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The Crystal andMolecular Structure of 1,4-Dithiadiene 

BY PETER A. HOWELL, RICHARD M. CURTIS AND WILLIAM N. LIPSCOMB 
School of Chemistry, University of Minnesota, Minneapoli.~ 14, Minnesota, U.S.A. 

(Received 26 .February 1954) 

A non-planar six-membered ring with the 'boat' configuration has been established for the mole- 
cular structure of 1,4-dithiadiene, C4H4S ~. Molecular parameters, which suggest a model of Cgv sym- 
metry, are C-S---- 1.78±0.05 A, C----C = 1-29±0.05 A, C--C--S_--__ 124 ° and C-S-C~_--100% The 
crystals are orthorhombic, the space group is ~2 C2v-Cmc2~, and the unit cell dimensions are a ---- 
11-28, b---- 6.41 and c---- 7.36 A. 

Introduction 

In  order to s tudy the relative electronic effects of sulfur 
and oxygen, and to extend our knowledge of aromatic 
versus aliphatic character in the heterocyclic vinyl 
ethers, Parham, Wynberg & Ramp (1953) have 
prepared~ 1,4-dithiadiene, and are continuing studies 
of its chemical properties. 

Previous structural work on the oxygen analogue, 
1,4-dioxadiene, is briefly reported by Beach (1941), 
who apparently tested only planar models in his 
electron-diffraction study. He interprets his results 
in terms of resonance which would give some aromatic 
character to the molecule. A tentat ive interpretation 
of the ultraviolet spectra has been made on the basis 
of the planar structure (Pickett & Sheffield, 1946). 
On the other hand, 1,4-dioxadiene does not undergo 
the usual aromatic reaction, such as nitration, acyla- 
tion or reaction with metallic potassium (Lappin & 
S.ummerbell, 1948), but does undergo the reactions 
characteristic of an aliphatic vinyl ether, e.g. polym- 
erization and reactions with halogens and hydrogen 
cMoride. Clearly, reinvestigation of the molecular 
structure of 1,4-dioxadiene is desirable, in view of its 
chemical properties. 

The molecular geometry of 1,4-dithiadiene is also 
of interest with respect to aromatic versus aliphatic 
character, and in the interpretation of its chemical 
properties. We have therefore carried out a s tudy of its 
molecular structure by the X-ray diffraction method 
at - 5 5  ° C., and have shown, as described below, tha t  
the molecule is non-planar and has the 'boat '  configura- 
tion. 

Experimental 

A single crystal was grown at - 2 5  ° C. by the usual 
techniques (Reed & Lipscomb, 1953), and zero-level 
photographs were taken at  - 5 5  ° C. about the axes 
[100], [010], [001] and [ l i0]  at a precession angle of 

t Although the preparation of 1,4-dithiadiene was first 
reported by Levi (1890), who named the compound 'biophene', 
the physical and chemical properties suggest that he was 
dealing with a different substance. 

30 ° with Me K s  radiation. Zero-, first- and second- 
level Weissenberg photographs were also taken about 
[001] with Me K s  radiation, but  were not used in the 
refinement because they did not appreciably extend 
the precession data. In addition, zero-level precession 
photographs about [001] were taken down to - 1 2 0  ° C., 
but  there was no evidence of a transition. 

Integrated intensities were estimated visually by 
means of intensity scales made with a single reflection 
of a 1,4-dithiadiene crystal exposed for varying lengths 
of time. Lorentz and polarization factors were applied 
(Waser, 1951), and the films were brought to a com- 
mon scale by means of common reflections with the 
help of the intensity scale. In  addition to the 123 
observed reflections (Table 2), weak diffuse streamers 
parallel to c* were observed on the hO1 precession 
photographs, and rough intensity measurements for 
those having indices h01 were obtained from the hkl 
Weissenberg photographs. 

Interpretation and molecular structure 

The symmetry  of reciprocal space is D~, and the 
orthorhombie unit  cell has 

a = 11.28~-0.01, b = 6.41+0.01, c - 7.36±0-03 A .  

Assumption of four molecules C4H4S~ in this unit leads 
to a reasonable density of 1.45 g.cm. -8 for the solid 
at - 5 5  ° C., as compared with the experimental value t 
of 1.272 g.cm. -3 for the liquid at  29 ° C. Reflections 
were observed for hkl only when h + k  = 2n, and for 
hO1 only when ~ = 2n, except for the diffuse ~tr~m~r~, 
Thus the space group, aside from possible disorder, 
is D~-Cmcm or one of the related subgroups Cl~-Cmc2~ 

le or C2v-C2cm. A pyroelectric test  was negative, and 
hence adds no information for decision among these 
space groups. 

The nearly normal decline of the 001 reflections 
suggested tha t  the molecular rings lay approximately 
parallel to the ab plane. Hence the Patterson projection 
along c was made, and easily interpreted in terms o f  

Private communication from H. ~Tynberg. 



P E T E R  A .  HOWELL, R I C H A R D  M .  C U R T I S  AI~ 'D  W I L L I A M  Iq.  L I P S C O M B  499  

b/2 

-b/2 
-a/4 0 aA 

Fig. 1. P ro jec t ion  of e lec t ron dens i ty  along the  c axis. Contours  
are a t  0, 2, 3, 4, 6, 8, 10, 12, 16 and  20 e .A -2. 
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Fig. 2. Molecular  in te rp re ta t ion  of Fig.  1. Large,  m e d i u m  and  
small  circles represent ,  respect ive ly ,  sulfur,  ca rbon  and  
hydrogen  a toms.  

Table 1. Final parameters found for S and C atoms and 
estimated parameters for H atoms 

S C 1 C2 HI  Hg. 
x 0.146 0.559 0"055 0.611 0.109 
y 0.205 0.483 0.382 0-350 0.488 

{ (A) 0.243 { (A) 0.239 
z 0.250 or 0.117 or  0.037 

(B) 0.257 (B) 0.261 

I n d e x  
hkl Fo IFc] 
002 109 125 
004 50.2 57.9 
006 32.8 41.9 
008 17.3 23-1 

0,0,10 3.8 7-8 

020 43.3 41.5 
021 28.0 26.5* 
022 42.2 45.5 
023 41.6 40.5 
024 23-1 29-4 
025 20'2 22"6 
026 10.2 17"1 
027 < 3"9 5"3* 
028 5"0 8.2 t 
029 < 3.7 4.4* 

040 20.7 19.6 
041 43.8 47.2 
042 30.8 28.0 
043 32.3 35.6 
044 30"3 26.7 
045 20.2 23.9 
046 14.9 12.1" 
047 10.7 14.0 
048 4.8 3.9* 
049 4.2 6.6 

060 5.7 6.5 
061 18.2 23.8 
062 7.9 7.1 
063 7.2 12-5 
064 7.7 6.4 
065 6.5 9-8 
066 5.0 3"3* 
O67 6.2 8.0 
068 < 1.9 1.3" 

080 4.6 2.5 
081 6.8 8.7 

Table 2. Comparison of structure factors (Model A) 
I n d e x  

hkl Fo IFcl 
082 5.5 5.0* 
083 7.4 8.2 
084 4.9 4-7 

110 27.4 24.7 
111 69.1 67.8 
112 59.0 47.1" 
113 26.7 27.0 
114 33.4 29.8 
115 13.3 19.8 
116 13-3 12-0" 
117 10"8 15"1 
118 < 7"6 3"5* 
119 < 6"9 6"2 

1,1,10 < 6"1 3"1" 

130 < 3"9 7"9 
150 30"7 33"1 
170 5"9 7"5 

200 38"6 30"5 
202 25"8 22"2* 
204 11-3 13"6 
206 < 4"3 3"9t 
208 < 4.3 2.6* 

2.0.10 < 3.2 2.0* 

220 43.8 36.2 
221 39.6 28.4* 
222 30.8 26.9 
223 8.4 6.8* 
224 16.2 17.0 
225 7.0 6.0* 
226 9.2 10.5 
227 7.7 6.8 
228 < 7.6 5.4 
229 < 6.9 2.8* 

240 < 4.5 5.9 
260 < 5.3 1.5 

I n d e x  
hkl 
28O 

310 

330 
331 
332 
333 
334 
335 
336 
337 
338 
339 

35O 
370 

4OO 
402 
404 
406 
4O8 

4,0,10 

420 

440 
441 
442 
443 
444 
445 
446 
447 
448 

460 
480 

Fo 
6"3 

18.2 

52-8 
36-1 
42.7 
18.5 
24.9 

9-7 
13.2 

< 6"6 
< 7.6 
< 6"3 

17"0 
9"5 

76.7 
57.7 
34-6 
15"3 

6-4 
< 2.3 

54.7 

17-8 
23.1 
13.1 
19.1 

9.8 
10.8 

7.7 
< 7.6 
< 6.1 

< 5.3 
< 4.2 

4-5 

19"8 

50"8 
35.4 
39.3 
21-9 
26-1 
15.1 
17.2 
10.4 

9.2 
4.3 

22.4 
12.3 

69.5 
56.8 
41 "3 
22.4 
10.5 

5.1 

46.2 

15.5 
29.0 
11.3 
23.8 

7-8 
15.9 

5.6 
8-8 
3-2 

2.3 
4.9 

32* 
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Index 
hkl Fo IFc[ 

510 < 3"9 4-0 
530 < 4-6 2.2 

550 < 6.9 5.2 
551 < 6.9 0.5* 
552 < 7.6 4.5 
553 < 7.6 0.4* 
554 < 7.6 2.6 
555 < 7.6 0.2* 
556 < 7-6 2.0 
557 < 6.8 0.3* 

570 < 5.2 1.0 

600 22.2 22.4 
602 26.2 29.6 
604 21.1 24.0 
606 10.9 11.3 
608 5.6 5.0 

620 32.5 36.9 
640 5.6 8.8 

660 < 7.6 0-2 
661 9"6 11.3 
662 < 7.6 0.6* 
663 9-6 11.6 
664 < 6.9 0.8* 
665 8.2 7.7 
666 < 4-3 0.5* 

Table  2 (cont.) 

Index 

hkg Fo IFcl 
680 4.9 4-6 

710 5.6 9.4 
730 34.3 36.2 
750 10.4 12.9 

770 8.0 9.2 
771 < 7.6 6.3 
772 < 6.9 9-4 
773 < 6.8 3.2 
774 < 5-6 7.5 

800 7.2 2.6 
802 9-5 13.2" 
804 8.0 13.0 
806 < 4.5 4"0t 
808 < 3.5 1.5" 

820 26.6 22.8 
840 7.8 5.0 
860 6.2 1.0 

910 ll .1 5.4 
930 5.8 2.6 
950 12.1 11.9 
970 < 4"3 2.0 

10,0,0 33.4 37-4 
10,0,2 30.4 28-3 
10,0,4 21.5 16.7 
10,0,6 12.4 14.0 

* Reflection for which Bhkl > ½Ahk~. 
t Reflection for which Bhkz > ½Ahkz and value calculated for model B 

Index 
hkl Fo IFd 

10,0,8 5.6 8.2 

10,2,0 13-5 14.2 
10,4,0 8-7 5.8 
10,6,0 < 4.1 2-0 

11,1,0 6.5 4-6 
11,3,0 5.9 5-1 
11,5,0 8.1 10.5 

12,0,0 < 4-6 3.3 
12,0,2 < 4.5 2.3* 
12,0,4 < 4.4 1.0 
12,0,6 < 3.2 1.1" 

12,2,0 < 5.2 1-3 
12,4,0 < 4.7 0.8 
12,6,0 < 2-8 0.1 

13,1,0 5-2 3-6 
13,3,0 7.6 6-0 
13,5,0 7.0 4-6 

14,0,0 12-7 1i-1 
14,0,2 11.1 9-7 
14,0,4 8.7 7-1 

14,2,0 7-3 6.0 
14,4,0 4.3 2.9 

15,1,0 < 3-9 1-5 

is greater than observed limiting value. 

a s ix -membered  r ing  which  appea red  f la t  in  th is  
p ro jec t ion  (see Figs. 1 and  2). Two re f inement s  were 
m a d e  wi th  the  a s sumpt ion  of 8 S, 8 C~ and  8 C 2 in  
th ree  sets of t he  e ight fo ld  posi t ions,  x, y;  ~, y ;  x, ~; 
x, y, plus 0, 0 and  ½, ½. The  second r e f inemen t  resu l ted  
in no  sign changes and  a va lue  of R = X[[Fol- [Fd t+  
_rlFol = 0.186. 

I n  order  to  resolve the  space-group a m b i g u i t y  a 
sha rpened  P a t t e r s o n  p ro jec t ion  a long  a, wi th  the  or igin 
peak  removed ,  was calculated.  I n  add i t i on  to  a s t r ik ing  
r idge a long z = ½, there  were peaks  a t  y, z coordina tes  
of (0.176, 0-133), (0.092, 0.37), and  a fa i r ly  large p e a k  
a t  (~, 0). The  r idge and  peaks  a long z = ½ ind ica t ed  
t h a t  t he  sulfur  pa r ame te r s  of y = 0.205 and  z = ¼ are 
cons i s t en t  w i th  the  p ro jec t ion  a long c. The  peak  a t  
y = 0.176, z = 0.133, then ,  is a C-S vec tor  w i th in  the  
ring, a n d  was in  fac t  s imi la r ly  i n t e rp re t ed  in the  c-axis 

projection. Now if we assume a mirror plane at z = ~, 
as r equ i red  in  the  space groups  Cmcm or C2cm, th i s  
C-S vec to r  is mi r ro red  a b o u t  z -----¼ and  the  C-S -C  
bond  angle  would  be a b o u t  65 °, in s t ead  of i ts  usua l  
va lue  of a b o u t  102 ° (Alien & Su t ton ,  1950). Hence  
we re jec ted  Cmcm and  C2cm as possible space groups,  
and  chose Cmc2x, which  p roved  to  be sa t i s fac tory .  

Vector  over lap  m e t h o d s  (Beevers & Rober t son ,  
1950) t h e n  led un ique ly  to  a n o n - p l a n a r  ' boa t '  con- 
f igu ra t ion  (Fig. 8), w i th  S, C~ and  C2 in separa te  sets 
of t he  e ight - fo ld  pos i t ions  x, y, z; Y~, y, z; x, ~, ½+z; 

x, y, ½+z plus 0, 0, 0 and  ½, ½, 0. Comple te  Four ie r  
r e f inements  were t h e n  m a d e  on the  th ree  p r inc ipa l  
zones, inc lud ing  h y d r o g e n  a t o m  con t r ibu t ions  in  the  
la te r  s tages and  backsh i f t  correct ions  wi th  the  use of 
the  cor responding  F c syntheses .  F ina l  p a r a m e t e r s  
represen t  a weigh ted  average  f rom resolved a toms  in  
these  th ree  project ions .  

I n  the  r e f inemen t  of the  a-axis  p ro jec t ion  a Pa t t e r -  
son a m b i g u i t y  arose associa ted  wi th  the  z co6rd ina te  
of C1. D i sp l acemen t  of C1 by  0.05 A f rom its  s t a r t i ng  
va lue  of z = ¼ was ind ica ted ,  b u t  t he  P a t t e r s o n  
p ro j ec t ion  is equa l ly  cons i s ten t  w i th  a pos i t ive  or 
nega t ive  d isp lacement ,  i.e. w i th  a f ina l  va lue  of 
z(C1) = 0.243 (Model A) or z(C1) = 0.257 (Model B). 
This  a m b i g u i t y  is i l lus t ra ted  in  Fig. 7. R e f i n e m e n t  of 
th is  p ro j ec t i on  was found  to  lead to  e i ther  of these  
models ,  depend ing  u p o n  which  was closest to  t he  

starting model. Hence coordinates for both Model A 

a n d  Model  B are inc luded  in Table  1, which  l ists  
expec ted  values  of pa r ame te r s  for  h y d r o g e n  a toms  as 
well. 

Fo r  b o t h  Models A and  B the  s t ruc tu re  fac tors  of 
t he  forms Okl, hO1, hkO and  hhl were ca lcu la ted  wi th  
the  use of I n t e r n a t i o n a l  Business Machines.  Fo r  b o t h  
models  the  usual  logar i thmic  p lo t  gave  a t e m p e r a t u r e  
fac to r  exp [ - 4 . 0  sin e 0/t2]. Values of R are 0-165 for 
Model  A and  0-167 for Model  B (observed ref lect ions  
only),  a n d  0-197 and  0-200, respect ively ,  when  un- 
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observed reflections are included. Calculated structure 
factors for Model A are compared with observed 
values in Table 2, and some indication of their com- 
parison with values for Model B are indicated. 

Molecular parameters, calculated from the data in 
Table 1, are not greatly different for the two models. 
Values of bond lengths and angles are given in Table 3, 

Table 3. Bond lengths and angles 
Length (A) Angle Angle (all ± 2  °) 

C~=C~ 1.24-4-0.04 C2----C9-S 124.4 
CI=C~ 1.33-}-0.02 C1=C1-S 124.6 
C---- Car. 1"29/= 0"05 C ~- C-Say 124"5 

C9-S 1-82-F0"04 C1-S-C 2 100"2 (Model A) 
CI-S 1"73~-0"G4 ~ 137.1 (Model A) 
C-Say. 1"78±0"05 

C1-S-C9 102"1 (Model B) 
C-H 1.06 (assumed) ~ 141.3 (Model B) 

C~-G-H 124 (assumed) 

where the probable errors are estimates based on 
comparisons with other studies, but are comparable 
with the backshift corrections. 

Models A and B have so nearly the same parameters 
that  one cannot decide between them on chemical 
grounds. They differ only in the 0-1 J~ difference in 
the z parameter of C1, and in no sense represent an 
ambiguity relative to the gross molecular structure. 
Thus it is certain that  the molecule is non-planar, 
and has the 'boat'  configuration. One cannot hope to 
distinguish between these models on the basis of the 
overall R values. However, one can arrive at a very 
slight preference for Model A from a detailed com- 
parison of those 12 reflections which are most sensitive 
to the carbon parameters, i.e. those for which 
Bh~ > ½Ahkl (the S atoms contribute nothing to Bhkl). 
For Model B there are two reflections for which [F~I 
is greater than the lower limit of observation, whereas 
there are no such cases for Model A. Turning to the 
12 observed reflections we find that  7 favor Model A, 
4 favor Model B, and one is the same for both models. 
The two most sensitive of these reflections favor 
Model A. Values of R are 0-189 for Model A and 
0.204 for Model B. The reflections which are used in 
this argument are indicated in Table 2. 

Thus, while we may express a very slight preference 
for Model A, actually we felt it wise to increase our 
probable errors so that  both models are included. For 
results of chemical interest it seems to us that  the gross 
molecular configuration was the chief point of interest, 
and hence have not investigated the ambiguity further. 

Discuss ion  

The boat configuration (Fig. 8) is consistent with the 
assumptions of a nearly normal S-C single bond, and 
a nearly normal ethylenic double bond between the 
carbon atoms. Ethylenic hybridization is certainly 
consistent with a planar S-C=C-S configuration. 

The dihedral angle, q, between the planes is 137 ° 
(Model A). Within the limit of the accuracy of our 
results the symmetry of the isolated molecule is C2v, 
with average parameters C-S = 1.78/=0.05 A, C----C = 
1-29±0.05 /i, C-C-S = 124 ° and C-S-C = 100% 

Although the C-S bond distance is insignificantly 
shorter than that  of 1.81 /i  given in the table of 
covalent radii (Pauling, 1942, p. 164), our value is the 
same as that  found in the electron-diffraction studies 
of dimethyl disulfide (Stevenson & Beach, 1938) and 
dimethyl trisulfide (Donohue & Schomaker, 1948), 
and is greater than that  found in thiophene (Schomaker 
& Pauhng, 1939). We cannot be sure that  the observed 
C=C distance is really significantly shorter than the 
'normal' C =C distance because of our relatively large 
probable errors. 

Bond angles are certainly reasonable when compared 

( 

a/4 -a/Z, 0 
Fig. 3. Projection of electron density along the b axis. Contours 

are at 0, 2, 4, 6, 8, 12, 16 and 20 e./~-% 

-~, ~ ; 

%** 

: y* -, 

~ - * ° - ,  - ° .  

' , . j  

¢/2 

0 lh  
Fig. 4. Molecular interpretation of Fig. 3. 

o/2 
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b/2 o b/2 
Fig. 5. Project ion  of electron density along the a axis. Contours 

are at  intervals of 4 e.A -2, starting with the lowest contour 
at  2 e.A -9. 

Fig. 8. The molecular structure of 1,4-dithiadiene. 

i /  i c/2 . 

--~/2 o b/2 
1 A '  

Fig. 6. Molecular interpretation of Fig. 5. 

with similar angles in other molecules. The C=C-C 
angle in 1,3-butadiene is 122 ° (Allen & Sutton, 1950), 
and the C=C-C1 angle is 123 ° in tetrachloroethylene 
(Karle & Karle, 1952; Lipscomb~ 1946). The C-S-C 

bond angle varies between extremes of 91° in thiophene 
to 107 ° in dimethyldisulfide, but  when constraints are 
small our value of 100 ° seems very reasonable. 

The packing in the crystal is best grasped b y  
reference to the three projections on (001), (100), and 
(010), along with the atomic interpretation shown in 
Figs. 2, 4 and 6. The molecules lie in layers with their 
sulfur-sulfur axes parallel to the crystallographic a 
axis. The $2C1-C1-S plane lies essentially parallel to 
the ab crystal face with the S-C2-C,-S plane inclined 
at  about 43 °. The molecules are stacked in the c 

(o) (o) (c) 

Fig. 7. Illustration of the ambiguity in the a-axis projection; 
the effect has been exaggerated for clarity. The composite 
molecule obtained by vector overlap methods is represented 
by (a). Model A is represented by (b), and Model B by (c). 

direction with the S-C1-C1-S planes overlapped and 
t h e  S-C2-C,-S planes sticking out in alternative plus 
and minus b directions, as may  best be seen in Fig. 6. 
I t  is interesting to note tha t  the crystal seems to 
employ both common modes of organic crystal pack- 
ing, one with rings parallel to each other, and ~he other 
with rings inclined at nearly right angles to each other. 

The packing of the molecules into the unit cell is 
reasonable, all molecules being in van der Waals 
contact. Within a given laye~ (assuming C 1 at z = ¼), 
the shortest contacts are S - " C  1 = 3 . 8 A  and 
C~- . .  C 1 = 4.0 A. Between layers the shortest con- 
tacts are S • • • C 1 = 4.0 A and S • • • C 2 = 3-9 A. These 
distances are quite consistent with the normal van der 
Waals radfi; Rs 1.85 A, Rc~2 2.0 A (Robertson, 1953, 
p. 227). 

The diffuse ref lect ions 

The weak diffuse streamers parallel to c*, described 
in the experimental section, had indices hO1 with h 
even, tten¢¢, we ~0ugh~ an explanation a~0cia$cd with 
violation of the c glide. A possible, but  not necessarily 
unique, explanation is to have those pairs of molecules 
related by this c glide slightly displaced in opposite 
directions about axes parallel to b. Rough structure- 
factor calculations showed tha t  displacement of the 
coordinate of the sulfur atoms by only 0.2 A gave fair 
agreement with the h01 reflections. Observed struc- 
ture factors are 2.7, 6.7, 6.4, 5.9, 14.5, 4-9 and" 6.9 
for h = 2, 4, 6, 8, 10, 12 and 14 respectively, on the 
same scale as those listed in Table 2. Because the 
quahty  and quant i ty  of these diffuse reflections is low, 
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and because they are sufficiently faint that  they do not 
represent a major disorder in the structure, we have 
not investigate d them further. I t  does seem likely that  
they represent such a limited disorder that  no doubt 
remains about the correctness of the ordered structure. 
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A discussion of the effect of anisotropic thermal vibration of the atoms in a crystal on the intensity 
of the Bragg reflexions leads to a method by which these anisotropic temperature factors can 
easily be evaluated numerically. 

I t  is well known that  the effect of isotropic thermal 
vibration of atoms in a crystal is to reduce the atomic 
scattering factor for Bragg reflexions by a factor 

exp [ - 2~9u2S 2] , ( 1 ) 

where u 2 is the mean square displacement of an atom 
from its average position and S = 2 sin 0/4. I t  has 
generally been assumed that  when the thermal 
vibration is anisotropic, the surfaces of constant 
temperature factor in reciprocal space are ellipsoids. 
As far as I am aware, no proof of this has been offered. 
The following derivation shows the circumstances in 
which the result is true, and has the merit of suggesting 
a way in which the calculation of structure factors, 
with allowance for anisotropic temperature effects, can 
be simplified. 

Let r, having rectangular components (x, y, z), be 
a distance in space, and S, with rectangular com- 
ponents (2, U, ~), a distance in reciprocal space. The 
directions (x, y, z) and (2, ~, ~) coincide; they are not 

however the directions of the crystallographic axes 
(which need not be rectangular), but are the 'prin- 
cipal directions of vibration' of an atom. Let @o(r) 
be the electron distribution in the atom at rest, and 
fo(S) its atomic scattering factor, fo(S) is the Fourier 
transform of @0(r); the latter is assumed to have 
spherical symmetry and therefore fo(S) also has this 
symmetry. Now suppose the atom to be displaced 
from its mean position so that  the probability that  its 
centre lies within a volume element dx dy dz is 

p(x, y, z )dxdydz  = ((2re)3/2uxuyu~) -1 

× exp [-(z2/2u~+y2/2u~+z~/2u~)]dxdydz,  (2) 

ux,2 uy2 and uz2 being the mean square displacements 
in the three directions at right angles. The resulting 
average electron distribution @(r) may be described 
as the convolute of @0(r) with p(x, y, z). I t  follows 
that  the resulting atomic scattering factor, f(S), is 
the product of fo(S) with the Fourier transform of 
p(x, y, z). This transform may be sho~m to be 


