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The Crystal Structure of ~-Monoclinic Selenium* 

BY ROBINSON D. BURBANK t 

Laboratory for Insulation Research, Massachusetts Institute of Technology, Cambridge, Massachusetts, U.S.A.  

(Received 8 June 1951) 

The crystal structure of fl-monoclinie selenium has been determined by the application of the 
Harker-Kasper phase:inequalities and two-dimensional Fourier syntheses. The fl-selenium molecule 
is an eight-membered chain with the configuration of a puckered ring molecule in which one of the 
bonds has been broken. At one end of the chain the terminal atom and its neighbor are nearly 
double-bonded. The remaining six bonds in the chain are approximately single bonds. At several 
points in each molecule there are unusually strong interactions with neighboring molecules. About 
7-7 electron pairs are utilized for bonding within the molecule while 0.3 electron pairs are engaged 
in intermolecular bonding. 

Diffraction data have been obtained which demonstrate that  a single crystal of fl-selenium can 
transform directly into a single crystal of metallic selenium. During the transition the molecules 
are broken down into smaller fragments which recombine to form the infinitely long helical chains 
of metallic selenium. 

Relations between mixed crystals of sulfur and selenium, and between the various polymorphs 
of selenium are discussed. 

Introduction 

The first observations on ~-monoclinic selenium were 
made  by  M u t h m a n n  (1890) in the course of an in- 
vest igat ion of the  crysta l lography of sulfur and 
selenium. He was able to ident i fy  two red monoclinic 
modificat ions in  a prepara t ion  of crystals obtained 
b y  evaporat ing a solution of vitreous selenium in 
carbon disulfide. Al though a careful goniometric 
s tudy  was made  of the  second polymorph,  the work 
has  been ignored or dis trusted by  most  subsequent  
investigators.  However, Muthmann ' s  discovery was 
well va l ida ted  by  Klug  (1934) who made  a s tudy 
wi th  X-rays  and obtained uni t  cell constants  in good 
agreement  with the  classical measurements .  

The present paper  which presents the structure 
determinat ion of #-monoclinic selenium is the second 
and  concluding par t  of a s tudy  on the crystal  chemistry 
of the  element  selenium. The first paper  on the 
s t ructure  of ~-monoclinic selenium (Burbank, 1951.) 
served as a guide for all  phases of the present work 
and  contains a number  of working details which have 
not  been repeated in the present  account. 

vitreous selenium in carbon disulfide. A half  liter of 
solution was first allowed to decrease in  volume b y  
10% over a 72 hr. period at  room temperature .  A 
large crop of c¢ crystals was produced and fil tered 
from the solution. The volume of the  solution was 
then  decreased by  75% over a second 72 hr. period 
at room temperature .  The new crop of crystals 
contained both monoclinic polymorphs.  The fl crystals 
were present in a var ie ty  of habi ts  similar  to those 
described by  M u t h m a n n  (1890). A chunky  pr ismat ic  
habi t  with dimensions not  exceeding 0.5 mm.  was 
predominant .  

Crystals less t han  0.1 mm.  in all dimensions were 
chosen for X-ray  examinat ion  to minimize serious 
absorption errors (,u for Mo Kc¢ radiat ion is 330 cm. -1) 
F rom measurements  with a precession camera (Buerger, 
1944) using Mo K ~  radiation,  2 ~ 0.7107 _~, the uni t  
cell constants  are found' to be 

a--- -12.85±0.01,  b : 8 .07±0.01,  c :  9-31±0-01 _~, 
fl : 93 ° 8 ' ± 5 ' ;  
space group, P21/a; 
number  of atoms in cell ~ - 3 2 ,  

Experimental  

Crystals of fl-selenium Were obtained by  controlling 
the rate of evaporat ion of a sa tura ted  solution of 

* Sponsored by the ONR, the Army Signal Corps, and the 
Air Force under ONR Contract N5ori-07801. Based in part 
on a thesis submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Inorganic Chemistry 
at the Massachusetts Institute of Technology. 

Present address: K-25 Laboratory, Carbide and Carbon 
Chemicals Company, Oak Ridge, Tenn., U.S.A. 

in good agreement  with the earlier measurements  of 
Klug  (1934). 

In tens i ty  da ta  were recorded by  mult iple  exposures 
with the precession camera using Mo K ~  radiation,  
and  by  mult iple  fi lm technique with the Weissenberg 
camera using Cu Kc~ radiation.  The intensit ies were 
measured by  visual  comparison and corrected for the 
Lorentz and polarization factors but  not for absorption. 
The observed structure factors are es t imated to be in 
error by  about  ± 1 5 % .  
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Table 1. Original and corrected unitary structure amplitudes for fl-selenium 

Corrected values obtained from the relation U~ol = Uhoz exp {1.6 [(sin 0)/).]~}. 
Group 1 Group 2 Group 3 Group 4 

^ ^ 

604 0"40 0"46 16,0,0 0"50 0"93 607 0"66 0"91 405 0"41 0"48 
202 0.29 0.30 0,0,10 0.50 0.80 0.48 0.54 12,0,7 0.36 0.62 

14,0,2 0.29 0.48 402 0.33 0.35 203 0.44 0.46 12,0,3 0.35 0.53 
202 0"27 0"28 4,0,1-'-0 0"32 0"52 14,0,3 0"41 0"68 805 0"34 0"45 

10,0,6 0"27 0"40 8,0,10 0"32 0"60 10,0,3 0"36 0"47 805 0"31 0"40 
606 0"25 0"33 12,0,0 0"30 0"43 10,0,7 0"33 0"51 801 0"31 0"37 
206 0"22 0"26 404 0"28 0"32 205 0"30 0"34 8,0,1-1 0"23 0"45 

10,0_,4 0"22 0"31 400 0"27 0"28 207 0"23 0"29 405 0"22 0"26 
2,0,12 0"18 0"35 8,0,10 0"27 0"48 603 0"22 0"25 12,0,5 0"22 0"34 

606 0"18 0"23 12,0,8 0"25 0"46 10,0,7 0"22 0"36 12,0,1 0"21 0"30 
608 0"18 0"27 002 0"20 0"20 10,0,9 0"22 0"42 809 0"18 0"30 
608 0"17 0"24 4,0,12 0"18 0"37 207 0"20 0"25 409 0"17 0"26 
208 0"16 0"22 16,0,4 0"18 0"37 205 0"20 0"23 403 0"16 0"17 

14,0,0 0"14 0"23 804 0"16 0"20 607 0"20 0"27 801 0"15 0"18 
14,0,.4 0"14 0"24 408 0"15 0"21 605 0"15 0"19 401 0"13 0"14 
14,0,6 0"14 0"27 406 0"14 0"17 14,0,5 0"15 0"26 12,0,9 0"13 0"26 
10,0,0 0"13 0"17 16,0,2 0"13 0"25 10,0,5 0"12 0"17 16,0,1 0"13 0"24 
2,0,12 0"13 0"26 800 0"12 0"14 14,0,1 0"10 0"16 0,0,11 0"1.1 0"19 

603 0"13 0"14 12,0,4 0"12 0"19 609 0"09 0"14 407 0"11 0"14 
10,0,6 0"13 0"20 12,0,2 0"11 0"16 201 0"06 0"06 12,0,1 0"10 0"14 

204 0"12 0"13 004 0"10 0"11 10,0,3 0"06 0"08 005 0"09 0"10 
602 0"12 0"13 12,0,6 0"10 0"16 201 0"05 0"05 409 0"08 0"12 

10,0,8 0"11 0"18 406 0"08 0"10 14,0,1 0"05 0"08 12,0,3 0"08 0"12 
10,0,2 0"10 0"13 802 0"08 0"10 605 0"04 0"05 16,0,1 0"06 0"11 

604 0"09 0" 11 408 0"07 0" 10 10,0,1 0"04 0"05 009 0"04 0"06 
10,0,3 0"09 0"12 806 0"07 0"10 203 0"03 0"03 401 0"04 0"04 
6,0,10 0"06 0"11 008 0"06 0"08 803 0"04 0"05 
10,0,4 0"06 0"08 12,0,6 0"06 0"10 

200 0"04 0"04 803 0"04 0"05 
208 0"04 0"05 404 0"03 0"03 

403 0"02 0"02 

Zero values of U were found for 600; 2,0,]-0; 204; 206; 2,0,10; 6,0,]-0; 10,0,]-0; 10,0,8; 14,0,6; 14,0,3 and 14,0,4 in Group l ,  
for 006; 0,0,12; 4,0,i2; 4;0,10; 808; 806; 804; 808; 12,0,4; 12,0,2; 16,0,4 and 16,0,3 in Group 2, for 2,0,]~; 20~; 209; 2,0,11; 
6,0,1-1; 601; 601; 609; 10,0,9; 10,0,1; 10,0,5; 14,0,7; 14,0,3 and 14,0,5 in Group 3 and for 001; 003; 007; 4,0,]~; 403; 407; 
4,0,11; 807; 803; 807; 809; 12,0,5; 12,0,7; 16,0,5; 16,0,3 and 16,0,3 in Group 4. 

Analysis of the b-axis projection by the Harker- 
Kasper phase inequalities 

In the determination of the structure of a-selenium 
(Burbank, 1951)the I-Iarker-Kasper phase inequalities 
(Harker & Kasper, 1947, 1948) were successfully 
applied after other methods had proven difficult. 
Guided by this experience, the analysis of fl-selenium 
proceeded on the premise that  the immediate use of 
the phase inequalities would be the most practical 
approach. 

The structure factors for the three principal zones 
were placed on an absolute scale by the method of 
averaging which has been described by Wilson (1942) 
and by Harker (1948). Then, the structure factors on 
an absolute scale were converted to unitary structure 
amplitudes, Uhkz, by dividing by the sum of the 
atomic scattering factors in the unit cell. The unitary 
structure amplitudes for each zone were examined for 
large values and the hOl reflections were selected for 
application of the inequalities. 

The procedure used for applying the inequalities 
differs from the work of Kasper, Lucht & ttarker 
(1950) on decaborane. Instead of using general hkl 

AC5 

reflections, only data from one zone are considered. 
:For such a special class of reflections the simplest of 
the addition-subtraction relations is of great im- 
portance. In the notation of Gillis (1948) we have 

( U t t ~ t t ' )  2 ~- (I ~-UIt+B,)(I  ~ U H _ H , )  , (1) 

where UH stands for Uhkz, UR, stands for Uh,k,z,, etc., 
and tbe inequality is applicable to any centrosymmetric 
projection. 

For the inequality to yield a practical number 
of conclusions the unitary structure amplitudes 
must first be multiplied by a factor of the form 
exp {M[(sin 0)/4]2}, where M is a positive number. 
One does not have to think solely of the effect of 
thermal vibrations in justifying the use of this 
correction. In  terms of structure-factor calculations it 
is equivalent to making small adjustments in the 
atomic co-ordinates which may cause a high-order set 
of planes to increase its reflecting power to a large 
value, while at the same time low-order planes remain 
almost unaffected. The signs of the low-order planes 
are often the critical ones that  must be k n o ~  for a 
Fourier series to converge. The values of these signs 
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T a b l e  2. Signs of fl.selenium hO1 reflections as derived from the inequalities 

H U~/ Sign 

200 0.04 --bc 
400 0-28 ~ 1 
800 0-14 -- 1 

10,0,0 0.17 --be 
12,0,0 0-43 + 1  
16,0,0 0.93 -- 1 

002 0.20 -- i 
004 0"II -- I 
008 0-08 + I 

0,0,10 0-80 --1 
0,0,11 0-19 --c 
2,0,12 0-35 a 

208 0"05 - -  be* 
207 0-25 -- b 
206 0.26 bc 
20~ 0.23 b 
202 0-28 - -a  
202 0"30 a 
203 0.46 b 

H U *  Sign 

204 0.13 --bc 
205 0.34 --b 
207 0.29 --b 
208 0.22 a 

4,0,10 0.52 + 1 
408 0.21 + 1  
407 0.14 --c 
406 0"17 --1 
405 0.26 --ab 
404 0.03 + 1 
403 0-17 c 
401 0" 14 ab 
402 0.35 -- 1 
404 0.32 + 1 
405 0-48 ab 
409 0.26 --ab 
607 0.27 b 
606 0.23 - -a  
604 0.46 --bc 

H U *  Sign 

603 0.54 --b 
602 0" 14 a* 
603 0.25 --b 
605 0.19 --b 
606 0"33 bc 
607 0"91 b 

8,041 0.45 
8,0,10 0.48 - -1  

809 0.30 --c 
805 0.40 ab 
801 0.18 --c 
801 0.37 c 
802 0.10 + 1  
805 0.45 --ab 

8,0,10 0.60 + 1  
10,0,7 0.51 --b 
10,0,6 0.40 --bc 
10,0,~ 0.17 b 

H U *  Sign 

10,0,3 0.47 b 
10,0,2 0.13 - - a  
10,0,3 0.08 b 
10,0,4 0.31 bc 
10,0,6 0-20 a 
12,0,8 0.46 + 1  
12,0,7 0"62 c 
12,0,6 O" 16 -- 1 
12,0,5 0-34 --ab 
12,0,1 0"30 --ab 
12,0,3 0"53 --c 
12,0,4 0"19 --1 
14,0,~ 0.26 b 
14,0,4 0.24 bc 
14,0,3 0-68 --b 
14,0,2 0.48 a 
16,0,2 0.25 + 1 
16,0,4 0.37 -t- 1 

* Incorrect  signs as judged by comparison with final s t ructure.  

T a b l e  3. Coefficients 

Group 1 
^ 

"hOl IFI Sign 
202 311 --1 
20~ 304 + 1 
604 286 --c 
20~ 148 + c  
606 134 + c  

10,0,6 109 --c 
602 107 -- 1" 
204 102 --c 
606 100 + 1 
602 98 

10,0,4 98 + c  
14,0,2 91 -- 1 

208 75 -- 1 
10,0,0 70 --c 

608 70 
608 70 
604 61 

10,0,~ 52 
10,0,2 52 + 1 

200 48 --c 
14,0,0 45 
10,0,6 45 - 1  
2,0,12 41 --1 
14,0,4 41 + c  
10,0,_8 32 
10,0,4 30 
14,0,6 30 
2,0,12 27 

208 23 --c* 
6,0,10 16 

for the f irst  Fourier synthesis of fl-selenium 

Group 2 Group 3 Group 4 

"hOl IFI Sign "hO1 IF] Sign "h01 IF] Sign 
402 316 -- 1 203 429 + 1 405 284 -- 1 
400 279 -- 1 603 372 - 1 801 213 -[-c 
002 234 -- 1 607 302 + 1 805 170 + 1 
404 220 + 1 205 225 -- 1 805 166 -- 1 

0,0,10 170 -- 1 10,0,3 188 + 1 405 157 + 1 
12,0,0 132 + 1 603 161 -- 1 403 141 + c  
16,0,0 123 -- 1 205 157 + 1 12,0,3 134 --v 
4,0,10 102 + 1 207 129 -- 1 40i  132 -- 1 

004 91 -- 1 14,0,3 127 -- 1 80i  107 --c 
804 91 207 116 -- 1 12,0,7 100 + c  
406 89 -- 1 10,0,7 116 -- 1 12,0,1 89 -]- 1 
800 84 -- 1 607 95 + 1 12,0,5 77 +4-1 

8,0,10 73 + 1 605 89 -- 1 005 70 
8,0,10 70 -- 1 201 73 409 64 -4-1 

408 68 -4-1 10,0,7 73 407 59 --c 
12,0,~ 61 + 1 20 i  57 80~ 54 --c 

802 54 + 1 10,0,5 54 + 1 8,0,1-i 50 + c  
406 50 10,0,9 50 12,0,1 45 

12,0,2 45 14,0,5 41 + 1 401 43 
12,0,4 41 -- 1 203 34 0,0,11 32 --c 
16,0,4 36 + 1 609 32 409 32 
4,0,12 34 14,0,1 32 12,0,3 32 

408 32 10,0,3 30 + 1 16,0,1 30 
806 32 605 27 803 27 

12,0,6 32 -- 1 10,0,1 20 12,0,9 27 
008 30 + 1 14,0,1 16 009 16 

16,0,2 30 + 1 16,0,1 16 
802 27 
40~ 25 + 1 
40~ 20 

12,0,6 16 

* Incorrect  signs as judged by comparison with final s t ructure.  

wi l l  n o t  b e  e n d a n g e r e d  b y  t h e  s l i g h t  s h i f t s  i n  a t o m i c  
p o s i t i o n s  u s e d  t o  o b t a i n  a f e w  l a r g e  u n i t a r y  s t r u c t u r e  
a m p l i t u d e s .  T h e  m a g n i t u d e  of  M is l i m i t e d  o n l y  b y  
t h e  c o n d i t i o n s  t h a t  n o  u n i t a r y  s t r u c t u r e  a m p l i t u d e  
s h a l l  e x c e e d  u n i t y  a f t e r  c o r r e c t i o n  a n d  t h a t  t h e r e  sha l l  
be  n o  m u t u a l l y  i n c o n s i s t e n t  d e r i v a t i o n  of  s igns .  

A v a l u e  of  1.6 f o r  M w a s  f o u n d  s u i t a b l e ,  a n d  t h e  
o r i g i n a l  a n d  c o r r e c t e d  u n i t a r y  s t r u c t u r e  a m p l i t u d e s ,  

. 
Uh0z a n d  Uh0~, a r e  l i s t e d  in  T a b l e  1. T o  f a c i l i t a t e  u s i n g  
i n e q u a l i t y  (1) t h e  d a t a  a r e  d i v i d e d  i n t o  f o u r  g r o u p s  
h a v i n g  t h e  p r o p e r t y  t h a t  if t w o  U ' s  a r e  s e l e c t e d  f r o m  
a n y  o n e  g r o u p  t o  r e p r e s e n t  UH+H, a n d  UH--H,, t h e n  
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Fig. 1. (a) Electron density of fl-selenium projected along the b-axis. Contours at intervals of ]0 e.~ -2. 
Lowest contour at I0 e.A -9" level. (5) Crystal structure of fl-seleninm projected along the b-axis. 

the values of the indices are such tha t  UR and UH,, 
are present somewhere in the four groups. 

The systematic application of inequality (1) has 
been described in the c~-selenium analysis (Burbank, 
1951), and led in the present case to the results which 
are listed in Table 2. There are 22 direct sign 
determinations, 33 signs expressed in terms of the 
unknown signs a and b, and 19 signs which involve 
the unknown sign c. The 33 signs which depend on 
a and b fall in two categories. Reflections with both 
indices even depend only on a, while reflections with 
an odd index depend on b as well. The structure is 
independent of b and changing the sign of b merely 
corresponds to changing the origin of co-ordinates from 
one center of symmetry  to another. Thus we can 
arbitrari ly assign b a positive value but both values 
of a must be investigated. 

The information the inequalities have yielded for 
Fourier synthesis is illustrated in Table 3 where the 
hO1 structure factors for the four groups of Table 1 
are listed. The signs have been evaluated on the 
assumption tha t  b = + 1  and a = - - 1 .  The total  
weight of all the coefficients is 10,847 while the 
weight of the coefficients to be used in the first 
Fourier synthesis is 7,256 or 67% of the total. 

Two 55-term syntheses were made, one with a =  + 1, 
one with a = - - 1 .  The maps are identical in each case 
except for the fact tha t  the projected positions of 
screw axes and symmetry  centers are interchanged. 
Positions were indicated for all eight atoms in the 
asymmetric unit and six of the peaks were completely 
resolved. Thus a centrosymmetric projection can be 
solved directly from the inequalities without any 
supplementary information. However, a twofold 
ambiguity remains when discussing the complete 
structure in three dimensions. 

R e m a r k s  on the inequal i t ies  

The addition-subtraction relation of inequality (1) 
can be given an interpretation which is somewhat 
analogous to a familiar trial-and-error technique. 
When a few reflections in a zone are close to their 
maximum possible vahms one knows that  atoms must 
be located on or near all the sets of planes concerned. 
The sets of planes must mutual ly intersect at positions 
near the atomic sites. Hence if one has a knowledge 
of the molecular shape he can draw traces of the sets 
of planes for different sign combinations and hope 
to find a combination which is consistent with some 
postulated molecular orientation. Inequali ty (1) 
examines the uni tary structure amplitudes of a group 
of four sets of planes. I f  the inequality can be violated 
then three or four sets of planes must mutually intersect 
and a statement is obtained of the possible sign com- 
binations which the sets of planes can assume. The 
inequality is an algebraic device which transcends the 
graphical investigation of traces of planes because it 
can be applied to all reflections, large and small, and 
provides information on many of the less strong 
reflections in terms of the strongest ones. 

I t  is the writer's conviction tha t  the phase in- 
equalities represent an extremely valuable and, so far, 
neglected tool. I t  is advocated tha t  the following 
procedure be considered before concluding tha t  the 
method will be useless on a glven problem. 

Prepare a list of U's from the experimental data  
and investigate it for any appreciable values tha t  
occur. If values greater than 0.7 occur at any scattering 
angle the situation is very fortunate. If values of the 
order of 0.4 or larger occur for values of (sin 0)//t 
near 0.5 or 0.6, then the applicability of the method 
should certainly be investigated by using large 

16" 
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correction factors. The t ime tha t  is necessary to give 
the inequali t ies a fair  t r ia l  is quite modest. As an  
example,  s tar t ing with the uncorrected U's of Table 1 
a period of seven days was required to obtain the 
informat ion listed in Table 3. 

Determinat ion  of the s t r u c t u r e ,  in  three 
d imens ions  

The inequali t ies led to two possible structures, one 
for each value of the unknown sign a of Table 2. 
Molecules similar  in appearance to those of s -se lenium 
were easily recognized in the b-axis projections 
obtained from the two 55-term syntheses. To decide 
which structure was correct the assumpt ion  was made 
tha t  the  • molecule was ident ical  to the  c¢ molecule, 
and scale models were constructed for each possibility. 
Values for the y parameters  were obtained by  
equalizing the packing distances. Structure factors were 
calculated for hkO and Okl reflections and  the structure 
with a = --1 was chosen on the basis of a superior 
correlation with the exper imenta l  s tructure factors. 

At  this  stage the unknown sign c could be deter- 

3 (b) ~b 
7 

a sin 18 

b 
(a) 

a sin/g 

0 1 2 3 ~ . . 5  A 
I ......... I ......... i ......... l,,,,~,.,,l,.,,i,.,J 

Fig. 2. (a) Electron density of E-selenium projected along the 
c-axis. Contours at intervals of 10' e.A -2. Lowest contour at 
10 e. A -2 level. (b) Crystal structure of E-selenium projected 
along the c-axis. 

mined,  and 19 more terms were added to form a 
74-term synthesis. The ref inement  proceeded rap id ly  
to the f inal  l l4- term synthesis which is shown in 
Fig. 1 (a). The molecules are well resolved and  are 
inclined at a large angle to the plane of the projection. 
The hO1 structure factors give the usual  correlation 
funct ion a value of 18.1%. 

In  contrast  to the b-axis projection, which was easily 
refined, the c-axis projection was very  troublesome. 
The y parameters  obtained from the scale model were 
used to compute signs for the  first synthesis. Through 
the kindness of Prof. R. Pepinsky,  Pennsy lvan ia  State 
College, the non-negat ivi ty  method (Eiland & Pe- 
pinsky,  1950) was then  used with the X-ray  analogue 
computer  (Pepinsky, 1947) and the signs of a few more 
large terms were indicated. The ref inement  had  to be 
continued by  conventional  computat ion and was 
carried through 15 maps  to the  result  shown in 
Fig. 2 (a). All the atoms are well resolved, bu t  the peak 
heights are not  as uniform as on the other projections 
and there is considerably more false detail. The mole- 
cules are almost  parallel  to the plane of the projection 
and  overlap to a considerable extent.  For  the.  h/cO 
reflections the correlation function has a value of 
30.8%. 

The hk0 da ta  were obtained from Weissenberg 
photographs and are subject  to much  greater absorption 
errors t han  the precession photographs used for the  
other projections. Consequently, the  a-axis projection, 
i l lustrated in Fig. 3 (a), was used for the  f inal  
determinat ion of the y parameters.  There is over- 
lapping of both atoms and  molecules, bu t  this  
projection is considered more reliable t h a n  the  c-axis 
projection, first because the m a p  is almost  free of false 
detail,  and secondly because of the better  correlation 
of the 0kl structure factors which give a value of 22.1%. 

The f inal  x and z parameters  obtained from ~(x, z) 
and f inal  y parameters  obtained from ~(y, z) are l isted 
in Table 4. A comparison of the observed and calculated 
structure factors for the hO1 and 0El reflections is 
presented in Table 5. The over-all value of the 
correlation funct ion for these reflections is 18.7%. 

Table 4. Final parameters for fl-selenium 
Atom x y z 

1 0.334 0.182 0-436 
2 0.227 0.221 0.245 
3 0.080 0.397 0.238 
4 0" 102 0"578 0"050 
5 0.159 0-832 0-157 
6 0.340 0.832 0.141 
7 0.409 0.763 0.366 
8 0.459 0.476 0-336 

If  the parameters  had  been taken from the less 
suitable projections, name ly  Q(x, y) for x, Q(x, y) for y 
and  ~(y, z) for z, the differences Ax, Ay, Az against  
the above values remain  under  0.006 in all  cases and 
their  sum Z(IAxJ +tAy[+ [Az]) is 0-078 for fl-selenium; 
this compares with 0.072 for the same sum in a- 
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Fig. 3. (a) Electron density of /~-selenium projected along the a-axis. Contours at intervals of 10 e.A-% 
Lowest contour at  10 e.A -~" level. (b) Crystal structure of fl-selenium projected along the a-axis. 

selenium. The critical distance dsl, upon which rests 
the conclusion that  the fl molecule is a chain and not 
a ring, changes by only --0.03 A. 

Descript ion of the s t ruc tu re  

From the parameters of Table 4 the distances between 
atoms of one molecule are found to be 

dl,. ---- 2-21 /~ d56 = 2-34 /~ 
d~a -- 2"36 d~7 = 2"30 
d34 = 2.31 dvs _ 2.42 
da5 = 2.38 dsz = 3.04 

where dz2 is the distance between atoms 1 and 2, etc. 
The angles subtended at each atom by its two 

neighbors in the molecule are found to be 

~ z =  87"6° ~5 --104"9° 
~ 1 2 4 . 7  a 6 = 1 0 6 . 1  
~3=105 .7  ~ = 1 0 2 - 6  
~ 4 = 1 0 6 . 0  ~ s = 1 2 4 . 3  

where c~z is the angle subtended at atom 1, etc. 
These results are at striking variance with those of 

the a-selenium analysis, where an eight-membered 
ring molecule was found, with average bond distances 
of 2.34 /~ and average bond angles of 105.3 °. The 
distance of 2.21 A between atoms 1 and 2 and the 
angle of 124.7 ° subtended at atom 2 indicate that  
atoms 1 and 2 are nearly double-bonded. The distance 
of 3.04 ~ between atoms 8 and 1 indicates that  there 
is practically no bonding between these atoms. One 
must conclude that  to a first approximation the 
fl molecule is an eight-membered chain formed by 
breaking one bond in a ring molecule and leaving one 
terminal atom of the chain double-bonded to its 
neighbor while the other terminal atom is single- 
bonded to its neighbor. Figs. l(b), 2(b) and 3(b) 
illustrate the appearance of the molecules on the 
three principal projections. 

Drawings of ~ and B molecules are compared in 

Fig. 4. The a molecule has the non-crystallographic 
point group symmetry 82m, with four atoms lying 
in one plane and the remaining four atoms lying in 
a second parallel plane. Seven of the atoms in the 
B molecule adhere rather closely to this configuration. 

2 ~ 2 4 . . 3 8 7 " 6 ° ~ 1  A 

2"30 A ! 12.36 A 

' 5 "2"38 A--4 " 

.fl-$e molecule a-Se molecule 

Fig. 4. 

Using orthogonal co-ordinates x ' ,  y and z' based on 
the axes a, b and c', with c" perpendicular to a and b, 
atoms 3, 5 and 7 define the plane 

x ' - - O . 6 9 y - - l . 8 0 z '  + 5 . 2 6  - -  0,  

while atoms 2, 4 and 6 define the plane 

x ' - - O . 6 8 y - - l . 9 1 z '  ÷ 2 . 7 7  = O . 

The two planes are parallel to within 1.7 ° . The 
equations of these planes can be averaged to define 
a new plane 

x ' ~ O . 6 8 y - -  l . 8 5 z '  + 4 . 0 2  = O . 

Atoms 3, 5 and 7 are equidistant 4-0.017 /~ to one 
side of the plane while atoms 2, 4, 6 and 8 are 
equidistant 4-0.017 A to the other side of the plane. 

The preceding description of the fl molecule is 
incomplete and gives no indication.of how such a 
configuration could possibly be stable. There would 
be charges developed at atoms 8 and 2 and no 
possibility of resonance. If the double bond shifted 
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hkl  

200 
400 
6O0 
800 

10,0,0 
12,0,0 
14,0,0 
16,0,0 

001 
0O2 
0O3 
004 
005 
O06 
007 
OO8 
009 

0,0,10 
0,0,11 
0,0,12 
2,o,1_2 
2,0,11 
2,0,10 

20~ 
20~ 
207 
20~ 
20~ 
20~ 
20~ 
20~ 
20]. 
201 
202 
203 
204 
2O5 
2O6 
207 
208 
209 

2,0,10 
2,0,11 
2,o,1_2 
4,0,1-2 
4,o,1A 
4,0,10 

40~ 
40~ 
407 
40~ 
40~ 
407~ 
40~ 
40~ 
40~ 
401 
402 
403 
404 
405 
406 
407 
408 
409 

FO 
48 

279 
< 9 

84 
70 

132 
45 

123 
< 5 

234 
< 7 

91 
70 

< 9 
< 11 

30 
16 

170 
32 

< 9 
41 

< 1 1  
< 1 1  
< 11 

23 
116 
148 
157 

< 9 
34 

304 
57 
73 

311 
429 
102 
225 

< 9 
129 

75 
< 1 1  
< 11 
< 11 

27 
< 9 
< 11 

102 
32 
68 
59 
89 

157 
25 

141 
2O 

132 
43 

316 
< 9 

220 
284 

50 
< 1 1  

32 
64 

Table  5. Observed and calculated structure factors for fl-selenium 

- -  23 
-- 254 
- -  36 
- -  8 8  

- -  58 
+ 156 
- -  34 
--137 
+ 18 
- -  196 
- -  1 5  

- -  85 
+ 75 
- -  7 

- -  5 

+ 59 
+ 24 
--215 
- -  6I 
+ 32 
- -  69 
- -  14 
+ 1 
+ 32 
+ 30 
-- 136 
+ 1 7 5  
+ 169 
+ 3 
+ 36 
+ 3 0 9  
- -  54 
- -  63 
--281 
+426 
- -  99 
--214 
- -  21 
--138 
- -  74 
+ 11 
+ 33 
+ 18 
+ 47 
+ 23 
+ 18 
+ 120 
+ 44 
+ 65 
- -  70 
- -  90 
+ 170 
+ 34 
+141  
+ 14 
- -  146 
- -  47 
-- 252 
+ 22 
+ 2 2 0  
-- 269 
+ 27 
- -  21 
- -  22 
+ 8O 

hkl - .Fo .Fv 

4,0,10 < 11 0 
4,0,11 < 11 + 11 
4,o,1-2 34 + 55 
6,0,11 < 11 + 13 
6,0,10 < 11 -- 4 

609 32 + 36 
608 70 - -  86 
607 95 + 109 
606 I00 + 104 
605 27 + 24 
604 286 --285 
603 372 -- 336 
602 107 + 1 2 4  
601 < 9 + 3 
601 < 9 + 2 
602 98 + 80 
603 161 -- 142 
604 61 -- 73 
605 89 -- 93 
606 134 + 137 
607 302 + 330 
608 70 -- 84 
609 < 11 -- 23 

6,0,10 16 + 19 
8,0,11 50 + 62 
8,0,10 70 -- 88 

8o~ 54 - 75 
808 < Ii  + 25 
807 < iI -- lO 
806 < l l  + 8 
80~ 166 -- 203 
804 < 9 + 7 
80~ 27 + "38 
802 27 + 16 
80]. 107 -- 96 
801 213 + 2 2 4  
802 54 + 60 
803 < 9 -- 7 
804 91 + 62 
805 170 + 166 
806 32 -- 39 
807 < l I  -- 18 
808 < 11 -- 26 
809 < II -- 11 

8,0,10 73 + 1 0 8  
10,0,1--0 < 9 + 17 

10,0,9 < 11 -- 24 
10,0,8 32 + 31 
I0,0,7 116 --135 
10,0,6 109 -- 97 
10,0,5 54 + 74 
10,0,4 30 + 37 
10,0,3 188 +181  
10,0,2 52 + 25 
10,0,i  20 + 41 
10,0,] < 11 -- 1 
10,0,~ 52 + 88 
10,0,3 30 + 41 
10,0.4 98 + 103 
10,0,5 < 11 -- 12 
10,0,6 45 -- 50 
10,0,7 73 -- 72 
10,0,8 < 11 -- 5 
10,0.9 50 -- 49 
12,0,9 27 -- 42 

hkl 2'0 Fc 
12,0,8 61 + 57 
12,0,7 100 + 103 
12,0,6_ 32 -- 34 
12,0,5 77 + 70 
12,0 ~ < 11 + 10 
12 0,3 32 -- 21 
12,0,2. < 11 + 39 
12,0,] 45 -- 52 
12,0,1 89 + 75 
12,0,2 45 -- 46 
12,0,3 134 -- 167 
12,0,4 41 -- 73 
12,0,5 < 11 + 36 
12,0,6 16 -- 24 
12,0,7 < 11 -- 1 
14,0,7 < 9 + 11 
14,0,6_ < 11 -- 4 
14,0,5 41 + 57 
14,0,~ 41 + 65 
14,0,3 127 -- 148 
14,0,2 < 11 -- 8 
14,0,[ 32 + 46 
14,0,1 16 -- 25 
14,0,2 91 -- 108 
1.4,0,3 < 11 + 32 
14,0,4 < 11 + 15 
14,0,5 < 11 -- 28 
14,0,6 30 -- 51 
16,0,~ < 9 -- 20 
16,0,~ < 9 + 15 
16,0,3 < 11 + 7 
16,0,2 < 11 -- 10 
16,0,Y 16 + 14 
16,0,1 30 -- 30 
16,0,2 30 + 50 
16,0,3 < 9 + 8 
16,0,4 36 + 56 

020 237 -- 208 
040 25 + 18 
060 < 17 + 24 
080 < 19 -- 43 

O,lO,O < 17 + 9 
011 32 + 27 
012 193 +180 
013 247 + 228 
014 76 + 71 
015 332 --339 
016 55 + 35 
017 76 + 89 
018 82 + 99 
019 64 + 58 

0,1,10 66 -- 77 
0,1,11 < 19 + 34 

021 78 + 76 
022 64 + 65 
023 159 + 161 
024 68 + 67 
025 85 -- 87 
O26 57 + 55 
027 78 -- 83 
028 82 -- 98 
029 < 19 + 20 

0,2,10 27 + 46 
0,2,11 < 17 -- 29 

031 61 -- 77 

hkl  

032 
033 
034 
035 
O36 
037 
038 
O39 

0,3,10 
0,3,11 

041 
O42 
O43 
O44 
O45 
O46 
047 
048 
049 

0,4,10 
051 
052 
053 
054 
055 
056 
057 
058 
059 

0,5,10 
061 
062 
O63 
O64 
O65 
O66 
O67 
O68 
069 
071 
072 
073 
O74 
O75 
076 
077 
O78 
081 
O82 
O83 
O84 
O85 
O86 
O87 
088 
091 
092 
093 
O94 
095 
O96 

0,10,1 
0,10,2 
0,10,3 
0,10,4 

148 
63 

< 15 
180 

17 
25 
82 
19 
19 
19 

178 
64 

192 
55 

< 17 
25 
80 
27 

< 19 
< 19 

125 
156 
114 

59 
93 
97 

< 19 
27 
19 

< 19 
< 17 

25 
171 
176 

27 
129 
131 

27 
27 
8O 

178 
104 

64 
< 19 
< 19 

46 
27 
38 
64 
64 
27 

< 1 9  
< 19 

72 
59 
19 

< 19 
< 19 

27 
19 

< 17 
< 19 
< 17 
< 17 

25 

+ 147 
+ 45 
+ 21 
+ 174 
- -  25 
+ 45 
+ 76 
- -  29 
+ lO 
- -  12 
--157 
- -  42 
+ 1 8 0  
- -  55 
.-- 7 
+ 37 
- -  88 
+ 28 
+ 3I 
+ 5 
- -  97 
- -  134 
+ 96 

, +  41 
+ 1 1 0  
+ 94 
- -  5 

- -  2 5  

- -  3 2  

- -  2 7  

- -  21 
+ 11 
- -  144 
--131 
- -  34 
+ 107 
+ 146 
- -  45 
+ 25 
+ 42 
+ 1 9 3  
- -  1 0 6  

- -  6 4  

- -  7 

- -  3 7  

- -  48 
+ 48 
- -  45 
- -  6 6  

+ 68 
+ 10 
+ 1 
+ 6 
- -  67 
+ 48 
+ 3 
- -  33 
- -  7 

- -  65 
+ 15 
- -  12 
- -  5 

- -  1 1  

0 
+ 55 
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to any other position in the chain, charges of similar 
polarity would occur on two adjacent atoms. 

When the intermolecular distances are investigated 
it is found that  there are several extremely short 
distances which provide an answer to the question 
of stability. They are illustrated in the b-axis projection 
of Fig. 1 (b). The shortest distance of 2.85 A occurs 
between atom 4 of one molecule and atom 4 of a 
neighboring molecule. Each molecule has two distances 
of 2-86/~, one from atom 4 tp atom 6 of a neighboring 
molecule, the other from atom 6 to atom 4 of a 
neighboring molecule. These two short distances do 
not occur in pairs to form a closed ring, but are related 
by a screw axis and spiral through the structure. The 
next shortest distance occurs at 3.20 A between two 
number 8 atoms. There are also two distances of 
3.35 A_ between number 3 and number 4 atoms. All 
other distances are greater than or equal to 3.53 A 
and are of no interest to the present discussion. 

Pauling's equation relating bond distance and bond 
number (Pauling, 1947) was applied to the above data. 
The relation is 

R(1)--R(n) ---- 0"3 log n ,  (2) 

where n is the bond number or number of electron 
pairs in a bond; R(1) is the single bond radius and 
R(n) is the radius of a bond of bond number n. Using 
a value of R(1) = 1.17 A for selenium, the following 
bond numbers were computed: 

nl~ ---- 1.65 n81 -- 0.07 
n2a ---- 0.93 n44,= 0.14 
n34 ---- 1.12 n46,= 0.14 
n45 ---- 0.86 n64,---- 0.14 
n5~ = 1.00 n88,= 0.04 
n~ -- 1.17 n34,----- 0.02 
n~s : 0.74 n4a,---- 0.02 

where a primed subscript indicates an atom in a 
neighboring molecule. The sum of the bond numbers 
for bonding within the chain is 7-47, while the sum 
per molecule for bonding external to the chain is 0.32. 
There are actually 8 electron pairs per molecule and 
equation (2) has accounted for 7.79 pairs. The missing 
0.21 of an electron pair is almost certainly involved 
in bonds within the chain and can be accounted for by 
relatively small errors in the intramolecular bond 
distances. This is because of the logarithmic variation 
of n in (2). For example, a decrease in dl~. of 0.03 A 
would increase nle by 0-21, while an impossible 
decrease in ds4 , of 0.63/~ would be required to increase 
n84, by 0.21. Thus (2) indicates that  approximately 
7.7 electron pairs are used for bonding within each: 
molecule while 0.3 of an electron pair per molecule is 
used for intermolecular bonding. The computed: 
distribution of bonds is illustrated in Fig. 5, where 
the neighboring molecules around a given molecule 
are indicated schematically. The numbers between 
pairs of atoms indicate the number of electron pairs 
associated with each bond, while the numbers in 

parentheses indicate the number of valence electrons 
associated with each atom. 

We conclude that  #-selenium acquires sufficient 
stability to exist by virtue of being an electron- 
deficient compound. Of the sixteen valence electrons 
per molecule, about 0.6 of an electron is oc.cupied in 
bonding external to the chain. Presumably the electron 
system then has sufficient mobility so that  the bonding 
is somewhat metallic in character. However, the 
directional properties of the bonds within the chain 
are still predominantly covalent. The polarity of the 

~0"04 

0.7h~.85) (1"72)' ~.65 
[7(1"91) (2"58) 2 I 

1 . ~ 7  io~3 
~ 014.-~( 2"31 ) (207)~ 

---"" 1.00X,(l:~i (2.28~X~2"'-,~02 

Fig. 5. Calculated bond numbers  for ~-selenitun molecule. 
Positions of atoms "in neighboring molecules indicated 
schematically. Numbers  in parentheses are the number  
of valence electrons associated with each atom. 

atoms along the chain presents a sequence of some 
regularity that, again, is intermediate between the 
metallic and covalent extremes. An uncharged atom 
has two valence electrons associated with it. A larger 
or smaller number of valence electrons can be taken 
as a measure of the magnitude of the charge on an 
atom. In the case of a single covalent form of the 
molecule all the atoms are uncharged except numbers 
2 and 8. In the present case the charges are re- 
distributed all along the chain as indicated in Fig. 5. 
In addition to atom 2, atoms 4 and 6 have a consider- 
able excess of valence electrons associated with them. 
The net result is a pattern of varying polarity that  
persists in a curious fashion from one end of the chain 
to the other. 

The more or less topographical description of the 
structure which has preceded would appear to be all 
that  the present analysis by two-dimensional Fourier 
syntheses would justify. Indeed, one may well question 
whether all the variations in bond distances noted 
above are significant. The experimental data used on 
a- and fl-selenium are strictly comparable. I t  was 
possible to average eight independent determinations 
of the selenium single-bond length in c~-selenium and 
an average deviation of +0.02 /~ was found. The 
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maximum deviation of any single determination from 
the average was ±0.03 A. On this basis the distances 
reported for t-selenium should be reliable to ±0.03 J~. 
The function 2R2 : X( IFol - - [Fc] )  ~ - -  XIFo] 2 was 
evaluated for the hOl and Okl reflections and yielded 
values of 0.0227 and 0.0328, respectively. According 
to Booth's interpretation of the function (Booth, 1948), 
the errors in the b-axis projection are zero, while in 
the a-axis projection the atomic co-ordinates have a 
root-mean-scjuare error of 0.02 J~. Therefore, the 
estimate of accuracy of bond distances is probably 
reasonable. A fluctuation of ±0.03 /~ could cancel 
much of the variation in bond distances along the 
chain molecule, yielding a sequence such as 2.24, 2.34, 
2-34, 2.35, 2.34, 2.33 and 2.39 A. The correlation of 
bond numbers by equation (2) would lead one to 
believe tha t  the variations in bond distances are real, 
but to demonstrate it from X-ray evidence alone would 
call for an analysis by three-dimensional Fourier 
syntheses. 

of Fig. 8. Vertical reference lines which are parallel 
to the c-axis divide the drawing into four sections 
which, reading from left to right, will be called the 
first, second, third and fourth sections of the figure. 
In the first section a group of nine t-molecules has 
been included so tha t  the representation of the 
transformation can be carried along an integral 
number of eight hexagonal c-axis lengths. The covalent 
bonds of bond number 0.14 which occur between 
atoms 4 and 6 of one molecule and atoms 6 and 4 of 

02.0[ 0,0 

Ol. 020 

350 

0 m 

The transition of t - s e l e n i u m  to metal l ic  se len ium 

When X-ray photographs were taken of t-selenium 
crystals which had been preserved for a year under 
ordinary laboratory conditions a surprising detail was 
noted. In  addition to the reflections of t-selenium, 
a second set of somewhat diffuse reflections was 
present on most of the photographs, the effect being 
most remarkable on the Weissenberg patterns obtained 
by rotation around the c axis. Fig. 7 illustrates the 
complete set of levels obtained by c-axis rotation using 
Cu K~ radiation. The zero, second and fourth levels 
include the normal reflections to be expected of 
fl-selenium and also a second set of reflections which 
fall on a hexagonal lattice. On the zero level t h e  
hexagonal 0k.0 reflections fall along the same row as 
the monoclinic 0k0 reflections. The first, third and 
fifth levels contain only normal reflections. 

The h/c0 levels of the monoclinic and hexagonal 
reciprocal lattices are illustrated in Fig. 6. Certain of 
the monoclinic reflections which have been indexed 
fall almost exactly on the hexagonal lattice. The 
c axes of the direct lattices are exactly parallel and in 
the lower part  of the figure the unit cel~s are projected 
along this axis. The following relations hold ap- 
proximately: 

amonoclinic ~ 3ahexagonal 

bmonoclinic-~ (V3)ahexagonal 

Cmonoclinic ~ 2 C h e x a g o n a l  • 

The cell constants of metallic selenium just fit the 
observations on the hexagonal lattice. 

We conclude that  a single crystal of t-selenium can 
transform directly into a single crystal of metallic 
selenium. The t-selenium structure seems ready-made 
for such a transition and the general outlines of how 
it might occur are illustrated in the b-axis projection 

Fig.  6. Above :  hk0 levels of monocl in ic  and  hexagona l  reci- 
procal  lat t ices.  Below:  monocl in ic  and  hexagona l  u n i t  cells 
p ro jec ted  a long  c-axis. 

two adjoining molecules are represented by broken 
lines. Atoms of the type marked 6', 7' and 8' belong 
to molecules lying one /~-axis translation above the 
other molecules in the figure. The transition is probably 
initiated by a great increase in bond number of the 
intermolecular bonds of bond number 0-14. Other 
bonds within the fl molecules will be drained of 
electrons and the nature of the molecules will be 
altered drastically. I t  is then assumed tha t  double- 
bonded atoms 1 and 2 will be quite reactive a n d  t ha t  
a new bond will be formed between atom 1 o.f one 

- .  

molecule and atom 1 of a neighboring molecule. Thus 
it is postulated tha t  a fl molecule disintegrates into 
four fragments: atoms 8-7-6, atom 5, atoms 4-3 and 
atoms 2-1. Simultaneously, new chain fragments, are 
being formed with adjoining molecules of the types 
8-7-6-4-3,  3 -4-6 ' -7 ' -8 '  and 2-1-1-2.  T h e  second 
section of Fig. 8 shows these new chain fragments 
arrayed along the direction of the c-axis. Each type 
of fragment is in" a favorable configuration to link up 
with similar fragments to form indefinitely long chains. 
As the long chains are built up it is presumed tha t  
atoms of type 5 join the fragments at strategic points 
such tha t  each chain accumulates atoms at the same 
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. . . .  ~t~ ~ • . , 

• , • , p * o . - . i ° o 

( a )  ( b )  

(c) (d) 

. - . ° . 

(e) 

• • • . 

~ ~ ,  . . . : "  . " . .. 

( f )  

Fig. 7. Weissenberg patterns obtained by c-axis rotation of fl-selenium crystal which has partly transformed into crystal 
of metallic selenium. 

(a) Zero level. (b) First level. 
(c) Second level. (d) Third level. 
(e) Fourth level. (f) Fifth level. 

[To face p. 2 4 4  



R O B I N S O N  D. B U R B A N K  245 

Fig. 8. Two-dimensional representation of transition from 
fl-selenium to metallic selenium projected along the b-axis. 

rate as its neighbors. In the third section of Fig. 8 
chains of indefinite length are represented with atoms 
in a configuration intermediate between the initial 
and final states of the transformation. The four- and 
five-membered fragments of the second section of the 
figure can be identified by solid lines connecting the 
atoms. Bonds between fragments, between a fragment 
and a number 5 atom or between two number 5 atoms, 
are indicated by broken lines. Considerable re- 
orientation is still necessary within each chain to reach 
the threefold helical configuration of metallic selenium, 
which is drawn in the fourth section of Fig. 8. How- 
ever, this last step should occur quite easily because 
of the great stability of the metallic structure which 
arises from the four close contacts that  each atom 
makes with atoms in neighboring chains. 

Discussion 

The structure of fl-selenium gives some indication of 
why many workers have doubted the existence of a 
second monoclinic polymorph. The conditions under 
which fl-crystals can be grown are quite critical and 

not well understood. Of the various investigators who 
have reported on selenium in the literature, only 
Muthmann (1890) and Klug (1934) have prepared 
fl crystals. Muthmann stated that  fl crystals were 
obtained by evaporation of cold, saturated solutions 
of selenium in carbon disulfide. In duplicating Muth- 
mann's results the writer came to realize that  the cold 
solution also had to be evaporated at a relatively 
rapid rate. A fourfold reduction in the volume of the 
solution over a 72 hr. period was used in the present 
research. I t  is likely that  when crystal growth is 
conducted more slowly, the fl molecules have the 
opportunity to go back into solution and transform 
into a molecules. Kyropoulos (1927) and Halla, Bosch 
& Mehl (1931) let crystal growth occur over a period 
of several months and obtained only a crystals. Klug 
reported obtaining a sohtary fl crystal plus many 
metallic crystals by a 70 hr. evaporation at 75 ° C. 
In this case it is likely that  if other fl crystals were 
initially present they were transformed into metallic 
selenium by the temperature conditions. 

Muthmann observed the formation of mixed crystals 
of orthorhombic sulfur and up to 35 atom% of 
selenium. No mixed crystals were formed between 
monoclinie sulfur and selenium. Also a-selenium 
formed mixed crystals with up to 33 atom % of sulfur 
but fl-selenium did not form mixed crystals. Both 
orthorhombic sulfur and a-selenium contain ring 
molecules, and these molecular species are involved 
in the two cases cited of mixed-crystal formation. I t  
is clear that  the chain molecules of fl-selenium would 
not form mixed crystals with sulfur ring molecules. 
The structure of monoclinic sulfur was examined by 
Burwell (1937) in terms of ring molecules but was not 
solved. The absence of mixed crystals between mono- 
clinic sulfur and selenium ring molecules probably 
indicates that  monoclinic sulfur does not contain the 
ring molecule of orthorhombic sulfur. 

There are practically no measured properties of 
#-selenium with which the present structure can be 
tested. However, the pronounced semi-metallic luster 
of the crystars would be expected from the mobility 
which the electrons have. The bond distance of 2.21 A 
found at one end of the molecule is similar to the value 
of 2.19±0.03 /~ found by Maxwell & Mosely (1940) 
for diatomic selenium molecules in the vapor phase by 
electron diffraction. 

Von Hippel (1948) has considered the relation 
between structure and conductivity in the VIb group 
of elements and introduced the concept of a resonance 
between an insulating and a metallic structure. This 
implies that  in metallic selenium there is a resonance 
between an insulating chain structure held together by 
van der Waals forces and a simple cubic metallic 
structure. De Boer (1948) has given additional reasons 
for believing that  the forces between chains in metallic 
selenium are not of the simple van der Waals type 
but that  metallic forces are involved. The structure 
of fl-selenium, which can be considered a transitory 
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state between the ring molecules of c~-selenium and 
the chains of metallic selenium, offers unexpected, but 
direct, evidence of metallic forces operating within 
and between molecules. I t  seems very reasonable that  
similar forces can account for the many fascinating 
properties of metallic selenium. 

I t  is now possible to give an over-all picture of the 
polymorphism of selenium in terms of the under l ing  
atomic configurations. Metallic selenium is a stable 
structure in which three-fold helical chains of infinite 
length are held together by forces which have an 
appreciable metallic contribution. At 217 ° C. the forces 
between chains are overcome and metallic selenium 
melts to a liquid composed of tangled chains. If liquid 
selenium is slowly cooled the forces between chains 
are able to bring back the ordered metallic arrange- 
ment. However, if liquid selenium is rapidly quenched 
to room temperature the tangled chains are frozen into 
solid, vitreous selenium. If vitreous selenium is 
gradually heated the forces between chains again 
operate to produce the ordered metallic structure. The 
various phases of this crystallization process, with the 
optimum nucleation rate near 90 ° C. and rapid crystal 
growth at higher temperatures, have been studied 
recently by yon Hippel & Bloom (1950). 

The forces that  occur between chains depend on the 
close proximity of molecules in the solid state. When 
vitreous selenium is dissolved in carbon disulfide these 
forces are destroyed and there is no way to stabilize 
the isolated chains. As a result, 8-membered ring 
molecules are formed which can exist without inter- 
molecular interactions. The c~-selenium structure 
results from the direct crystallization of these mole- 
cules. However, sufficient thermal energy is available 
in the solution so that  the ring molecules are continually 
breaking open and closing again. If the solution is cool 
the solubility of selenium is lowered and crystallization 
occurs rapidly. Then it is possible for ring molecules 
which have broken open to come together and 
crystallize. They are stabilized in the fl-monoclinie 
structure by the strong forces between molecules. 
However, if fl crystals are left in solution over a long 
period, some of the molecules return to the solution, 
become closed rings and then crystallize as a crystals. 
Gradually the B crystals will be depleted until only 

c~ crystals remain. With either ~ or fl crystals, a 
transformation to the metallic structure occurs, 
proceeding more rapidly as the temperature is raised. 
In the case of fl-selenium a single-crystal to single- 
crystal transition can occur at room temperature, as 
previously outlined. With c~ crystals more thermal 
energy is necessary to initiate the transformation and 
no detailed description of the change from rings to 
chains is possible. One can only point out that  the rings 
probably break at points where the intermolecular 
distances are observed to be near the 3.49 J~ value 
that  exists between the chains of metallic selenium. 

It  is a pleasure to thank Prof. A. von Hippel for  
suggesting the selenium problem and for providing the 
writer with the opportunity of carrying out the 
investigation in the Laboratory for Insulation 
Research. 
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