
D. H L A V A T A  1493 

References 

CRUICKSHANK, D. W. J. (1956). Acta Cryst. 9, 754. 
DRAGONETTE, J. S. & KARLE, I. L. (1965). Acta Cryst. 19, 

978. 
HOWELLS, E. R., PHILLIPS, D. C. & ROGERS, D. (1950). 

Acta Cryst. 3, 210. 
International Tables for X-ray Crystallography (1952). Vol. 

III. Birmingham: Kynoch Press. 

KARLE, J. & KARLE, I. L. (1966). Acta Cryst. 21,849. 
TICI-I~, K. &; HONZL, J. (1968). J. Crystal Growth, 2, 

369. 
TOMAN, K. • Ot~ENASKOVA, D. (1966). Acta Cryst. 20, 

514. 
TOMAN, K., O~EN.4,SKOV/[,, D. & HUML, K. (1967). Acta 

Cryst. 22, 32. 
TROTTER, J. (1960). Acta Cryst. 13, 86. 
WILSON, A. J. C. (1942). Nature, Lond. 150, 152. 

Acta Cryst. (1971). B27, 1493 

X-ray Structure Analysis of Cubic Tetracyanoethylene and the Length of the C-N Bond. 
Application of a Double-Atom Refinement Method 
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(Received 6 July 1970) 

The crystal structure of a cubic modification of tetracyanoethylene has been studied. The space group 
is Im3 and the cell edge is 9.736 (5) .~. The bond lengths agree well with those in the monoclinic modifi- 
cation, but there are significant differences between the bond angles in the two forms. The central C=C bond 
is 1.344 (2) • which is not significantly different from the corresponding bond length in ethylene and 
considerably shorter than predicted from INDO calculations. A new double-atom refinement method 
has been applied which, from the X-ray data alone, corrects for the apparent shortening of the C=N 
bond length, as previously found by comparison of X-ray and neutron diffraction data. The corrected 
value for C=N (1.166 (2)/~) is close to the electron diffraction result on tetracyanoethylene. The mo- 
lecular packing in the crystal is such that large cavities surround the positions (0,0,0) and (½, ½, ½). 

Introduction 

Tetracyanoethylene (TCNE) is a compound of con- 
siderable interest, as it forms charge-transfer complexes 
with a large number of organic molecules. 

As part of a research program on the charge distribu- 
tion in aromatic hydrocarbon molecules and their 
charge-transfer complexes with TCNE, we have made 
a study of a cubic modification of tetracyanoethylene, 
crystals of which were obtained accidentally during an 
attempt to prepare some charge-transfer complexes. 
The cubic form of TCNE has not been described in the 
scientific literature, but we discovered after a substan- 
tial part of this work had been completed that it had 
been studied several years ago by Coulter & Trueblood 
(1963). The present results are fully compatible with 
those obtained earlier, but no detailed comparison be- 
tween the two data sets has been attempted. 

A monoclinic modification of TCNE has been de- 
scribed by Bekoe & Trueblood (1960, 1964), while 
Hope (1968) performed an electron diffraction analysis 

* To whom correspondence should be addressed. 

of the molecule in the gas phase. The thermodynamic 
relationship between the two solid modifications is not 
known. 

Experimental 

A large mass of the cubic form of TCNE was obtained 
from ethyl acetate solutions. When a saturated solution 
in the same solvent was seeded with this material, nicely 
formed cubic crystals of TCNE showing the form {100} 
were obtained. The density was determined as 1.375 
g.cm -3 by flotation in hexane-carbon tetrachloride mix- 
tures. This compares with a measured density of 1.318 
g.cm -3 for the monoclinic modification, indicating that- 
the molecules are more closely packed in the cubic 
form. 

There are six molecules in the body-centered unit 
cell, while the Laue symmetry of the X-ray photo- 
graphs is m3. The only cubic space groups compatible 
with the body-centering and the Laue symmetry, which 
will accommodate six molecules of TCNE in the unit 
cell are I23 (no. 197) and Im3 (no. 204). The latter 
centric space group was selected on the basis of the 
structure analysis. Crystallographic data are summa- 
rized in Table 1. 
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Table 1. Crystallographic data on the cubic form 
of TCNE 

Space group Im3 
a 9"736 ___ 0"006 A_ 
Z 6 
Dz 1"383 g.cm-3 
Dm 1"375 

Intensity data were collected on a Picker automatic 
diffractometer with a capillary-sealed crystal of dimen- 
sions 0"35 × 0"35 × 0.41 mm, mounted in an arbitrary 
orientation to avoid systematic multiple reflection. A 
total of 3119 reflections (including many symmetry- 
equivalent sets) were measured with graphite-mono- 
chromated Mo K0~ radiation (2=0.7107 A) at room 
temperature (25 °C). Reflections were observed up to 
sin 0/2=0.94 A -1, indicating that thermal motion in 
the crystal is relatively small. 

Data reduction 

A trial calculation showed that absorption was con- 
stant within 0.5 %. Since the experimental errors in the 
intensity data are several times greater, no absorption 
corrections were applied. 

Up to twelve symmetry-equivalent reflections were 
measured in the low-order region, while all but 161 
high order intensities were measured more than once. 
To reduce the more than 3000 reflections to a unique 
set an average ( I )  was calculated from each form {hkl} 
and its standard deviation a((I)) taken as[Y.(I-(I))2/ 
(n-1)]  x/2 in which n is the number of measurements 
included in the average. 

Subsequently, those intensities which deviated by 
more than one standard deviation from the average 
(1)  were eliminated and the average and its standard 
deviation recalculated. In this way, a number of ob- 
viously erroneous measurements were excluded. The 

agreement factor Y IF2-  (F2)I over all included reflec- 
y F2 

tions was calculated as 1.8 %. The standard deviation 
of reflections observed only once was obtained from 
the expression 

¢2(I- B) = (O'O3)2(I- B)2 + (I + B) . 

Since these reflections are all very weak, the statistical 
contribution (i.e. the last term) is dominant. 351 of the 
706 unique reflections were smaller than four times the 
standard deviation. They were treated as unobserved 
reflections in the refinement of the structure. 

Solution and refinement of the structure 

In both space groups permitted by the absences the 
molecular center has to be in the sixfold position at the 
center of the faces of the cube. The symmetry of this 
site is 222 in 123 and mmm in lm3. Since the TCNE 
molecules are not likely to be twisted around the cen- 
tral bond the latter space group was preferred. Within the 

restrictions imposed by the mmm site symmetry the 
double bond can be parallel to either of the three cubic 
axis. The two orientations of the molecular plane for 
each of the double bond directions can be shown to 
correspond merely to an interchange of crystallo- 
graphic axes. Accordingly, there are three different sym- 
metry-permitted models. Atomic coordinates for each 
of these were derived with the molecular dimensions of 
the monoclinic form (Bekoe & Trueblood, 1960). One 
model (Fig. 2) converged rapidly. 

In the least-squares refinement reflections were con- 
sidered unobserved whenever Fobs < Ft, where Ft is the 
threshold value. Ft was taken as 4a(Fobs) and such un- 
observed reflections were included with Fobs =Ft  only 
if Feato >Ft.  In the final cycles all unobserved reflec- 
tions were calculated below the threshold and therefore 
excluded from the refinement. 355 reflections were ob- 
served and used to refine 18 parameters, including the 
scale factor, 5 positional, 11 temperature parameters, 
and an isotropic extinction parameter. Scattering factors 
were used as listed in International Tables for X-ray 
Crystallography (1962) for C (ground state) and N. 
Final agreement factors, parameters and a list of ob- 
served and calculated structure factors and extinction 
corrections are given in Tables 2, 3 and 4 respectively. 

Molecular dimensions and packing 

Intramolecular bond lengths and angles in the two 
TCNE modifications and the results of the gas-phase 
electron diffraction study are listed in Table 5. The 
bond distances and angles in cubic TCNE are shown 
in Fig. 1. 

178,?.°(11 

il5.6°(0 

122.2o(I) 
..,w 

Fig. 1. Bond distances and angles in the cubic form of tetra- 
cyanoethylene. Values in italics are corrected for thermal 
motion. See Table 5 for values corrected for bonding effects. 
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Table 2. Agreement factors (%) 

Conventional Double-atom 
least-squares refinement 

All data sin0/2>0.6 STO HF 
R 5.9 6-5 4.8 5"5 
Rw 4"8 3"5 3"5 4-0 
Number of observations 355 203 .356 356 
Number of variables 18 18 26 26 

The similarity between the bond lengths in the two 
solid polymorphs  is striking, the only significant differ- 
ence being in the angles, in part icular  the C - C - C  angle, 
which is closer to 120 ° in the monoclininc form. Thus, 
the value for the central C - C  double bond length con- 
firms the results of  the more recent diffractometer study 
on monoclinic T C N E  (Bekoe & Trueblood,  1964), in 
contrast  to the earlier value of  1.317(9) A obtained 
with visually estimated data  (Bekoe & Trueblood,  
1960). Both new values are within experimental errors 
of  the C=C bond length in ethylene (1.333-1.337 A) 
(Lide, 1962). 

Coulter  & Trueblood (1963) noted that  the double 
bond is shorter than predicted by zc-molecular orbital  
calculations. More  recent all-valence electron calcula- 
tions using the I N D O  approximat ion  (Intermediate 
Neglect of  Differential Overlap) (Mclver,  unpub-  
lished), do not  remove the discrepancy. Use of  an em- 
pirical bond o rde r -bond  length curve for the I N D O  

results leads to a calculated C=C bond length of  1.375 
A, about  0.03 A longer than actually observed. 

Agreement  with the electron diffraction results is 

, 

Fig. 2. Molecular packing. Only the molecules at the center 
of the cube faces are shown. Other symmetry-lelated mole- 
cules are centered at the mid points of the edges. The six 
molecules shown line a cavity at the middle of the unit cell- 

Table 3. Positional and thermal parameters 

Positional parameters are in fractions of the unit cell edge. Thermal parameters are the ,&j in the following expression for the 
temperature factor: exp [ -  (h2fll 1 + k2f122 +/2fl33 + 2hkf112 + 2hifl13 + 2hkf123)] 

N 

C(2) 

C(1) 

Double atom, HF valence shell Double atom, STO valence shell 
All data sin 0/2 > 0-6 Core Valence shell Core Valence shell 

x 0.21287 (14) 0.21273 (21) 0.21361 (17) 0.20910 (66) 0.21334 (15) 0.20992 (52) 
y 0.5 0.5 0.5 0.5 0.5 0.5 
z 0.72160 (12) 0.72262 (17) 0.72254 (16) 0.71756 (70) 0.72246 (14) 0.71787 (54) 

x 0.14768 (12) 0.14698 (14) 0.14733 (11) 0.14821 (74) 0.14737 (10) 0.14766 (58) 
y 0-5 0.5 0.5 0.5 0.5 0.5 
z 0.62490 (12) 0.62450 (15) 0.62458 (12) 0.62429 (95) 0.62460 (11) 0.62386 (72) 

x 0.06901 (16) 0.06949 (18) 0.06968 (16) 0.06976 (97) 0.06970 (16) 0.06976 (73) 
y 0.5 0.5 0.5 0.5 0.5 0.5 
z 0.5 0.5 0.5 0.5 0.5 0.5 

fll 1 0-01042 (15) 0"00964 (18) 0"01006 (13) 0"00944 (12) 
22 0.00987 (14) 0.00954 (20) 0.00967 (11) 0.00902 (10) 
33 0.00822 (14) 0.00666 (16) 0.00788 (13) 0.00726 (12) 
12 0-0 0.0 0.0 0.0 
13 --0.00196 (9) -0.00278 (11) -0.00210 (8) --0.00210 (7) 
23 0.0 0.0 0.0 0.0 

C(2) fll 1 0"00708 (13) 0"00679 (17) 0"00703 (11) 0"00654 (11) 
22 0-00652 (12) 0"00629 (17) 0"00648 (12) 0"00601 (11) 
33 0"00609 (12) 0-00507 (15) 0"00605 (11) 0"00557 (10) 
12 0.0 0.0 0"0 0"0 
13 0.00016 (10) -0.00066 (9) 0.00010 (8) 0.00004 (7) 
23 0.0 0.0 0.0 0.0 

c(1) fill 0.00726 (17) 0.00557 (18) 0.00691 (14) 0.00640 (13) 
22 0-00518 (14) 0-00547 (17) 0.00510 (12) 0.00472 (11) 
33 0.00524 (15) 0.00462 (15) 0.00524 (13) 0.00482 (12) 
12 0.0 0.0 0.0 0.0 
13 0.0 0.0 0.0 0.0 
23 0.0 0.0 0.0 0.0 
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good, except for the C.~=N bond which even after cor- 
rection for apparent shortening due to thermal motion, 
remains 0.009 (3) A shorter than the electron diffrac- 
tion value. The difference is small, but it should be 
pointed out that better agreement is obtained when the 
high order data only are used in the refinement or when 
the core and valence shell centers are refined separately 
(Coppens, 1970), as discussed below. 

The molecular packing in the structure is of  interest. 
As shown in Fig. 2 the double bonds of all six mo- 
lecules at the midpoints of  the cube face point toward 
the center of  the unit cell. As a result, a large hole exists 
centered at ½, ½, ½ (and at the symmetry related 0,0,0 
position) and surrounded by a cage of 6 N-C-C-C-~--N 
groupings. The distance between two diametrically op- 
posed nitrogen atoms of the cage is 7.4/k,  more than 
four times the nitrogen van der Waals radius, thus lead- 
ing to the speculation that a noble gas atom or small 
ion might be occluded without disturbing the crystal 
structure. 

Nevertheless, the cubic form has the higher density 
of  the two forms; therefore, the packing must be rea- 
sonably efficient. N o  abnormally short intermolecular 
distances exist, the shortest being 3.185 (2) /k between 
a nitrogen atom and a C(2) atom of adjacent molecules, 

while all other intermolecular distances are larger than 
3.4 A. It seems that the efficiency of the packing in the 
cube faces is made possible by the perpendicular ar- 
rangement of  the double bonds and the peculiar shape 
of the molecules, the 'arms' of one molecule embracing 
the double bond of its neighbors, as illustrated in Fig. 3. 

The difference between the C - C - C  angles in the 
cubic and the monoclinic forms can be traced to the 
lack of contact distances on the 'open' side of  the ni- 
trogen in the cubic form which leads to a deformation 
of the C - C - C  angle. 

The decrease in C - C - C  angle is accompanied by a 
bending of the C-C-~=N angle. Both deformations are 
such as to decrease the N . . . N  non-bonded intramo- 
lecular distance within the N=C-C-C~=N group. It is 
4.31 /~; or about 0.11 A less than in the monoclinic 
form. 

It is worth while to note that the molecule is almost 
a square as the intramolecular N . . . N  vectors parallel 
to the double bonds have a length of 4.14 A. 

The effect of bonding on the C~N distance 

X-ray positions for terminal atoms may deviate signi- 
ficantly from the nuclear position. Thus, approximate 

Table 4. Observed and calculated structure factors ( x 1 0 )  

T h e  c o l u m n  h e a d e d  E X T  l i s t s  t h e  r e d u c t i o n  i n  i n t e n s i t y  d u e  t o  e x t i n c t i o n .  T h e  v a l u e s  o f  Fo~s h a v e  b e e n  c o r r e c t e d  f o r  t h i s  e f f e c t .  
A n e g a t i v e  v a l u e  o f  Fo~s i n d i c a t e s  t h e  t h r e s h o l d  v a l u e  f o r  a n  u n o b s e r v e d  r e f l e c t i o n .  

• IZ 

• ii 

• 15 

: i i  

; I !  
1 I;  

I :  B 

b' II . . . .  
la  1~ -I,,+ 1~,, 

i m 1,4~s P...~.¢ I o I ,  13~, l~,O ma• m*z 3 I+ ,l* 
- 1 6 l  2 I0  137 l l o  3 16 -17q 

: 1 ~  • . +  51 11: ,1 ,  1a+3 
3111 • • + + , 0  * , i s  i 1~, -16l Ii9,, 5 

17, . . . .  g . , . . . . . .  :1 g l . . . . .  11 : . . . .  11•o I • g l  I -242 4. 224 

o 1 . . . . . . .  i . . . . . . . .  I I  I I . . . . . . .  : I  . . . . .  , . .  I,,0 . .  ~ +.3o 15,+ .1,. +104 3~+ .+o. 
141 4111 513 II 21+ l l l ?  3 • 4•0 445 4771• 

1,z 1"3 

, . -  ,.<., . -  1: . . . . . . . . .  ,,5"+ ) 1110 9610 -171 Z43 3 13 -lOm 43 + 
$ 4~s l i d  i+ii •~1 
I 11,1' 1131 651 HI 95# 3 -$11 1 12 20& 

1' - .  . . . .  " " .  " t . . . . . . . . . . . .  +' +do' 
13 t z i 11/ ~15 * 6 •*o +5, 9+ S Im - 6 •  

15 $26 6•4. 

. . . .  " - , . -  ' :  15 . . . . . . .  : :  i:i, m '. i • .,~,+., 
. . . . . . .  : : z ++ . . . .  ++~++ - z  3 : i +  : :  + l,;* Z~.l ,  136l I?3Z Y5 2i• 15 -Z13 

l o l  • 75 •++ ~v 5 5Zl  SlO ++5 

';:  . . . . . . . .  . . . .  m "ii " r .  : . . . .  +: ++ , . .  
. . . .  -,7+ l . . . . . .  ;71 i$ 2"4 l / •  • 

1 l l  *191 ,$ ! l l  - i 5 3  26 

. . . . . . . . . . . . . . . . . . .  • +I : 17 . . . . . . .  
- s , .  1o -1,10 

369 1116 . . r  ;:' = +: . . . .  , . . . .  : : :  .... 
. . . . .  I }  . . . .  I I  " "  

I I• - ~ , e  ++ 5 m 5',1, 6~ . . . . . . . . . . . . . . . . . .  + 1 ;  . . . . .  : :  ~; . . . .  

. . . . . . . . . . . . . . . . . . . .  ; " '3!i ~+~ qi+ . . . . . . . . . . . . . . . . .  : . . . . .  i[ - +m • 10 -1 .  . . . . . . . . . . . . . . .  5.+ 1+11 ++ 
-Z07 ~, • i •  *zTm . . . .  : ~  lX 51 .  ! , ~  1,13 . . . .  

+ i** • • -13m 80 + 1 ,  ) z *  e 35•  

: . :  .m  . :1: ; : :  "1"' " !: -'"- '!i  " "  5~1 5~1 4* 13 ?z+l 705 a 4 -1~,1 

5::,1 ,1,,13~ . . . . . . . . . . . . . . . . . .  111.1-. ; 17 .,.7 .o; . .: 11" .,1, 17 !~ .,.,r'+: 
-1++ v 13 +o+ )9  +oo . . . . .  ~ . . . . . . .  : 153 25+ |12 I52 5 IS -191 7 ii 2~ 160 - l l ,  n 

- z++  ,++ p. . . . . . .  + . . . . . .  I l 
31e It'll 11 11 -14? 

-I39 ~ i i 15 -2*? 213 11 13 1:4 +,  1 

° '5 +!+ . . . . . . . . . . . .  : "  +'17 
7*S 156 -I0• 1'• IZ 1'+ - z o ,  11 
2,$  I l l  -217 24 13 I !  - l + o  1 
• Ii, lTz : 1o 

-177 II.~ 

~ t5  +o+ lO i+ z + l  ~ e s  , c , ~ c  + x ,  ~ i+ 
, ,1 ,++ 11 . . . . .  1,1 : , , , ,  .4,+ , .  +' : :  

. . . . . . .  1 1 : .  ,,5 i,, o : . . . . . . . . . . .  ; 
+i+ ',6 l a  3 + s 155 3¢I+  aosv  97 + 

-+=~ I+o ,+ 15 - 1 , ,  + 11 ]+~ + , .  s + 
• ~ , , •  ~ ,, ,+ -1,z 11 ,+ ~++, ^7, ] i, 

-i,~ . .  t .  ~ 1. +~+ + .  
• ]¢6 ; t l~  iq  -219  I13  3 i ?  
o ~ 7  ZII6 14 FOq5 FCII.C ~x7 *, 1,,13 12111 97 4, 4 
- 1 ~  3 ~  

. . . . . .  +;t 

. . . . .  ii . . . . . .  ' "  i~ :;: +,9'o' ,:~: 
. . . . . . . . . .  I :  -~o~ i 36  -51  . 
z * i  -133  • t~  I :  '" t :  +; • z ~  i ~ ,  i 5 517 57~ 5 s ; . . . . . . .  +, : , , .  i,., :: ' ' m  : ~ -  

. . . . .  :+ ,  ,, + 11 . . . . . . .  
I~ -la, 

II  . . . .  ; b , z l  • i,+ I. 
- I ' 9  2514 ? I :  ,o . . . . . .  : : |  , -11,7 ~ Z'+,5 ~ , lm . lO 

, -  i:+, ,7, ~o•  -111 
7q l  1~ -202 

71 ,1,  + ~.++ 
1o~,+ + 

~73 • 1• - 1 . 5  
+,5 + , :  . . . .  
a, -i .o~ 

+' i~  - l z ,  .1 : ! !  .... 

'+!! ~i . . . .  
.315 

iz 01v6 

..... !i .... i :  . . . . . .  ii 11 - , O l  
lgt, 11 13 -l~tT 
II.+ II 15 -1145 

,,~ I: 1 ..... 
++m+ l a  is - z ~ +  

t .  s 

16 ? 157~ 
7+ m.5 

x l  . . . .  
o i ,  -1~1  

,m+ 

143 -11~ 
+a t  

-1+9 

11,+ a • ,~,,. 

z 11 ++06 

l t c  e l i  • i~  - a ~ ,  

SO7 

• + '  T- , . . . .  - a n *  , l a  * 1 5  

-1~+, s i+, - z++  

,m• ++ * a z .  

1,,o ,111 . . . . .  , a •  , 1 1  - I ~  
;~23 i+1 13 -- |81 

1 7 -1~1 

- I k ~  117 
-+ ,m s s 

- 7 ,  16 s i~ -isl 
. s o  . 55  . . . . . . . .  11 . +' . . . .  -1611 
491 49+ 11 -114 
11011 • i t  b I !  -~31 

I s - l , S  - l z ~  ~ ]  

1 "  . . . .  :: i ' !  ,! i!  4 , + •  4,531 41 I 

611Z 6'1~ • i~ * .  
1 , i . .  . . . . .  +%+: 
. ~ s  337 m + . -  
354 o,  ii -203 

- z o v  % s  
- t + ~  1*0 ! 1.t~ -1+I"~I~ 
-118  65 +.o 

- 1 7 .  . . . . . . . . . .  ~ I :  "-t~l  
5,1 511 1 

. . . . . . . . .  I :  . . . .  

. . . . .  . ,  o , 
-24  20 -131 

1530 is+;~ 91 - 1 . 5  
. . . .  573 ,r~ ~,o  5 .  11 , .  

1l 1s - ++ 

+i t  
+Ol 
;1[ 

160 

II 

II 

119 

i , ~  9V 

117 

~3 

. . . . . . . . .  ~, ,  
5 IZ tqZ t l  t5  

p,m$ ~cAuc ~ r  t t *  ~o t  ~ ta  

tm ,  

I I  . . . .  . . . . . . . . .  ] 5 :  . . . . . . .  Iv~  55 I I  N 117 
13, 3ol. a,.. +, m +.5 :-212 lq  5 16 o111 
11 - z ~ t  173 a i t  - l z ~  ~ ++ 

so •  +91 ~ 1311" 3~.'1" at l  
,~ 3 ,7  ,07, • 10 ] , 5  +, -*.o:P ~ .  

i1 -1 , ,s  v 7 l z  ~4's+' ~ 12 i zL  . . . . . . . . .  +. I :  l;o' I°+ ,5,  

. . . .  :i~ 
I I  :b+'+ , ,5 ~I; 

3'+O 391 q 11 - 2 , '  II 
" ~ 3  4 

Z 
. . . .  : 1 . . . . . .  . . . . . . .  l : I~ -,,,"+'t 4 

3 • 56Z s n - z .  l~z lO 13 - z 3 t  

Le 10 13 39o 571 u ,~ -133 ~ .  
~.~ -;+,m 17.,) ~.z , s  -10,+ z,.  ,~ . Fo,,s ,=C.,,.C e. ; '  

-+.1 ~+. 0 1;+ -Z6; '  an+. 
+, ,, 11~ .,.,;, 9, , . - ,~ o 1.. -1,,,, tz,. 

-ZO3 
I :  +':: 1 ° ' % ~  I I  

- ; ,~  7 l "+d+' ,o,1'• 
3 ~  a+s  i I s  - a~3  a~3 

• --,.~ ,.z i *  , ~  , o , i  

-i++,+ 1~o - z l , .  1:.,. 
Is  - 1 ~  05 

. . . . . . . . . . . .  +' I I  -.Y~A 
1,  223 
t a  - ~ s  ~o 

. . . . . . . . .  :+++,1 1,~ . . . .  - a z ,  
• I •  z~o 

. . . . . . . . . ,  1, : .o . . . . . .  ,,, ,:: • I !  . . . . . . .  
" °  : I :  . . . . . . . .  ' . . . . . . .  h 
. . . . . . . .  ~+ l 1': - ,+,  . . . .  Ig7 ,I I I  . . . . . . .  ~1~l 115 

ao~l ++ ;',;+ ; ~  ~ t5 -a- lo 35 ~ -  11 

. . . . . . . . . . . .  2 I :  ,1757' . ~ I :  '~;  . . . . .  

-15,,, *t • 13 -zal ~3 

~ "  • + 13 -133 33P ,~ i z  ) i ; '  l , , z  

v l , ~ t  ,~+,, ,,.r ~, 11 -zo~ in,l 

..... II +" y 
v, I ;  . . . . . . . . . . . . . . .  ,lO l . . . . . .  ?, . . . . .  

- . ~  11• io iz -is• ~ ,  

:~ !i 7~ ............ 1:: .... 
327 NT 11 -264 ~11 H 

,o'~ . . . . . .  l+° . . . . . .  " . . . . . . . . .  +' 11 :I+~-,., °'. 
a 13 - I ' + ,  * s  

:'+: : I !  : : :  ::: .... . . . . . . . .  + l :  . . . .  

. . . .  : -::: . . . .  
17. ]~++ ,~. t t,. -u7  . ~ . ,o.s . ~  e .  

119 . . . .  1, 11 ! 7,o , 15 . . . . . . .  '<:1"~ z - a l l  m s ii+ - l ~ a  I* 
- 1 ~  5~ 

13 "25 422 17 -161 129 
t 111 1,  ] 



R. G. LITTLE,  D. P A U T L E R  AND P. COPPENS 1497 

calculations with Slater orbitals have shown that the 
centroid of an oxygen atom of a nitro group is dis- 
placed outwards, away from the nitrogen atom (Cop- 
pens & Coulson, 1967). Similar calculations for C-N 
indicate a much smaller displacement of the nitrogen 
charge center (Coppens, unpublished), because the 
C---N is a stronger and shorter bond than N-O. 

A more conclusive answer on the direction of the 
shift and its size in the case o f - C - N  is provided by the 
combined X-ray and neutron analyses on tetracyano- 
ethylene oxide (TCNO) by Matthews, Swanson & 
Stucky (1970). 

The average over the four C-N bond lengths in this 
structure is 0.009 A shorter when measured with X-rays 
than when measured with neutrons (X-ray average 
1.129 A, neutron average 1.138 A). Further analysis of 
the positional parameters shows that the average posi- 
tions of the carbon and the nitrogen atoms are slightly 
displaced towards the center of the triple bond. Thus, 

the results on TCNO support evidence on discrepancies 
between X-ray and neutron parameters summarized 
earlier (Coppens, Sabine, Delaplane & Ibers, 1969). 

In the absence of neutron data, we have used two 
alternative methods to study this effect in cubic TCNE. 
First, in a high-order refinement all reflections with 
sin 0/2 smaller than 0-6 A -I were excluded from the 
least-squares refinement. 

The second method is a double-atom refinement 
technique in which the occupancy of the K-shell and 
the positions of the K- and the L-shells are refined sep- 
arately, while the two shells retain a common tempe- 
rature parameter (Coppens, 1970). Though this method 
does not account for deviations from spherical symme- 
try of the valence shell, it allows the centroids of the 
two parts of the atom to have different positions. Thus, 
the K-shell centroid should correspond closely with the 
nuclear position as determined by neutrons, while the 
L-shell would be displaced considerably in the direction 

Table 5. Intramolecular distances and angles in tetracyanoethylene 

Cubic TCNE all data 
Uncorrected Corrected 

(riding model) 
C--N 1.135 (2)/~ 1.153 (2)/~. 1.135 A 

1.133 
C-C 1.437 (2) 1.439 (2) 1.442 
C=C 1.344 (3) 1.344 (3) 1.339 

C-C-~=N 178.2 (1) ° 179.1 ° 
179.4 

C=C-C 122.2 (1) 121.0 
120.9 

C-C-C 115.6 (1) 118.1 

Monoclinic Gas phase 
TCNE 

(Bekoe 
& Trueblood, 

1963) (Hope, 1968) 
Uncorrected 

1-162 (2) A 

1.435 (10) 
1.357 (10) 

Cubic TCNE 

sin 0/2 > 0.6 A-1 
Uncorrected Corrected 

(riding model) 
1-150 (2) ,~ 1"166 (2)/~, 

1"428 (2) 1"432 (2) 
1"353 (3) 1"353 (3) 

178"1 (2) ° 

121"1 ° 121.9 (1) 

Double atom refinement 
(average over STO 

and HF) 
Uncorrected Corrected 

(riding model) 
1"150 (2) A 1"166 (2)/~ 

1"429 (2) 1.433 (2) 
1"357 (3) 1-357 (3) 

116.2 (2) 

Fig. 3. The close packing of three adjacent molecules centered at 0, ½, 0; ½, ½, 0 and 1, ½, 0. Only the molecule in the center of 
this Figure is shown in Fig. 2. 
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of excess density. The double-atom refinement is re- 
lated to the high-order technique, because the K-shell 
electrons are the only contributors at high values of 
sin 0/2, but it allows simultaneous exploitation of all, 
rather than part of the data. Two sets of scattering fac- 
tors for the valence shell were used, while the core 
scattering was left unmodified at the self-consistent- 
field value, as described by Stewart (1970). 

In addition to the double set of positional param- 
eters, the refinement includes as variables the scale fac- 
tor, all temperature parameters and valence-shell oc- 
cupancy factors, while the total number of electrons is 
constrained to keep the molecule neutral. 

The positional and thermal parameters obtained with 
the two methods are listed in Table 3, while agreement 
factors are included in Table 2. The double-atom re- 
finement gives an appreciable improvement in agree- 
ment in comparison with the conventional least-squares 
refinement, especially when Slater-type orbitals (STO) 
are used. 

Net atomic charges (Table 6) are not significantly 
different from zero, which seems to contradict the large 
dipole moment commonly measured for cyano com- 
pounds. Ethyl cyanide, for example, has a dipole mo- 
ment of 4D (Hurdis & Smyth, 1943), which for a bond 
of 1.16 A length and a point charge approximation 
corresponds to a net charge of about 0.6 electrons on 
the carbon and nitrogen atoms. 

Table 6. Net atomic charges (electrons) as determined 
by double atom refinement 

Calc 
Basis set HF STO INDO 

N 0.20 (11) -0.06 (11) -0.15 
C(2) -0-28 (14) -0.04 (12) +0-12 
C(1) 0"16 (15) 0"20 (14) +0"07 

Charges calculated for TCNE with the INDO meth- 
od (Table 6,) are much smaller than 0.6 electron, but 
still not close to the experimental results, which, however, 
have large standard deviations. It is interesting that the 
discrepancy between the core andvalence shell positions, 
discussed below, predicts a dipole moment with the 
positive pole towards the nitrogen. 

Positional parameters obtained with Hartree-Fock 
(/-IF) and STO basis-sets are very similar. Both sets 
predict a discrepancy between the positions of the ni- 
trogen core and its valence shell, the latter being dis- 
placed by about 0.05 A relative to the all-data position, 
towards the center of the triple bond. As expected, the 
core position undergoes a small compensating shift and 
its parameters agree quite well with the results of the 
high-order refinement. 

The high-order refinement gives indication of a small 
shift of C(2), the high-order position of this atom being 
further away from the center of the triple bond than 
the result obtained with all data. But the discrepancy 
is small and not confirmed outside the confidence limits 
by the double-atom method. 

To apply the correction for thermal motion to the 
bond lengths the physically reasonable assumption has 
been made that the nitrogen atom rides on C(2), and 
C(2) rides on C(1). The Gaussian width parameters (q2) 
has been taken as infinite; thus the true correction 
might be slightly smaller. 

Compared with the full-data results the change in 
the C~--N bond length is appreciable (Table 5) and in- 
deed, after correction for thermal motion a value is 
obtained which agrees very well with the electron dif- 
fraction results. 

Though some accurate spectroscopic values on C~-N 
bond lengths are available, comparison is complicated 
by possible differences in bond order. The closest ana- 
logue to TCNE among the molecules studied is vinyl 
cyanide (Costain & Stoicheff, 1959), in which the C~-N 
distance is 1.164 (1) A.* It is encouraging that this value 
is also close to the results obtained with the high-order 
and double-atom methods. 

We conclude that the high-order and double-atom 
refinement methods can yield more reliable bond 
lengths when atoms with an aspherical charge density 
are involved. 

Finally, the high-order temperature factors are ge- 
nerally lower than those obtained with the fall data set 
(Table 3) as expected from comparison of X-ray and 
neutron diffraction data (Coppens, 1968). The diffe- 
rence is not reproduced with the double-atom method 
when HF scattering factors are employed, but STO 
valence shell form factors give better agreement with 
the high-order refinement for this structure. This and 
the lower R values obtained with STO form factors 
indicate that optimized Slater-type orbitals give a better 
fit to the valence shell density that the isolated-atom 
HF wave functions. 

The authors would like to thank Drs C. L. Coulter 
and K. N. Trueblood for making their unpublished re- 
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to Drs D. A. Matthews and G. D. Stucky for the par- 
ameters of tetracyanoethylene oxide and to Dr R. F. 
Stewart for the core and valence electron scattering 
factors employed in the double-atom refinement tech- 
nique. 
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* INDO calculations confirm that the C--N bond orders 
in TCNE and vinyl cyanide are practically equal. 
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Structural Studies of Metal Dithioearbamates. V. 
The Crystal and Molecular Structure of Bis-(N,N-Diethyldithioearbamato)tellurium(II)* 

BY C. FABIANI,~" R. SPAGNA, A. VACIAGO AND L. ZAMBONELLI 

Laboratorio di Strutturistica Chimica 'Giordano Giacomello'-CNR, Cittd Universitaria, 00100 Roma, Italy 

(Received 23 March 1971) 

Tellurium(II) bis-(N,N-diethyldithiocarbamate), [Te(S2CNEt2)2], forms red monoclinic crystals, a= 
15.191, b= 8.425, c= 14-841 A, fl= 117.66 °, space group P21/c, with four formula units in the unit cell. 
The structure has been solved by standard methods and refined by block-diagonal matrix least-squares 
methods, using 2012 photographic observations, to a final R value of 0.081. The four sulphur atoms in 
the molecule are bound to tellurium with two short bonds [average 2.519 (3) A] and two long ones 
[2.830 (3) and 2-893 (4) A]. A fifth sulphur atom, belonging to the centrosymmetrically related molecule, 
approaches tellurium at a distance of 3-579 (5) A. Tellurium and the five sulphur atoms lie approxi- 
mately in a plane. Rationalization of the coordination around the tellurium atom is attempted on the 
basis of both the three-centre bond and the full hybridization theories. 

For many of the heavier non-transition elements, the 
presence of low-lying d orbitals means that the number 
of electron pairs in the valence shell may exceed four. 
Thus the stereochemistry and bonding in compounds 
of these elements are varied and often complex, espe- 
cially when the ligands can form chelates with the metal. 
Moreover the presence of one or more lone pairs in 
the valence shell of the metal makes rationalization 
of the shape of the molecule more difficult. 

As part of the current studies of this Laboratory on 
metal dithiocarbamates, we investigated the structure 
of tellurium(II) (N,N-diethyldithiocarbamate), in which 
tellurium has low-lying d orbitals and two lone pairs 
in its valence shell, in order to contribute to the under- 
standing of the stereochemistry of these compounds. 

Experimental 

(with technical assistance from Mr P. MURA) 

Crystal data 
Tellurium(II) bis-(N,N-diethyldithiocarbamate), 

[Te(S2CNEt2)2], was synthesized as described in the 

* Part IV: J. Chem. Soe. (A) (1968) p. 1351. Preliminary 
results on the structure of other metal dithiocarbamates not 
yet described in this series have been published in Chem. 
Commun. (1966) p. 476; (1967) p. 583; (1968) p. 302; (1968) 
p. 572; (1970) p. 743. 

t Present address: Laboratorio di Chimica Industriale 
(CNEN), Centro di Studi Nucleari della Casaccia, Roma, Italy. 

literature (Foss & Pitha, 1953). Red crystals suitable 
for single-crystal X-ray analysis were grown from car- 
bon disulphide-ether solutions; they are stable in air 
and to X-rays. 

Preliminary X-ray and optical examinations of the 
crystals indicated that they belong to the monoclinic 
system. The space group, P21/c (No. 14), was assigned 
on the basis of the systematic absences (hOl, l= 2n + 1 ; 
0k0, k = 2n + 1). 

Unit-cell dimensions at about 23 °C are" a =  15"191 + 
0"002, b -= 8"425 _+ 0.002, c=  14"841 _+ 0.002 A, fl= 117"66 
+ 0"02°; these were determined by a least-squares re- 

finement of seventy 20 values measured on hkO and 
hOl Weissenberg photographs calibrated with superim- 
posed ZnO powder lines, using Cu Ke radiation (2= 
1.5418 A). The measured density (by flotation in a 
ZnC12 solution) of 1.68+0.01 g.cm -3 agrees well 
with the value of 1.670 g.cm -a calculated for four 
[Te(S2CNEt2)2] units of formula weight 424.14 in the 
cell of volume 1687.31 A 3. 

The X-ray intensities were estimated visually from 
sets of multiple-film equi-inclination Weissenberg pho- 
tographs taken at room-temperature about the b (8 
layers, hOl to h7l) and c (5 layers hkO to hk4) axes, with 
Ni-filtered Cu Ke radiation, using two different crystals. 
They were both well formed, with the following forms 
developed" {100}, {001}, {10T}, {011}, {110} and {liT}. 
The approximate dimensions of the crystals were 0.20 x 
0-20 x 0-25 and 0-20 x 0-25 x 0-50 mm respcctivcly. 

A C 27B - 2 


