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Crystals of C4HsSe.I 2 display orthorhombic symmetry with a =  12.804, b=7.625 and c=9.256 A. 
each with an e.s.d, of 0.003 A. There are four molecules in the unit cell and the space group is either 
Pnma or Pn2~a. The trial structure was refined by three-dimensional, full-matrix least-squares 
procedures in both space groups. The preferred structure is in Prima and involves a twofold disorder 
of carbon atoms C(5) and C(6) opposite selenium in the five-membered ring. The observed distances 
and bond angles, with e.s.d.'s in parenthesis, are: 

Se(3)-I(2) 2.762(0-005) A I(1)-I(2)-Se(3) 179.4(0.3) ° 
I(1)-I(2) 2.914(0-004) I(2)-Se(3)-C(4) 100.5(1.0) 
Se(3)-C(4) 1-960(0.025) C(4)-Se(3)-C(4') 93.2(1-8) 
C(4)-C(5) 1.55(0.05) Se(3)-C(4)-C(5) 102-1(2-2) 
C(5)-C(6) 1-59(0.07) C(4)-C(5)-C(6) 107-8(3.0) 
C(6)-C(4") 1.52(0.05) C(5)-C(6)-C(4') 105.8(3-0) 
C(4')-Se(3) 1.960(0.025) C(6)-C(4')-Se(3) 104.6(2.2) 

Although C4HsSe.I 2 is a molecular complex, the Se-I bond distance of 2.762 A is only 0.26 A 
longer than the sum of the single, covalent bond radii, 2.50 A. A short intermolecular Se-I contact 
of 3:.638 A (sum of van der Waals radii = 4.15 /~) is of interest because it makes a bond angle 
I(2)--Se(3)-I(l') of 167 ° and suggests a tendency toward the X - S e - X  bonding found in compounds 
of the type R.,SeCI., and R~SeBr.,. 

Introduct ion  

The prepara t ion  and  propert ies of t e t rahydro-  
selenophene and  a number  of its halogen addit ion 
compounds have been described by  Morgan & Burstal l  
(1929). Spectrophotometr ic  studies of the iodine 
complexes of a series of sulfur compounds (McCullough 
& Mulvey, 1959) indicate max imum stabi l i ty  of the 
complex of t e t rahydro th iophene  (thiacyclopentane).  
By analogy,  one might  expect  the iodine complex of 
te t rahydroselenophene to be among the most  stable 
of the compounds of this type,  and therefore to have 
a short  Se - I  bond. For  this reason the present  s tudy  of 
the s t ruc ture  of C4HsSe.I2 was under taken.  

E x p e r i m e n t a l  

Crystals of C4HsSe.I~ suitable for the X-ray study 
were obtained by permit t ing  a hot, s a tu ra ted  solution 
of the substance in ethanol  to cool to labora tory  
tempera ture .  Since the  crystals  are somewhat  volatile, 
the specimens selected for s tudy  were sealed in thin- 
walled glass capillaries. Weissenberg and precession 
photographs show orthorhombic diffraction symmet ry .  
The unit-cell dimensions were determined by  means of 
zero-level hOl and hkO Weissenberg photographs  
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prepared with unfi l tered Cu radiat ion.  The h/c0 
reflections of a small  quar tz  crystal  were superimposed 
on these films for calibration purposes (Pabst ,  1957). 
The 20 values (based on a=4 .9131  A for quartz)  for a 
to ta l  of f i f ty  hO1 and hkO reflections were used in a 
least-squares ref inement of the lat t ice parameters  
(Sparks, 1963). With the wavelengths for Cu K radia-  
t ion t aken  as ~1 = 1-54050, ~2 = 1.54434, ~ =- 1.5418 and 
f l=1.39217 J~, the following results were obta ined:  

a--12.804,  b=7.625,  c = 9 . 2 5 6 / ~  

e.s.d. -- 0.003 _~. 

The densi ty  observed by f lotat ion was 2.85 g.cm -3, 
while tha t  calculated for Z = 4  is 2.857 g.cm -3. The 
photographs showed the following sys temat ic  extinc- 
t ions:  hkl, none; Okl with k+l  odd; hO1, none; 
hkO with h odd. The space group is accordingly 
indicated to be Pnma or Pn21a. 

The intensi ty  da t a  were t aken  mainly from mult iple-  
film equi-inclination Weissenberg photographs  pre- 
pared by use of f i l tered Mo radia t ion  with 0.025 mm 
brass foil interleaves between films. Six levels, hO1 
through h51, were photographed in this manner .  
For in ter layer  scaling, sets of t imed hkO and Okl 
precession photographs  were prepared.  The crysta l  
used for the intensi ty  da t a  was 0.10 mm by 0.20 m m  
by 0-06 mm along the a, b and  c axes respectively.  
All intensities were es t imated  visually and the preces- 
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sion p h o t o g r a p h s  were also m e a s u r e d  on a densi to-  
meter .  The  ca lcu la ted  l inear  abso rp t ion  coefficient  for 
m o l y b d e n u m  r a d i a t i o n  is 117 cm -1 a n d  the  correspond-  
ing  va lues  for # r  are be tween  0.35 a n d  0.6. No correc- 
t ions  for abso rp t ion  in  the  spec imen  were appl ied.  
Some 400 i n d e p e n d e n t  ref lec t ions  were observed.  
W i t h i n  the  geomet r ic  r ange  covered b y  these  ref lect ions  
a n  add i t i ona l  200 ref lect ions  were below obse rva t iona l  
l imi ts .  

D e t e r m i n a t i o n  of t h e  s t r u c t u r e  

I t  was no t ed  t h a t  t he  i n t e n s i t y  d i s t r i b u t i o n  on the  
hOl f i lms was r e p e a t e d  closely on the  f i lms for layers  
w i t h  k even.  I n  l ike m a n n e r ,  the  i n t e n s i t y  d i s t r ibu-  
t i on  on the  hll f i lms was r e p e a t e d  on the  o ther  f i lms 
w i t h  k odd. Th is  s i t u a t i o n  sugges ted  t h a t  the  h e a v y  
a t o m s  are loca ted  in  the  mi r ro r  p lanes  a t  y=~: a n d  
y - - ~  in  Pnma a n d  th i s  was a s sumed  to be the  case in  
o b t a i n i n g  a t r i a l  s t ruc tu re .  However ,  the  poss ib i l i t y  
t h a t  t he  h e a v y  a toms  are in  pos i t ions  a p p r o x i m a t i n g  
these  in  Pn21a was cons idered  in  the  r e f i n e m e n t  of the  
s t ruc tu re .  

A p p r o x i m a t e  x a n d  z p a r a m e t e r s  for se len ium a n d  
the  two iodine  a toms  were o b t a i n e d  b y  means  of an  
hO1 P a t t e r s o n  syn thes i s .  Two-d imens iona l  Four i e r  
r e f i n e m e n t  i m p r o v e d  the  h e a v y  a t o m  p a r a m e t e r s  a n d  
se rved  to loca te  the  ca rbon  a toms ,  C(4) a n d  C(4') which  
are bonded  to se len ium,  b u t  the  pos i t ions  of the  o the r  
two ca rbon  a toms  r e m a i n e d  obscure.  The  se len ium a n d  
iodine a toms  were t h e n  used  to  d e t e r m i n e  the  phases  
for a t h r ee -d imens iona l  Four i e r  syn thes i s .  Th i s  y ie lded  

i m p r o v e d  h e a v y  a t o m  pa rame te r s ,  a well def ined  peak  
for C(4) a n d  a n  e l o n g a t e d  m a x i m u m  in  t he  reg ion  
expec t ed  for C(5). Four i e r  r e f i n e m e n t  which inc luded  
C(4) in  the  p h a s i n g  d id  l i t t l e  to improve  the  s i t u a t i o n  
w i t h  r ega rd  to  C(5). 

The  pos i t iona l  p a r a m e t e r s  f rom the  Four i e r  refine- 
m e n t  were t h e n  re f ined  b y  t h r ee -d imens iona l  leas t -  
squares  procedures .  I so t rop ic  t e m p e r a t u r e  fac tors  were 
i n i t i a l l y  ass igned  to all  a t oms  a n d  were re f ined  wi th  
the  pos i t iona l  p a r a m e t e r s  in  six cycles.  U n o b s e r v e d  
ref lec t ions  were no t  i nc luded  a t  th i s  s tage.  I n  these  
cycles,  t he  t e m p e r a t u r e  fac tors  for a l l  a t oms  excep t  
C(5) b e h a v e d  n o r m a l l y  b u t  the  B for th i s  a t o m  increased  
to  8/~2. Before  p roceed ing  to f u r t h e r  r e f inement ,  t he  
i n t e r l a y e r  sca l ing  was  a d j u s t e d  b y  use of t he  ra t ios  
Z[Fol/.~[Fc] for the  va r ious  layers .  The  or ig inal  scale 
fac tors  were mu l t i p l i ed  b y  the  fol lowing coefficients  
in  al l  f u r t h e r  r e f i n e m e n t :  hO1, 0.948; hll, 0.975; 
h21, 1.002; h31, 0-987; h4l, 1.018; h51,  1.028. 
Three  more  cycles  of l eas t - squares  r e f i n e m e n t  were 
t h e n  car r ied  ou t  a f t e r  i n t r o d u c i n g  an i so t rop ic  t emper -  
a tu re  fac tors  on all  a toms .  I n  these  cycles  the  b va lues  
b e h a v e d  n o r m a l l y  excep t  for ba3 for C(5) wh ich  rose 
to a va lue  co r respomding  to 21 /~2, i m p l y i n g  an  r .m.s.  
d i s p l a c e m e n t  of a p p r o x i m a t e l y  0.5 A. Th is  behav io r  
sugges ted  a d i sordered  s t r u c t u r e  in  Pnma or the  pos- 
s i b i l i t y  t h a t  t he  t rue  space group is Pn21a. At  th i s  
s tage  a th ree -d imens iona l  difference s y n t h e s i s  was  
c o m p u t e d  w i t h  Fc based  on I(1), I(2), Se(3) a n d  C(4). 
The  a tom C(5) aga in  a p p e a r e d  as a m a x i m u m  e longa ted  
in  the  d i rec t ion  of the  c axis.  On the  a s s u m p t i o n  t h a t  

Tab le  1. Final positional parameters from least-squares refinement in two possible space groups 

Pnma refinement Pn21a refinement 
~ , ,  t ,  

Ratio of Ratio of 
last shift last shift 

Parameter e.s.d, to e.s.d. Parameter e.s.d, to e.s.d. 

I(1) x 0.2889 0-0002 0.000 0.2889 0.0002 0.120 
y 0-2500 - -  - -  0-2500 - -  - -  
z 0.1100 0.0002 0.000 0.1100 0.0002 0.043 

I(2) x 0.3104 0.0001 0.007 0.3103 0.0002 0.067 
y 0.2500 - -  - -  0-2506 0.0014 0.017 
z 0.4234 0.0002 0-005 0.4233 0.0002 0.030 

8e(3) x 0.3285 0-0002 0.005 0.3284 0.0002 0.004 
y 0-2500 - -  - -  0.2465 0.0028 0.097 
z 0-7208 0.0003 0.013 0.7210 0.0003 0.006 

C(4) x 0.4319 0.0018 0.001 0.4357 0.0026 0-026 
y 0.0633 0.0041 0.002 0.0642 0.0067 0.046 
z 0.7475 0.0023 0.001 0.7327 0.0034 0.029 

*C(4') 

*c(5) 

x (0-4319) 0.4234 0.0050 0.022 
y (0.4367) 0.4336 0.0110 0.025 
z (0.7475) 0.7771 0.0064 0.061 

x 0.5245 0-0038 0.004 0.5218 0-0038 0.093 
y 0.1638 0.0072 0"003 0-1562 0.0081 0.006 
z 0.8173 0-0056 0.001 0.8170 0.0054 0.034 

*C(6) 

R (observed reflections only) 

* In 

x 0.5371 0.0030 0.009 0.5379 0-0030 
y 0.3446 0.0067 0.000 0.3458 0-0068 
z 0.7345 0.0042 0.004 0-7359 0-0040 

O-O63 0.061 

Pnma, C(4')is omitted and atoms C(5)and C(6)are given weights of ~. 

0.068 
0.011 
0.018 
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Table 2. _Final temperature parameters from least-squares refinements* 

Pnraa refinement Pn21a refinement 

Ratio of Ratio of 
last shift last shift 

Parameter e.s.d, to e.s.d. Parameter e.s.d, to e.s.d. 
I(1) Bal 6.72 

B~. 4-20 
Baa 3" 66 
Blu 
Bla -- 0.30 
B2a 

I(2) Bll 3"93 
Be2 3"28 
Ba3 3"94 
B12 
Bla  --0"11 
B~a 

Se(3) Bll 2.35 
Bp.~. 7"45 
Baa 3.25 
B12 
Bla 0 . 1 1  

B~3 
C(4) B(iso) 5.28 
C(4') B(iso) - -  
C(5) B(iso) 5.70 
C(6) B(iso) 3.79 

* The relation between the B's above and 
B12 = 2abbl~, etc. 

the b's 

0.13 0.01 6.80 0.13 0.16 
0-16 0"00 4.67 0.21 0.17 
0"09 0"00 3.70 0.09 0-02 
- -  - -  1"70 0"70 0.42 
0.15 0.01 --0.35 0.16 0-08 
- -  - -  --2.25 0"51 0-33 

0.09 0"00 3.95 0-09 0-09 
0.15 0"00 3.56 0.19 0-17 
0"09 0.01 4.05 0.09 0-07 
- -  - -  -- 2.10 0.43 0.25 

0.13 0.01 0.02 0.13 0.07 
- -  - -  -- 2.04 0.43 0.07 

0.11 0.00 2.36 0.11 0.01 
0.28 0.00 7.60 0.29 0.03 
0.12 0.00 3.25 0.12 0-02 
- -  - -  0.65 1-12 0.08 
0.19 0-00 0-00 0.19 0.04 
- -  - -  0.21 0.80 0.16 

0.50 0.00 2.28 0-62 0.05 
- -  ~ 6.99 1.60 0.03 
1.11 0.01 5.70 1.06 0.01 
0.78 0.01 3.78 0-75 0"03 

in the anisotropic temperature factor expression is given by Bll=4aebn, 

C(5) is disordered, this  a tom was split  into two 'half- 
a toms'  designated C(5) and  C(5') and  placed about  
0.8 A apart .  These half-atoms were in i t i a l ly  assigned 
anisotropic t empera ture  factors, bu t  in the  ensuing 
least-squares cycles the  e.s.d, values for these factors 
were of the  order of magni tude  of the  factors them- 
selves, hence isotropic factors were subsequent ly  used 
for all carbon atoms. In  the f inal  stages of the  least- 
squares ref inement ,  the  unobserved reflections were 
included wi th  AF t aken  as [Fc[-Fo (min) wi th  a 
weighting factor  of (1/70) = 1/4Fo (min) if [Fc] > Fo(min) 
and  A F = 0 i f  ]F~[<Fo (min). Six addi t ional  least- 
squares cycles gave the  posi t ional  and  tempera ture  
parameters  l is ted in Tables 1 and  2 respect ively under  
columns headed 'Prima s t ructure ' .  

Because of the  ambigu i ty  in the  space group, i t  was 
considered of in teres t  to carry out  least-squares 
ref inement  in the  space group Pn21a. This was done in 
each of two ways. I n  the  first  case, one of the  compo- 
nents  of the disordered ~truc~ure wa~ ~e&en 0,8 t~ ~arting 
point .  Since the  two components  are re la ted  by  a 
mirror,  i t  was unnecessary to carry out  a separate  
ref inement  on each. The posi t ional  and  t empera tu re  
parameters  l is ted in Tables 1 and  2 under  'Pn21a 
s t ructure '  resul ted from nine cycles of least-squares 
refinement.  In  the second case, the  disordered s t ructure  
which resul ted from the  Pnma ref inement  was refined 
in Pn21a. The results  in  this case differed l i t t le  from the  
Pnma values so they  were not  l is ted in the tables.  
The most  significant  observat ion in this case was the  
failure of the  least-squares ref inement  to move toward  

one of the  ordered structures,  even when one was 
favored in the  inpu t  parameters .  

Al though unequivocal  selections between the  two 
space groups and  an ordered versus a disordered 
s t ructure  cannot  be made, the  authors  favor  the  
solution involving the  disordered s t ructure  in Prima 
for the  following reasons: 

1. Wi th in  the  significance of the  exper imenta l  
posi t ional  parameters  in Pn21a, the  three heavy  
atoms are located in planes normal  to b and  the  
a toms C(4) and C(4') are located very  close to 
posit ions of reflection in these same planes. 

2. The carbon-carbon  bond distances in the  r ing 
are more consistent  wi th  accepted values in the  
disordered P n m a  structure.  These distances are 
1.55, 1.59 and  1.52 J~ (average 1-55 ~)  in Prima 
against  1-52, 1.64 and  1.67 .~ (average 1.61/~) 
in the  ordered Pn21a structure.  

3. The slight decrease in R (0.063 to 0.061) in going 

from Pnma to Pn21a is less than might be expected 
to result  from the  addi t ion  of twelve more adjust-  
able parameters.  

The observed s t ructure  factors are compared in  
Table 3 wi th  those computed on the  basis of the  f inal  
posi t ional  and  t empera tu re  parameters  for the  
disordered s t ructure  in Pnma. The atomic scat ter ing 
factors used for iodine and selenium were those given 
in the  International Tables for X-ray Crystallography 
(1962), Table 3.3.1B, while the  d iamond values of 
McWeeny (1954) were used for carbon. No corrections 
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Table  3. Observed and calculated structure factors. 

The data are separated into groups having common values of ]c and l. The three columns in each ~roup list values of h, lOFo 
aRd 10Fc, in that order. Unobserved reflections are indicated by U and the values of lOFo given correspond to the minimum 

observable intensities 

gffi O, L = 0 
2 3289 -3183  
4 717 702 
6 1613 1515 
8 1 9 0 5  - 1 8 7 7  

I0 827 758 
12 234U 27 
14 248U -305  

K= O, L = 1 
3 8 4 4  -800 
4 731 - 6 8 6  
5 4 1 4  351 
6 1023  1 0 6 4  
7 2 7 4  2 5 9  
8 8 2 7  -839 
9 702 - 6 8 5  

10 6 5 7  635  
11 6 1 9  6 3 8  
12 234U 114 
13 341 -338  
14 320 - 3 1 4  

K= O, L = 2 
0 489 - 3 7 4  

702 - 7 3 6  
2 9 3 2  - 9 0 6  
3 6 0 2  594 
4 561 441 
5 543 -563 
6 165U -222 
7 351 380 
8 185U - 5 4  
9 2 8 7  - 2 6 3  

10 5 3 6  538  
II 219U 28 
12 4 3 8  - 4 2 5  
13 2 4 8 U  128 

K= O, L = 3 
1 128U 85 
2 2266 2524 
3 143U -63 
4 2655 -2861 
5 4 3 8  433 
6 1716 1765 
7 549  - 5 1 9  
8 3 3 1  - 3 3 2  
9 482 475 

10 6 5 7  - 6 3 6  
11 227U - 1 8 1  
12 446 4 5 3  
13 248U -64 

K= O, L= 4 
0 844 -837 
1 1 1 o 4  1231 
2 1104 1278 
3 262 -193  
4 811 - 8 0 8  
5 8 3 6  - 7 8 4  
6 2 8 7  259 
7 1 0 5 6  1070 
8 203U 96 
9 602 -560  

10 523~ - 5 3 1  
ii 234U -26 
12 446 442 
13 320 329 

K= O, L = 5 
1 234 218 
2 165U -94 
3 536 - 5 1 7  
4 185U -146  
5 461 396 
6 203U .126 
7 203 -223  
8 219U - 7 3  
9 219U 90 

10 234U 7 
11 248U -170  

g= O, L = 6 
0 1655 -1839  
1 510  531 
2 1 0 2 0  1153  
3 608  - 5 9 5  
4 203U - 1 5 6  

5 475 517 
6 646 - 5 6 2  
7 203 -182  
8 914 813 
9 234 - 1 9 0  

10 388 - 3 7 0  
11 361 384 

K- O, t = 7 
I 536 -547 
2 351 -301  
3 1069 1106 
4 602 620 
5 910 -890. 
6 549 -552  
7 234U 186 
8 414 390 
9 361 361 

10 260U - 1 9 7  
II 379 -395 !  

K= O, L= 8 ! 
0 219U ~ 051 
1 430 4001 
2 219U -55  
3 219U - 1 8 0  
4 227U 166 
5 234U -82 
6 234 -262 
7 248U 74 
8 248U 145 
9 262U 10 

g= O, L = 9 
1 234U 7 
2 351 -307 
3 234U 163 
4 388 350 
5 310 -291 
6 3 1 0  - 2 6 6  
7 379  4 0 0  
8 262U 55 
9 341 -334 

K= O, L= 10 
0 4 7 5  367 
1 7 8 5  - 7 3 0  
2 379 - 3 3 5  
3 3 7 0  316  
4 260U 115 
5 260U 207 
6 274U 74 
7 438 -375  
8 274U -96  
9 287 281 

K= I, L ~ 0 
2 3538 3159 
4 4370 -3835 
6 2202 2114 
8 417 - 4 1 0  

10 780 -726  
12 545 5 3 6  
1~ 230U -145  

g= 1,  L= 1 
0 417 -460 
3 307 302 
4 880 - 8 0 7  
5 9 2 4  -842  
6 510 488 
7 9 5 5  909  
8 174U 120 
9 4 8 9  - 4 5 6  

10 613 - 6 2 2  
11 195U - 2 3  
12 531 543 

.13 307 2 9 4  
14 282 - 2 5 0  

K= I ,  L = 2 
1 95U -8  
2 103U -15  
3 269 -235  
4 170 -225  
5 225 225 
6 659 646 
7 371 - 3 7 2  
8 531 -517 
9 4 1 7  4 1 4  

10 351 334 
11 442 -422  
12 213U 162 
13 318 314 
14 282 - 3 0 7  

g = 1 ,  L = 3 
0 3589 -4037 
1 4 5 0  455  
2 2451 2490 
3 545 -555  
4 371 -446 
5 4 3 4  4311 
6 1262  - 1 1 8 9  
7 190 - 1 9 7  
8 1428 1419 
9 195U -168  

10 653 -638  
11 282 294 
12 213U -0  
13 255 - 2 4 7  
14 28~ 249 

K= I ~= 4 : 
I ; 4 ~  -563 
2 329 -345' 
3 1276 1305 
4 717  7~9i 
5 8 8 0  - 8 6 0  
6 872  - 9 4 6  
7 174U 24 
8 746 757  
9 642  605  

10 4 1 7  -436 
11 577 -595  
12 230U - 2 3  

<= 1 ,  L= 5 
0 151U 112 
I 691 "772 
2 151U 57 
3 380 -440 
4 174U - 1 8  
5 174U 120 
6 174U -90 
7 195U - 9  
8 195U 154 
9 195U 82 

10 255 -262  
11 230U -102  
12 230U 140 

K= 1 ,  L= 6 
~ 174U - 2 1  

1 0 0 6  - 1 0 6 6  
3 170  177 
4 1 2 4 4  1324 
5 4 4 2  - 4 4 8  
6 807 - 8 5 4  
7 5 7 7  607 

213U 141 
466 -523 

10 318 305 
11 230U 195 
12 329 - 2 9 6  

K= 1,  L= 7 
0 798  768 
1 1109  - 1 1 6 0  
2 6 4 8  - 7 0 2  
3 380 401 
4 371 4 1 0  
5 4 6 6  4 7 l  
6 213U -48 
7 691 - 7 3 3  
8 213U -146  
9 4 1 7  461  

K= 1 ,  L ffi 8 
1 195U -171  
2 195U "-53 
3 2 9 5  277 
4 213U 68 
5 213U - 2 1 6  

K= 1 ,  Lffi 9 
"0 4 7 4  439  
I 3 9 9  -350 
2 282 - 2 8 9  
3 361 347  

4 230U 29 
5 230U - 3 0 4  

K= i, L = 10 
I 380 305 
2 230U 204 
3 613 -608  
4 318 -293  
5 571 545 

K- 2,  L = 0 
0 4540 -4497 
2 3738 3243 
4 6 9 4  -578  
6 1681  - 1 5 0 0  
8 1658 1504 

10 704 -763  
12 209U 5 
14 231 293 

K- 2, L= 1 
3 762 6 7 4  
4 30~ 373 
5 360 -338 
6 1098 - 1 0 1 3  
7 276 -232  
8 791 833 

630 610 
1 446 -414 
11 532 - 5 8 4  
12 209U -38  
13 303 314 
14 27~  294 

K= 2,  L = 2 
0 5 6 6  -438  
1 612 575 
2 371 384 
3 546 -531 
4 599 -39~ 
5 471 493 
6 371 326 
7 360 -378 
8 170U 231 
9 262 243 

I0 4 5 4  -428  
11 1 9 0 u  - 2 8  
12 338 361 
13 225U -127  

K = 2, L = 3 
1 120U -62  
2 2049 -1945  
3 124 114 
4 2650 2741 
fi 371 -373  
6 1462 -1523  
7 4 8 7  482 
8 2 7 6  247  
9 371 - 4 0 4  

10 4 5 4  4 6 0  
11 200U 158 
12 410 -473 
13 225U 57 

K= 2,  L = 4 
0 1088  1136 
1 1074 -1067  
2 921 - 9 2 7  
3 214 197 
4 6 6 5  7 0 0  

"5 6 7 7  703 
6 29O - 3 3 9  
7 895 - 9 4 5  
8 181U - 2 2 4  
9 510 514 

10 381 435 
11 209U 13 
12 360 -383  
13 276 - 2 8 9  

gffi 2 ,  L = 5 
1 148U - 1 6 9  
2 148U - 8 7  
3 4 3 7  418 
4 170U 9 
5 360 - 3 4 5  
6 181U - 1 7 7  
7 181U 187 
8 181U 95 

9 200U -112  
10 209U 74 

K~I 217U ~6, 
2,  L= 

0 1538  1481 
1 510 -508  
2 1008 -1144  
3 4 7 9  532 
4 190U 163 
5 419 - 4 5 0  
6 573 595 
7 190U 148 
8 510 -658  
9 209U 186 

10 360  375 
11  290 - 3 3 8  

K= 2,  L = 7 
1 446 462 
2 400 360 

9 1 2  - 9 9 9  
487 -478 

5 747 804 
487 540 
209U - 1 6 9  

8 371 -371 
9 262 -308  

10 233U 136 
11 360 361 

K= 2,  L = 8 
0 190u 2 
1 315 -339  
2 190U 99 
3 200U 158 
4 209U - 1 6 2  
5 209U 53 
6 217U 191 
7 217U - 6 0  
8 225U -185  

K= 2, L = 927  
1 209u 
2 175 243 
3 217U -150  
4 360 -373  
5 231 279  
6 231 228! 
7 3 5 0  - 3 6 7  

K= 2, L = 10 
0 371 -379 
1 660 6 6 1  
2 290 274 
3 276 -287  
4 233U -102  
5 241U - 1 7 6  
6 241U - 3 9  
7 381 347 

K= 3, L = 0 
2 2325 -2141 
4 3103 2994 
6 1743 -1722  
8 365 259 

10 471 443  
12 590 -510  

K= 3, L = 1 
0 1 0 5 4  1 0 7 0  
3 192 - 1 9 9  
4 672  686 
5 689  6 7 4  
6 455 - 3 9 5  
7 740 -728  
8 258 - 2 5 7  
9 422 395 

10 404 453 
11 187U 12 
12 394 - 4 2 7  

g= 3.  L = 2 
1 102U - 1 3  
2 192 -205  
3 149 73 
4 132U 172 
5 149 -165  
6 577  - 5 2 4  
7 333 275 
8 447 478 

9 375 -369  
10 187U -127  
11 385 367 

K- 3 ,  L= 3 
0 2373 2710 

4 3 9  - 4 0 8  
2177 -2172  

3 447 416  
4 333 341 
5 365 - 3 3 7  
6 1075  1007  
7 162U 110 
8 1033 -I051 
9 187U 136 

10 537 593 
11 198U -240  

g= 3* L ffi 4 
1 4 8 7  4 5 7  
2 455 4 2 4  
3 1000 -990  
4 584 -552  
5 720 717 
6 7 7 0  792 
7 175U - 1 9  
8 6 5 5  - 6 4 8  
9 455 - 4 6 1  

10 258 264 
11 471 493  

K= 3 ,  L = 5 
0 148U 140 
1 577 -548  
2 148U 30 
3 3 8 5  349  
4 1620 -2  
5 162U - 1 3 0  
6 162U 37 
7 187U 57 
8 211 -229 
9 187U -87  

10 209U 185 
K = 3 ,  t = 6 

1 162u 57 
2 798  796  
3 162U -188  
4 1180 -1150  
5 375 390 
6 6 9 9  688  
7 4 8 7  - 5 0 3  
8 209U -105  
9 404 394 

K" 3 ,  L = 7 
0 6 6 7  - 7 2 7  
I 970 932 
2 577  533  
3 365 -328 
4 365 -322 
5 355 - 3 5 5  
6 187U 78 
7 577 603 
8" 209U 177 
9 375 -375 

g= 3.  L = 8 
1 187U 89, 
2 187U 9 2  
3 209U -208  
4 209U - 2 9  
5 209U 146 

K= 3,  L = 9 
I 365 315 
2 285 279 
3 209U -301 
4 219U -28  
5 219U 219 

K= 3,  L = 10 
1 228 -221 
2 229U - 1 8 6  
3 5 9 0  515 
4 25a 221 
5 430 -444 

K= 4,  L = 0 
0 2722 2883 
2 2281 -2246  
4 126U 326 

6 931 914 
8 1158 - 1 1 3 1  

KIO 596  610  
= 4 t  L = 1 

3 470 -467 
4 569 - 5 7 5  
5 251 282 
6 634 623 
7 178U 155 
8 634 -620  
9 4 4 4  - 4 4 4  

I0 205U 235 
11 4 4 4  449 

K= 4 ,  L" 2 
0 4 4 4  451 
1 251 -313  
2 308 -295  
3 355 358 
4 ,320 334 
5 3 9 7  - 3 7 4  
6 178U - 6 5  
7 355  341 
8 2 3 5  - 1 9 4  
9 205U -195 

10 320  312 
K= 4, L = 3 

1 126U 26 
2 1421 1443 
3 145U -168  
4 1841 -1797  
5 294 277 
6 1234 1211 
7 366  - 3 5 8  
8 199 -191 

235 266 
1 308 -317 

K= 4 ,  t = 4 
0 1032 - 8 6 1  
1 727  749 
2 738 711 
3 162U -155 
4 510 -519  
5 494 -491 
6 235 149 
7 6 4 6  676  
8 205U 182 
9 407 - 4 0 6  

10 344 -318 
K= 4 ,  L = 5 

1 162U 98 
2 178U 58 
3 178U -215  
4 192U -137  
5 192U 210 
6 192U 108 
7 205U -136  

K= 4 ,  L ffi 6 
0 1087 -1125  
1 444 424 
2 847 829 
3 407 -412  
4 192U -125  
5 320 285 

K 6  461  - 4 1 8  
4 ,  L = 7 

1 3 6 6  - 3 1 6  
2 178 - 2 5 4  
3 748 733 
4 407 412 
5 569  - 5 9 1  
6 397 -391 

K= 4 ,  L = 8 
0 205u 0 
1 251 213 
2 205U - 4 7  
3 217U - 9 4  
6 229U 121 
5 229U 10 

K= 4 ,  t ffi 9 
1 229U -59 
2 229U - 2 1 3  
3 229U 132 
4 229U 278 

g~ 4, L = 10 
0 320 27( 
1 533 -499 

g= 5t L= 0 
1 4 7 4  1491 
1579  - 1 6 5 7  

6 1269  1273  
8 237U -209 

10 265U -300  
K- 5.  L= 1 

0 595  - 6 5 6  
3 168U 105 
4 4 7 5  - 4 7 6  
5 4 3 0  - 4 4 2  
6 206U 38 
7 507 498 
8 237U 145 
9 323 -297  

10 359 -322 

K= 1 5Ol30uL= 2_1 

2 168U 60 
3 168U 46 
4 411 -413 
5 188U 61 
6 269 269 
7 237 - 1 7 1  
8 336 -291 
9 336 279 

10 278U 66 
K= 5,  L= 3 

0 1474  -1840  
1 298 308 
2 1236 1327 
3 269  - 2 7 7  
4 269  - 2 0 7  
5 206U 193 
6 531 - 5 3 7  
7 237U - 3 0  
8 812 780 

,9 265U - 9 4  
10 4 4 9  -423 

K= 5t L = 4 
1 311 -312 
2 201 -221 
3 595 623 
4 581 566 
5 507 -491 
6 507 -477 
7 252U 36 
8 457 410  
9 2 8 4  289  

K= 5 P  L =  5 
0 206U - 6 2  
1 237 289 
2 .  222U 83 
3 222U -207  
4 237U -4  
5 237U 138 
6 252U -135 
7 265U -96  
8 265U 144 

K= 5t  L "  6 
1 237u - 6 2  
2 628 -607  
3 252U 184 
4 750 704 
5 381 -303  
6 567  -528  
7 311 335 

K" 5, t = 7 
0 475 447 
1 653 -625 l 

411 -417'  
265U 217 

4 265U 222 
5 265U 206 
6 291U -2 
7 449 -40~ 

K= 5,  L" 8 
1 265U -29 

K s  5 ,  L = 9 
0 359 285 

were  m a d e  for d ispers ion  as t he  i n d i c a t e d  correct ions t h r e e - d i m e n s i o n a l  d i f ference  Four i e r  syn thes i s  showed  
for m o l y b d e n u m  r a d i a t i o n  are p r o b a b l y  less t h a n  no s ign i f ican t  m a x i m a  or m in ima .  
unce r t a in t i e s  in  t h e  a tomic  sca t t e r ing  factors.  A final ,  
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Computing procedures 

The Pat terson,  Four ier  and difference syntheses in- 
volved in this s tudy  were computed by use of an un- 
published rout ine wr i t ten  for the  IBM 7090 by P. K. 
Gantzel  and  H£kon Hope in these laboratories.  In  its 
present  form, the  rout ine is applicable only to the 
calculation of s t ruc ture  factors and three-dimensional  
Fourier  syntheses for cent rosymmetr ic  s tructures.  
The coefficients for the Four ier  synthesis can be 
Fo, Fc or the difference between Fo and the contribu- 
tions of any  or all a toms present.  The phases used are 
those calculated in the s t ruc ture  factor  pa r t  which 
provides for either isotropic or anisotropic t empera tu re  
factors.  The contr ibut ion and phase of each a tom is 
pr inted out for each reflection. 

The least-squares refinements were carried out by  
use of ACA Computer  P rogram No. 317 (UCLALS-1)  
wr i t ten  by P. K.  Gantzel,  R . A .  Sparks  and  K . N .  
Trueblood for the IBM 7090. This program minimizes 
the weighted sum of the squares of the quan t i t y  
(KF~,--G[F¢.I) by a ful l -matr ix routine,  where K and G 

are scale factors.  The program provides for several 
weighting options and for ei ther isotropic or anisotropie 
t empera tu re  factors on the  individual  atoms.  The 
anisotropic t empera tu re  factors are of the form:  

exp [ - (bll h2 + b22k 2 + b3312 + b12hk + b13hl + b2akl)] 

The weighting scheme used for the observed reflections 
was t ha t  of Hughes (1941) with 4Fo(min)=70.  Un- 
observed reflections were omit ted in the earlier stages 
of the ref inement  bu t  were introduced in the  final 
stages with the weighting scheme ment ioned earlier. 

The s t anda rd  deviat ions of the positional and  
tempera ture  paramete rs  were es t imated  from the 
inverse ma t r ix  of the normal  equations.  The shifts in 
paramete rs  indicated in the last  cycles of the  least- 
squares ref inements  are given in Tables 1 and 2 as 
fractions of their  respective e.s.d, values. 

Discussion of the structure 

A projection of the crystal  s t ructure  of C4HsSe.I2 on 
(010) is shown in Fig . l ,  while a view of a molecule of 

X 

() 

( 

( ) 

( 

° ) T 

v 

Fig. 1. Projection of the structure of CaHsSe.I 2 on (010). The heavy atoms in the shaded molecules are in the mirror at y=  ~, 
while those in the unshaded molecules are in the mirror at y ~- ¼. 
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Fig. "2. View of the molecule of CdHsSe. I 2 perpendicular to 
the plane of the atoms C(4)-Se(3)-C(4). 

t he  complex  p e r p e n d i c u l a r  to  t he  p l ane  of t he  C - S e - C  
bonds  is shown  in  Fig.  2. The  s t r u c t u r a l l y  i n t e r e s t i ng  
bond  d is tances ,  bond  angles  a n d  i n t e rmo lecu l a r  pack ing  
d i s t ances  are g iven  in  Tab les  4, 5 a n d  6 respec t ive ly .  

The  i n d i v i d u a l  molecules  which m a k e  up the  dis- 
o rde red  s t r u c t u r e  have  no s y m m e t r y ,  b u t  t h e y  col- 
l ec t ive ly  achieve  the  s y m m e t r y  m in a s t a t i s t i ca l  man-  

Tab l e  4. Bond distances in CdHsSe. I2 

Pnma structure Pn21a structure 

Bond Distance e.s.d. Distance e.s.d. 

Se(3)-I(2) 2.762/i~ 0.005 A 2.765/~ 0"005 4 
I(1)-I(2) 2-914 0.004 2.913 0.004 
Se(3)-C(4) 1.960 0-025 1.957 0.035 
Se(3)-C(4") ( 1 - 9 6 0 )  (0-025) 1-945 0-060 
C(4)-C(5) 1.55 0.05 1.52 0.07 
C(5)-C(6) 1.59 0.07 1.64 0.07 
C(4')-C(6) 1.52 0.05 1.67 0.10 
Se(3)-I(1)* 3.638 0.005 3-636 0.005 

* Intermolecular, between two molecules related by the 
lattice translation along c. 

Tab l e  5. Bond angles and dihedral angles in 
CdH8Se. I2 in degrees. 

Estimated deviations in parenthesis 
(a) Bond angles 

Pnma Pn21a 
structure structure 

I(1)-I(2)-Se(3) 179.4 (0.3) 179.1 (0.3) 
I(2)-Se(3)-I(1)* 167.2 (0.4) 167.2 (0.4) 
I(2)-Se(3)-C(4) 100-5 (1.0) 97.0 (1.8) 
I{2)-Se(3)-C(4') 100-5 (1.0) 108.0 (5.0) 
C(4)-Se(3)-C(4') 93.2 (1.8) 93.9 (5.5) 
Se(3)-C(4)-C(5) 102.1 (2.2) 102.1 (2.5) 
C(4)-C(5)-C(6) 107.8 (3.0) 105.2 (3.5) 
C(5)-C(6)-C(4") 105-8 (3.0) 98.0 (6.0) 
C(6)-C(4')-Se(3) 104.6 (2.2) 101.3 (3.0) 

* Intermolecular, between two molecules related by 
lattice translation along c. 

the 

(b) Dihedral angles 

C(4)-8e(3)-C(4')-C(6) 14.4 ° 
C(4')-Se(3)-C(4)-C(5) 16.0 
Se(3)-C(4)-C(5)-C(6) 42.4 
Se (3)-C(4')-C(6)-C(5) 40-5 
C(4)-C(5)-C(6)-C(4') 57.1 

Tab le  6. Packing distances in CdHsSe. I2 
Refcr to Fig. 1 for atom numbering 

Symmetry 
operation 

Atom in converting 
Atom in neigh- numbered 

numbered boring molecule Observed 
molecule molecule to neighbor* distance 

Se(3) I(1) I 3.64 A 
C(4) I(1) I 4.08 
C(5) I(1) I 4.11 
I(2) I(1) II 4.37 
Se(3) I(1) II 4-23 
I(1) C(4) II 3.91 
I(1) C(5) I I I  4.02 
I(1) C(6) I I I  4.07 
I(2) C(6) I I I  3.94 
C(5) Se(3) IV 3.96 
C(6) Se(3) IV 3.82 

* I : Lattice translation along c axis. 
II : n-glide plane at x = ¼. 

I I I :  Center of symmetry at ½ ½ ½. 
IV: 2 l a x i s a t y = l , z = - ~ .  

Sum of 
van der 
Waals 
radii 

4.15A 
4.15 
4.15 
4-30 
4.15 
4.15 
4.15 
4.15 
4.15 
4.00 
4.00 

ner.  Thus  the  i nd iv idua l  molecules  are of two k inds  
which  are mi r ro r  images  of each other .  A l t h o u g h  the  
s t ruc tu re  of CdHsSe.I2 is de f in i t e ly  of t he  molecu la r  
complex  t y p e  i nvo lv ing  S e . I - I  bonding ,  the re  are 
s t rong  ind ica t ions  t h a t  t he  s t r u c t u r e  is t e n d i n g  t o w a r d  
the  ax ia l  X - S e - X  b o n d i n g  found  in R2SeBr2 and  
R2SeC12 compounds .  These  ind ica t ions  inc lude  (a) 
the  shor t  S e . I  bond  of 2.762 A, (b) t he  long I - I  
bond  of 2.914 J~ a n d  (c) the  shor t  i n t e r m o l e c u l a r  
con tac t  of 3 .638 /~  which  Se shows w i t h  the  I(1) 
a t o m  of a ne ighbor ing  molecule .  The  pos i t ion  of th i s  
second iodine  a t o m  is such t h a t  the  angle  I (2 ) -Se - I (1 )  is 
167 ° , no t  fa r  f rom the  172-180 ° found  in  t he  ax ia l  
t y p e  compounds .  

I t  is of i n t e re s t  to  compare  t he  s t r u c t u r e  of 
CdHsSe.I2 w i th  t h a t  of d i - p - c h l o r o d i p h e n y l t e l l u r i u m  
di iodide  (Chao & McCul lough,  1962). The  l a t t e r  
c o m p o u n d  has  ax i a l  I - T e - I  bonds  b u t  the re  are 
i nd ica t ions  of t endenc ie s  t o w a r d  molecu la r  complex  
t y p e  bonding .  One T e - I  bond  is s i gn i f i can t ly  longer  
t h a n  the  o the r  a n d  bo th  are  longer  t h a n  expec t ed  for 
ax ia l  t y p e  bonding .  Also the  i n t e r m o l e c u l a r  I - I  
p a c k i n g  d i s t ance  in  t he  l ine  of the  T e - I  bonds  is on ly  
3-85/~,  cons ide rab ly  shor te r  t h a n  the  sum of the  v a n  
der  W a a l s  radi i ,  4-30 A. The  bond ing  a r r a n g e m e n t s  of 
the  h e a v y  a toms  in  t he  two compounds  are compared  
in  Fig.  3 a n d  the  bond  d i s tances  are compared  in  Tab les  
7 a n d  8. 

Tab le  7. Comparison of M - I  and I - I  distances in 
CdHsSe.I2,  CdHsSe2.212 and (p-C1CsHd)2TeI~ 

CdHsSe.I2 CdHsSe 2.2I 2 (p-CIC~Hd)2TeI 2 
Shorter M-I 

distance 2.762/~ 2.829 A 2.922 A 
Longer M-I 

distance 3.638 3.889 2.947 
Shortest I - I  

distance 2- 914 2- 870 3- 85 
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Table  8. Comparison of M - X  distances in various compounds with sums of single bond covalent radii 

Observed Sum of 
Bond distance radii Difference Compound 

Se-C1 2.38/~ 2.16/~ 0.22 A (p-tolyl)2SeC12 
Se-Br 2.55 2.31 0.24 (p-tolyl)aSeBr 2 
Se-I 2.76 2-50 0-26 CdHsSo. 12 
Te-C1 2.51 2.36 0' 15 (CH 3) 2TeCle 

Te-Br 2.68 2.51 0.17 (C6H 5)~TeBr 2 
T e I  2- 93 2- 70 0.23 (p-C1C6Ha)2TeI 2 

Reference 

McCullough & Marsh (1950) 
McCullough & Marsh (1950) 
Present work 
Christofferson, Sparks & McCullough 
(1958) 

Christofferson & McCullough (1958) 
Chao & McCullough (1962) 

~ o, ~ .~ ~._ ~ )  

(a) 

"'3-'/iV 

(~) 

Fig. 3. (a) View of part of the structure of CdHsSe. I~ along 
the a axis showing the packing of the heavy atoms. Carbon 
atoms C(5) and C(6) are omitted. (b) View of part of the 
structure of (p-C1C6Hd)~TeI 2 along the b axis showing the 
packing of the Te and I atoms. Only the central portions 
of the molecules are shown. 

Another  interest ing result  of the present  s tudy  is 
the  s tructure of the f ive-membered tetrahydroseleno- 
phene ring. If  the plane of the atoms C(4)-Se(3l-C(4') 
is used as a reference, C(5) is displaced 0.42 A from 
the plane on one side and  C(6) is displaced 0.37 
on the other. I n  view of the s tandard  deviat ions of 
about  0-03/~ in  the  posit ional parameters  of these 
atoms, the difference in  the displacements  is p robably  
not  significant.  The puckering of the r ing is equal ly  
probable  in  ei ther  of two ways, giving rise to two 
molecular  conformations, and  the disorder in  the 

structure.  For  symmet ry  reasons, the packing contacts 
of these atoms are not  changed in  going from one 
configuration to the other and  no strong barr ier  is 
apparent  which would prevent  interchange of the two 
forms, even in  the solid. 

Except  for an  unexpectedly  high value for B2~ for 
the selenium atom, the tempera ture  parameters  in 

CdHaSe. I2 follow the same pa t t e rn  found in the  iodine 
complexes of d i th iane  (Chao & McCullough. 1960) and  
diselenane (Chao & McCullough, 1961). In  these eases 
Bii for I(1) > Bi~ for I(2) > B~i for Se, t ha t  is the  vibra-  
t ions of the iodine a tom at  the end of the  S e - I - I  
sequence are most  pronounced, in  fact, greater  t h a n  
those of any  other atoms in  the crystals.  Analysis  of the 
B's  for I(1) shows tha t  the major  axis  of the  vibra-  
t ional  ellipsoid (which is required b y  s y m m e t r y  to be 
normal  to b) makes  an angle of 87°(~--3 °) wi th  t h e l i n e  
of the bond between I(1) and  I(2). Thus  the  impl ied  
v ibra t ion  of I(1) is largely normal  to i ts  bond wi th  
I(2) wi th  an r.m.s, ampl i tude  of 0-3 A. 
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