. 7 shows that in this extreme
case (highest OH stretching frequency, no allowance
for other vibrational modes, i.e., no oxygen motion
considered, harmonic potential), the central barrier is
below the ground state vibrational level, i.e., the zero-
point energy. Allowance for the anharmonity asso-
ciated with hydrogen bonds would lower the barrier.

A more reasonable potential might be one con-
structed assuming voy ~ 1150 cm™~! because the spec-
trum shows intense absorption characteristic of hydro-
gen bonding in this region. (This assignment is not
unique because PO}~ vibrations also absorb in this
region.) Then (u?) would be 0:015 A2 (u?), as es-
timated from the diffraction results is 0-009 A2, and
the total mean-square amplitude, (u*)o+ (¥*)y would
be approximately 0-015+0-009=0-024 A2, This puts
the potential minimum 0-11 A off center (Fig. 5) and
Fig. 7 shows the central barrier would again be much
lower than the ground-state vibrational level.

One might assume a value for the OH stretching
frequency lower than that given here, but this leads
to a larger mean-square-amplitude of vibration and
thus the separation of the potential minima must be
smaller to fit the diffraction data. Hence, the central
barrier would be still lower. Thus, we conclude that
the H(4) and H(5) atoms in Ca(H,PO,), are in centered
hydrogen bonds. The conclusion that the central bar-
rier lies below the ground-state vibrational level for
these hydrogen bonds agrees with the prediction that
the proton displays a centrosymmetric distribution
when R(O---0) <247 A (Pimentel & McClellan,
1971), and is supported by recent ab initio calculations
on short hydrogen bonds (O---O ~2-45 A) in H;05
and H;0; (Kollman & Allen, 1970; Newton & Ehren-
son, 1971). These calculations indicate that the central
barriers in the potential wells are significantly below
the zero-point energies (~700 cm™!) for O.--O sep-
arations up to 2-487 A. It therefore appears best to
consider the delocalized proton in hydrogen bonds of
this type as a ‘particle in a box’ since the proton moves
in a rather broad and flat potential exhibiting con-
siderable anharmonicity.

General discussion

The general details found in the structure of Ca(H,PO,),
are also present in Ca(H,AsO,), (Ferraris, Jones &
Yerkess, 1972), which was investigated independently.
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The overall structural type is expected to be uncom-
mon because the great excess of anions over cations
will make three-dimensional bonding unavailable for
most combinations of ions. Possible candidates for
this type of structure will probably consist chiefly of
anions with at least one and more probably two hydro-
gens (i.e., H,PO;, H,AsO;, H,VO;, HSO;, HCrO;,,
etc.) with which to form hydrogen bonds. If an acid
molecule (with zero net charge) derived from a tetra-
hedral anion can be induced to crystallize in the struc-
ture, the cation need not be more than monovalent.
Salts of the type Ca[BF,(OH),], are also possibilities
although BF, salts themselves are not because they
have no way of forming significant bonds between
anions. The salts Sr(H,PO,), and Ba(H,PO,), are
known to crystallize in two forms each (Lehr et al.,
1967). The reduced cells (Mighell, Santoro & Donnay,
1969) of their triclinic forms, together with a permuta-
tion of the cell of Ca(H,PQO,),, are:

a b ¢ o B y
Ca(H,PO,), 5-550 A 8-253 A 7-558 A 109-15° 93-68° 109-87°
Sr(H,PO,), 670 7-10 7-84 1047 969 1093
Ba(H,PO,), 7-03 7-24 8-10 1050 962 1086

While the Sr and Ba salts appear to be structurally
related to each other, they do not seem to be simply
related to the Ca salt. Perhaps Ca is not able to sustain
the large cation coordinations undoubtedly required
in the Sr and Ba structures, and a relationship of dis-
tortion obtains similar to the relationship between the
Ba,(PO,), (Zachariasen, 1948) or Ba,;(VO,), (Siisse &
Buerger, 1970) type structures and f$-Ca;(PO,), (Gopal
& Calvo, 1971; Dickens, Bowen & Brown, 19714). In
the apatite series, Ca is just within the stability field
which includes Ba and Sr. For cations with ionic radii
less than that of Ca, the wagnerite (Mg,PO,F) struc-
ture is preferred (Kreidler, 1967).

The linking of PO, groups through symmetrical hy-
drogen bonds to form chains running throughout the
crystal is one of the more novel features of the struc-
ture of Ca(H,PO,),. To our knowledge this is one of
only two examples of such extended linkages involv-
ing centered hydrogen bonds, the arsenate analog,
Ca(H,AsO,), (Ferraris et al., 1972), apparently being
a similar case. Such linkages suggest possible ferro-
electric behavior especially in view of the fact that
other salts of H,PO;, e.g., KH,PO,, are well known
ferroelectrics. Present theories of hydrogen-bonded
ferroelectrics (Kobayashi, 1968) emphasize the order-
ing of the protons in a double well. In general, these
theories lead to the result that the higher the tunnel-
ing rate (i.e. the lower the barrier), the lower the tem-
perature of the phase transition, which is often second
order.

In the case of Ca(H,PO,),, our unsuccessful attempt
to reduce extinction in the crystal used for neutron dif-
fraction by dipping it in liquid nitrogen indicates that
there is probably no first-order phase change in
Ca(H,PO,), between room temperature and ~77°K,
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although there is still the possibility of a second-order
phase transition. However, the barriers are seemingly
well below the zero-point energies even at room tem-
peratures, and contraction on cooling would be ex-
pected to decrease the barriers by more overlapping of
the component potential wells. Thus, we conclude that
the existence of a ferroelectric phase of Ca(H,PO,), is
unlikely.

The existence of hydrogen-bonded dimers of H,PO;
groups in Ca(H,PO,), may have some bearing on spe-
cies present in aqueous solutions of phosphates. The
existence of a dimeric species [H,(PO,),]*~ in fairly
dilute aqueous solutions of alkali metal orthophos-
phates has been suggested (Childs, 1969, 1970) on the
basis of studies of ionic equilibria. Similar postulates
have been made for solutions of H;PO, more concen-
trated than 0-1 m (Elmore, Hatfield, Dunn & Jones,
1965). The presence of the ion pairs {[CaHPO,]° and
[CaH,PO,]* has been suggested (Moreno, Gregory &
Brown, 1966) via solubility studies of calcium phos-
phates. Our observation of H,P(1)O, ions linked into
dimers and H,P(2)O; ions linked together by sym-
metrical hydrogen bonds to form polymeric chains sug-
gests that the possibility that small polymers of phos-
phate ions exist in aqueous solution be given serious
consideration. The related case of the hydration of
H*.nH,0 to H*.(n+1)H,0O has been studied by Ker-
bale, Searles, Zolla, Scarborough & Arshadi (1967)
who showed by mass spectrometry that no unique value
of n dominates. Indeed, in the crystal structure studies
of (H*.nH,0) X~ compounds (Lundgren & Olovs-
son, 1968), H;O; and higher complexes were found.
Thus, further investigations into the existence of di-
meric, trimeric, efc., species involving H,PO; seems
warranted. The dissociation constants of H,PO,,
10~%12 10-7-2t and 10-12'%7, reveal considerable af-
finity of the PO, group for its second and especially its
third hydrogens. Thus phosphates, being polybasic,
might be expected to contain unusual but chemically
important hydrogen bonds which result in the forma-
tion of unusual complexes.
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02 to the National Bureau of Standards from the
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The Crystal and Molecular Structure of Dibenzofuran
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Dibenzofuran, C;,HsO, forms colourless orthorhombic crystals with four molecules in the unit cell of
dimensions a=7-65+002, 5=590+0-01, ¢=19-32+0-02 A. The intensity-statistics test decided in
favour of space group Pnam rather than Pna2,. The gross structure was solved by the method of the
weighted reciprocal lattice combined with trial-and-error procedures taking advantage of the analogy
with similar structures. The parameters were refined by three-dimensional least-squares methods
utilizing 539 observed reflexion intensities obtained photographically with Cu K radiation, to a final R
index of 0-092. The bond lengths and bond angles of the molecule show no abnormalities; they have
estimated standard deviations of about 0-007 A and 0-45° respectively for non-hydrogen atoms. The
individual five or six-membered rings are planar but the six-membered rings make a significant dihedral
angle (1-2°) with the five-membered ring. A crystallographic mirror plane normal to the ¢ axis passes
through the oxygen atom of the molecule. Some physical properties of the compound are compared
with those of fluorene and carbazole. A theoretical calculation has been made to account for the
lengthening of the C(6)-C(6’) contact bond, a characteristic feature of this type of molecule with

a phenanthrenoid arrangement of rings.

Introduction

The investigation of the crystal and molecular structure
of dibenzofuran, C;,HO, is part of a programme of
research on heterocyclic compounds in our laboratory
being carried out because of their important uses as
drugs, dyes and because many of the cancer-arresting
substances are heterocyclic. The objects of the present
investigation were twofold: (a) to explain the physical
properties suchas cleavage, melting point, efc.in relation
to crystal structure and (b) to obtain molecular dimen-
sions of sufficient accuracy to form a basis for discus-
sion and comparison with theories of molecular
structure. Extensive theoretical calculations have been
done from the standpoint of z-electron delocalization
to account for the irregular deviations of bond lengths
within a ring from the values of standard conjugated
distances. Preliminary results on the crystal
structure analysis of this compound were reported by
Banerjee (1971, 1972). Thereafter a comprehensive
three-dimensional least-squares refinement was carried
out with anisotropic temperature factors and hy-
drogen-atom contributions and the results are pre-
sented here.

Experimental

Repeated crystallizations by sufficiently slowing down
the rate of evaporation of the solvent at room temper-
ature (27°C) from a solution in alcohol yielded colour-
less transparent crystals lath-like in habit, platy on the
(001) face, with lengths parallel to the shortest crys-
tallographic axis, b. The crystals exhibited a perfect
cleavage parallel to the (001) plane and displayed
extinction parallel to their length. The cell dimensions
were determined from single-crystal oscillation and
Weissenberg photographs about the a and b axes usinga
good crystal. Diffraction effects show the following
systematic absences: A0/ absent if A=2n+1 and Ok/
absent if k4+/=2n+1. This X-ray data and dimen-
sional considerations indicate that the four molecules
in the unit cell must either occupy general positions in
space group Pra2, or lie across the mirror planes in
the space group Pnam. This ambiguity in space group
was resolved in favour of Pram by the statistics test of
Wilson (1949). The crystal density was measured by
flotation in an aqueous solution of ZnSO,. The crystal
data are given in Table 1. The integrated intensities of
539 reflexions were visually estimated from zero and



