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A liquid-nitrogen temperature diffraction analysis of the charge-transfer complex pyrene-ds-tetracyano- 
ethylene is described. The cell dimensions at 105 K are a= 14.136 (5), b=7.169 (2), c=7.866 (2) A, 
fl= 91 "73 (2) °. Although the data refine easily to R(F)= 5. 1% and R,~(F)= 3.8 %, difference maps indi- 
cate disorder in the plane of the tetracyanoethylene molecule. Subsequent refinement with two superim- 
posed TCNE molecules, whose geometries were constrained to be equal and whose thermal motion 
was restricted to rigid-body motion, converged at R(F)= 4.7 % and Rw(F)= 3.6 %, showing an arrange- 
ment of TCNE molecules in two orientations with a relative rotation of 90 ° around the center of the 
molecule in the molecular plane. 7 % of the molecules are in the alternative orientation which corresponds 
to an energy difference of at least 0.54 kcal mole- ~. Comparison of the geometries of the component 
molecules with those in the non-complexed crystals indicates effects of complexing on bond lengths to be 
at, or smaller than, the limit of the experimental accuracy. Integration of the charge density over the 
volume of the TCNE molecule shows the transfer of charge between the molecules in the crystal to be 
very small (< 0.15e). This conclusion is confirmed by a refinement of the occupancy of the spherical 
valence shells of the constituent atoms. 

Introduction 

Charge-transfer complexes between tetracyanoethylene 
(TCNE) and aromatic hydrocarbons have been the sub- 
ject of many experimental studies. The general feature 
that the TCNE and the hydrocarbon molecules are 
alternately stacked with parallel molecular planes is 
well established in several complexes: naphthalene- 
TCNE (Williams & Wallwork, 1967); ferrocene-TCN E 
(Adman, Rosenblum, Sullivan & Margulis, 1967); 
pyrene-TCNE (Ikemoto & Kuroda, 1968); perylene- 
TCNE (Ikemoto, Yakushi & Kuroda, 1970); paracy- 
clophane-TCNE (Bernstein & Trueblood, 1971). 

The effect of complexing on the geometry of the 
constituents is smaller than the experimental accuracy 
achieved in most of these studies. However, a better 
accuracy cap be obtained with present diffractometer 
and data-processing techniques and accurate studies on 
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crystals of the pure compounds and their complexes 
could lead to improved understanding of the interac- 
tions between the molecules. Recently results of precise 
studies of molecular pyrene by X-ray diffraction (All- 
mann, 1970) and neutron diffraction (Hazell, Larsen 
& Lehmann, 1972) became available. The molecular 
geometry of TCNE is also well known for the pure 
compound. A monoclinic modification was described 
by Bekoe & Trueblood (1960, 1964). The cubic mod- 
ification has been studied with X-rays by Coulter (1960) 
and Little, Pautler & Coppens (1971), and with neu- 
trons by Becker, Coppens & Ross (1973), while Hope 
(1968) performed an electron diffraction analysis of 
the molecule in the gas phase. Here we report a low- 
temperature study of pyrene-ds-TCNE and a compari- 
son of the molecular geometry in the charge-transfer 
complexed state with the geometry of the individual 
molecules in the non-complexed state. 

The nature of the bonding and the electron distribu- 
tion in charge-transfer complexes have been the sub- 
ject of a great many studies [for a survey see Foster 
(1969), chap. 2]. A second aim of the present study was 
to test the accepted theoretical concepts against the in- 
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formation on molecular charge distributions that can squares refinement (Busing & Levy, 1967) of the ob- 
be extracted from accurate diffraction data. served angle settings. 

Experimental 

X-ray intensity data were collected at 105 K on a 
Picker diffractometer. Cooling was achieved by blow- 
ing a cold N2 gas stream over the crystal. The cooling 
equipment was an extensively modified MRC (Mate- 
rials Research Corporation) cryocollimator. N2 gas is 
obtained by evaporation of the liquid and passed 
through a phase separator into a cooling spiral sub- 
merged in the liquid N2. The cold gas escapes through 
a flexible transfer line, which is aimed at the crystal; 
as was realized later, this method has the disadvantage 
that there is no pressure regulation between the surface 
of liquid N2 in the Dewar and the outlet through the 
nozzle.* 

In order to prevent frost formation on the crystal 
the cold gas stream was surrounded by a stream of 
warm, dry N2 gas from another source. In addition 
we found it necessary to surround the entire diffrac- 
tometer by a dry box. The temperature of the cold 
gas can be regulated by a heating wire in the flexible 
transfer line. A thermocouple in the nozzle near the 
crystal was connected to a temperature controller which 
kept the temperature at the thermocouple constant with- 
in + 1 K. However, the intensity of a high-order stan- 
dard reflection - 617 at sin 0/2=0.5 A -x - oscillated 
in a manner indicating temperature fluctuations of up 
to 6 K during nitrogen refill of the intermediate Dewar. 

These fluctuations are attributed to a change in the 
relative velocity of the inner and outer streams, which, 
because of turbulence, may cause a change in tempera- 
ture, even though the inner-stream temperature in the 
nozzle is kept constant by a temperature controller. 
To eliminate any effect on the intensity data set, the 
instrument was wired to print a signal during nitrogen 
refill, and reflections measured during this instability 
were later remeasured under standard conditions. 

The best overall temperature stability was achieved 
at high flow rates. Average consumption of liquid ni- 
trogen under these conditions was 9 litre h -a 

The crystal data for perdeuteropyrene-TCNE at 
105 K and the room-temperature data for the hydro- 
genated compound are listed in Table 1. The unit-cell 
parameters for the low-temperature study were deter- 
mined on the Picker diffractometer using graphite- 
monochromatized Mo Kc~ radiation. 20 high-order re- 
flections (14 with 20> 60 ° ) were carefully centered for 
Mo Ka~ radiation, ),=0-7092 A, on both positive and 
negative sides of the 20 circle using a narrow receiving 
aperture. The Kai and Ka2 peaks were clearly resolved. 
The lattice constants were obtained from a least- 

* The data for this s tudy were collected in 1969. Presently 
our low-temperature data are collected with a cryostat which 
eliminates many of the problems described here (Coppens et 
al., 1974). 

Table 1. Crystal data for perdeuteropyrene-TCNE 
(C16D10 .C6N4)  at 105 K and C16Hlo.  C6N 6 at room 

temperature 

105°K R o o m  tempera ture*  
Space group P2,/a P21/a 
a 14.136 (5))k  14.333 (9) /~  
b 7.169 (2) 7.242 (8) 
e 7.866 (2) 7.978 (4) 
fl 91"73 (2) ° 92"36 (4) ° 
Z 2 2 
V 796.75/~3 827.5 A 3 
/x 0"846 cm -1 7-5 cm -1 (Cu Ks) 

* I k e m o t o  & K u r o d a  (1968). 

The crystal used for data collection was grown by 
slow evaporation of a solution of perdeuteropyrene 
and TCNE dissolved in ethyl acetate. Its linear dimen- 
sions are about 0.2 × 0.2 ×0.4 mm. The crystal was 
mounted in a capillary to prevent sublimation. 

The intensity measurement of each reflection was 
performed by a 0-20 continuous scan. The scan range, 
R(O) was varied according to the dispersion relation, 
R(O)=R(0=O)+O.692tanO for Mo radiation. The 
basic scan range used was 2.9 ° , and the scan rate was 
1 ° min-1 

Stationary-counter background counts of 10 s were 
taken at each end of the scan range. The source col- 
limator had a diameter of 1 mm and the receiving 
aperture was a collimator of 2 mm diameter positioned 
in front of the scintillation counter with the opening 
3.5 cm from the crystal. A number of reflections had 
peak count rates in excess of the linear response of the 
counting chain. Those reflections and approximately 
50 additional reflections of medium intensity were re- 
collected at a reduced tube voltage. A scale factor be- 
tween the two sets was calculated from the 50 reflec- 
tions common to both. Three standard reflections 
were measured every 30 measurements, which was ap- 
proximately every two hours. Two of these are intense, 
low-order reflections (400 and 020). The third is the 
fairly intense 617 reflection at sin 0/2=0.5 A -1 which 
was selected to monitor the temperature changes pre- 
viously mentioned. No general trend in the intensities 
of the two low-order standard reflections was ob- 
served. 5476 reflections were collected, that is one full 
set with 20<75 °, sin 0/2<0.87 A -1, plus some sym- 
metry-related reflections, well distributed in reciprocal 
space. Tbe standard reflections with weights based on 
statistical accuracy were used to eliminate intensity 
fluctuations. Standard deviations were related to the 
intensities according to the formula: a2(1)=a2(stat)+ 
c2(I) 2, with c=0.015, in which I is the background- 
corrected intensity of the reflection and aZ(stat) is the 
contribution due to counting statistics. 

The values of I and a(1) were corrected for Lorentz- 
polarization and absorption effects, though the trans- 

A C 31B - 7 
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mission factor varied only between 0.984 and 0.988. 
Values of F'- for each equivalent set of reflections were 
averaged to yield 4040 reflections. 1844 of the inten- 
sities were greater than 3 standard deviations. 

L e a s t - s q u a r e s  refinement 

The  results f rom an earlier r o o m - t e m p e r a t u r e  study 
( Ikemoto  & Kuroda ,  1968) were used as initial pa ram-  
eters in the ful l-matr ix least-squares ref inement .  Re- 
flections for which  F 2 <  3o(F  2) were only inc luded in 
the ref inement  when  FZeale > 3o(F2), in which  case FZb~ 
was set equal  to 3a(F2). Scale and  isotropic  ext inct ion 
factors, pos i t ional  and  an iso t rop ic  t empera tu re  fac- 

Table  2. Atomic coordinates expressed as fractions of 
the cell edges 

Top row for each atom corresponds to ordered model, bottom 
row to disordered model (2). For the ordered model the 
estimated standard deviation in units of least significant 
digit is given in parentheses; e. s. d.'s for the disordered model 
are very similar to those for the ordered model and not given 
explicitly. Primed letters denote the coordinates of the less 
populated TCNE molecular position for which the standard 
deviations are about 10 times those of the most populated 
TCNE molecular position. 

x/a y/b z/c 
C(1) 0.14502 (13) -0.27599 (29) 0-26852 (23) 

0.14502 - 0.27624 0.26860 
C(2) 0-17603 (13) -0.10128 (27) 0.21807 (22) 

0.17612 -0.10105 0.21825 
C(3) 0.11991 (12) 0.01085 (25) 0.10956 (21) 

0-11986 0.01089 0.10949 
C(4) 0.02928 (12) -0.05608 (24) 0.05493 (21) 

0.02923 - 0.05571 0.05482 
C(5) -0.00227 (12) -0.23351 (25) 0 .10901 (21) 

- 0.00226 - 0.23363 0.10918 
C(6) 0.05667 (13) -0.34171 (28) 0.21573 (22) 

0.05628 - 0.34165 0.21566 
C(7) 0.15000 (12) 0.19128 (27) 0.05264 (21) 

0.15012 0.19131 0.05276 
C(8) 0.09452 (12) 0.29671 (26) -0.05171 (22) 

0.09455 0.29670 - 0.05176 
D(1) 0-1822 (13) -0-3534 (31) 0.3453 (24) 

0.1853 - 0.3532 0.3493 
D(2) 0.2332 (14) -0.0558 (25) 0.2571 (23) 

0-2325 - 0.0584 0.2566 
D(6) 0.0330 (13) -0.4607 (28) 0.2463 (23) 

0.0338 - 0"4637 0.2478 
D(7) 0.2102 (13) 0.2375 (27) 0-0886 (22) 

0.2116 0-2355 0.0887 
D(8) 0-1143 (13) 0.4220 (28) -0.0937 (24) 

0.1130 0.4169 -0.0909 
C(9) 0.04366 (13) 0.00975 (27) 0.53472 (23) 

0.04402 0.00964 0.53482 
C(10) 0.08594 (12) -0.13813 (27) 0.63766 (22) 

0.08672 - 0-13645 0-63773 
C(ll)  0.09827 (12) 0.17794 (28) 0 .50801 (22) 

0.09861 0.17705 0.50886 
N(1) 0-12178 (12) -0-24944 (24) 0-71924 (20) 

0-12095 - 0.25147 0.71929 
N(2) 0.14287 (11) 0.30806 (24) 0.48982 (21) 

0.14221 0.30912 0-48887 
C'(9) - 0"0032 - 0.0857 0.5352 
C'(10) -0-0874 -0.1980 0.5104 
C'(11) 0.0737 -0.1627 0.6378 
N'(1) -0.1537 -0.2876 0.4913 
N'(2) 0" 1343 - 0.2245 0.7192 

tors (except for hydrogen atoms) were refined in a 
full-matrix least-squares procedure based on F z. The 
refinement converged at R = ~  Fo-klF~[/~_Fo=5"1% 
and Rw= {(ZwlFo-kZlF~l 2)/~.wF2} ~/z= 3-8%; the cor- 
responding values based on F z are R(FZ)= 6.3 %, and  
Rw(FZ)= 7.5 %. Final posi t ional  parameters  and  tem- 
pera ture  factors f rom this ref inement  are listed in Table  
2 and  Table 3 respectively. 

Difference maps t h rough  the p lane  of  the pyrene  
molecule  (Fig. la) and the p lane  of  the te t racyano-  
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Fig. 1. Difference Fourier density in the plane of the TCNE 
(a) and the pyrene (b) molecules after ordered model refine- 
ment. Contour interval is 0"15 e/~-3; negative contours are 
broken. 
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T a b l e  3. Thermalparameters in A2× 10 4 

Estimated standard deviations in units of least significant digit are given in parentheses. Top row for each atom corresponds to 
the ordered model and the bottom row shows thermal parameters for the disordered model (2) as calculated from the T and 
L tensors found in the constrained refinement. Primed symbols denote the thermal parameters of the less populated TCNE molec- 
ular position. For the non-hydrogen atoms the temperature factor is of the form exp [-2z?(~t~jhthja~a*jU~j)]. 

U11 U~2 Us3 Ulz U13 U2s 
C(1) 229 (9) 235 (10) 169 (8) 65 (8) 13 (7) 28 (8) 

217 240 164 62 12 21 
C(2) 168 (8) 250 (10) 156 (8) 24 (7) 2 (6) - 5  (7) 

165 256 157 25 1 - 2  
C(3) 155 (7) 186 (9) 151 (7) 4 (7) 21 (6) - 1 6  (7) 

148 189 139 - 3  13 - 1 3  
C(4) 138 (7) 150 (8) 116 (7) 3 (6) 11 (5) - 10 (6) 

146 145 122 2 22 - 12 
C(5) 163 (8) 165 (9) 135 (6) - 1  (7) 15 (6) - 8  (7) 

185 148 145 0 27 0 
C(6) 236 (9) 162 (9) 179 (8) 17 (7) 40 (7) 21 (7) 

238 176 169 32 29 22 
C(7) 172 (8) 214 (7) 181 (8) - 4 8  (7) 15 (7) - 1 9  (7) 

173 209 180 - 4 4  13 - 14 
C(8) 239 (9) 165 (9) 178 (8) - 4 5  (7) 41 (7) - 1  (7) 

208 169 185 - 4 1  26 - 2  
D(I)  232 (53) 

265 305 192 102 5 44 
D(2) 144 (50) 

168 333 186 18 - 1 6  - 3  
D(6) 156 (51) 

311 178 213 30 38 43 
D(7) 178 (52) 

191 276 227 - 77 1 - 15 
D(8) 165 (51) 

272 184 239 - 68 32 12 
C(9) 242 (8) 220 (9) 180 (8) 21 (8) 30 (6) 2 (8) 

184 203 150 20 -- 7 -- 7 
C(10) 196 (8) 232 (10) 165 (8) 32 (7) - 13 (6) - 6  (7) 

198 217 152 35 - 9  - 6  
C(I 1) 200 (8) 236 (9) 158 (8) - 2  (7) - 18 (6) - 19 (7) 

199 218 159 3 - 3  - 11 
N(I) 267 (8) 288 (9) 218 (7) 72 (7) - 15 (6) 29 (7) 

241 251 217 43 - 39 26 
N(2) 274 (9) 275 (9) 245 (8) - 4 4  (7) --2 (6) - 8  (8) 

245 253 234 37 - 24 15 
C'(9) 197 209 191 11 - 25 14 
C'(10) 213 225 203 - 7 - 23 12 
C'(11) 212 224 196 25 - 2 9  16 
N'( 1 ) 222 242 162 - 20 8 - 22 
N'(2) 218 240 145 60 - 7 - 11 

Type of 
Refinement 

1. Conventional 
full-matrix 
least squares 

2. Constrained 
least squares 

3 .  - -  

4. Extended L 
shell (ELS) 

5 .  - -  

T a b l e  4(a).  Summary o f  some results o f  various refinements on pyrene-ds-TCNE 

Occupancy 
Number of Number  of factor 

Model characteristics R(F) R w ( F )  variables reflections for TCNE2 

Ordered model, un- 
constrained 

5" 1 3"8 139 1844 1-00 
TCNE disorder, two TCNE 
molecules constrained 
to be identical and of 
mmm symmetry 
~0TCNE2 = ~0TCNE1 + 90 ° 4"7 3"6 73 1839 0"930 (3) 
As 2, all Euler angles 
refined independently 4"7 3"6 76 1841 0"930 (3) 
Ordered model uncon- 
strained 4.7 3-3 157 1843 1.00 
Disordered model, TCNE2 
positional and TCNE2 and 
deuterium thermal param- 
eters from 2 4.2 2-9 152 1849 0.930 

Net charge 
(electrons) 

on one TCNE 
molecule 

+0"21 

+ 0"07 

A C 31B - 7* 
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Table 4(b). Eulerian angles in radians, model 2 

Perdeu te ropyrene  T C N E  major  
~0 1"6382 (1) 2"3506 (6) 
0 0"6344 (1) 0"6140 (4) 
~, -0"8713 (1) -0"7919 (6) 

ethylene molecule (Fig. lb) show density in the bond- 
ing regions of the C-C bonds in pyrene and the single 
C-C and triple C-a=N bonds in TCNE. An unexpected 
peak of 0.7 e A -a is observed, however, in the plane of 
the TCNE molecule on the normal to the central C=C 
bond. A similar feature in the charge-transfer complex 
paracyclophane-TCNE was explained by Bernstein & 
Trueblood (1971), by a disordered arrangement in 
which about 25 % of the TCNE molecules are rotated 
by 90 ° around the center of the molecule in the mo- 
lecular plane. As the molecule is approximately square, 
this rotation results in an approximate superposition 
of the cyano groups. 

A similar model for perdeuteropyrene-TCNE was 
investigated with a least-squares program constructed 
to facilitate the refinement of constrained models (Paw- 
ley, 1971). The orientation of a molecular coordinate 
system is described by the Eulerian angles q~, 0, ~u [for 
the definition of these angles and the reference coor- 
dinate system, see Pawley (1971)]. The molecular co- 
ordinate systems for the TCNE and pyrene molecules 
were defined so that the angle q~ describes the rota- 
tion around the normal to the molecular plane. The 
anisotropic temperature factors are determined by three 
tensors, T, L and S, respectively the mean-square 
translational displacement, the mean-square libra- 
tional displacement, and tl~e screw rotation correlation 
(Schomaker & Trueblood, 1968). As both molecules 
occupy centers of symmetry the librational axes inter- 
sect and the S tensor is equal to zero. 

A number of refinements of different constrained 
models were tested to elucidate the type and degree 
of disorder of the arrangement of the TCNE molecules. 
All included an isotropic extinction parameter as a 
variable. Results are listed in Table 4. In the most suc- 
cessful model (2), the pyrene and TCNE molecules are 
considered rigid and the TCNE molecules are con- 
strained to mmm symmetry. A fraction of the TCNE 
molecules - expressed as an occupancy factor - is 

) Ce v : - , 'W: .  , ' :  

f % " , .  ,..,., ,...." . / ", ~ ~[.'. ~ " . .  
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Fig. 2. Difference Four ier  density in the plane of  the T C N E  
(a) and the pyrene (b) molecules after disordered model  2 
refinement.  Con tour  interval is 0-15 e ,&-a; negative con- 
tours  are broken.  

Fig. 3. Molecular  packing d iagram (stereo pair). The a axis is horizontal  in the plane of  the paper,  while the b axis is point ing 
away f rom the viewer. 
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rotated by 90 ° ((02=qg~+Tr/2) in the molecular plane 
around the center of  the molecule. T C N E  molecules 
of  different occupancy are constrained to identical geom- 
etry and identical T and L tensors. 

Table 5. Observed and calculated structure factors 
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In another model (3) all Eulerian angles of both 
types of TCNE molecules are refined independently. 
The resulting Eulerian angles show differences ~02-~0~ = 
1.609_~/2, 02-0z=-0.012_~0.0,  and 7t2-TJl=0.046--- 
0.0, confirming the proposed disordered arrangement 
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of the T C N E  molecules. The R values for the disordered 
constrained models are significantly better than for the 
ordered refinement (Hamilton,  1964). Furthermore,  the 
values of  the T C N E  occupancy factors differ little for 
the different disordered models, so we conclude that  
for pe rdeu te ropyrene-TCNE at 105 K 7% of the 
T C N E  molecules are rotated by 90 ° around the center 
o f  the molecule in the molecular plane. Difference 
maps corresponding to model 2 through the plane of  
the pyrene molecule (Fig. 2a) and the plane of  the 
TCNE molecule (Fig. 2b) show no significant peaks 
outside bonding regions. Observed structure factors 
and the calculated values according to model 2 are 
listed in Table 5. Final posit ional parameters and 
temperature factors from this refinement are listed in 
Table 2 and Table 3, respectively. 

Crysta l  and molecu lar  structure 

The molecular packing of  the structure of  perdeutero- 
p y r e n e - T C N E  is shown in Fig. 3. The less populated 
atomic posit ions of  the disordered T C N E  molecule 
are omit ted from the drawing. As found in the earlier 
structure determination,  the most striking feature of  
the packing arrangement  is the alternate stacking of  
pyrene and T C N E  molecules. Intermolecular  distances 
are listed in Table 6. The angle between the normals 
to the least-squares plane through the carbon atoms 
of  pyrene and the least-squares plane of  the T C N E  
molecule is 2-1 °. 

the stacks is not  very sensitive to a 90 ° ro ta t ion of  
T C N E  in its molecular plane. The relative popula t ion  
of  the two observed positions corresponds to an energy 
difference AE of about  0.54 kcal mole -I ,  if equilibrium 
is established at the data-collection temperature.  This 
value must be considered a lower limit. For example 
if the equilibrium is established during crystallization 
(T--293 K), and not  altered on cooling the energy dif- 
ference is calculated as 1.6 kcal. These values are to 
be compared to a calculated difference of 0-27 kcal 
mole -1 between two relative orientat ions in the isolated 
TCN E complex (Herndon & Feuer, 1968). However, 
it should be noted that  neither of the two minima of  
this calculation corresponds to the experimental ge- 
ometry in the crystal. Apart  from possible differences 
between the solid state and the isolated complex, there 
is some doubt  that  calculations in which the inter- 
planar  distance is fixed at an arbitrary value (3.20 A) 
have predictive value. In addit ion interactions between 
molecules in adjacent stacks may contribute to the 
energy difference. The two arrangements observed in 
the crystal structure are approximately related by a 
local mirror  plane passing through C(1), C(4), C'(4) 
and C'(1) (Fig. 4), which explains the small size of  the 
energy difference. In the pa racyc lophane-TCNE com- 
plex, in which this type of  disorder was first observed 
(Bernstein & Trueblood,  1971), AE is 0.7 kcal mole 

N;2 N 1 

Table 6. Close approaches between molecules 
N . . . D  distances less than 3.1 /~, (except for comparison pur- 
poses in the column labeled minor TCNE), C" • • N and C" • • C 
less than 3.4 A. e.s.d.'s: 0"003 A for C" • • C; 0-02 ,~, for N- • • D. 
Atoms in the less populated TCNE molecule are primed. 
Symmetry code 
I - x ,  - l - y ,  l - z ;  
II - x ,  - y ,  - z ;  
III - x ,  - y ,  l - z ;  
Between stacks of molecules 

Major TCNE 
N(1) . . . . .  D(6 I) 3-01 ,~ 
N(1) . . . . .  D(8 vi) 2.81 
N(1) . . . . .  D(2 Iv) 3.02 
N(1) . . . . .  D(7 xv) 2.77 
N(2 m) . . . .  D( 1 l) 2.74 
N(2 m) . . . .  D(2 v) 2-80 
N(2 m) . . . .  D(I v) 2.96 
N(2 m) . . . .  D(6 I) 2.90 

In stack 
C(9) . . . . . .  C(1) 
C(9) . . . . . .  C(2) 
C(10) . . . . .  C(1) 
C(11) . . . . .  C(2) 
C(ll) . . . C ( 3 )  
C(9m) "" "C(5) 
C(10m) • "C(4) 
C(llm) • "C(5) 
C(1 Ira) • "C(6) 
N(lm)'" .C(4 n) 

The disordered 
indicates that  the 

3.287/~ 
3.255 
3.203 
3.248 
3.382 
3.297 
3-267 
3.360 
3.345 
3.290 

IV ½-x, --~-+y, 1 - z  
V ½+x, - ½--y, z 
VI x, - l + y ,  l + z  

Minor TCNE 
N'(2m) • • • D(6 x) 3.28 /~ 
N'(2m) • • "D(8 vl) 2.99 
N'(2m) • • .D(2 iv) 3.05 
N'(2m) • • -D(7 Iv) 2.63 
N'(1) . . . . .  D(I') 2.91 
N'(1) . . . . .  D(2 v) 2.65 
N'(1) . . . . .  D(1 v) 2.70 
N'(1) . . . . .  D(6') 3.17 

C'(9) . . . . .  C(1) 
C'(9) . . . . .  C(6) 
C'(10)... C(6) 
C'(11). • C(I) 
C'(91u) • C(3) 
C'(10 m) C(2) 
C'(10 "1) C(3) 
C'(ll m) C(4) 
N'(2m) • C(4") 

3.305 A 
3.245 
3.296 
3.208 
3.301 
3.299 
3.321 
3.260 
3.298 

arrangement  of  the TCNE molecules 
interaction between the molecules in 

CI0 ~ C~11 

D2 

C11 

D6 

C8 

o8/J 

Fig. 4. View of the complex in a direction normal to the least- 
squares plane of the pyrene molecule showing the two 
positions of the TCNE molecules relative to the adjacent 
pyrene molecule. The TCNE molecule depicted with dashed 
lines represents 7 % occupancy. Deuterium atoms have been 
given an arbitrary radius, other atoms are indicated by 
their 50 % probability ellipsoids. 
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at room temperature.  The ar rangement  of  the pyrene 
molecules around the T C N E  molecule is further illus- 
trated in Fig. 5. 

In what  follows the geometry of  the constituent mol- 
ecules of  pe rdeu te ropyrene -TCNE is described and 
compared  with the geometries of  these molecules in 
different crystal structures (Tables 7 and 8). The num- 
bering of  the atoms and the lettering of  the bonds are 
shown in Fig. 6, which also shows bond lengths and 
angles in the molecules as determined with model 2. 

Pyrene 
Several experimental and one theoretical set of  bond 

lengths in the pyrene molecule are compared in Table7.  
The lengthening of  the C(7)-C(8) ( f )  bond length 

to 1.42 .& reported by Ikemoto  & K u r o d a  (1968) has 
not been confirmed, on the contrary the bond lengths 
of  pe rdeu te ropyrene -TCNE are very close to the ex- 
perimental  X-ray and neutron values for molecular 
pyrene as well as to the mean values of  the theoretical 
calculations. 

We note that  on the average the peripheral C - C  
bond lengths in molecular pyrene as determined by 
X-rays (column 6) are shorter than those determined 
by neutron diffraction (column 4). This corresponds 
to a small displacement of  the centroids of  the atomic 
charge clouds towards the center of  the molecule, which 

can be explained by overlap density populat ion being 
larger in the C - C  than in the C - H  bonds (Hazell, 
Larsen & Lehmann,  1972). The agreement  between 
the X-ray and neutron values for the central C - C  bond 
[(e), 1.430 (2) and 1.429 (4) /~ respectively] supports  
this explanation. Similar discrepancies have been noted 
for p-terphenyl (Rietveld, Maslen & Clews, 1970) and 
phenanthrene  (Kay,  Okaya  & Cox, 1971). 

Differences in bond lengths between the X-ray deter- 
minations of  pyrene and pe rdeu te ropyrene -TCNE are 
very small; the effect of  complexing on molecular ge- 
ometry seems to be at most  a few thousands of an 
~ngstr6m. The deviations from the least-squares best 
plane through the carbon atoms in the pyrene mole- 
cule are given in Table 9. 

Tetracyanoethylene 
Table 8 gives a comparison of  T C N E  geometries 

observed in different compounds  and with different 
techniques. The constrained refinement of  the disor- 
dered model (2) showed an increase in the central C=C 
bond length of  0.010 A and in the C - N  bond length 
of  about  0.007 A and a decrease of  the C - C  bond 
length of  about  0.006 A, when compared  with the re- 
finement of  the ordered model (1). The dimensions 
given by the disorder model are considered to be more 
reliable, but not accurate enough to war ran t  a correc- 

Table 7. Dimensions in the pyrene molecule averaged over chemically equivalent bonds 

1 2 3 4 5 6 7 8 9 
a 1"388 (3) 1"390 (3) 1.391 (3) 1"395 (2) 1"394 1"379 (3) 1-394 (3) 1"403 (6) 1"388 (14) 
b 1-400 (3) 1.400 (3) 1-401 (3) 1"406 (2) 1"401 1-405 (4) 1-390 (3) 1.394 (5) 1"406 (12) 
c 1.420 (2) 1.421 (2) 1.423 (2) 1.425 (2) 1"415 1"424 (3) 1.417 (3) 1.430 (2) 1"419 (11) 
d 1"437 (3) 1"439 (3) 1"440 (3) 1.438 (2) 1.445 1"434 (3) 1.437 (4) 1"445 (3) 1.429 (13) 
e 1"427 (3) 1.422 (3) 1"423 (3) 1-430 (2) 1-428 1-429 (4) 1.418 (4) 1-426 (1) 1.445 (11) 
f 1-350 (3) 1.351 (3) 1-352 (3) 1-367 (3) 1"361 1.341 (4) 1-346 (5) 1"352 (2) 1.421 (13) 

1. Pyrene-TCNE, present work, ordered model. 2. Pyrene-TCNE, present work, disorder of TCNE moiety. 3. Pyrene-TCNE, 
present work, disorder model, corrected for rigid-body thermal motion. 4. Pyrene, Hazell, Larsen & Lehmann (1972). Neutron 
determination of molecular pyrene. 5. Mean bond lengths of theoretical calculations on pyrene from a compilation by Hazell, 
Larsen & Lehmann (1972). 6. Pyrene, Allmann (1970). X-ray determination of molecular pyrene. 7.2,7-Di-t-butylpyrene, Hazell 
& Lomborg (1972). 8. Pyrene-pyromellitic dianhydride, Herbstein & Snyman (1969). X-ray data at 110 K. 9. Pyrene-TCNE, 
Ikemoto & Kuroda (1968). 

Table 8. Dimensions in the TCNE molecule 

1 2 3 4 5 6 7 8 9 
C=C 1-342 (4) 1.352 (4) 1.353 (2) 1.344 (3) 1.357 (10) 1.339 (8) 1.351 (14) 1-348 (7) 1.309 (12) 
C-C 1.452 (3) 1.445 (3) 1.431 (1) 1.439 (2) 1.435 (10) 1-441 (5) 1-426 (7) 1-469 (5) 1.472 (13) 

1-450 (3) 1.442 (5) 1-469 (5) 1.464 (12) 
C~--N 1.134 (2) 1-143 (2) 1.160 (1) 1.153 (2) 1-162 (2) 1-133 (5) 1.131 (8) 1.136 (10) 1-113 (12) 

1-137 (2) 1.135 (6) 1.147 (10) 1.124 (12) 
C=C-C 120.6 (2) 121.1 (2) 122.0 (1) 122.2 (1) 121.1 121.0 (4) 120.9 (3) 119.2 (4) 120.3 (9) 

121.0 (2) 120.9 (4) 119.3 (3) 121.4 (9) 
C-C-C 118.4 (2) 117.8 (2) 116-1 (1) 115.6 (2) 118.1 (3) 118.3 (6) 121-4 (4) 118.3 (7) 
C-C-N 177.4 (2) 179.6 (2) 177.9 (1) 178.2 (2) 179.1 (4) 178.7 (8) 173.1 (5) 176.7 (9) 

178.2 (2) 179.4 (4) 174.4 (7) 177-4 (9) 

1. Pyrene-TCNE, present work, ordered model. 2. Pyrene-TCNE, present work, disorder of TCNE moiety, model 2. 3. Cubic 
TCNE, Becker, Coppens & Ross (1973). Neutron diffraction study. 4. Cubic TCNE, Little, Pautler & Coppens (1971). X-ray 
diffraction study. Distances corrected for riding motion. 5. Gas phase TCNE, Hope (1968). Electron diffraction determination. 
6. Monoclinic TCNE, Bekoe & Trueblood (1964). C-C corrected for thermal motion. 7. Naphthalene-TCNE, Williams & Wall- 
work (1967). 8. [3,3]Paracyclophane-TCNE, Bernstein & Trueblood (1971). Bond lengths corrected for libration by method of 
Busing & Levy (1964). 9. Pyrene-TCNE, Ikemoto & Kuroda (1968). 
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Table 9. Deviations (]~ x 103) from the least-squares best 
plane through the carbon framework in the pyrene 

molecule 
(Disordered model; TCNE molecule constrained to be planar) 

C(1) + 9 C(5) - 4 
C(2) - 11 C(6) + 5 
C(3) + 1 C(7) - 1 
C(4) - 4 C(8) + 7 

tion for thermal motion. Compared with the cubic 
modification of TCNE the C-C bond length is some- 
what longer and the C-N bond length is somewhat 
shorter in the complex, but a discussion of these dif- 
ferences involving a partially disordered structure seems 
unwarranted. 

N e t  a tomic  and molecu lar  charges  

The charge on a molecule in a complex can be obtained 
by integration of the density over the molecular vol- 
ume. Such an integration was performed, with photo- 
graphic data, for the triclinic modification of the benzo- 

quinone-hydroquinone charge-transfer complex (Sa- 
kurai, 1965). A transfer of 0.21 e to the electron accep- 
tor (in this case benzoquinone) was obtained. 

A similar calculation for the monoclinic modifica- 
tion of the complex produced a larger value of 0.71 e 
for the charge transfer to the electron acceptor (Sa- 
kurai, 1968). In the present work the integration was 
performed by means of a general analytical expression 
(Coppens & Hamilton, 1968), which allows variation 
of the box-shaped integration volume. Since the TCNE 
molecule is approximately square, the two box dimen- 
sions parallel to the molecular plane (parallel and per- 
pendicular to the central C=C bond) were taken to be 
equal. An initial value of 3-3 A was selected for the 
thickness of the molecule, and the integrated density 
was plotted as a function of the in-plane dimension. 
The resulting curve (Fig. 7a) shows an inflexion point 
at about 6.8 A, indicating that for this box dimension 
the best separation between TCNE and neighbouring 
molecules is obtained. Using this value for the in-plane 
dimension, the box thickness was varied. This curve 
(Fig. 7b) has an essentially horizontal section around 
3.2 ,~, in good agreement with the mean value of 3.4 A 

010 

~h½1 

,4, 

b, 

0--11 

Fig. 5. Packing of pyrene molecules around the TCNE molecule at 00½ viewed normal to the plane of the TCNE molecule. The 
triplet of numbers beside each pyrene molecule denotes the center of that molecule in terms of unit-cell translations. The 
square outlines the box over which the electron density of the TCNE molecule was integrated. 
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. 0 0 5  

0 . 1 g  o 

_ 1.39"/f~ b~1.~02 

. . . . .  o 

119.8 I 119.5 

Fig. 6. Bond lengths and angles of the pyrene molecule ac- 
cording to the disordered model 2 refinement, and labeling 
of atoms and bonds. 
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Fig. 7. Integrated electron density around the TCNE molecule. 
Box-shaped integration volume varied for constant thick- 
ness of 3.3 A, number of electrons as a function of dimension 
of square box (a) and for constant in-plane dimensions 
6.8x6.8 A 2, number of electrons as a function of box 
thickness (b). 

for close approaches between atoms in the stacks of 
pyrene and TCNE molecules. The horizontal section 
corresponds to a charge transfer of -0-03 to +0.25 e, 
the TCNE molecule being slightly positive. It is of in- 
terest that the total number of electrons in the box 
(63.89) is close to the value obtained if only F(000) 
had been considered (63.14 e for a 6.8 ×6.8 ×3.2 A 
box). The average density in the box is therefore close 
to the average electron density in the crystal, as may 
be expected in a molecular crystal containing only light 
atoms. This implies that only the difference between 
the two values is sensitive to changes in the least- 
squares scale factor used to put the observations on an 
absolute scale. Thus, a change of 5 % in the scale fac- 
tor would alter the charge transfer by 0.05 × (63.89- 
63.14) which is about 0.04 e. 

The box over which integration was performed, and 
its relation to neighbouring molecules is shown in 
Fig. 5. 

Values for the net atomic charges in a number of 
molecules have been obtained from X-ray diffraction 
data using an L-shell projection method (Stewart, 
1970; Coppens, Pautler & Griffin, 1971). In oxalic acid 
dihydrate, cyanuric acid and the Ni diethylenediamine 
malonate complex, charges were obtained which agreed 
fairly well with a Mulliken population analysis of semi- 
empirical INDO (intermediate neglect of differential 
overlap) calculations (Coppens et al., 1971). Similarly, 
in the light-atom mineral kernite (NazB407.4HzO) the 
charges correlated quite well with atomic electronega- 
tivity (Cooper, Larsen, Coppens & Giese, 1973). In 
tetracyanoethylene (Little, Pautler & Coppens, 1971) 
and in tetracyanoethylene oxide (Matthews, Stucky & 
Coppens, 1972) on the other hand, the charges for the 
cyano group atoms were small and not in agreement 
with other evidence which supports the strongly dipolar 
nature of this group. 

In the charge refinement of the low-temperature data 
of the perdeuteropyrene-TCNE complex with the ELS 
(Extended L-Shell projection) method, the charges on 

Table I0. Net charges from extended L-shell projection 
(ELS) refinement (STO basis set) 

Owing to rounding-off of the table entries, the sum of the 
charges in TCNE-pyrene is slightly different from zero. The 
net charges on the TCNE and pyrene molecules from this 
refinement are respectively + 0.07 and -0 .07  units. 

C(1) - 0 . 0 4  (4) C(8) 
C(2) +0.05 (4) H(1) 
C(3) - 0.19 (4) H(2) 
C(4) - 0.02 (3) H(6) 
C(5) - 0-17 (4) H(7) 
C(6) +0.14 (5) H(8) 
c(7) + 0.03 (4) 
TCNE in T C N E -  TCNE in cubic 

pyrene tetracyanoethylene 
C(9) +0"11 (3) +0"20 (2) 
C(10) -0"01 (4) -0"09 (3) 
C( l l )  +0"06 (4) 
N(1) --0"01 (3) -0"01 (3) 
N(2) -- 0" 12 (3) 

+0.03 (4) 
+ 0.05 (3) 
+ 0.02 (3) 
+ 0.02 (3) 
+ 0.04 (3) 
+0.03 (3) 

TCNE in T C N E -  
perylene 
+0"11 (5) 
+ 0.04 (3) 
+ 0-04 (5) 
-0.04 (5) 
- 0.02 (5) 
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the disordered TCNE molecule were constrained to be 
equal to the charges on the molecules in the site with 
93-0% occupancy. Furthermore, the geometry and 
thermal motion of the disordered molecule were not 
varied, which seemed justified as the shifts in atomic 
parameters during the ELS refinement were very small. 

The resulting charges (with STO basis functions) 
(Stewart, 1970) are listed in Table 10. The values for 
the individual atoms are small and rather similar to 
corresponding values on the TCNE molecules in cubic 
TCNE and TCNE-perylene (Coppens, Pautler & Grif- 
fin, 1971). When summed over each of the molecules 
of the complex, the refinement leads to a charge trans- 
fer of 0.07 e from the TCNE molecule in reasonable 
agreement with the value of +0.11 units of charge at 
the midpoint of the horizontal section of the curve in 
Fig. 7. The direction of the apparent transfer is op- 
posite to what would be expected from the molecular 
electronegativities (Foster, 1969, p. 387), but the effect 
is small and probably not significantly different from 
zero. Thus, it appears from the diffraction results that 
the molecules in the ground state of the perdeutero- 
pyrene-TCNE complex are essentially neutral and that 
the charge transfer in the ground state is less than 0-15 e 
per molecule. 

Support of this work by the U.S. Atomic Energy 
Commission is gratefully acknowledged. 
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