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A polybipyridilium species has been prepared with four diquaternised bipyridine moieties around a 
durene core; mixed halide (bromide with iodide or with chloride) as well as single-anion (chloride) 
salts were studied, and their electrochemistry investigated. Three reduction processes are inferred pro- 
ducing a pink (di-reduced) species, a purple (tetra-reduced) species and a beige-coloured fully-reduced 
product.  Mixed anion effects, in conjunction with dimer association and comproport ionation,  led to 
more complicated anodic electrochemistry than when only chloride anions were involved. 

1. Introduction 

Electrochromic species - those which change colour 
on electron transfer - are currently the focus of scien- 
tific and technological interest [1]. This property both 
facilitates spectroelectrochemistry, and finds an appli- 
cation in electrochromic devices (ECDs), of possible 
use in displays or light attenuation in optical shutters 
and 'curtains'. Bipyridilium (bipm) salts are often 
cited for ECD use since they may typically possess 
three colours, one for each oxidation state (struc- 
tures (1)-(3)), although the dication (1) in solution 
is invariably colourless or only feebly tinted. A spe- 
cies comprising n bipyridilium units might thus, in 
principle, exhibit 2n + 1 colours, excluding charge 
combinations of 2 + and 0 on bipyridilium units, 
because of intramolecular comproportionation. 

There are two electrode reactions for each bipyridi- 
lium unit in an electrochromic system (scheme 1): 
reduction of the dication (1) to form a radical cation 

bipm 2+ + e- , bipm + (1) 

((1), colour 1) ((2), colour 2) 

and further reduction to yield a di-reduced species (3). 

bipm + + e- ~ bipm ° (2) 

((2), colour 2) ((3), colour 3) 

11) R- -R Colour 1 

l + e -  

(2) R-N -R Colour 2 

+e -  

(3) 

Scheme 1. 

R - N ~ ' @ ~  N-R Colour 3 

The majority of electrochromic display devices 
containing bipyridilium salts have employed heptyl vio- 
logen (1,Ir-diheptyl-4,4'-bipyridilium) bromide [2-15] 
as the active component evincing colour. For this sys- 
tem, the effect of the anions [9, 10], electrode substrate 
[9, 11-13] and the potential used for deposition [13-16] 
have been investigated thoroughly. A few studies have 
also been made of different bipyridilium species in solu- 
tion [I3, 16-20], for example Bruinink [17] used a salt in 
which the two pyridinium rings were separated by sev- 
eral methylene linkages. Salts with alkyl groups other 
than heptyl, both symmetrical [12, 15, 18] and unsym- 
metrical [16, 18], have also been investigated, as have 
nuclear-substituted species [19, 20] having substituents 
attached directly to the aromatic pyridilium rings. 
Also, awl-substituted bipyridilium salts have been stu- 
died for inclusion within ECDs [21-24]. 

Multiply linked bipyridilium systems offer the 
prospect of multistep varied colouration. To date, how- 
ever, few species containing more than one 
bipyridilium unit have been considered for electrochro- 
mic used [25, 26]. Thus Htinig et al. [25] reported elec- 
trochrome chains containing two or three bipyridilium 
units separated by alkyl chains of various lengths and, 
in common with Harriman et al. [26], have prepared 
polyelectrochromic species in which the two bipyridi- 
lium units are connected via a xylyl link. 

Here, novel species having four bipyridyl units 
around a central durene core (4) are studied electro- 
chemically and spectroelectrochemically. Because of 

8X-  or  4X-  4Y- 

R = Me or  Benzyl; X, Y = CI, Br, I 

(4) 
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the huge (8 +) nominal cationic charge on the reac- 
tant, water with its high permittivity was chosen as 
solvent in order to minimise ion pairing with the 
anions. Mixed bromide-iodide, bromide-chloride, 
and solely chloride salts were studied. The methyl 
species (4) we call 'methyl-8 + '  and so on. 

2. Experimental details 

Syntheses of the bipyridilittm multiredox species are 
detailed in the Appendix (roman numerals identify 
Appendix species): the anion compositions are deter- 
mined by the halogens present in the starting 
reagents, or by ion exchange. Methylviologen MV 2÷ 
is reduced to MV +" by Zn dust [27] or room-tempera- 
ture aqueous sodium dithionite solution [30], and 
further reduced to MV ° by warm (50 °C) sodium 
dithionite solution [31]; these procedures with 
methyl-8 + gave respectively a pink product, a purple 
product and a beige product; likewise with benzyl- 
8 +,  but the first product here was maroon-red, not 
pink. These three products could be generated electro- 
chemically by reduction at the appropriate potentials 
(see Sections 3 and 4); for comparison with the 
chemically reduced products spectra of the electro- 
generated species were obtained in a spectroelectro- 
chemical cell of 1 cm pathlength with an ITO glass 
working electrode against one optical face, small 
flit-ended tubes being inserted (away from the light- 
beam) for reference and counter electrode solution 
contacts. In separate experiments, potentials corre- 
sponding to the three major cathodic peaks were 
applied and the corresponding colours were observed 
to grow out from the ITO surface. These were then 
scanned spectrophotometrically. 

All the electrochemistry was performed at 20 °C on 
an Oxford Electrodes potentiostat. The working elec- 
trode was either 2ram Pt wire, 0.1 mm diameter 
(cleaned electrolytically by ±0.7V excursions in 
0.1 M H2SO 4 ending with -0.7 ---+ 0V), an 8mm dia- 
meter glassy carbon disc (prescoured with diamond 
paste then rinsed with acetone and then water) or 
indium tin oxide (ITO)-coated glass (Coates). A 
platinum counter electrode and a saturated calomel 
electrode as reference, completed the cells. Volt- 
ammetry solutions (containing 1 mM tetrabipyridyl 
and 0.2 ~ aqueous KC1) were purged with nitrogen. 
The CV's depicted proceed clockwise from 0.0 V. 

U.v.-vis. spectroscopy of solutions was performed 
in a Hewlett Packard 8452A diode array spectro- 
photometer connected to an HP 9000-300 computer. 

3. Results 

3.1. General 

Despite the use of aqueous media, specific anion 
effects were still marked: Br- and I-  produced 
insoluble products on reduction, while C1- as sole 
counter-anion gave soluble product. Despite 
dissolution of the Br-/I-  and Br-/C1- species in 

excess (0.2M) KC1, the retention of distinct spectra 
and voltammetry in connection with the particular 
counteranion of the specific electroactive material 
taken, indicates that the original counteranion 
remains associated with the cation and even the 
neutral throughout the measurements, and a rather 
wide study would be required to establish the indivi- 
dual equilibria involved. Here we present an overall 
survey of the main features of the different systems, 
particularly with a view to their application in electro- 
chromism. The inferred sequence of association 
I - >  B r - >  C1- would follow if, as is probable, 
weaker X- hydration permits stronger association. 
The difference in proton n.m.r, for compounds (i) 
and (ii) in the appendix indicates a stronger specific 
interaction of I-  with the unreduced ring: the identical 
4H of the chloride (ii) become distinguishable as 2H 
plus 2H in the iodide (i), and indeed all bipm 2+ iodides 
are coloured, but not the chlorides. Likewise, the n.m.r. 
of the final methyl-8 + species shows I-  in compound 
(iv) to influence all bipm protons equivalently, 
whereas in compounds (v) and (vi) the 4Br-4C1- and 
8C1- bipm protons are differentiated, which implies 
I-  symmetrically located on the bipm, and less inti- 
mate dispositions of the anions in (v) and (vi). 

3.2. Methy l -8  + 4 B r -  4 [  

Only two redox peaks were obtained in the CV of 
methyl-8 + bromide-iodide (4) when dissolved in 
aqueous potassium chloride electrolyte, with 
platinum as the working electrode. If formal 
electrode potentials E ° are taken as the mid- 
point between respective cathodic and anodic CV 
peaks, then E(~)=-0.485V (AEp=60mV) and 
E~2) = -0.820 V (AEp = 60 mV). At potentials more 
negative than E~l), the material deposited on the 
cathode was pink, while a purple species appeared at 
potentials negative of E~2). The reduction products 
on platinum gave rise to a hazy colouration (possi- 
bly indicating colloid or micellar species) around the 
electrode surface: with a transparent (ITO) elec- 
trode, product appeared to be a solid which partially 
adhered to the electrode, with applied potentials not 
exceeding -0.90 V vs SCE. 

Glassy carbon working electrodes allowed access to 
more negative potentials which evoked more peaks in 
the CV of methyl-8 + 4Br-4I-. The number of peaks, 
peak potentials (Table 1), and the respective peak 

Table 1. Peak potentials and colours of the reduction products for 
methyl-8 + 4Br- 41- (Fig. 1) 

Epc/V Epa/V AEp/mV Product colour 

-0.550 -0.480 70 (reductive limit taken as Pink 
-0.7 V) 

-0.780 -0.720 60 Purple 
-1.210 -0.770 440 (peaks 3 and 3'a) Beige 

-0.840 270 (peaks 3 and 3Jb) 

The potential of pa(1) varied from -0.430 to -0.515 V, the value 
depending on Ea. 
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currents were dependent upon the scanning limit 
employed (Fig. 1). 

CVs with scanning limits 0.0V and -1 .2V were 
obtained over a range of scan rates v, (Figs 2 and 
3). Up to five cathodic peaks were evident, but 
complexity does ensue with colloid formation [21] 
favoured by slow scans, which were thus not 
used on the other samples. In the reverse, anodic, 
limbs, with slow scan rates, peak 1 ~ increased in size 
with respect to the other peaks, and a new oxidative 
peak appeared at -0 .5V.  With single bipyridiliums, 
the comproportionation bipm 2+ + bipm ° ~ 2bipm + 
enhances the concentration of bipm+; here the 
corresponding peak 1 ~ was hence probably enlarged 
as a consequence of an intermolecuIar (not intra- 
molecular) comproportionation, since CVs of the 
dilute methyl-8+ solutions (e.g. 0.1 mM) did not 
evince peak 1 ~. Peak 1 ~ was just evident when the con- 
centration of methyl-8 + was low, but as the concen- 
tration of electroactive species was increased to say 
0.5mM, peak 1 increased and peak 11 became 
obvious. CVs of dilute solutions did not show peak 
1 ~, even with scan rates of only l m V s  -1. If  the 
negative scan limit Ea was extended from -1.1 to 

Fig, 1. CV on glassy carbon of  1 mM methyl- 
8+  4Br-4I in aqueous 0.2M KC1, recorded 
as a function of  switch potential E~. Scan rate 
v = 50mVs -1. (All CVs start at 0V and pro- 
ceed clockwise.) 

- 1.3 V, (Fig. 3), the peak 11 (now large at low v) devel- 
oped a minor post-peak (Fig. 3), and diminution of 
the other (-1 to -0 .5V) peaks. Colloidal compli- 
cation could again be responsible for the reverse- 
limb divergences, but these largely disappear on the 
recathodising limbs, which approximately super- 
impose (Fig. 1). 

U.v.-vis. spectra of the coloured reduction pro- 
ducts of methyt-8 + 4Br-4I- are identical, whether 
of chemical or electrochemical origin. Table 2 lists 
approximate extinction coefficients e for the former, 
approximate because, for example, some zinc is con- 
sumed in side reactions or present as ZnO neglected 
in stoichiometry calculations, while Fig. 4 shows 
spectroelectrochemical (potential dependent) traces 
for layers (of unknown concentration) of electro- 
reduced species abutting the ITO electrode in the 
optical cell. The spectra are very similar to those of 
an o-xylyl compound prepared by Harriman et al. 

[26] (analogous to half the durene-8+ compound, 
see Section 4), but there are also some similarities to 
the spectra for the dimers of the radical cation of ben- 
zyl viologen [26] ,  (Table 3). Accordingly, 
1-methyl- 1Lbenzyl viologen (Me-Bz-V) was 

Table 2. Spectroscopic data for aqueous methyl-8+ 4Br-4I- and 
chemical reduction products (ca. 50 izM, 20 ° C, 2 mm cells) 

Species )~max/nm e/din 3 cm-l  mol-  1 

Parent compound 410 (slight; CT with I -  ca. 100 
anion?) 

Pink 540 (sh at 395, 512, ca. 40000 
628) 

Purple 512, 542 ca. 35 000 
Beige 495 ca. 9000 

Table 3. Spectroscopic wavelength maxima for radical cation mono- 
mers and dimers of methyl benzyl viologen (Me-Bz-V)  bromide/ 
chloride and for benzyl viologen (BzV) chloride in water 

Species Amax/nm Concentrat ion/~tM Ref  

M e - B z - V  + 598, 395, (sh, 555, 660) 12 
(Me Bz-V) 2+ 545, 366, (sh 384, 395 120 

596) 
BzV + 604, 400 6.64 [25] 
(BzV)~ + 540, 360 664 [25] 
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(b) 

Fig. 2. The CV on glassy carbon of l mM methyl-8 + 4Br -4 I -  in 
aqueous 0.2 u KC1, taken as a function of scan rate. (a) u = 20-  

1 1 200 m V s -  and (b) u = 1 mV s- . 

prepared as a close analogue to the chromophore 
within (4), and its u.v.-vis, spectrum investigated 
(Table 3). The concentrations cited in Table 3 are 
upper limits (equal to those of the fully oxidized 
species before reduction). ZnO is a strong adsorbent, 
hence some of the radical cation will undoubtedly 
have been adsorbed into this solid on the surface of 
the zinc dust used in reduction. The higher concen- 
tration peaks are ascribed to dimerised radicals, as 
follows. 

Spectra of concentrated aqueous solutions of alkyl 
substituted bipyridilium radical cations are different 
from the spectra of dilute solutions, because of radi- 
cal cation dimerisation [28, 30]. In organic solvents, 
dimerisation is inhibited by ion pair formation of 
the monomeric radical cation with its counter ion 
[32]; therefore in low dielectric solvents favouring 
ion pair formation, the spectrum was expected to 

I 20pA cm-2 ~ ~  

Fig. 3. The CV on glassy carbon 1 mM methyl-8+ 4Br -4 I -  in 
aqueous 0.2 M KC1, and with scan limits 0.0 and -1 .3  V, as a func- 
tion of scan rate u. 

show predominantly radical cation monomer. 
Accordingly, the methyl-benzyl viologen radical 
cation studied in methanolic solution had wavelength 
maxima at 396nm, 610nm and in addition 725nm 
(close to aqueous monomer values, Table 3), indicat- 
ing that the Me - Bz - V  + exists solely as monomer in 
methanolic solution at room temperature. Similarly, 
the methyl viologen radical cation MV + in acetoni- 
trile solution only exhibits spectroscopic bands attri- 
butable to unassociated (monomeric) MV + [33]. 

3.3. Methyl-8 + 4Br-4Cl- 

With this compound in which C1- replaces I- ,  the 
products of the electrode reaction were apparently 
more soluble in water than was the bromide-iodide 
salt, and its CV on glassy carbon was less compli- 
cated with but two reductive peaks (Fig. 5). The for- 
mal electrode potential of the first couple was 
-0.700 V (AEp = 70 mV). Anodic (reverse limb) CV 
peaks occurred at -1 .2V,  at -1.05, -0.84 and 
-0.75 V with a strong dependence of CV peak struc- 
ture on scan rate again. Spectroscopic data for 
coloured reduction products are listed in Table 4. 

3.4. Methyl-8 + 8Cl- 

The methyl-8+ 8C1- salt was prepared by ion 
exchange in low yield (see Appendix). The salt was 
extremely water soluble in all its redox forms. The 
u.v.-vis, spectrum of the first reduction product 
have wavelength maxima at Ama x = (510nm sh), 
537, 353 and 830nm (contrast Table 2 for the 
4Br-4I-  salt). The final product appeared purple. 

Table 4, Absorbance maxima o f  aqueous methyl-8 + 4CI -4Br  and 
chemical reduction products ca. 10 -4 M 

Species Amax/nm 

Parent compound 402 
Red/maroon 556 
Purple 540 
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Apar t  f rom the incremental  current  behaviour  
(below; also see Section 4) the CV on glassy ca rbon  
in aqueous solution was relatively uncomplicated 
(Fig. 6), showing only two redox couples in the poten- 
tial range 0 to - 0 . 1 7  V giving Epc(l ) = -0 .430  V and 
Epa(1) = - 0 . 3 2 0 V  for  the first peak and its reverse, 
and Epc(2) = - 1.020 V with Epa(2 ) = -0 .830  V. When  
the switch potential,  EA, was insufficiently negative 
for  a second reduct ion reaction to occur, reproduced 
traces occurred, and the peak pa(1) was sharp, falling 
at a potential  independent  o f  the scan rate employed. 
However ,  when Ea was sufficiently negative for  a sec- 
ond electron transfer reaction to occur, at about  
- 1 . 0  V, the peak pa(1), while still present, largely sub- 
sided: presumably  p roduc t  formed at pa(2) reacts with 
other  reduct ion products ,  by  compropor t iona t ion ,  
d ispropor t ionat ion  or  adduct  format ion,  to form 
longer-lived redox species (see Section 4). 

3.5. Benzyl-8 + 4CI -4Br -  

The species like methyl-8 + ,  in which benzyl substi- 
tuents were used instead o f  methyl,  has properties 
similar to those of  the me thy l -8+  4 I - 4 B r -  com- 
p o u n d  both  in terms o f  its electrochemistry and its 

Fig. 4. U.v.-vis. spectra of the (a) pink (-0.5V), (b) purple 
(-0.8V) and (c) beige (-1.05V) electrochemical reduction 
products of methyl-8 + 4Br-4I-, originally ca. 50/ZM. 

Fig. 5. CV on a glassy carbon of 1 mM methyl-8 + 4Br-4C1- 
in aqueous 0.2M KC1, as a function ofEa. u = 50mVs -1. 

50gA cm-2~ 

I.  , 

I (a) ~ i ~ [  -1.5 

100gA cm -2 

I I - 
0 -0.5 -1.0 

E/V 

Fig. 6. CV on a glassy carbon of 1 mM methyl-8 + 8C1- in aqueous 
0.2M KC1. u = 50mVs -1. (a) CV as a function of scan limit; (b) a 
preliminary scan (peak at E~, H2 evolution; at - 1.4 V, oxygen trace). 
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spectroelectrochemistry (Table 5). With platinum as 
working electrode, the following peak potentials 
were obtained: Epo(1) = -0.515 V, Epa(1) = -0.350 V 
(red/maroon product), and Epc(2) = -0.935 V, 
Epa(2  ) = -0 .740 V (purple product). On glassy 
carbon with more negative scanning limits accessi- 
ble, more complicated CVs were obtained (Fig. 7): 
Table 5 fists peak potentials. Cathodic peak 1 grew 
on cycling, from insignificance, in contrast with other- 
wise similar Me-8 + B r - / I -  CVs. A dependence was 
observed of CV peak structure on scan rate similar 
to that for the methyl-8 + iodide/bromide compound. 

4. Discussion 

Voltammetry (Figs 1 and 7) shows Me-8+ B r - / I -  
and Bz-8 + C1-/Br- to undergo three reductive steps 
labelled 1, 2, 3, which from peak magnitudes and 
spectra (below) are assigned as 8+ ~ 6+, 6+ --+ 4+ 
and 4+ -+ 0, respectively. The Me-8 + C1-/Br and 
Me-8 + 8C1- (Figs 5 and 6) fail to achieve the final 
step before solvent breakdown. The complexities of  
the anodic limbs with all but Me-8+ 8C1- are 
ascribed to aggregation and possible colloidal 

I Fig. 7. CV on a glassy carbon of 1 mM benzyl-8 + 
-1.5 4Br-4C1- in aqueous 0.2M KC1, as a function of 

E~. u = 50mVs -l. 

interference, which is largely cancelled on return to 
the start potential 0V. Me-8 + 8C1- shows simple 
anodic behaviour but continuously incremental cur- 
rents on continuous cycling. Here oligomers (dimer, 
trimer . . . .  ) of  soluble nature are presumed to grow 
without cancellation, and to be of such geometry 
that any diminution of  diffusion coefficient has less 
effect than the associated enhancement of transfer- 
able charge, so giving the current increases; the mini- 
mal peak-potential shifts are, however, notable. The 
specificity of anion influence is in accord with our 
general view (final paragraph of Section 4), and the 
intermediate CV behaviour of  the Br /CI- cf. the 
B r - / I -  and C1--only species, in the Me-8 + series, is 
approximately as expected. 

The u.v.-vis, spectra of alkyl bipyridilium radical 
cations in (dilute) aqueous solution typically show 
[30] a broad band at ca. 600 nm, shifting in more con- 
centrated solutions to lower wavelengths, with a new 
band appearing at ca. 900rim which is attributable 
to dimer [30], formed by Reaction 3 

2bipm + = (bipm)~ + (3) 

Harriman [26] prepared the ortho and the meta 

Table 5. Peak potentials and colours of the chemical reduction pro- 
ducts of benzyl-8 + 4Cl-4Br- 

Epc/V Epa/V AEp/mV Product colour 

-0.560 -0.480 70 Red/maroon 
-0.745 -0.695 50 Purple 
-1.150 -0.750 400 (from peaks 3 and 3~a) Beige 

-0.830 320 (from peaks 3 and 3%) 

(9 (9 

4X - N ~ N  

R = Me;  X = CI 

(5)  
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bipm biprri 

bipm 
(a) (b) (c) 

bipm = N ~ N - R  

Fig. 8. Spatial configuration of the bis-bipyridyl compound with (a) 
bipm planes perpendicular to the benzene ring plane and possibly 
intramolecularly associated; (b) and (c) with no intramolecular 
association between bipm moieties. 

bis(bipyridyl) species (5) which contains two bipyri- 
dine units. Following reduction, a species was formed 
with intramolecular radical association (overlap of 
bipyridilium ~r orbitals), Fig. 8(a). Fig. 8(b) and (c) 
show other molecular orientations possible which do 
not involve internal radical association, i.e., where 
coulombic repulsions are minimised. The methyl-8 + 
compound (4) (comprising four bipyridine units) is 
structurally similar to the species (5) [26] comprising 
two bipyridyl units. The species (4) may also assume 
several conformational isomers (Fig. 9), one of which 
has the planes of the two bipyridine units parallel in 
space and approximately perpendicular to the plane 
of the benzene bridge (Fig. 9). The intramolecular 
association in reduced forms of (4) involves pairing 
of the odd 7r electrons on the two bipyridine 
moieties. Since molecular movement about benzylic 
methylene linkages is free and unrestricted, the 
benzene ring in (4) acts merely as part of a flexible 
bridge between the two bipyridilium units. 

In the spectra of the three reduction products of the 
methyl-8 + species ~(Fig. 4), the pink reduced species 
has a peak at 535 nm, whereas the purple product 
has two close optical bands, perhaps ascribable to 
chromophores of very similar structure, but some- 
what different energy. The much lower extinction 
coefficient of the beige product implies, as expected, 

b i p m 2 + ~ b i p m + % '  l (a) 

bipm2+ ~ b i p m  7 

b i p m ° ~  bipm° (c) 

bipm° ~ b i p m  0 
Fig. 9. Proposed structures of (a) pink species, (b) purple species and 
(c) beige species. Opposed arrows represent possibly paired electron 
spins of the odd electrons of half-reduced bipm moieties. 

Table 6. Apparent diffusion coefficients D o f  aqueous methyl-8 + with 
counter-anion calculated from ipc(1 ) at Epc(] ) assuming n = 2 
For 8C1- species, first cycle 

Anions 106D/cm 2 s -1 

4Br-4I- 1.79 ± 0.2 
4Br-4C1- 2.25 4- 0.5 
8C1- 2.85 4- 0.1 

the absence of the optical charge transfer that 
confers intense colouration: since di-reduced s ing l e -  

bipyridilium species are commonly virtually colour- 
less, with low extinction coefficients [32], the beige 
material is surely the zero-charge fully-reduced 
material. The pink species is thus deemed to be an 
intramolecularly associated radical cation pair 
(Fig. 9(a)), with the two bipyridyl moieties not 
involved in the interaction remaining dicationic and 
unassociated; the purple species possibly comprises 
two dimerised chromophores, Fig. 9(b). 

Since completion of this work, studies of double- 
bipyridilium and triple-bipyridilium species, in aceto- 
nitrile and dimethylformamide, respectively [35, 36] 
have appeared. The diminished complexity of the 
interactions here, resulting from having few bipyridi- 
liums per molecule, has allowed more detailed analy- 
sis to be made, but questions do arise concerning 
anion participation, since even perchlorate, in low 
permittivity solvents, will associate with 4 + and 6 + 
cations; however, such solvents apparently do not 
cause insolubility of products [35, 36]. 

If it is assumed that the same number, n, of elec- 
trons are transferred at Epc(1) for the chloride and 
mixed-anion methyl-8 + species, then approximate 
diffusion coefficients, D, may be determined using 
the Randles-Sevcik equation [34] (approximate, 
since CVs are not exactly reversible). With n taken 
as 2, the values of D in Table 6 were obtained. Since 
all salts were dissolved in 0.2 M KC1, this is additional 
evidence for strong specific retentive ion association 
with the particular halides present in the prepara- 
tion. The sequence implies least cation-anion associa- 
tion with CI-. 

5. Conclusion 

Specific anion effects, intramolecular association, 
and comproportionation, lead to complicated 
electrochemistry, which is markedly different in 
chloride-only systems. Three major reductions are 
inferred, to give (pink or red) di-reduced species, 
(purple) tetra-reduced species and with two materials, 
(beige) fully-reduced product. The range of coloura- 
tion is less than expected, and the colours in the 
pink-red-purple range are comparable with single- 
bipyridilium intensities. 
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Appendix 

1,2,4,5-tetrakis(1-bromomethyl)-benzene (tetrabro- 
modurene) from Aldrich, was recrystallised from 
ethanol and water. Drying in a vacuum oven at 
60°C produced white crystals. 4,4t-bipyridine was 
purified by conversion to the diacetate salt and 

alkaline displacement, as literature [37]. All samples 
were vacuum dried at 60 °C. 

(i) 1-methyl-4-( 4t-pyridine)-pyridinium iodide 
To bipyridine (5.5 g, 28.6 mmol) dissolved in 50 ml of 
ethyl acetate, methyl iodide was added in vast excess 
and allowed to stand overnight. Excess MeI was 
removed from filtered brilliant-yellow crystalline pro- 
duct by washing thoroughly with ether. Recrystallis- 
ation from cold MeOH and ether was followed by 
drying in a vacuum oven. IR: 3026 cm i, s, (C-H); 
1648cm -1, s, 1588cm -1, 1549cm -1, mult. (C=C, 
C=N, conj); 1416cm -1, s, (C=C arom); 811cm -1, 
s, (o-phenylene H). 1H-NMR: (D20, SSD) peaks 
at 5.02ppm, s, (3H), methyl; 8.30ppm, d, (2H), 
8.73ppm, d, (2H), 9.22ppm, t, (4H), pyridyl+ 
pyridine [38]. 

(ii) 1-methyl-4-(4~-pyridine)-pyridinium chloride 
Aqueous 1-methyl-4-(4t-pyridine)-pyridinium iodide 
was converted to the chloride salt by ion-exchange 
using Duolite A101D resin (BDH) in concentrated 
sodium chloride solution. Solution was passed 
three times through a tube packed with the Duolite 
resin, recharged with NaC1 following each passage. 
After rotary evaporation to dryness in vacuo, the 
product was solvent extracted with hot methanol, 
then recrystallized three times from methanol and 
ether to yield a pure white powder. IR: 3017cm -1, 
mult. (C-H); 1702cm -1, s, 1663 cm -1, s, 1620cm -1, 
s, (C=C, C=N conj); 814cm -1, (o-phenylene H). 
1H-NMR: (D20 , SSD) peaks at 4.50ppm, s, (3H), 
methyl: 8.37ppm, mult. (4H), 8.98ppm, d, (4H), 
pyridyl + pyridine. 

! ! 
(iii) 1-methyl-1 -benzyl-4,4 -bipyridilium iodide chloride 

t 1-Methyl-4-(4 -pyridine)-pyridinium iodide (1 g, 
3.16mmol) dissolved in 25ml of methanol was 
refluxed very strongly for 1 h with 25 ml of benzyl 
chloride (27.5g, 0.21mole). After partial solvent 
removal by vacuum, then cooling in an ice bath, ether 
was added slowly to effect precipitation. Two recrys- 
tallisations from MeOH and ether followed. IR: 
3218cm -~, s, (C-H),  1620cm -1, mult. (C=C, C=N 
conj); 810cm -1, s, (o-phenylene H). IH-NMR: 
(D20 , SSD) peaks at 2.25ppm, s, (3H), methyl; 
5.97ppm, s, (2H), benzylic H; 7.59ppm, s, (5H), 
phenyl H; 8.54ppm, d, (4H), 9.10ppm, d, (4H), 
pyridyl + pyridyl. 

(iv) methyl-8 + 4Br-4F 
Tetrabromodurene (0.25g, 0.56mmol) dissolved in 
10ml of methanol was added slowly to a refluxing 
ethanolic solution of 1-methyl-4-(4'-pyridine)- 
pyridinium iodide (0.95 g, 3 mmol, excess) over a half- 
hour period and refluxed for 2 h. After cooling, the 
brown precipitate was collected by Buchner filtra- 
tion, washed copiously with ether, and recrystallised 
from MeOH and ether. IR: 3036cm -1, mult. 
(C-H); 1639cm -1, s, (C=C, C=N conj); 1410cm -1, 
s, (arom C=C); 813cm -1, s, (o-phenylene H). 
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IH-NMR: (D20 , SSD) peaks at 4.59ppm, s, (12H), 
methyl; 4.66ppm, s, (8H), benzylic; 7.80ppm, s, 
(2H), phenyl; 8.03 and 8.05ppm, d of d, (16H), 8.86 
and 8.88 ppm, d of d, (16H), bipyridyl. 

(v) Methyl-8 + 4Br-4CI- 
Tetrabromodurene and excess 1-methyl-4-(4 ~- 
pyridine)-pyridinium chloride mixed in ethanol, were 
refluxed strongly for 2 h, and recrystallized as in (iv). 
IR: 2951cm -1, mult, (C-H); 1634cm -1, s, 
1557cm -1, s, 1500cm -1, s, (C=C, C=N conj); 
807cm -1, s, (o-phenylene H). 1H-NMR: D20, 
SSD) peaks at 3.51 ppm, s, (12H), methyl; 6.25ppm, 
s, (SH), benzyl; 7.91 and 8.45ppm, d of d, (8H 
each), 8.75ppm and 9.05ppm, d of d, (8H each), 
bipyridyl. 

(vi) Methyl-8+ 8CI- 
Methyl-8 + tetrabromide tetrachloride dissolved in 
concentration aqueous NaC1 solution was passed 
through an ion-exchange column, as in (ii). After 
three elutions and water removal by rotary 
evaporation in vacuo, the product was extracted with 
hot methanol, and recystallized twice from cold 
MeOH and ether. IR: 2935cm -1, mult, (C-H); 
1638cm -1, s, 1560cm -1, s, (C=C, C=N, conj); 
828 cm -1, s, (o-phenylene H). 1H-NMR: (D20, SSD) 
peaks at 3.68ppm, s, (12H), methyl; 6.26ppm, s, 
(2H), phenyt; 6.47ppm, s, (8H), benzyl; 7.96 and 

8.41 ppm, d, of d, (8H each), 8.56 and 8.80ppm, d 
of d, (8H each), bipyridyl. 

(vii) 1-Benzyl-4-(4t-pyridine)-pyridinium chloride 
Bipyridine (5 g, 26 mmol), dissolved in toluene, was 
gently refluxed with excess benzyl chloride (25ml, 
27.5 g, 0.21 mole) for 2h. Brown solid, which precipi- 
tated from solution, was collected, washed with ether, 
and recrystallized twice from warm methanol and 
ether. IR: 3420cm -1, 3120cm -1, mult (C-H); 
1631cm -1, s, 1603cm -1, s, (C=C, C=N, conj); 
831 cm -1, s, (o-phenylene H). 1H-NMR: (D20, SSD) 
peaks at 5.99ppm, s, (2H), benzyl; 7.61ppm, s, 
(5H), phenyl; 8.58ppm, d, (4H), 9.22ppm, d, (4H), 
pyridyl. 

(viii) Benzyl-8 + 4Cl-  4Br- 
Tetrabromodurene with excess 1-benzyl-4-(4 ~- 
pyridine)-pyridinum chloride was refluxed strongly 
for 4h. The solid which precipitated from cooled 
(scarlet) solution was collected by Buchner filtration, 
and ether washed then recrystallized twice from 
warm ethanol and ether. IR: 3210cm -1, mult, 
(C-H); 1633cm -1, s, (C--C, C=N conj); 1436cm -1, 
s, (arom C=C); 810cm -1, s, (o-phenylene H). 1H- 
NMR: (D20, SSD) peaks at 6.08ppm, s, (8H), 
benzylic; 6.42ppm, s, (8H), benzylic; 7.68ppm, s, 
(2H), phenyl; 8.71 and 8.77ppm, d of d, (16H), 9.20 
and 9.32ppm, d of d, (16H), bipyridyl. 


