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anomalous scattering element are present in the unit 
cell. 
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The  Crystal  S tructure  of f l -Naphthol  
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(Received 14 February 1958) 

The non-centrosymmetric structure of fl-naphthol has been determined with the aid of optical 
transforms and refined by two-dimensional Fourier methods. Every molecule is attached by 
hydrogen bonds to two neighbours, and in this way the molecules are linked into chains; adjacent 
molecules in any chain are crystallogwaphically non-equivalent. Each chain runs throughout the 
crystal with its length parallel to the a axis of the monoclinic unit-cell. 

1. Introduct ion 

The crystal structure of fl-naphthol has been examined 
by several research workers. In a paper which includes 
a review of previous investigations (Hargreaves & 
Watson, 1957) the authors show that  the space group 
is almost certainly Ia and that  the unit  cell contains 
two sets of non-equivalent molecules. It  was previously 
assumed that  the length of the c axis is only half that  
now established, and that  the unit cell contains only 
one set of equivalent molecules arranged in the space 

group f21/a; with these assumptions Kitaijg0r0dskij 
(1945, 1947) derived details of the structure of 
fl-naphthol based part ly on X-ray evidence and partly 
on geometrical considerations. The structure deter- 
mination described in this paper is based wholly on 
X-ray evidence and confirms that  the correct space 
group is Ia. 

Wherever possible use has been made of optical- 
transform methods, and the considerable help afforded 
by these methods in determining the orientations of 
the non-equivalent molecules is emphasized in the 
following sections of the paper. 

2. E x p e r i m e n t a l  data 

The determination of the space group and unit-cell 
dimensions are described in the earlier paper (Har- 
greaves & Watson, 1957) and only the results will be 
quoted here : 

a=8.185+0-015, b=5.950+0.003, c=36.29±0.01 A; 
fl = 119 ° 5 2 ' + 7 ' .  

X-ray data show that  the space group is either Ia 
or I2/a. Pyr0eleetrie tests and statistical tests on the 
X-ray intensities indicate that  the crystals are almost 
certainly non-centrosymmetric; this suggests that  the 
centrosymmetric space group I2/a should be rejected 
and that  the correct space group is Ia. There are 4 
equivalent general positions in Ia and therefore the 
8 molecules in the cell will occupy 2 non-equivalent 
sets of general positions. 

Reflexions hO1 and Okl, recorded in zero-layer-line 
Weissenberg photographs using unfiltered CuKo~ 
radiation, provided the data from which the final 
atomic positions were deduced. The intensities of the 
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reflexions were measured by visual comparison with 
calibration spots of known relative exposure. The cross- 
sections of the crystal specimens used for taking both 
sets of Weissenberg photographs are rectangular in the 
plane perpendicular to the axis of oscillation; the 
cross-sectional dimensions are 0.24 mm.×0.10 mm. 
(b-axis specimen) and 0.16 mm. x0-10 mm. (a-axis 
specimen). No absorption corrections have been m a d e ;  
it is estimated that  errors in structure amplitudes 
caused by neglecting the absorption will not exceed 
5% for the hO1 reflexions and 2% for the Okl re- 
flexions. 

3. Determinat ion  of the s tructure  

(i) The [010] projection 
The determination of the shape and orientation of 

the projections of benzene rings from weighted 
reciprocal-lattice sections is discussed in detail by 
Hanson, Lipson & Taylor (1953). The hOl weighted 
reciprocal-lattice section of fl-naphthol is shown in 
Fig. 1 ; the weights are related to the uni tary structure 
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Fig. 1. The hOI section of the weighted reciprocal lattice. 

Peaks associated with the transform of the benzene mole- 
cule surrounded by full lines (principal peaks) or broken 
lines (subsidiary peaks). 

factors. Only two peaks can be seen on or outside the 
benzene circle; because of the large tilt  of the molecule 
the other four principal benzene peaks are outside the 
range of reflexions observed with Cu K s  radiation. 
However, the transform of a benzene ring has six 
subsidiary peaks which lie at smaller distances from 
the origin than the principal peaks, and these can be 
distinguished in the weighted reciprocal lattice. The 
approximate molecular orientation was deduced from 
the positions of both the two principal peaks and the 
six subsidiary peaks. The optical transform of the 

single 'naphthalene molecule' (i.e. fl-naphthol with 
the oxygen atom omitted) was then compared with 
the weighted reciprocal lattice. Reasonable agreement 
was obtained in the peak regions, but it was obvious 
that  not all the large reflexions contained in the two 
benzene peaks could be produced by further slight 
adjustments in the orientation of the single naph- 
thalene molecule; since equivalent molecules are 
parallel in this projection it follows that  the two sets 
of non-equivalent molecules must have slightly dif- 
ferent orientations. 

The approximate intermolecular separation of the 
two sets of non-equivalent molecules was determined 
by examination of the fringing through the peaks 
which appear in the weighted reciprocal-lattice sec- 
tion. With this information an optical transform of the 
two non-equivalent molecules in different orientations 
(Fig. 2) was obtained which showed very good agree- 

~) 
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Fig. 2. (a) Optical transform of the [010] projection of the two 
non-equivalent molecules. (b) Projected molecules giving 
optical transform in (a). 

ment with the weighted reciprocal lattice section 
(Fig. 1). 

(ii) Refinement of the [010] projection 
Using the atomic positions derived optically for the 

carbon atoms and the scattering-factor curves given 
in the International Tables (1935), real and imaginary 
parts of the structure factors were calculated by the 
Manchester University digital computer. The agree- 
ment residual R = Z[iFo[-[FcII+,~[Fol at this stage 
was 44 %. The calculated phases were used to compute 
a two-dimensional Fourier synthesis which showed 
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Fig. 3. (a) Projection of electron density along [010]. Contours are at intervals of l e./~-s; the 1 e.A -s contour is broken. 
(b) Projection of (qo--~c) along [010]. Contours are at intervals of 0.2 e./~-~; negative contours are broken and the zero 
contour is omitted. 

peak heights of approximately 4 e.A -2 in positions 
which, from stereochemical considerations, are pos- 
sible oxygen positions. With the oxygen atoms now 
included the residual R reduced to 40 %. 

The refinement of a non-centrosymmetric structure 
is necessarily slow; after five Fo syntheses R fell to 
25%. 

Using McWeeny's scattering- factor curves 
(McWeeny, 1951) five successive (Fo-Fc) syntheses 
were next computed, incorporating all but the very- 
low-angle reflexions which suffer from possible ab- 
sorption and extinction errors. The atomic movements 
indicated by the (Qo-~c) maps were calculated from 
the electron-density gradients (Cochran, 1951). After 
the third difference synthesis the presence of electron 
density in probable hydrogen positions was indicated 
and so the hydrogen atoms were included in the suc- 
ceeding syntheses. The agreement residual R for the 
observed reflexions, using the final co-ordinates, is 
13 %. The last difference synthesis and an Fo synthesis 
using the final calculated phase angles give the elec- 
tron-density distributions shown in Fig. 3. 

(iii) The [100] projection 
The molecular orientation of fl-naphthol in the [100] 

projection has been determined by optical methods 
without assuming any knowledge of the molecular 
orientation derived from the [010] projection. 

The 0kl weighted reciprocal-lattice section of fl- 
naphthol is shown in Fig. 4; the weights are propor- 
tional to the unitary structure factors. Twelve peak 
regions can be seen near the benzene circle. 

Equivalent molecules related by the glide plane a 
will, in general, have different orientations in the [100] 

projection. I t  is possible, therefore, for a single set of 
equivalent molecules to produce 12 peak regions near 
the benzene circle. If the non-equivalent molecules 
are also in different orientations a total of 24 benzene 
peaks is possible. Examination of optical transforms, 
using only carbon atoms, quickly indicated that  each 
of the 12 observed peaks represents two superimposed 
benzene peaks from equivalent molecules; thus peaks 
produced by non-equivalent molecules are resolved 
from one another. 

(iv) Refinement of the [100] projection 
Using co-ordinates for the carbon atoms obtained 

partly by the optical method and partly by adopting 

C "~ sin 

l, b ~ 

Fig. 4. The 0kl section of the weighted reciprocal lattice. 
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Table 1. Observed and calculated structure amplitudes and calculated phase angles for hO1 and Okl reflexiona 

,- oI .o(O) ,'o, °) ,.o, o) 
0 0 2 21 23 180 4 0 1-~ 15 19 ].74 0 0 2 21 19 ].86 0 4 0 2 0 
00 4 95 104 186 
00 6 40 39 ].95 
00 8 34 34 190 
00 I0 59 42 194 
0 0 12 28 32 186 
0 o 14 64 69 202 
0016 60 62 11 
0 018 33 31 36 
0020 I0 9 201 
0022 23 21 25 
0024 17 17 201 
0 0 2 6  5 233 
0028 ; I  8 203 
0030 23 22 40 

2 0 0 175 193 I 
2 0 2 2]. ].9 33 
20 4 23 22 18 
20 6 - 4 166 
2 0 8 25 21 8 
20 I0 ].5 ].I 15 
2 0 12 52 33 194 
2014 68 76 204 
2 o 16 37 40 18 
2 0 18 - 2 90 
2 0 20 9 ].o 24 
2 0 22 - i 90 
2 0 2 4  - 3 0 
2 026 19 23 2].8 
2 o 28 - 3 9o 
2 0 30 14 12 55 
2 0  2 23 28 264 
2 0 ~ 165 202 179 
2 0 -~ 22 33 27 
20 ~ 87 106 174 
2 0  I__00 13 13 9 
2 0 1-2 20 27 3-74 
2 0 1 1 ~  25 3o 338 
2 13 14 lO6 
2 0 :T8 44 37 333 
2 0 2"-~ 22 24 178 
2 0 ~ 40 36 337 
2 0 24 23 22 ].83 
2 0 2-~ 26 21 342 
202"~ 22 17 115 
2 0 3--'(~ 18 14 ].68 

4 o o 35 35 191 
4 0 2 - 12 24 
4 o 4 - Io 197 
40 6 - 8 14 
4 0 8 3 342 
4 0 10 25 22 23 
4 012 15 15 ].92 
4 o ].4 - 8 225 
4 o 16 - 3 315 
4 0 18 - 2 333 
4 o 20 - I 315 
4 0 2 2  - 6 198 
4 0 2 4  - 2 0 
4 0 26 12 11 2]4 
4 o 2 21 51 329 
4 o  33 32 17o 

21 21 31 
4 o ~' 39 45 Z74 
4 0 10 14 10 32 

l=~ 00 4 95 lO8 184 
0 IA 

0 ;5 40 342 0 0 6 40 44 196 
5 127 

4 0  i.~8 ~I 12 35 0 o 8 34 34 176 
4 0  20 II 13 357 00 i0 39 46 187 
. 4 0  --̂ .22 88 105 310 0 0 1 2  28 28 176 

0 ~ 299 0 0 14 64 53 199 
0 -- - 3 45 0 0 16 60 52 I 

4 0 28 18 14 III 
-- 0 018 35 29 22 

4 0 50 71 68 155 o o 20 Io 6 202 
4032 32 29 131 0022 23 19 32 
4 o .~  18 15 146 0 0 2 4  17 14 207 

o 4 297 o o 26 - 8 157 
4 o 38 - 3 315 0 0 2 8  11 12 222 
4 0 4 0  7 321 o o 3o 23 25 45 
4 0 4 2  3 315 0 0 5 2  - 5 248 
4 0 4~ " 6 279 0034 - 5 235 

o 11 16 142 o o 36 - 6 278 

6 0 0 22 16 191 0 0 38 3 225 
60 2 - 3 1)5 0 0 4 0  ; 6 231 
6 0 4 - 6 198 0 1 i 21 21 85 
60 6 - 3 252 01 3 17 21 319 
6 0 8 - 6 259 0 1 5 42 43 103 
6 o I0 - 5 169 0 1 7 28 26 296 
6 o ].2 6 81 o i 9 S 7 o 
6 0 1 4  15 ].7 21 0 1 I I  9 12 284 
6 0 2 19 I i  358 0 1 1 5  33 32 139 
6 0  ~ 32 27 8 0 i 15 11 7 82 
6 o _ ~ 13 14 0 0117 37 37 285 
60 8 9 4 207 0119 - 8 53o 
6 o I"~ 9 II 138 0 1 2 1  7 8 90 
6012 4 297 0123 2 63 
6 o " i ' i  ~4 17 z94 o I 25 15 11 13z 
6 0 ~ 61 60 346 0 127 19 18 117 
6018 7 45 0129 21 24 306 
6 0 ~-6 [4 I0 143 0 i 3] S ]Z 9o 
602"~ 9 I0 169 02 0 46 40 0 

05 2 243 0 2 ~ 27 29 35~ 
o ~o "8 12 169 02 4 74 80 184 %) 

6 0 2-8 13 11 170 o 2 6 II 12 294 
6 0  ~_ 59 31 151 0 2  8 28 27 158 
6 0 3 2  29 26 542 0 2 1 0  12 14 216 
6 0 34 34 35 322 0 2 12 34 37 39 

o 214 24 25 346 
8 0 0 - 2 63 0 2 16 5 4 0 
8 0  ~ 1 0 0 2 1 8  17 17 546 
8 o ~ ~6 17 o o 2 20 ].2 n 158 
80 ~ 12 12 209 0222 7 7 3].5 
80 _~ - 2 207 0224 9 9 ].62 
80 I_~0 4 124 0226 31 56 214 
80 I._22 1 0 0228 8 7 27 
8 0 ~. 2 90 o 2 30 7 6 45 
8 0 .___ ~8 15 552 o 3 i 56 40 271 
8 0 1 8  - 7 304 o 3 3 47 47 96 
8 o 2~_ 21 22 166 o 3 5 28 27 96 
8 0 2 2  - 3 135 o 3 7 ].3 12 o 
8 0 24 4 0 0 3 9 36 33 293 
8 o 26__ - 4 236 0 3 II 16 12 114 
8028 - 6 198 0315 25 24 99 
8 0 ~__ 7 16 0 3 1 3  9 9 6 
8052 - 8 33 o 3 17 33 33 289 
8 o ~_4~ 21 21 354 o 3 z9 I0 i0 299 
8036 12 12 190 0 3 2 1  26 23 108 

o 323 ]. i  9 198 
05 25 8 6 239 
0327 8 6 309 
0 3 29 8 i0 139 

0 4 2 "9 lO 75 
0 4  4 14 12 3O9 
o 4 6 13 1~ 86 
0 4 8 II 12 215 
0 4  io 9 I0 96 
0 4 1 2  5 8 240 
0 414 5 127 
0416 ;7 17 263 
0418 27 26 182 
0 4 2 0  18 19 554 
o 422 19 19 42 
0 4 2 4  - 1 9o 
0426 - 5 189 
0 4 2 8  - 1 153 
o 4 3 0  - 2 90 
0 4 32 l o 
o 4 3 4  6 6 187 
o 5 z - 4 33 
05 5 8 6 55z 
0 5 5 16 11 1o5 
o 5 7 15 14 240 
0 5 9 22 21 287 
0 5 II Ii 15 176 
0 5 13 II 12 66 
0 5 15 9 7 219 
0 517 6 6 59 
0519 - 2 297 
o 5 21 7 9 90 
0525 7 7 164 
o 5 25 13 9 311 
0 6 0 - 5 0 
0 6 2 0 "~- 
06 4 [7 12 190 
0 6 6 I0 i0 217 
0 6  8 24 25 7 
06 I0 11 11 355 
0 6 1 2  9 7 196 
o 6 14 - o ,~, 
o 616 4 6 189 
0 6 ] 8  8 7 0 
0 6 2 0  5 4 104 
0622 7 6 18 

the intermolecular separation parallel to the c axis 
found in the [010] projection, real and imaginary parts 
of the structure factors were calculated. As for the 
[010] projection a Fourier synthesis was computed and 
the oxygen atoms appeared in the electron-density 
map with peak heights approxmiately equal to 4 e./~ -~. 
Three Fourier refinements including the oxygen atoms 
reduced the residual/~ from 305/0 to 19%. 

Five successive (Fo-Fc) syntheses were computed, 
using McWeeny's scattering factor curves. All but the 
very-low-angle reflexions were used in these refine- 
ments. Hydrogen atoms were included in the third 
(Fo-F~) synthesis. Structure factors calculated after 
the fourth difference synthesis gave an agreement 
residual R = 12 % for the observed reflexions and the 
succeeding (Qo-Q~) map showed no appreciable slopes 
at  the atomic centres. 

At this stage of refinement, which was intended to 
be the final one, it was noticed that the mutual posi- 
tions of five adjacent carbon atoms in one of the 
molecules were such that they represented unusually 
short and long bond distances between the atoms. 
Structure factors were therefore calculated using the 
z co-ordinates deduced from the [010] projection--  
which had been refined independently--for these five 
atoms; the residual R fell to 11%. The corresponding 
(~o-~c) map (Fig. 5(b)) indicated that of the five 
atoms one should be left at its newly assigned position, 
two should be moved still further away from their 
previous positions, and two should be moved back 
towards their previous positions. The refinement could 
be continued further but it is slow; the peculiar 
behaviour of these five atoms serves to illustrate the 
difficulties met in refining non-centrosymmetric struc- 
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:Fig. 5. (a) Projection of electron density along [100]. Contours are at intervals of 1 e.A-~; the 1 e./~ -~ contour is broken. 
(b) Projection of (@0--@c) along [100]. Contours are at intervals of 0.2 e .A-s;  negative contours are broken and the zero 
contour is omitted. 

tures. :Fig. 5(b) was used to deduce the final atomic 
co-ordinates for the [100] projection. An Fo synthesis 
computed using the final calculated phase angles gives 
the electron-density map shown in Fig. 5(a). 

eulated for both A and B in Table 2; it is evident that  
B is the correct structure. Reflexions with h even have 
the same calculated structure amplitudes for both 
structures and are therefore omitted from Table 2. 

4. Choice be tween  two poss ib le  s tructures  

I t  is not possible to deduce the structure uniquely from 
the two projections, parallel to [010] and [100] 
respectively, shown in Figs. 3(a) and 5(a). There are 
two possible structures--A and B, say--with different 
projections parallel to [001] but with homometric 
projections parallel to the [100] and [010] axes. 
Structure A may be represented by non-equivalent 
molecules I and II  with positions relative to the origin 
as indicated in Figs. 3(a) and 5(a). In structure B 
molecule I occupies exactly the same position as 
molecule I in structure A; molecule II  has the same 
y and z co-ordinates as molecule II  in structure A, 
but the fractional x co-ordinates are all increased by 
4).5. The molecule equivalent to II  in structure A and 
related to it by the glide plane a has x and z co- 
ordinates identical with those of II  in structure B and 
this accounts for the identity of the [010] projections 
of II  in both A and B. 

Both structures have identical bond lengths within 
the molecule but the intermolecular distances are very 
~iifferent. One of the 0 - 0  distances in A is 1.8 /~; 
the corresponding distance in B has the usual value 
of 2-7 J~, suggesting that  structure B is the correct one. 
This conclusion has been verified by the examination 
of a number of general reflexions hlcl in a b-axis oscilla- 
tion photograph. The visually estimated intensities 
are compared with unitary structure amplitudes cal- 

Table 2. Choice between structures A and B 

Calculated uni tary  structure amplitudes of reflexions hkl, 
arranged in order of increasing sin 0 values, are compared 

with observed intensities 

hkl [ U A [ [ U B] :Intensity 
112 0.51 0.04 Weak 
110 0.04 0.50 Very strong 
125 0.09 0.02 Absent 
123 0.11 0.17 Medium 
318 0-04 0-11 Weak 

3,1,10 0"08 0.08 Weak 
310 0.06 0.03 Absent 
312 0-17 0"02 Absent 

3,2,11 0.11 0.06 Absent 
3,2,13 0.05 0-18 Medium 
5,1,16 0.03 0.25 Medium 
5,1,18 0.12 0.04 Absent 
5,1,20 0.11 0-03 Absent 

5. Atomic co-ordhates 
The atomic co-ordinates are given in Table 3; the 
values of the z co-ordinates are the unweighted means 
of the two sets of values deduced respectively from 
the [010] and [100] projections. 

The accuracy of the co-ordinates is not very great, 
in spite of the large number of Fourier refinements, 
because the structure is non-centrosymmetric (see 
§ 3(iv)) and because the number of reflexions observed 
at room temperature (82 hO1 reflexions, 91 Okl re- 
flexions) is rather small in relation to the number of 
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Table 3. Atomic co-ordinates 

A t o m  x (A) y (A) z (A) 

O 1 3.10 1.26 8.65 
O9. 1-07 0.78 9.76 

C 1 1.38 1.52 1.66 
C~ 2.07 0.32 2.14 
C a 2.52 0.01 3.71 
C¢ 2-28 0.87 4.66 
C 5 2.88 0.58 6-21 
C 6 2.58 1.47 7.08 
Cv 1.89 2.70 6.49 
C 8 1.36 2.94 5.06 
C 9 1.64 2.12 4.09 
C10 1.07 2.40 2.49 
C n 1.53 1.26 11.23 
C1~ 1.23 0.48 12.21 
Cla 1-78 0"87 13"69 
C14 1"47 0"06 14.78 
C15 2-03 0.43 16.22 
C16 2-80 1.75 16.78 
Clv 3.22 2.56 15-88 
Cls 2.61 2.14 14.27 
C19 2.92 2.86 13.28 
Ce0 2"38 2.49 11.76 

~ 1.41 

(~) 

~ 1 " 3 9 5  

(b) 

Fig. 6. B o n d  lengths in (a) f l-naphthol ,  (b) naphtha lene .  

parameters (44) which has to be determined in each 
projection. 

I t  is reasonable to assume that  the configurations 
of the two non-equivalent molecules are identical. 
Comparison of the lengths of corresponding bonds in 
these molecules thus provides a measure of the ac- 
curacy of the structure. I t  is found tha t  the lengths of 
the twelve bonds in the molecule differ, on the aver- 
age, by 0-03 A from the mean values given in Fig. 6 (a) ; 
the largest difference is almost 0.07/~. 

6. Descript ion of the structure 

The dimensions of the ~-naphthol molecule are shown 
in Fig. 6(a); the bond lengths are the means of the 
two values obtained for non-equivalent molecules. For 
comparison the dimensions of the naphthalene mole- 
cule (Abrahams, Robertson & White, 1949) are given 
in Fig. 6(b). I t  is doubtful, however, whether much 
significance can be attached to the differences in the 
lengths of corresponding bonds in the two structures 
because of the large errors in the bond lengths deter- 
mined for fl-naphthol (§ 5). 
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Fig. 8. H y d r o g e n - b o n d  fo rma t ion  in fl-naphthol.  The  oxygen  
a toms  all lie near  the  plane z ~ ~ (or ~) and  are v i ewed  
along [001]. 

Fig. 7 shows how the molecules are arranged in the 
crystal. The molecules pack in sheets which lie parallel 
to the (001) plane. All molecules in a given sheet are 
equivalent to one another and to molecules in alternate 
sheets. Every molecule in a given sheet is linked by a 
hydrogen bond to a molecule in the same adjacent 
sheet but is separated from molecules in the other 
adjacent sheet by the usual van der Waals distances. 

C > 

Fig. 7. The s t ruc ture  of f l -naphthol  v iewed  along [010]. H y d r o g e n  bonds  are indica ted  b y  b roken  lines. 

A C 11 39 
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The  closest app roach  be tween  carbon  a toms  in 
d i f fe rent  molecules  is 3.5 A. 

The  h y d r o g e n - b o n d  f o r m a t i o n  is i nd ica t ed  more  
c lear ly  in  Fig.  8. There  are two t y p e s  of h y d r o g e n  
bond,  each  of which  l inks  a pa i r  of n o n - e q u i v a l e n t  
molecules ;  t he  0 - 0  d i s tances  are 2.72 Jk a n d  2.79 Jk 
respec t ive ly .  E v e r y  molecule  is l inked,  b y  h y d r o g e n  
bonds  be tween  t h e  o x y g e n  a toms ,  to  two ne ighbours ,  
t h u s  fo rming  chains  of molecules ;  a d j a c e n t  molecules  
in  a n y  cha in  are c rys ta l lograph ica l Iy  non-equ iva len t .  
E a c h  cha in  runs  t h r o u g h o u t  t he  c rys ta l  w i t h  i ts  l eng th  
para l le l  to  t he  a axis.  A l t h o u g h  the  chains  r u n  para l le l  
to  t he  planes  of t he  sheets  the re  are no h y d r o g e n - b o n d  
l inkages  be tween  ne ighbour ing  cha ins ;  t h e  closest dis- 
t ance  of a p p r o a c h  be tween  oxygen  a toms  in neigh-  
bour ing  chains  is 4.30 ~ (Fig. 8). 
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puter .  One of us (H. C. W.)  acknowledges  w i th  t h a n k s  
a m a i n t e n a n c e  g r a n t  f rom the  D e p a r t m e n t  of Scient i f ic  
and  I n d u s t r i a l  Research .  
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We have synthesized* isometric and orthorhombie poly- 
morphs  of PbUO 4 tha t  h i ther to  have not  been described 
crystal lographically.  The orthorhombie phase m a y  be 
identical  wi th  mater ia l  synthesized by  Zehenter (1904). 
Both  substances contain hexavalent  u ran ium and the 
formula is more properly wr i t ten  Pb(UO~)O~. 

The isometric polymorph is isostructural  wi th  UO2, 
wi th  a 0 = 5-6004-0.002 /~, in so far as can be determined 
by  X- ray  powder diffraction methods.  Neutron diffrac- 
t ion s tudy  m a y  reveal a mult iple  and perhaps a non- 
isometric cell. The phase was obtained by  heat ing UaO s 
wi th  PbO and excess sheet lead in water  a t  2300-290 ° C. 
I t  forms orange-brown isotropic cubes wi th  an index of 
refraction over 2.0. If  U30s is used in molar excess over 
PbO, mixtures  are obtained of PbUO4 wi th  stoichiometric 
UO~ (a 0 ---- 5.468 ~) .  I t  m a y  be noted  tha t  the calculated 
E h - p H  boundary  (at 25 °C.) of the PbO/Pb  couple is 
below t h a t  of the U3Os/UO 2 couple (Latimer, 1952). 
The isometric phase apparen t ly  is stabilized by  the pres- 
ence of small amounts  of U 4 in solid solution. Increase in 
the amount  of UO~ formed concurrent ly is accompanied 
b y  an increase of U 4 in solid solution, to an  apparent  

* Facilities provided by Contract AT (301-1)-1403 with 
the Division of Research, U.S. Atomic Energy Commission. 

Table 1 

Isometric Isometric Orthorhombic Orthorhombic 
UO~ PbUO 4 PbUO 4 BaUO 4 

hkl 20 hkl 20 hkl 20 hkl 20 

102 27-14 ° 102 26.80 ° 
111 28.27 ° I l l  27-59 ° 120 27-62 120 26-95 

022 31.40 022 31-05 
200 32.76 200 31.96 200 32.40 200 31.22 

220 47.00 220 45.82 ~ 004 44-30 004 33-10 
( 040 45-63 040 44-62 

124 52.96 124 52.42 
311 55"76 311 54"35 142 53'~1 I42 52'~5 

302 54-65 302 55.03 
222 58.47 222 56.96 204 55.88 204 55.43 

dl00---- 5.468A dl00 = 5.600A dl00 = 5.528 A 
2dn0 = 7.733 2dll 0 = 7.920 do10 = 7.952 
2dli0 = 7.733 2dfi0 = 7.920 d001 ---- 8.180 

m a x i m u m  of x ,--0.2 in the formula ~ 4 Pb (Ul-ZUx)O4-z. 
On heating in air, the U 4 is oxidized and the substance 
then converts to an orthorhombie polymorph. The con- 
version is rapid over about 450 °. We also have synthesized 


