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The single crystal conductivity of (N,N'-dimethyl-4,4'-bipyridinium)2+(7,7,8,8-tetracyano-
p-quinodimethanide)|~, DMBP-TCNQ3, exhibits an anomaly at 170 K which may be attributed 
to a phase transition and, also, a change in activation energy at 135 K which may be attributed to 
the onset of extrinsic behaviour. Above 135 K the conductivity varies as a = a0 exp(— EJkT) 
where CT3OOK. = 1 S cm - 1 and £'a = 0.18eV. In the high temperature region the thermoelectric 
e.m.f. saturates to a temperature independent value of S = — 20 | iVK _ 1 whereas for the related 
monoquaternised salt, [N-phenyl-4-(4'-pyridyl)-pyridinium]+(TCNQ)2, 0BP-TCNQ2 , S = — 55 
| iVK"' . The thermoelectric data may be interpreted in terms of the Chaikin and Beni model 
and the results indicate 92% charge transfer in DMBP-TCNQ3 and 100% charge transfer in 
0BP-TCNQ2 . 

Introduction 

The N,N ' -d imethy l -4 ,4 ' -b ipyr id in ium dication 
and its alkyl and aryl subst i tuted congeners find use 
as redox indicators [1], as herbicides [2] and, also, as 
the active componen t s of pho tochromic and electro-
chromic cells [ 3 - 5 ] . In solution the viologens are 
readily reduced to their highly coloured radical 
cations with po la rograph ic reduct ion potentials of 
- 0.11 to — 0.69 V versus SCE (the saturated calomel 
electrode) [6], In the solid state charge transfer 
occurs be tween opposi te ly charged ions. Evidence is 
provided by the fact that D M B P dichloride is 
colourless whereas the d ib romide and di iodide are 
yellow and red respectively [7, 8]. The colour 
progression is in accordance with the decrease in 
electron aff ini ty [9] f rom chlorine (3.61 eV) to 
bromine (3.36 eV) to iodine (3.06 eV). The dichloride 
shows no new absorp t ion bands whereas the di-
b r o m i d e and d i iod ide show charge transfer bands at 
395 and 450 nm respectively [10]. It is partly because 
of this observed back charge t ransfer and partly 
because the electron aff ini ty of T C N Q (2.84 eV [11]) 
is slightly lower than that of iodine that the T C N Q 
salts of the N,N ' -d imethyl -4 ,4 ' -b ipyr id in ium cation 
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were chosen for investigation. T h e lower electron 
aff ini ty favours incomplete charge t ransfer and the 
effect on the solid state conduct ion process is of 
interest. If back charge t ransfer were substantial 
we would expect the conductivi ty of the simple 
ionic 1:2 salt to be enhanced [12], The conductivi ty 
at 300 K is in fact five orders of magn i tude lower 
than that of the 1:3 complex salt, which suggests 
that there is only l imited charge t ransfer interaction 
between the T C N Q anions and the D M B P dication. 
Thermoelectr ic studies carr ied out on the 1 :3 salt 
show approximate ly 8% back charge transfer . 

Experimental 

Synthesis of TCNQ Salts 

M a t e r i a l s . N ,N / -d imethy l -4 ,4 ' -d ipyr id in ium di-
iodide (DMBP-I 2 ) was p repared by the me thod of 
D u n n et al. [13] and pur i f ied by recrystallisation 
f rom aqueous ethanol. N-phenyl-4-(4 ' -pyridyl)-pyri-
d in ium chloride (0BP-C1) was kindly provided by 
Mr. J. G. Allen of ICI Runcorn and used without 
fur ther puri f icat ion. 7,7,8,8-tetracyano-p-quinodi-
methane ( T C N Q ) was pur i f ied successively by 
gradient subl imat ion and recrystallisation f rom 
acetonitrile until the crystals were orange-yellow. 
The acetonitrile was distilled before use f rom an-
hydrous potass ium carbonate . 
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D M B P - T C N Q 3 . The 1:3 radical anion salt was 
obtained when a hot acetonitr i le solution (250 cm3) 
of neutral T C N Q (0.3 g) and an aqueous solution 
(10 cm3) of DMBP-I2 (0.25 g) were mixed and the 
resultant solution allowed to cool slowly to ambien t 
temperature . Af ter 48 hours a product of black 
paral lelpiped crystals was collected. The crystals 
were washed with toluene, until the washings were 
colourless, to r emove unreacted T C N Q . The elec-
tronic absorpt ion spec t rum of the product , dissolved 
in acetonitrile, gave the peak height rat io A395/AM2 

= 1.4, characterist ic of a T C N Q " to T C N Q 0 rat io of 
2 :1 and thus a s toichiometry of 1:3. (Found : C, 
72.11; H, 3.31; N , 24.63%; £395= 1.0 x 1 0 4 m 2 m o P 1 ; 
£342 - 7.5 x 103 m 2 m o l - 1 . C 4 8 H 2 6 N i 4 requires C , 
72.18; H, 3.26; N, 24.56%.) 

0 B P - T C N Q 2 . The 1:2 salt was obta ined when a 
hot acetonitri le solution (200 cm3) of T C N Q (0.2 g) 
and L i T C N Q (0.2 g) was added to an aqueous 
solution (10 cm 3 ) of 0BP-C1 (0.3 g) and the 
resultant solution al lowed to cool slowly. At tempts 
to obtain single crystals were unsuccessful and 
a product of f ine mat ted hairs was obtained. 
The absorpt ion spec t rum gave the peak height ratio, 
^395/^842 = 2.0, characterist ic of a T C N Q - to 
T C N Q 0 rat io of 1:1 and thus a s toichiometry 
of 1:2. (Found : C, 74.97; H, 3.30; N, 21.92%. 
C4OH2 IN10 requires C, 74.88; H, 3.28; N, 21.84%.) 

Results and Discussion 

Electrical Conductivity 

The electrical proper t ies of D M B P - T C N Q 3 are 
anomalous. Along the stacking direct ion it has a 
modera te conductivi ty of 1 S c m - 1 at 300 K, a value 
more frequent ly associated with the quasi-one-
dimensional salts T E A - T C N Q 2 [14] and DBzPE-
T C N Q 5 [15], In D M B P - T C N Q 3 the T C N Q mole-
cules do not form cont inuous stacks but , instead, are 
arranged in s to ichiometr ic groups of three with a 
favourable exocyclic bond to qu inonoid ring over-
lap and a short in terplanar spacing of 3.16 A within 
each group. Between groups there is no direct plane-
to-plane overlap but there are close carbon-carbon 
contacts of 3.333 A . It is interesting to compare the 
propert ies of [ l ,4 -b i s ( l -qu ino l in ium methyl)ben-
z e n e ] 2 + ( T C N Q ) 2 - , which exhibits a s imilar packing 
arrangement [16], Wi th in the s toichiometr ic unit the 
in t e r -TCNQ spacing are slightly shorter at 3.07 A 

10 / T (K ) 

Fig. 1. Conductivity temperature dependence of single 
crystal (o) and compacted pellet (•) samples of DMBP-
TCNQ3. The crystals were mounted along the needle axis. 

(cf. 3.16 A in D M B P - T C N Q 3 ) whereas be tween 
non-overlapping triads all contacts are greater than 
the sum of the van der Waals radii. T h e conduc-
tivity at 300 K of the quinol in ium salt is a factor of 
5000 smaller and this is a t t r ibuted to a weaker inter-
action between the s toichiometr ic T C N Q groups. 
Full details of the crystal s tructure of D M B P -
T C N Q 3 have been publ ished separately [17], 

The conductivity t empera ture dependence of 
DMBP-TCNQ3 is shown in Figure 1. Above 135 K 
the conductivity varies as o = o0 exp (— Ea/kT), 
where <7300k = 1 S c m - 1 and F a = 0 .18eV, whereas 
below 135 K the activation energy is 0 .13eV. The 
transition may be a t t r ibuted to the onset of extrinsic 
behaviour as below this t empera tu re the the rmo-
electric e.m.f. changes f rom n-type to p-type. An 
interesting feature of Fig. 1 is the small but ab rup t 
decreases in conductivity at 170K. T h e transit ion, 
reproducible for five crystals investigated, may be 
at tr ibuted to a phase change. Tentat ive evidence of 
the phase transition has been obta ined f r o m a D S C 
trace which shows an endotherm upon heat ing at 
170 K, but anomalously not all samples investigated 
by differential scanning calorimetry showed this 
transition. 

The microwave Hall mobil i ty of D M B P - T C N Q 3 , 
investigated at room tempera ture by Eley and Lock-
hart on one of our samples, was found to be below 
the detectable limit of 0.3 cm2 V - 1 s _ 1 whereas the 
mobil i ty of the 1:4 salt. D M B P - T C N Q 4 , is 
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2.3 cm2 V - 1 s"1 [18]. T h e proper t ies of the 1 :4 salt 
are adequate ly descr ibed by band theory, and the 
microwave Hall mobi l i ty is in reasonable agreement 
with the value ob ta ined by combining the conduc-
tivity and thermoelect r ic da ta [19]. The low mobil i ty 
of D M B P - T C N Q 3 does not correspond to a mean-
ingful mean free pa th , and band theory is not 
applicable. The mean f ree pa th (/.) may be calculat-
ed f rom the expression 

3^(2 nm?kBT)u2 

-: , (1) 4 c 

where p is the mobil i ty , m* the effective mass, kB 

the Bol tzmann constant and e the electron charge. 
At F = 300 K the upper l imit of the mean f ree path 
is given by /„ = 0 . 2 2 ( m * / m e ) u 2 A for p = 0.3 cm2 V - 1 • 
s"1 . Bright et al. have found for T T F - T C N Q that 
mf = 5m e [20]. If this re la t ionship is appropr ia te 
here the upper l imit of the mean free pa th of 
D M B P - T C N Q 3 is 0.5 A whereas for D M B P - T C N Q 4 

/. = 3.8 A. Clearly the value obtained for the 1:3 salt 
is smaller than the lattice spacing and band theory 
is not appl icable . T h e results are in general agree-
ment with the thermoelec t r ic data which show a 
t empera tu re independen t e.m.f. o f - 2 0 p V K _ I in 
the high t empera tu re region characterist ic of hop-
ping and which may be described by the Chaikin and 
Beni model . The proper t ies of the 1:3 and 1 :4 salts 
are summar i sed in Tab le 1. 

Thermoelectric Properties 

The thermoelectr ic da ta of D M B P - T C N Q 3 are 
shown in Figure 2. They also reflect the two transi-
tions and-, in Table 2, the proper t ies are summar i sed 
for the three t empera tu re ranges. These are separat-
ed by the extrinsic transi t ion at 135 K and the phase 
transition at 170 K. In the low- tempera ture region 
the thermoelectr ic e.m.f. changes f rom p-type to 
n-type and reaches a m i n i m u m with d S / d F c O 
below 135 K and d 5 / d F > 0 above. In the inter-
media te period the thermoelectr ic e.m.f. at first 
rises steeply and then saturates to a t empera tu re 
independent value of - 2 0 p V K - 1 in the high tem-
pera ture region. The phase transit ion is less obvious 
than the extrinsic transit ion a l though D S C studies 
have provided evidence of the change. The re is only 
a gradual change to the t empera tu re independent 
thermoelectr ic e.m.f. 

The thermoelectr ic proper t ies of the conduct ive 
T C N Q salts, including those with a small act ivation 
energy, f requent ly give a good fit to the Cha ik in 
and Beni model [21]: For a system of carriers with 
a strong on-site C o u l o m b repulsion the thermo-
electric e.m.f., associated with the spin degrees of 
f reedom, may be represented by the expression 

S = In [2(1-<?)/£?], (2) 

where q is the mean charge on the T C N Q lattice 
sites. The equat ion predicts a t empera tu re indepen-

Table 1. Comparison of the properties of the 1:3 and 1:4 TCNQ salts of DMBP. 

Salt Electrical properties Magnetic properties Refs. 

c^ooK/Scm-1 £ a /eV /^ooic/cm2 V"1 s_ 1 /3ooK/emu mol - 1 7/eV* 

DMBP-TCNQ3 1 0.18 <0 .3 0.8 x l O - 3 0.028 this work 

DMBP-TCNQ4 0.1 0.21 2.3 1.1 x 10~3 0.035 [19] 

* From the empirical relation xT = C0 exp (— J/kT). 

Table 2. Summary of the properties of DMBP-TCNQ3 in the regions separated by the extrinsic transition at 135 K (Tcx) 
and the phase change at 170 K (r p ) . 

Low-temperature Tex Intermediate Tp High-temperature 
region region region 

DSC 170 K 
Conductivity £ a = 0.13eV 135 K £ a = 0.18eV 170 K £ a = 0.18eV 
Thermopower d S / d r < 0 135 K d S / d 7 > 0 ? d S / d T = 0 
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T(K)-
200 250 300 

-•-OO-o-OOO-OOOOCXXr* 

• O O - tcnq'3" 

Fig. 2. Temperature dependence of the thermoelectric 
e.m.f. of single crystal (o) and compacted pellet (•) 
samples of DMBP-TCNQ3. The horizontal line corre-
sponds to the theoretical value obtained by substituting 
£>=0.61 into (2). The crystals were mounted along the 
needle axis. 

100 200 250 
T(K) 

300 

N T C N Q j 

Fig. 3. Temperature dependence of the thermoelectric 
e.m.f. of a compacted pellet sample of 0BP-TCNQ2 . The 
horizontal line corresponds to the theoretical value 
obtained by substituting q= 0.5 into (2). 

dent t he rmopower and with q = | e, commensura te 
with the fo rmula , the theoretical themoelectr ic 
e.m.f. of the 1:3 salt is 5" = 0. This is inconsistent 
with the exper imenta l da ta for D M B P - T C N Q 3 , 
which show a t empera t ru re independent value of 
- 2 0 p V K - 1 in the high t empera tu re region. The 
data may still be interpreted by the Cha ik in and 
Beni model in which case the discrepancy may be 
a t t r ibuted to slight back charge t ransfer f rom 

T C N Q " to the dication. Macfa r l ane and Wil l iams 
[10] have provided evidence of charge t ransfer inter-
action between oppositely charged ions in the 
D M B P halometal la te salts, and M a h m o u d and 
Wallwork [22] have shown that D M B P d i iod ide 
forms a ternary charge t ransfer salt with quinol in 
which the dicat ion and quinol a l ternate in columns. 
In fact D M B P is a relatively strong acceptor and in 
aqueous solution its polarographic hal f -wave reduc-
tion potential is - 0 . 6 9 V versus SCE [6]. This 
supports our claim, and makes the in terpre ta t ion of 
the thermoelectr ic data acceptable. Thus , if the 
Chaikin and Beni model is in deed appl icable and if 
charge transfer is a valid explanat ion, the m e a n 
charge density on the T C N Q lattice sites may be 
calculated by subst i tut ing 5' = - 2 0 p V K - 1 into (2). 
This gives q= 0.61C, which corresponds to 92% 
charge transfer f rom the cation to the T C N Q 
moieties. 

The thermoelectr ic propert ies of the mono-
quaternised salt, 0 B P - T C N Q 2 , may also be inter-
preted by the Cha ik in and Beni model . T h e the rmo-
electric e.m.f., shown in Fig. 3, is independen t of 
tempera ture th roughout the t empera tu re range in-
vestigated and has a mean value o f - 5 5 ± 5 p V K _ l . 
In the absence of back charge t ransfer the theoret-
ical value, ob ta ined by subst i tut ing a = 0.5 e into 
(2), is - 59.8 p V K ~ ' . Thus, there is excellent agree-
ment between the exper imental and theoretical da ta 
and this is consistent with the fact that the mono-
quaternised cat ion is less readily reduced than 
DMBP. In this case charge t ransfer is comple te 
whereas in D M B P - T C N Q 3 there is approximate ly 
8% back charge transfer f rom the T C N Q moieties to 
the dication. 
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