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The crystal is triclinic with space group P i  and a= 13.22, b= 14.44, c=7.89 A,, g= 108.1, fl= 103-6, 
7= 87.3 °, Z= 2. The structure was deduced from a three-dimensional Patterson synthesis and refined 
by the block-diagonal least-squares method to an R value of 0-123 for 230S observed reflexions. The 
planar TCNQ molecules are stacked face-to-face to form a column along [101]; there are two different 
modes of overlapping of the molecules. Four molecules form a repeating unit in the column. The inter- 
planar distances within the TCNQ column are 3.32, 3"30 and 3-24/~. The bond lengths of the two 
independent TCNQ molecules indicate that they are in the states TCNQ0 and TCNQ- respectively. 
By the use of appropriate force constants and observed bond lengths, the activation energy for an 
electron to 'hop' from TCNQ- to TCNQ0 is calculated to be at least 0.06 eV. Triethylammonium ions 
are arranged in the space between the columns. High values of the thermal factors of the atoms of 
TEA + together with diffuseness in the electron-density distribution are certainly related to some posi- 
tional freedom. 

Introduction 

The salts containing the anion radical TCNQ-I" include 
some of the best electrically conductive organic com- 
pounds ever known. Recent structure analysis of these 
salts revealed that the structures are based on TCNQ 
columns in which the molecules are stacked face-to- 
face (Goldstein, Serf & Trueblood, 1968; Hanson, 
1968; Fritchie, 1966; Fritchie & Arthur, 1966; Hanson 
1965; Long, Sparks & Trueblood, 1965; Anderson & 
Fritchie, 1963). In crystals of Cs2(TCNQ)3 the electrons 
within the TCNQ columns were found to be localized 
on specific molecules, whose geometries differ from 
those of other neutral molecules (Fritchie & Arthur, 
1966). The observed dependence of molecular dimen- 
sions on formal charge is consistent with the result of 
bond order calculations (Goldstein, Serf & Trueblood 
1968; Lowitz, 1967; Menefee & Pao, 1962). The present 
study of the crystal and molecular structure of TEA- 
(TCNQ)~-I~ was undertaken to compare the structure 
with those of other TCNQ salts and to propose a 
plausible mechanism for electrical conduction in these 
crystals. 

Experimental 

The opaque black crystals of TEA÷(TCNQ)~ were 
kindly supplied by Dr T. Kondow. The cell dimensions 
were determined from Weissenberg photographs. The 
crystals used for the collection of the intensity data were 
approximate parallelepipeds and had a maximum di- 
mension of 0.3 mm. Equi-inclination Weissenberg pho- 
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* Present address: Tokyo Institute of Technology, Oh- 
okayama, Meguro-ku, Tokyo, Japan. 

i TCNQ = 7,7,8,8-tetracyanoquinodimethane. 
.+ TEA = triethylammonium. 

tographs were taken around the c axis up [to {the [fifth 
layer and the b axis up to the ninth layer with Cu K~ 
radiation (2= 1-5418/~); the multiple-film technique was 
used. In all 2308 reflexions were observed. The intensi- 
ties were estimated visually with a standard film strip 
and were converted to [F(hkl)l by applying the usual 
Lorentz, polarization and shape corrections. No cor- 
rection was made for absorption in view of the small 
sizes of the crystals. 

The crystal data are" C6NH]6"(C12 N4H4)2, F.W. 506, 
triclinic, a=  13.222 + 0.020, b= 14.440 + 0-010, 
c=7.885 + 0.010 A, c~= 108.07 + 0.07, fl= 103.59 + 0.04, 
7=87.33+0"04 °, U=1390.3 A 3, Dm=1"222 g.cm -3, 
Z=2,  Dz=l '218 g.cm -3, space group PT (C~ No.2), 
F(000)=526, linear absorption coefficient for Cu Kc~, 
p=6.24 cm -1. 

Determination of the structure 

The space group PT was assumed tentatively and this 
was verified at a later stage by calculation of the struc- 
ture factors. The trial atomic coordinates of the TCNQ 
molecules could be readily deduced from sharpened 
three-dimensional Patterson maps. The three-dimen- 
sional electron density distribution was calculated with 
phases based on the deduced coordinates of the TCNQ 
molecules. Approximate positions of the atoms of the 
TEA ions were found on this and successive three- 
dimensional Fourier syntheses. Block-diagonal least- 
squares refinement was performed using the program 
of T.Ashida. Isotropic refinement proceeded fairly 
smoothly to R = 0.19. At this stage, the electron density 
maps, however, showed broader and slightly lower 
peaks at the atomic positions of the TEA ion than those 
at the atomic positions of the TCNQ molecule. More- 
over, the thermal parameters of these atoms were found 
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to be very large. The possibility of the space group P 1 
was therefore considered. According to the symmetry 
of the space group P1, attempts were made to pack the 
TEA ions into the region suggested by the electron 
density maps. Atomic coordinates of the TEA ions 
deduced from these trial structures were tested by cal- 
culating structure factors and comparing them with the 
observed values. Attempts were also made to refine 
these coordinates by the least-squares method. No im- 
provement was achieved however. Thus P 1 was rejec- 

ted. Considerable peaks were found around the atomic 
positions of TEA + in three-dimensional difference 
maps, but it was not possible systematically to assign 
individual atoms to these peaks and they were reduced 
markedly after subsequent anisotropic refinement. The 
nitrogen atom has the smallest temperature factor and 
corresponds to the highest electron density peak among 
the atoms of the TEA + ion. Positions of the carbon 
atoms were ill-defined on the electron density maps and 
their parameter values obtained by the least-squares 
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Fig. 1. The structure viewed along the c axis. Contours  are a t  interval of 1.2 e.A -3 a round  T C N Q  and 0.6 e .~  -3 a round  TEA,  
the lowest contour  being 2.5 e .~  -3. 
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Table 1. Final parameters and estimated standard deviations of non-hydrogen atoms 

Temperature factor = exp [ - (hZBi i -1- k2B22 q-/2B33 -t- hkB12 + hlB13 + klB23)] 

x y z B1 1 B22 B33 
(× 104) (× 10 4 ) (× 10 4 ) (× 10 4 ) (× 104) (× 10 4 ) 

BI2 Bj3 B23 
( x 104) ( x 104 ) ( × 104) 

TCNQ (1)* 
C(I) 1255 4927 1279 56 57 198 11 66 71 

6 6 11 5 5 17 8 15 15 
C(2) 944 4029 1450 67 60 212 13 79 85 

6 6 11 6 5 18 9 17 17 
C(3) 793 3198 49 60 57 204 - 3 55 85 

6 6 11 5 5 18 9 16 17 
C(4) 965 3197 8319 62 62 210 15 69 58 

6 6 11 6 5 18 9 17 17 
C(5) 1291 4102 8119 68 62 201 16 60 72 

6 6 11 6 5 18 9 17 17 
C(6) 1423 4940 9539 57 46 182 - 1 40 63 

6 5 10 5 4 16 8 15 15 
C(7) 1390 5793 2720 68 56 222 5 79 72 

6 6 11 6 5 19 9 17 17 
C(8) 807 2337 6862 80 59 218 4 64 71 

6 6 12 6 5 19 10 18 18 
C(9) 1219 5832 4455 70 61 220 - 3  73 73 

6 6 11 6 5 19 9 18 17 
C(10) 476 1480 7050 107 69 223 3 106 27 

7 7 12 8 6 21 12 22 20 
C(11) 937 2309 5101 113 77 258 5 83 72 

8 7 14 9 7 25 13 25 23 
C(12) 1696 6704 2564 71 58 261 - 1 86 73 

6 6 12 6 5 21 9 19 18 
N(I) 1089 5842 5852 112 91 256 5 85 73 

6 6 11 7 6 19 11 19 19 
N(2) 218 756 7222 151 87 362 - 14 133 77 

7 7 12 9 7 25 13 25 22 
N(3) 1045 2314 3674 155 96 294 22 130 71 

7 7 12 9 7 23 13 24 21 
N(4) 1929 7428 2513 116 72 369 16 120 83 

7 6 12 7 6 24 11 22 20 

TCNQ (2) 

C(13) 3834 5626 4680 54 56 174 - 4  37 65 
5 6 10 5 5 16 8 15 15 

C(14) 3541 4739 4815 62 63 178 9 62 66 
6 6 10 5 5 17 9 16 16 

C(15) 3394 3877 3397 60 65 221 10 57 71 
6 6 11 6 5 19 9 17 17 

C(16) 3590 3931 1690 52 54 185 6 49 65 
5 6 10 5 5 17 8 15 15 

C(17) 3904 4812 1508 55 56 186 0 65 37 
6 6 10 5 5 17 8 15 15 

C(18) 4045 5657 2948 66 62 207 - 1  55 62 
6 6 11 6 5 18 9 17 17 

C(19) 3996 6479 6185 69 61 199 6 57 70 
6 6 11 6 5 18 9 17 17 

C(20) 3439 3072 187 66 61 203 0 70 74 
6 6 11 6 5 18 9 17 17 

C(21) 3811 6469 7870 83 66 218 11 77 38 
7 6 12 7 6 20 10 19 18 

C(22) 3164 2164 265 83 65 215 6 96 61 
7 6 12 7 6 20 10 19 18 

C(23) 3582 3062 8469 84 67 205 - 3  55 39 
7 6 12 7 6 19 10 19 18 

C(24) 4285 7401 6090 87 71 225 3 78 74 
7 7 12 7 6 20 11 20 19 

N(5) 3698 6472 9244 125 93 269 16 98 58 
7 6 11 8 7 21 12 21 20 

N(6) 2898 1402 326 138 79 349 - 1 1  157 83 
7 6 12 8 6 ~24 12 24 21 

N(7) 3715 3074 7063 134 83 290 16 155 84 
7 6 11 8 6 21 11 22 19 

N(8) 4535 8135 6021 140 81 359 - 1 5  142 51 
7 6 12 9 6 25 12 25 22 

A C 26B - 1" 
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Table 1 (cont.) 
TEA + 

C(25) 1761 9249 129 223 96 656 3 64 207 
15 11 26 24 13 69 28 66 51 

C(26) 1673 8511 8570 261 153 542 - 4  -111 -15 
17 14 27 29 18 66 37 70 59 

C(27) 3602 8959 1711 190 224 871 35 389 -36 
17 17 32 25 24 96 39 81 80 

C(28) 4493 9182 1434 156 157 888 7 357 - 136 
14 14 30 21 18 89 30 71 66 

C(29) 2661 265 3507 365 143 473 272 562 255 
20 14 26 38 19 63 45 85 60 

C(30) 2695 115 5023 271 149 466 115 230 44 
16 13 24 28 17 58 36 67 54 

N(9) 2611 9424 1761 187 210 381 41 114 97 
12 12 18 17 16 40 27 43 42 

* The numbering of the TCNQ molecule is illustrated in Fig. 1. 

refinement gave some chemically unreasonable distan- 
ces and angles, for example, C-C=1.27-1.34/k 
/ C N C =  112-124 °. Thus the atomic coordinates of these 
carbon atoms may be regarded as the average values of 
various atomic coordinates related to some randomness 
in atomic positions. 

The positions and temperature factors of all hydro- 
gen atoms of TCNQ molecules found in the three- 
dimensional difference synthesis were fixed throughout 
the refinement. The weighting scheme adopted was: 

w = l  for Fo>6"0,  

w=0.3 for Fo<6 '0 .  

The final R value was 0.123. Clearly the uncertainty 
in atomic positions in the TEA + ion is responsible for 
comparatively high value of R.. The final positional and 
thermal parameters are listed in Table 1. Table 2 lists 
the observed and calculated structure factors. 

Description of the structure and discussion 

The structure of the salt viewed along the c axis is 
presented in Fig. 1, which shows the columnar struc- 
ture of the TCNQ molecules. Least-squares planes 
through the two independent TCNQ molecules were 
calculated and are listed in Table 3. The modes of 
nearest-neighbour packing of the TCNQ molecules are 
very similar to those found for other TCNQ salts 
(Fritchie & Arthur, 1966; Fritchie, 1966; Hanson, 
1968). The interplanar spacings of (1)-(2), (2)J3) and 
(4)-(1) pairs in Fig. 1 are 3.24, 3.32 and 3.30 A respec- 
tively. Nearest-neighbour overlapping within a TCNQ 
column is shown in Fig.2. The mode of overlapping 
of a pair of TCNQ molecules (1)-(2), of which the for- 
mal charges are 0 and - 1  respectively, as described 
below, differs from those of other pairs. As shown in 
Fig. 1, the TCNQ molecules form a tetrad of TCNQ 
units within the columns. Such columnar structures of 
triadic, diadic and monadic units have already been 
found in Cs2(TCNQ)3, TMPD(TCNQ)~ and (N-methyl- 

* TMPD: N,N,N',N'-tetramethyl-p-phenylenediamine. 

phenazinium) (TCNQ) respectively (Fritchie & Arthur, 
1966; Fritchie, 1966; Hanson, 1968). 

The number of molecules in the repeating unit in the 
TCNQ column does not appear to be determined only 
by the molecular ratio of the donor and acceptor mole- 
cules but may also be affected by the shape, the size and 
the charge of the cation molecules. Bond distances and 
angles are shown in Figs. 3 and 4. Recent investigations 
have shown a small but significant dependence of the 
molecular geometry of TCNQ on its formal charge. In 
Table 4 the bond lengths, averaged by assuming D2n 
symmetry, of the two independent TCNQ molecules 
found in TEA+(TCNQ)~ - are compared with those of 

(a) 

(b) 

Fig.2. Nearest neighbour packing. (a) TCNQ (1)-(2). (The 
numbering of the TCNQ molecule is illustrated in Fig. 1.) 
(b) TCNQ (1)-(4), (2)-(3). (The modes of overlapping of 
these two pairs are very similar, though they are not crys- 
tallographically equivalent.) 
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T C N Q  ° and T C N Q -  obtained from C s 2 ( T C N Q ) ~ .  It 
may easily be seen from Table 4 that T C N Q  0 and 
T C N Q -  i o n s  e x i s t  i n  c r y s t a l s  o f  T E A + ( T C N Q ) ~  - .  T h e  

negative charge in T C N Q  columns seems to be local- 
ized predominantly in molecules 2 and 3. When the 
electrons move through the column, T C N Q -  should 
c h a n g e  t o  T C N Q  ° a n d  T C N Q  0 t o  T C N Q - .  T h u s  t h e  

movement of  the electrons would be accompanied by 
d i s t o r t i o n  o f  t h e  m o l e c u l a r  g e o m e t r i e s .  T h e  e n e r g y  o f  

this molecular deformation was calculated by use of  

the force constants listed in Table 5. The differences 
w e r e  a b o u t  0 . 0 6  e V  f o r  T E A ( T C N Q ) 2  a n d  0 . 0 8  e V  

f o r  C s 2 ( T C N Q ) 3 .  I n  c r y s t a l s  o f  T E A ( T C N Q ) 2  a n d  

Cs2(TCNQ)3, T C N Q  ° and T C N Q -  are arranged regu- 
larly, so that there exists a potential difference between 
t h e  s i t e  o c c u p i e d  b y  T C N Q  ° a n d  t h a t  o c c u p i e d  b y  

T C N Q - .  T h e  d i f f e r e n c e ,  AE,  w h i c h  i n c r e a s e s  t h e  a c t i v a -  

t i o n  energy of  electron hopping motion, will be at least 
0 . 0 2  e V  ( k T  a t  r o o m  t e m p e r a t u r e s ) ,  s i n c e  t h e  B o l t z -  

mann factor e x p ( - A E / k  T) has to be considerably diffe- 

T a b l e  2 .  O b s e r v e d  a n d  ca l cu la t ed  s t ruc ture  f a c t o r s  
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Table 3. Least-squares planes 
Direction cosines with respect to 

Mean 
a b e deviation 

TCNQ (1)* 0.9057 -0-2746 0.1422 0.022/~ 
TCNQ (2) 0.9074 -0.2680 0.1415 0.014 

* The numbering of the TCNQ molecule is illustrated in Fig. 1. 

Maximum 
deviation 

0.045 
0.030 

Table 4. Comparison of mean bond lengths 
The numbering system of atoms is as illustrated below. 

(1)-(2) (1)-(5) (5)-(7) (7)-(9) (9)-(13) 
TCNQ (1)* 1.345 1.444 1.387 1.422 1.152 
TCNQ (2)* 1-377 1.433 1.409 1.408 1.159 
Ar 0.032 -0.011 0.022 -0.014 0.007 
TCNQ0t 1 "341 1"444 1-371 1"428 1.140 
TCNQ-t 1.355 1.427 1-410 1"419 1-152 
Art 0"014 --0"017 0"039 --0"009 0"012 
Ar(MO):[: 0"014 - 0"016 0"024 - 0"011 0"008 

* See Fig. 1. 
"t" Fritchie & Arthur (1966). 

Goldstein, Serf & Trueblood (1968). 

13 14 

1 2 
9 £ ] l ~ m C ~  10 

7 ~ 5  6 ~ l~ l~n1~  8 

15 

11 ~ 12 
3 4 

16 

rent from unity at room temperature. Consequently, 
the activation energies of electron conduction in 
Csz(TCNQ)3 and TEA(TCNQ)z would be greater than 
0.1 eV and 0-08 eV respectively. F rom electron spin 
resonance studies, Ward  & Weissman (1957) calculated 
the activation energy for the hopping motion of elec- 
trons in the l i thium and potassium salts of  naphthalene 
in tetrahydrofuran to be 0.1 eV. Thus the above values 
appear to be plausible. 

Table 5. Assumed force constants of  TCNQ* 

md.~,-1 
Quinomethane double bond C=C 10.0 
Benzene ring C=C 5.5 
Single bond C-C 4"0 
Cyano group C-N 20.0 

* The differences between TCNQ 0 and TCNQ- are neg- 
lected. 

A pair of  the te t rae thylammonium ions related by a 
centre of symmetry at (½,0,½) are located in a space 

formed between the T C N Q  columns. The posit ional 
parameters of  the carbon atoms obtained by the least- 
squares refinement gave some chemically unreasonable 
bond distances and angles; moreover, their thermal  
parameters are unusually large. Consequently the ato- 
mic coordinates of  these atoms may be regarded as the 
average values of various atomic coordinates related to 
some randomness in atomic positions. The projection 
of the structure along the b axis is illustrated in Fig. 5. 
The close contacts between the nitrogen atom [N(9)] of  
the TEA ion and the atoms of  the T C N Q  column occur 
between N(9) and N(4) (3.33 A) and between N(9) and 
N(6) (3.44 ~).  The region in which the carbon atoms 
are distributed is about  3.5 ~ away from any atoms of  
the T C N Q  columns. Recently Boer, Flynn & Turley 
(1968) have reported that large temperature factors, 
such as those of  the atoms of  the t r ime thy lammonium 
ion, in crystals of  te t ramethylammonium bis-(o-phenyl- 
enedioxy)phenylsil iconate originate largely from ther- 
mal motion. Fritchie (1966) has found positional 
disorder of  N-methylphenazin ium ions in crystals of  
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N-methylphenazinium(TCNQ), Since the TEA ion 
possesses more freedom of internal rotation than the 
tetramethylammonium ion, such a disordered arrange- 

ment might be possible. This is somewhat analogous to 
the packing of the solvent molecules in some solvated 
crystals (e.g. McPhail & Sim, 1968). 

2 
I I  I I  

1 "178(15)~ 1 "337(13) /144(13) 
'~0 1.435(13),/~ 2~1'441(13) J 

1"388(14) 8~1.392(13)Q ~ ~1 .385(13)~77  1"423(13) 

1'428(14)/' 1"458(13)~, # ~kl 448(13) 
/ 1  " ' ""' '~6 60/1"442(12) 12~ " 

2X179(1'2) / 1 1  

~ ,  {0'9) (0"8) / (0"8) (0"8) X (0'8) (0'8) / 
(0'9) 118'~ 121119(~ 19(0,8 ) (0,8) 119~11122 1~23~16(08) J 1 2 1  122~, 

/ ' ( 0 . 9 )  (0.8}\ (0.8) • (o.8) X 
/79(1 '2)  '~21 1(10~ (0 8) ~(1'1) 

3 1 1  
Fig.3. Bond lengths (A) and bond angles (°), with their standard deviations (in parentheses), in TCNQ (l) (see Fig. 1). The 

numbering of atoms refers to Fig. 1. 

5 

/ 3  v 1.375(13)v ' 1 '15~ 24 X.14.1(14) 

(1'1) 

, ,  / <0.8> <o.8> 
(o.a)114'~ ~24 ~1~22(o.a) %~22 12o/ / 121 / ( 08 )  120, ( 0 ' 8 ) 1 ~  16(0'9) 

<o.8>\<o.,> <oy . . . . . . . .  
178(11) ~_J21 ~ 179 L'~ 

\ (1.1) 
7 w ~1~8 

Fig. 4. Bond lengths (~) and bond angles (o), with their standard,deviations, in TCNQ (2). The numbering of atoms refers to Fig. 1. 
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/> a/2 
N (e~# ,;,: c (2e) 

II' / ~ t;(~g) Cfl3) '~ '  /i"C(,7 ) I 

c{_ .%__:__ , , ,7 '  

" ---C~-- C (12) " - - : : : : : ~ . ' ? ,  

c 0 

Fig. 5. Projection of the structure along the b axis. 

Calculations were carried out on the H I T A C  5020E 
computer  at the Computer  Centre of  this University. 

The authors  are grateful to Dr  T. Kondow for kindly 
supplying the specimens. Part  of  the cost of  this work 
was met by a Scientific Research Gran t  of  the Ministry 
of  Education, to which the authors '  thanks are due. 
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