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The crystal structure, electrical conductivity and thermoelectric power of a complex of unusual stoi- 
chiometry, [1,2-di(N-benzyl-4-pyridinium)ethylene]Z+(7,7,8,8-te_tracyanoquinodimethane)52-, (DBzPE) 2+- 
(TCNQ)~-, are reported. The complex is triclinic, space group P1, with a = 8.043, b = 17.356, c = 15.209 
A, a = 100.96, fl = 110.10, y = 112.45 °, Z = 1. The TCNQ's stack plane-to-plane in columns such that 
each exocyclic C=C(CN) 2 double bond overlaps the quinonoid ring of an adjacent molecule. The electrical 
data indicate the onset of metallic behaviour at high temperatures. 

Introduction 

T C N Q  salts are of interest since their electrical proper- 
ties vary from insulating to metallic with room- 
temperature conductivities in the range 103 to 10 -14 
~-1 cm-l .  A condition for high conductivity is a paral- 
lel plane-to-plane stacking of the anions in columns, 
with a regular interplanar spacing of ~ 3.2 A and an ex- 
ocyclic double bond to quinonoid ring overlap. It is also 
necessary for the longitudinal staggering of adjacent 
TCNQ' s  to be in a consistent direction throughout the 
stack. One form of the complex salt, [1,2-di(N- 
ethyl-4-pyridinium)ethylene]2+(TCNQ) 2-, (DEPE) 2+- 
(TCNQ)]-  I, has a high metallic conductivity of 150- 
2200 ~-~ cm -1 at 300 K (Ashwell, Eley & Willis, 
1976) which on cooling to 30 mK increases monoton- 
ically. In this paper we report the conductivity, thermo- 
electric power and crystal structure of a related diben- 
zyl complex. The effect of the larger quaternary group 
is to reduce the conductivity. However, at higher tem- 
peratures some of the metallic character is retained. 

Experimental 

Crystal data 

(C26H24N2) (CI2H4N4)5 ,  M r = 1385.3. Triclinic, a = 
8.043 (5), b = 17.356(7),  e = 15.209 (3) A, a = 
100-96(8), fl = 110-10(2), y = 112-45(12)°;  U = 
1711.7 A 3, D m = 1.32 (2), Z = 1, D,. = 1.344 g cm-3; 
F(000) = 714. Mo_Ka(2  = 0.71069 A), p = 0.91 
cm -~. Space group P1 (assumed). 

Black crystals of (DBzPE)2+(TCNQ)~ - were 
deposited when a warm acetonitrile solution (200 ml) of 

* Address for 1977: Department of Chemistry, University of 
Queensland, Brisbane, Qld 4067, Australia. 

T C N Q  (0.2 g) and L iTCNQ (0.2 g) was added to an 
aqueous solution (10 ml) of 1,2-di(N-benzyl-4- 
pyridinium)ethylene dichloride (0.2 g) and allowed to 
cool slowly. The space group and cell dimensions were 
obtained initially from oscillation and Weissenberg 
photographs with Cu Ka radiation. The cell constants 
were subsequently refined on a Hilger & Watts 
computer-controlled, four-circle diffractometer. Inten- 
sities were collected with a 0/20 scan, a scintillation 
counter and Mo Ka radiation. The intensities were cor- 
rected for Lorentz and polarization factors but not for 
absorption. 

Measurements of the electrical conductivity and 
thermoelectric power were carried out as reported pre- 
viously (Ashwell, Eley, Willis & Woodward, 1977). 

Structure determination 

The structure was solved from a Patterson synthesis 
and refined initially by block-diagonal least squares 
with 3160 significant reflexions [I > 3a(I)].  Refinement 
of the positional and isotropic thermal parameters of 
the non-hydrogen atoms, with unit weights, gave R = 
0.127. Positional parameters of the H atoms were cal- 
culated from the coordinates of the C atoms and con- 
firmed by a difference synthesis. These atoms were 
included in the subsequent refinement in fixed positions 
with constant isotropic thermal parameters of 0.06 A 2. 
Block-diagonal, least-squares refinement of the non- 
hydrogen atoms with anisotropic thermal parameters 
and the weighting scheme w = 1 / l l  + [(IF,,I - A)/B] 2} 
where IFoL is on the absolute scale, A = 10-5 and B = 
17.0 gave a final R = 0.063. Scattering factors were 
taken from International Tables for X-ray Crystal- 
lography (1974). The final positional parameters are lis- 
ted in Table 1. Least-squares planes were calculated for 
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Table  1. Finalpositionalparameters (x 104) 

The figures in parentheses indicate standard deviations. 
x y 

C(l)  1669 (5) 168 (2) 
C(2) -225 (5) - 4  (2) 
C(3) -1823 (5) -163 (2) 
C(4) 3293 (5) 317 (2) 
C(5) 5199 (6) 5O8 (3) 
C(6) 315O (6) 298 (3) 
N(1) 6723 (5) 653 (3) 
N(2) 3060 (6) 272 (3) 
C(7) 789 (5) 2054 (2) 
C(8) -1068 (5) 1885 (2) 
C(9) -2726 (5) 1716 (2) 
C(10) -2960 (5) 1701 (2) 
C(1 I) -838 (5) 1877 (2) 
C(12) 811 (5) 2042 (2) 
C(13) 2473 (5) 2211 (2) 
C(14) 4330 (6) 2376 (3) 
C(15) 2507 (6) 2213 (3) 
C(16) -4389 (5) 1533 (2) 
C(17) -6245 (6) 1362 (3) 
C(18) -4425 (6) 1527 (3) 
N(3) 5833 (6) 2509 (3) 
N(4) 2587 (6) 2219 (3) 
N(5) -7728 (6) 1244 (3) 
N(6) -45O7 (6) 1529 (3) 
C(19) -153 (5) 3960 (2) 
C(20) -2045 (5) 3786 (2) 
C(21) -3642 (5) 3627 (2) 

z x y 

878 (3) C(22) -3528 (5) 3618 (2) 
876 (3) C(23) -1631 (5) 3802 (3) 

33 (3) C(24) -21 (5) 3966 (3) 
1736 (3) C(25) 1478 (5) 4113 (2) 
1762 (3) C(26) 3372 (6) 4283 (3) 
2642 (3) C(27) 1377 (6) 4097 (3) 
1780 (3) C(28) -5182 (6) 3444 (3) 
3366 (3) C(29) -7082 (6) 3243 (3) 

357 (3) C(30) -5076 (6) 3432 (3) 
396 (3) N(7) 4888 (5) 4422 (3) 

-421 (3) N(8) 1311 (6) 4082 (3) 
-1358 (3) N(9) -8593 (6) 3076 (3) 
-1399 (3) N(10) -4976 (6) 3414 (3) 

-583 (3) C(31) -499 (7) 128 (5) 
1185 (3) C(32) 73 (7) 2078 (3) 
1158 (3) C(33) 386 (7) 1401 (4) 
2130 (3) C(34) -644 (8) 928 (3) 

-2187 (3) C(35) -1992 (8) 1147 (4) 
-2158 (3) C(36) -2221 (6) 1824 (3) 
-3130 (3) C(37) -1454 (7) 3066 (3) 

1166 (3) C(38) -15  (7) 4203 (3) 
2892 (3) C(39) 1567 (9) 4974 (4) 

-2150 (3) C(40) 3311 (7) 5456 (3) 
-3896 (3) C(41) 3503 (7) 5205 (4) 

-97  (3) C(42) 1951 (7) 4433 (4) 
-96  (3) C(43) 188 (6) 3915 (3) 

-926 (3) N(11) - 1239 (5) 2283 (2) 

2 

- 1849 (3) 
-1846 (3) 
-1o12 (3) 

747 (3) 
754 (3) 

1663 (3) 
-2702 (3) 
-2715 (3) 
-3620 (3) 

774 (3) 
2395 (3) 

-2717 (3) 
-4354 (3) 

5124 (4) 
4108 (3) 
4319 (4) 
4768 (4) 
4983 (4) 
4764 (3) 
4153 (3) 
5858 (4) 
6670 (4) 
6642 (4) 
5801 (4) 
4990 (4) 
5010 (3) 
4327 (2) 

...... ~ _ ~ . " - ~  

- ~ ~ ~  ,,. Y 

- ,~ ""-,-#LJ Z 

(a) (b) 
2+ 2 Fig. 1. The crystal structure of (DBzPE) (TCNQ) 5- projected (a) along a and (b) along e. 
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T a b l e  2. Details of molecular planes (x,y,z are fractional atomic coordinates) 
TCNQ(A) 
Equations to the planes 

Molecule 
-1 .586x+ 16.231v+ 0 .211z-0 .033  = 0  

Quinonoid group 
-1-479x + 16-280v - 0.145z - 0.009 = 0 

Distances from the planes (A) 

Quinonoid 
Molecule group 

C(1) -0.006 0-005 
C(2) 0.015 0.005 
C (3) -0.008 -0.005 
C(4) -0.004 -0.005 
C(5) 0.004 0.024* 
C(6) 0.007 -0.028* 
N(I) -0.002 0.034* 
N(2) -0-007 -0.069* 

TCNQ(B) 
Equations to the planes 

Molecule 
-1.506x + 16.292y - 0 .127z -  3-205 = 0 

Quinonoid group 
-1.507x + 16-330v- 0.240z - 3-221 = 0 

TCNQ(C) 
Equations to the planes 

Molecule 
• 1.583x + 16.349v- 0-141z - 6.474 -- 0 

Quinonoid group 
-1-534x + 16.340v- 0.212z - 6.495 = 0 

Distances from the planes (,~,) 

Quinonoid 
Molecule group 

C(19) 0-026 0.001 
C(20) 0.041 0-007 
C(21) 0.046 0.010 
C(22) 0.026 -0.003 
C(23) 0.026 0.007 
C(24) 0.028 0.010 
C(25) 0.006 -0-017 
C(26) -0.016 -0.030* 
C(27) -0.017 -0.047* 
C(28) 0-015 -0.015 
C(29) -0-012 -0.052* 
C(30) -0.008 -0.032* 
N(7) -0 .029 -0.036* 
N(8) -0.042 -0-077* 
N(9) -0-046 -0.093* 
N(10) -0.043 -0 .06 I* 

Distances from the planes (/k) 

Quinonoid 
Molecule group 

C(7) 0-018 0.005 
C(8) 0.021 0.007 
C(9) 0.007 0.002 
C(10) -0.013 -0.007 
C(I 1) -0.003 0-004 
C(12) 0.008 0.005 
C(13) 0.010 -0.012 
C(14) -0 .000 -0.022* 
C(15) -0 .004 -0.036* 
C(16) -0 .018 -0.004 
C(17) -0 .018 -0.004* 
C(18) -0.011 0.014 
N(3) -0 .010 -0.031" 
N(4) -0 .016 -0.057* 
N(5) 0.013 0.027* 
N(6) 0.015 0.048* 

Pyridinium ring 

Equation to the plane 

2.087x + 3.740y+ 8 .834z -  4.421 = 0  

Distances from the plane (A) 

C(32) 0.001 C(35) -0.006 
C(33) -0.001 C(36) 0.006 
C(34) 0.003 N(1 I) -0 .003 

Benzene ring 
Equation to the plane 

-4.510x + 15.502y- 6-020z - 2.984 = 0 

Distances from the plane (~,) 

C(38) 0.012 C(41) 0.013 
C(39) 0.005 C(42) 0.004 
C(40) -0-018 C(43) -0-016 

* Denotes atoms not defining the plane. 

each  o f  the  T C N Q  moie t ies  and  the  p h e n y l  a n d  
p y r i d i n i u m  r ings  o f  the  ca t i on ;  the  resul ts  are  sum-  
m a r i z e d  in T a b l e  2.* 

Discussion 

Description of  the structure 

T h e  s t r u c t u r e  o f  ( D B z P E ) Z + ( T C N Q ) ~  - p ro j ec t ed  

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 32448 (36 pp.). Copies may 
be obtained through The Executive Secretary, International Union 
of Crystallography, 13 White Friars. Chester CH1 INZ, England. 

a long a and  e is s h o w n  in Fig.  1. T h e  T C N Q  m o l e c u l e s  
are s t a cked  p l ane - to -p l ane  in c o l u m n s  a long  b wi th  

m e a n  i n t e rp l ana r  spac ings  o f  3 . 2 0  + 0 .03  ( 3 . 2 2  + 
0 .01) ,  3 .23  + 0 . 0 4  ( 3 . 2 7  + 0 . 0 1 )  and  3 . 4 0  + 0 . 0 3  
( 3 . 4 0  +_ 0 -01)  A, b e t w e e n  AB, BC a n d  CC' respec-  
t ively.  The  d ihed ra l  angles  b e t w e e n  A B and  BC are  1.3 
(0 .5)  and  0-6  (0 .2 )  ° respec t ive ly .  T h e  f igures in 
p a r e n t h e s e s  ind ica te  the  m e a n  d i s t ances  and  angles  be- 
tween  the  q u i n o n o i d  r ings and  differ b e c a u s e  of  t he  
slight ou t -o f -p l ane  d i s to r t ions  o f  the C ( C N )  2 g roups .  
O t h e r  shor t  i n t e r m o l e c u l a r  d i s t ances  are  listed in Tab le  
3. 

Wi th in  the  c o l u m n s ,  the T C N Q ' s  are  g r o u p e d  in 
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fives with an exocyclic double bond to quinonoid ring 
overlap of adjacent molecules. Within pentads the 
staggering of molecules is in the same direction. Be- 
tween pentads, i.e. between TCNQ(C) and TCNQ(C') ,  
the direction of staggering is reversed (Fig. 1) but the 
type of overlap remains the same (Fig. 2). 

The dimensions of  the three crystallographically in- 
dependent types of TCNQ moiety are shown in Fig. 3 
and the averaged lengths of chemically similar bonds 
are summarized in Table 4. The average values for 
TCNQ(A), TCNQ(B)  and TCNQ(C) are, within ex- 
perimental error, identical and are similar to those ob- 
served for TCNQ w2- (Ashwell, Eley, Wallwork & 
Willis, 1975). Some dimensions of TCNQ(C) are 
similar to those for TCNQ ° but this is not considered 
to be strong evidence for charge localization. The 
negative charge is therefore more likely to be 

evenly distributed, on average, within the pentad, with 
a mean charge of 0 - 4 -  on each TCNQ. 

The dimensions of the cation (Fig. 3) are generally in 
close agreement with values reported for N,N'-  
dibenzyl-4,4'-bipyridylium(TCNQ) 4 (Sundaresan & 

N1 

'142(5) 
,79"4(5)C5 

1"424(5)~ / 120.719 
\121.6131 t20-6(3)/1"435(51 

,16"6(3)C4 1-385(5) C1110.4(3) 
/,2,.a13) 12,.o(3)~ 

1-427( 7 '~- 4/3~ I:(; ) 
,Te.,wsJC6 C 3 : ~  

/37m) (a) 
N2 

C2 -1"35415) C3 

\ 
/ 

/ 
\ 

/ 

\ 

Table 3. Short  intermolecular contacts (A,) 

The  s tandard  dev ia t ions  are 0-004-0-005/k.  

T C N Q ( A ) - T C N Q ( B )  TCNQ(B)-TCNQ(C) 
C ( l i )-C (7 i) 3- 343 C (7i)-C (25 i) 3.300 
C ( I~)-C ( 13 i) 3.260 C (8~)--C (27 ~) 3.337 
C(I~)-C( 15 ~ ) 3.377 C(9i)-C(20 ~) 3.329 
C (2i)-C ( 12 i) 3.304 C ( 10i)-C ( 19 i) 3.399 
C (2~)-C (15 ~) 3-338 C(I 1 ~)-C (24 ~) 3.321 
C (3~)-C (8 ~) 3.267 C ( 12~)-C (26 ~) 3.391 
C(3i)-C(14 i) 3-322 C(16i)-C(22 i) 3.311 
C (4i)-C ( l 0 i) 3.251 
C(4i)--C(l I i) 3.388 TCNQ ca t ion  

C (5i)-C (9 i) 3.371 N (1 i )-C (32 iii) 3.307 
C (5~)-C ( I 0 i) 3-388 N (2i)-C (35 ~) 3. 380 
C (6i)-C ( I I i ) 3- 284 N (2i)-C (36 iii) 3. 263 

I nter-s tack  N (4 i ) -C (32 i) 3.153 
N(6i)-C(35 ~i) 3.225 

C (9i)-N(3 ii ) 3.307 N(6i)-C(36 ~i) 3.170 
C ( 12~)- N 15 '") 3-301 N (9i)-C (38 ~ii) 3.384 
C(20i)-C(24 iv) 3-383 N(10i)-C(32 vii ) 3-344 
N(7~)-N(7 ~) 3.377 

Superscr ipts  c o r r e s p o n d  to  equ iva lent  pos i t i ons  as fo l l ows :  

(i) x y ,  z (iv) x ,  l - y ,  z 
(ii) x - 1, .v, z (v)  1 - x,  1 - y ,  z 
(iii) x + I, y ,  z (vi) x, y ,  z - 1 

(vii) x -  1, y ,  z -  I 

. .'." 

:'L i- ' I  

Fig.  2. TCNQ m o l e c u l a r  over lap .  

N4 N5 

~36(51 1-135~// 

I'17.9141C 15 C8 1-353(5) C9 C17/77.a15) 
\ / ,21.5m 12,.21J)\ / 

1-428(5)~ A.432(5) 1.431(5k A.425(5) &123"413) t2~6(3)/ \12~(~ 122"3(3) 
- -  I.:~1"5" - -  • - / n4.313)C13 t ) C7n6.9(3) 1/'1.'113)C10 13~4(5) C16n4-G(3) 

/,27.313) 121.613) k /,21.513) 123.1(3) k 

170.1141 C14 C 1 2 ~ C  11 C 18 177.7r0 

-13615) 1.145(5)~ 
N3 (b)  N6 

N8 N9 

~79314) C27 C20 -1"342(5) C21 C29,79.t~) 
/ /2t.213112t.413) \ 

t16.1131C25 1.37215) C19n7-701 -'1513)C22 1-37915) C281t7.014) 
1.432(/122"0~ 12°'913)~.43315) 1.43215/'21"5t3) 121"214)~.42516) 

k 121"013) 121"313) / 
/ 79.t (4) C26 C 2 4 ~ C 2 3  C30 170.9151 

N7 (C) NIO 

C40.1.352(7) C39 

/ ,ge~) re.us) \ 

511"7) 1.387(7)~ 

C 41n9.~5) n9-814)C38 

C 4 2 ~ C 4 3 1 2 0 . 6 1 0  C36 1"341(7) C35 
12,.514)~. /122.5(0 ira.or,)\ 

489(6) 334(5) 1.391(7)~ 
\t10"416) /20"414)/ \ 11h815) 1 494(6) C37 " Nl1119.7(4/ 119.215) C~:~ 1-612(9) C31 

7)/// ,13719) \ 119.814) ~ 3 5  3(5) 1"383 '29"0(5) 1"184111)\ 

- -  120"815) 119.1(5) 
C 3 2 ~ C 3 3  C31' 

(a) 
Fig. 3. Bond ]engths ( /~ )  and angles (o)  wi th  their  standard 

dev ia t ions  in parentheses  for (a) TCNQ(A), (b) TCNQ(B), (c) 
TCNQ(C) and (d)  the cat ion .  
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Table 4. Comparison of mean bond lengths (,/k, 
uncorrected for libration) 

/ \ 
Bond a b c d e 

*TCNQ ° 1.346 1.448 1. 374 1.440 1.138 
ITC NQ- 1-362 1.424 1.413 1.417 1.149 
"t'TC N Q 1/2- 1-355 1-433 1-396 1-424 1-145 

TCNQ(A) !.354 1-433 1.385 1.426 1.140 
TCNQ(B) 1.352 1.431 1-383 1.425 1.138 
TCNQ(C) 1.346 1.434 1.376 1.427 1.138 
Meanof 1.350(5) 1.433(2) 1.380(5) 1.426(3) 1.138(3) 
A ,B,C 

* Long, Sparks & Trueblood (1965). 
"l" Ashwell, Eley, Wallwork & Willis (1975). 

Wallwo rk, 1972), 1,2-di(N-ethyl-4-py ridinium)- 
ethylene(TCNQ) 4 (Ashwell, Eley, Fleming, Wallwork 
& Willis, 1976) and 1,2-di(N-ethyl-4-pyridinium)- 
ethane(TCNQ) 4 (Ashwell, Eley, Wallwork, Willis, 
Welch & Woodward, 1977). The C(31)-C(31')  and 
C(31)-C(34) distances, however, are clearly erron- 
eous. Immediately prior to the final refinement, C(31) 
was shifted to a more sensible position, calculated on 
the basis of expected bond lengths and angles, but on 
refining it reverted to almost the same erroneous 
position. The angle between the phenyl and pyridinium 
rings is 76.1 °. The angles that these planes make with 
TCNQ(A) are 47.4 and 57.0 °, with TCNQ(B) 46.9 
and 57.7 ° and with TCNQ(C) 46-3 and 58.2 ° 
respectively. 

Eleetrieal properties 

The temperature dependence of the normalized con- 
ductivity of (DBzPE)2+(TCNQ)~ - is shown in Fig. 4. 
The crystal conductivity along the long crystal axis, b, 
i.e. along the TCNQ stacking direction, is in the range 
0 .1  to 1 O-~ cm -~ at 300 K with a corresponding ac- 
tivation energy of 0.14 +_ 0.02 eV. Above 300 K, 
deviation from linearity of the log ~r v. 103 K/T  plot 
may indicate the onset of metallic behaviour. However, 
the metal-to-insulator transition is unobtainable owing 
to the sublimation of TCNQ and the subsequent 
decomposition of the complex at higher temperatures. 

The conductivity of 0.1 to 1 O-~ cm -~ reflects the 
favourable exocyclic double bond to quinonoid ring 
overlap of adjacent anions and the relatively short 
separations within the pentads. However, a greater 
separation of 3.40 +_ 0.03 A and a change in the direc- 
tion of staggering between pentads limits the conduc- 

05 

--0.5 

- -  -1.0 

-1.5 

\ 
\ 

\ 
% 

\o 

\ 
\ 

o 

\ 

I I I 0 
3.0 4.0 5. 

103 K/T 

Fig. 4. Temperature dependence of the normalized conductivity of 
(DBzPE) 2÷ (TCNQ)]-. 

- 1 0 0  

~ -200 
v 

-300 

--400 

-o- o~  o - -  o -o  _o .¢ ,  9 

~ .  o.o~" °" 

°'/" ~.od °'° ~ ° /  

/ 

° o - -  o-- o'o'c~°o-O " s : ~  

I P I I 

150 2O0 250 3O0 
T ( K )  

Fig. 5. Temperature dependence of the thermoelectric power of 
(DBzPEI2+(TCNQ)~ -. 

tivity and suppresses the metallic state at normal 
temperatures. 

The temperature dependence of the thermoelectric 
power of (DBzPE)2+(TCNQ)~ - is shown in Fig. 5; 
above 250 K the thermoelectric EMF remains constant 
at -85  + 10 ~V K -~. Such behaviour is common to 
highly conducting TCNQ complex salts of nitrogen 
heterocyclic bases (Shchegolev, 1972) and has been 
discussed by Chaikin & Beni (1976). For a system of 
localized carriers with strong on-site electron--electron 
Coulomb repulsion, the thermoelectric power (Q) is 
given by 

Q = - k / e  ln[2(1 - p)/p] (1) 

where p is the ratio of carriers to sites. In the highly 
conducting complexes where p = ~ (Beni, Kwak & 
Chaikin, 1975), the experimental thermoelectric EMF's 
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are consistent with the theoretical value o f - 5 9 . 8  gV 
K -~ calculated from (1). Here we report a complex of 
unusual stoichiometry whose thermoelectric power is 
governed by the Chaikin & Beni expression. The ex- 
perimental thermoelectric EMF of--85 + 10 ~tV K -x 
for T > 250 K is in good agreement with the theoretical 
value o f - 9 4 . 8  gV K -1 obtained by substituting p = 
0.4 in (1). The data therefore suggest that a narrow 
band model, with correlated carrier motion, is appro- 
priate. This is not inconsistent with the structural data, 
which are best interpreted in terms of a fairly even 
distribution of electrons over the pentad. Such a 
distribution could result from either true electron 
delocalization or from a random distribution of local- 
ized charges. The evidence of correlated carrier motion 
from the thermoelectric power results seems to indicate 
some degree of localization. 

We thank Professor T. J. King for assistance with 
the diffractometry and the computing and the SRC for 
contributing towards the cost of the diffractometer. 
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