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Abstract

Viologen radical cations dimerise (spin pair) in aqueous solution, causing the colour of the viologen dye to alternate
between blue (monomer) and dimer (red). Equilibrium constants K of viologen dimerisation have been determined using

UV±vis spectroscopy for alkyl viologen radical-cation species in halide solutions. Equilibrium constants of dimerisation
were obtained by deconvolution of optical spectra. Values of �G�dim have a crude linear dependence on n, the length of
the alkyl substituent chain, for n � 2 to 8. Rate constants of spin-pairing kdim (i.e. dimerisation of the radical cation) have

been determined. Bjerrum plots indicate that the rate-limiting reaction during dimerisation involves anions: it is postu-
lated that the dimerisation reaction is two-step, with dimer formation occurring after the formation of an association pair
comprising a radical cation and a counter anion. Recent comproportionation results are used to analyse the structure of

the dimer and the role of anions during dimerisation. The possibility that dimer comprises anions placed between the
planes of the two bipyridilium radicals is also discussed. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The viologens are salts of 4,40-bipyridine [1].
Viologen salts are named formally as 1,10-di(s-
ubstituent)-4,40-bipyridilium but usually termed
`substituent' viologen. They may exist in several
redox forms. The redox state prepared or pur-
chased is the dication, as conveniently made by
Anderson [2] quaternisation of 4,40-bipyridine with
the relevant alkyl halide. The Anderson reaction is

the aromatic analogue of the more familiar Men-
shutkin [3] reaction of aliphatic amines. Following
quaternisation, the halogen atom becomes a halide
counter anion within the viologen salt.
One-electron reduction of the dication yields an

intensely-coloured dye, the paramagnetic viologen
radical cation, reaction (1):

bipm2� � eÿ ! bipm�� �1�

where the source of the electron eÿ is either an
electrode or a chemical reductant such as zinc
dust or dithionite ion. The radical dye is particu-
larly stable, so its colour will persist almost inde-
®nitely in the absence of oxidising agents such as
oxygen.
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While the colour of the dye is stable and intense,
its colour is not constant: the UV±vis spectra of
alkyl bipyridilium radical cations in (dilute) aqu-
eous solution typically show [4] a broad band at
ca. 600 nm, the value of lmax shifting in more
concentrated solutions to lower wavelengths, with
a new band appearing at ca. 900 nm. This phe-
nomenon is ascribed to the formation of dimer [5]
[Eq. (2)]:

2 bipm�� � �bipm�2�2 �2�

Dimerisation of viologen radicals in water is
very common [1,6]. Since the dimer and monomer
absorb in approximately the same spectral region,
and both have roughly similar extinction coe�-
cients, the colour of the radical cation (monomer
or dimer) is not attributable to the unpaired elec-
tron. The colour of the dimer is in fact due to the
new band at 900 nm, itself an allowed transition
within the dimer, which is commonly stated to
have a sandwich-type [4,5,7] structure with over-
lapping �-orbitals. The dimer is diamagnetic
because opposing spins are paired [7].
The presence of dimer has sometimes been noted

in previous work on viologen electrochromism
[8,9], but in other studies it has caused only confu-
sion [10,11]. Accordingly, we decided to character-
ise the radical cation dimer as a function of chain
length n; surprisingly, values of lmax and " have not
previously been published as a function of n.
We also report on a brief study to follow the

rates of radical dimerisation. Unfortunately, not
many rate constants exist in the literature, these
few being (1.0�0.2)�104 (mol dmÿ3)ÿ1 sÿ1 for
heptyl viologen [12], (2.1�0.8)�105 (mol dmÿ3)ÿ1

sÿ1 for octyl viologen [11], and a half life of 25 ms
for benzyl viologen radical-cation monomer [13]
[which equates to kdim � 1�107�mol dmÿ3�ÿ1 sÿ1].
Compton et al. [14] have used in situ electro-
chemical electron paramagnetic resonance (EPR)
spectroscopy to show that kdim > 105 (mol
dmÿ3)ÿ1 sÿ1 for methyl viologen (MV). Most
recently, Compton et al. [15] found a lower value
of kdim � 104 (mol dmÿ3)ÿ1 sÿ1 for MV, and also
noted kÿ dim � 30 sÿ1; this last analysis used a.c.
impedance traces. All of these studies used water
as solvent.

2. Experimental

Viologens were prepared by Anderson qua-
ternisation of 4,40-bipyridine (Aldrich) and the
relevant alkyl halide in DMF. (Cold dimethyl sul-
phate (Fisons) was the alkylating agent used to
prepare methyl viologen.) The appendix contains
some sample preparative data.
Alkyl iodides were used when preparing short-

chain viologens (propyl, butyl or pentyl) in con-
sequence of the higher boiling temperature attain-
able for re¯ux; other halides were bromides.
Iodide ion was replaced with bromide via ion
exchange (with Duolite from BDH). Finally, all
viologens were recrystallised from aqueous etha-
nol to yield yellow microcrystalline solids.
The chemical reduction of viologen dications was

achieved using sodium dithionite (BDH) in cooled
aqueous solutions. The SO2 by-product of reduc-
tion was removed by entrapment within the N2 gas
used for sparging: solutions were de-oxygenated
prior to addition of the reducing agent, and air was
excluded from all solutions as the reaction between
radical cation and molecular oxygen is particularly
fast [16]. Solutions were subsequently equilibrated
to (25�0.3)�C. Cooling was necessary since warm
dithionite will reduce bipm�� further to form a di-
reduced redox state, which we call bipmo [17].

2.1. Determination of Kdim

Optical spectroscopy was performed with solu-
tions in a thin cell of internal path length 1 mm and
with a Philips PU-8720 spectrometer. A cell con-
taining an aqueous solution of dithionite solution
was used as the blank. Deconvolution was per-
formed as follows: spectra were redrawn using an
energy-related abscissa scale (� in cmÿ1 being con-
venient). Bands thus redrawn were assumed to be
gaussian and thus symmetrical about �max. A
spreadsheet package (on Microsoft Excel) was used
to compare the experimental results obtained with a
model generated from the following normal dis-
tribution function:

f x� � � 1

�
������
2�
p �exp

ÿ xÿ x� �2
2�2

� �
�3�
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which simpli®es to

f x� � � A: exp ÿB xÿ x� �2� 	 �4�

where

A � 1

�
p
2�

and

B � 1

2�2

In this simpli®ed form, x and � have their usual
statistical meanings of mean and standard devia-
tion respectively. �2 is the variance. In this proce-
dure, values of band half width are optimised till
experimental and composite calculated bands are
the same. Values of " and lmax for each of the two
the spectroscopic bands (monomer and dimer)
obtained via deconvolution are in good agreement
with those in the literature [5,12,18].
The equilibrium constants of dimerisation Kdim

were expressed as a function of optical variables
via the Beer±Lambert law [Eq. (5)]:

Kdim � Dimer� �
Monomer� �2 � l� AD"M2

AM2"D
�5�

where subscripts M and D refer to monomer and
dimer respectively, l is the optical path length and
the terms A are optical absorbances.

2.2. Determination of Kdim

Rate constants were determined using a pre-
viously-described procedure [6]. Solutions as above
were placed in the path of a monochromated light
beam. The wavelength lprobe of 650 nm was chosen
since only monomer is optically absorbing at this
wavelength. The transmitted light was monitored
with time following a ca. 10 ms pulse of white light
(Helios 20 ¯ash). The transmittance T of the solu-
tion was directly proportional to the millivolt out-
put of a photomultiplier P, this voltage being
recorded on a Gould 1425A 2072 digital oscillo-
scope. Plots of f P� � against time were thus akin to
simple kinetic spectra (vide infra).

The relative concentrations of dimer andmonomer
prior to photolytic perturbation, were calculated
using Kdim.

3. Results

3.1. Spectra

Solutions of radical cation were blue±purple if n
was small, and more red as n increased, thus indi-
cating that the incidence of dimerisation increased
with increasing n. Fig. 1 shows the deconvoluted
UV±visible spectra of the radical cations of methyl
viologen. The spectrum has been drawn with an
energy-related abscissa in order for bands to be
symmetrical (gaussian). The spectrum clearly con-
tains several bands: that at lmax 16,660 cmÿ1 (600
nm) is attributable to monomeric radical cation,
and the band at 17,700 cmÿ1 (565 nm) is due to
dimer. There are also a pair of very slight bands at
15,000 cmÿ1 (670 nm) and at ca. 21 000 cmÿ1 (480
nm). Their origin is unclear, as the spectrum of
monomer and dimer both contain them. The
spectrum of the dimer also contains a new band at
ca. 900 nm.

3.2. Equilibrium constants

From spectra such as that in Fig. 1, values of lmax

and " were obtained (see Table 1). Values of Kdim

were determined spectroscopically using values of
A and Eq. (5), and are listed in Table 2. The corre-
sponding values of �Go

dim were obtained using the
van't Ho� isotherm as ÿ RT ln(Kdim). Such �Go

dim

values are included in Table 2. Values of �Ho
dim

were obtained from isochore plots of ln(Kdim)
against 1=T; entropies of dimerisation �So

dim were
obtained using �Go

dim � �Ho
dim ÿ T�So

dim. These
thermodynamic quantities are also included in
Table 2.
It can be seen from Table 2 that values of �Go

dim

become less negative as the chain length increases.
A plot of �Go

dim against chain length n shows a
linear portion from n � 2 to n � 8 (see Fig. 2)
indicating that each ÿCH2ÿ unit decreases the
overall free energy by a set amount of about 1.6 kJ
molÿ1 per carbon.
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3.3. Kinetics

The obtaining of rate constants will now be
considered. During the ¯ash experiments con-
ducted here, the optical parameter determined was
transmittance T, since photomultiplier output
P / T. Absorbance A and transmittance T are
related, viz. A=log To=T� �, where To is the trans-

mittance in the absence of optically-absorbing
species and T is the transmittance when a chro-
mophore, such as monomer or dimer viologen
radical cation, is in the path of the beam. Note
that the function A is proportional to ÿ log T� �
since To is a constant.
Absorbance A is proportional to concentration

at 650 nm. The transmittance was measured at 650

Fig. 1. UV±visible spectrum of an aqueous solution of methyl viologen radical cation. Methyl viologen was used as the methosulphate

salt and reduction was performed using sodium dithionite. The bold line is the spectral band obtained experimentally and the faint

lines are (a) monomer and (b) dimer.

Table 1

Spectroscopic properties of alkyl-viologen radical cations in water at 298 K as a function of substituent Ra

R Anion lmax (Mb)/nm lmax (Db)/nm " (M)/Mÿ1 cmÿ1 " (D)/Mÿ1 cmÿ1

Methyl MeSO4
ÿ 598 551 13 700 8950

Ethyl Brÿ 597 564 12 200 8905

n-Propyl Brÿ 597 550 10 600 8870

n-Pentyl Brÿ 602 563 10 400 8690

n-Hexyl Brÿ 600 558 10 250 8700

n-Heptyl Brÿ 571 515 10 160 8560

n-Octyl Brÿ 548 504 8920 8550

a Values of lmax were determined optically; values of " were determined following computer deconvolution of optical data; the

original concentration of viologen dication as 10ÿ3 mol dmÿ3 in each case. Radical cation was formed by reduction with dithionite.
b Descriptors M and D refer to monomer and dimer, respectively.
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nm, the wavelength being chosen owing to its
being close to lmax for the monomeric radical, but
on the low energy side of the band in order to avoid
the optical complications caused by overlapping of
spectroscopic bands. Kinetic plots of log A1 ÿ A� �
against time are equivalent to log(log T1jT� �)
against time: such plots will be linear for ®rst-order
reactions and plots of A1 ÿ A� �ÿ1 against time will
be linear if the reaction is second-order.
Fig. 3 shows such a trace of log(P), i.e. transmit-

tance T, as a function of time, in this case for propyl
viologen radical cation in aqueous solution at 298K.

The time t � 0 corresponds to the commencement of
the ¯ash. The transmittance is seen to increase with
time, implying that the proportion of radical existing
as monomer decreases after the ¯ash, i.e. dimer is
forming at the expense of monomer.
Assuming that kobs � kdim monomer� �2�kÿdim

� dimer� �, i.e. assuming Eq. (2) as written, plots of

Table 2

Equilibrium constants and changes in Gibbs function of viologen radical cation dimerisation in water at 298 K as a function of sub-

stituent Ra

R Anion Kdim/(mol dmÿ3)ÿ1 �G�dim/kJ molÿ1 �H�dim/kJ molÿ1 �S�dim/J K
ÿ1 molÿ1

Methyl MeSO4- 1.25�105 ÿ29.1 ÿ1.25 93.4

Ethyl Brÿ 1.08�105 ÿ28.8 ÿ4.21 96.9

n-Propyl Brÿ 4.85�104 ÿ25.8 ÿ1.15 92.8

n-Pentyl Brÿ 2.15�104 ÿ27.7
n-Hexyl Brÿ 7.05�103 ÿ25.1
n-Heptyl Brÿ 7.04�103 ÿ22.0
n-Octyl Brÿ 1.94�103 ÿ18.8

a Values of Kdim were determined spectroscopically (optical data were obtained spectroscopically and deconvoluted); concentra-

tions were calculated using the optical data in Table 1 [viologen]total=10ÿ3 mol dmÿ3 in each case.

Fig. 2. Plot of �Go
dim against alkyl-chain length.

Fig. 3. Plot of log(T) against time for the propyl viologen

radical cation in water. The increasing transmittance shows the

proportion of monomeric radical decreasing with time follow-

ing the ¯ash.
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1= A1 ÿ A� � as ``1= log T=T1� �'' against time were
drawn, but in this study they were never linear, i.e.
the reaction was not a straightforward second-
order process. Also, it must be noted that no plots
of observed rate against [radical]2 were linear, as
would have been required for a simple second-
order reaction.
Similarly, plots of ln(log T=T1� �) against time

were non-linear, although they were only slightly
curved, possibly implying a pseudo ®rst-order
process, (see below). The observed rate constant
kobs decreased very slightly as the the anion con-
centration increased, implying ionic complica-
tions.
Accordingly, a Bjerrum plot of log kdim against��
I
p

was drawn to investigate how ionic strength
a�ected the dimerisation rate, e.g. to investigate
whether ion-pairing to form neutral [bipm+.Xÿ]
species was kinetically relevant (Fig. 4). The gra-
dient of a Bjerrum plot [20] is 2AjZAZBj� �, where
Z terms relate to the charges on reacting species A
and B. The constant A is the familiar Debye±
HuÈ ckel `A' factor of 0.509. From the theory of
Bjerrum±Bronsted, the gradient of a Bjerrum plot

for a simple (+1)(+1) reaction should be 1.02.
Actually, the slope was negative, with a gradient
of ÿ(0.94�0.05), implying that the reactants had
charges of +1 and ÿ1 (the ionic strength I was
adjusted using KCl, a 1:1 electrolyte). When the
supporting electrolyte was sulphate, the Bjerrum
slope was almost doubled relative to that obtained
with chloride as electrolyte, and when phosphate
was the anion the slope increased by a factor of
2.5 (all gradients still retaining their negative
slopes).
The rate constants kobs are pseudo ®rst order,

thus explaining why ®rst-order plots showed cur-
vature. Two competing anionic e�ects were
evinced: kobs decreased with increasing I1=2

according to the Bjerrum theory, but also
increased with c (note that c / I for a 1:1 electro-
lyte) since kobs is pseudo ®rst order-rate constant.
Values of kobs must be converted into true sec-

ond-order rate constants, e.g. dividing kobs by the
anion concentration. Values of kobs at zero ionic
strength were determined from plots such as
shown in Fig. 4. Assuming the concentration of
dimer to be small straight after the ¯ash, values of
kdim were readily determined, and are listed in
Table 3. Note that values of kdim for n > 5 could
be suspect, since it is known that considerable ion±
cation association is present for these viologens
causing the solubility limit to be reached; the
solubility constant Ks for heptyl viologen bromide
in water has been estimated by conductance
methods to be 3.9�10ÿ7 (mol dmÿ3)2 [19].

Fig. 4. Bjerrum plot of log10 k=ko� � against (ionic strength,

I)1=2. The rate constant ko refers to the rate constant obtained

by extrapolation to zero ionic strength.

Table 3

Rate constants of viologen radical cation dimerisation in water

at 298 K as a function of substituent Ra

R Anion kdim=
�mol dmÿ3�ÿ1 sÿ1

Lit. value Ref.

Methyl MeSO4- 12.6�105
Methyl Clÿ >105 [14]

Methyl Clÿ >104 [15]

Ethyl Iÿ 9.0�105
n-Propyl Brÿ 8.3�105
n-Pentyl Brÿ 1.1�105
n-Hexyl Brÿ 0.88�105
n-Heptyl Brÿ 1.6�105 1.02�104 [12]

n-Octyl Brÿ 1.0�105 2.1�105 [12]

a All values have been adjusted to zero ionic strength.
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Finally, as an adjunct, a Marcus-type plot of
�Go

dim (obtained via ÿ RT lnKdim) against �G{

(via ÿ RT ln kdim) was drawn (see Fig. 5). It is
quite di�cult to see a linear relationship in this
®gure, so it is implied that the rate measured does
not relate to dimerisation per se, but to a separate
process involved in the dimerisation reaction.

4. Discussion

Comparison of the values reported here with
those in the literature is fairly di�cult owing to the
strong dependence on anion and ionic strength.
For this reason, it is regrettable that data from
some sources does not allow for ready compar-
ison. For octyl viologen, the literature and experi-
mental results respectively are 2.1�105 (mol
dmÿ3)ÿ1 sÿ1 and 1.0�105 (mol dmÿ3)ÿ1 sÿ1, which
is satisfactorily close. For heptyl viologen, our rate
constant of kdim=(1.6�0.2)�105 (mol dmÿ3)ÿ1

sÿ1 at I � 0 is 16 times faster than the literature

value [11] of 1.02�104 (mol dmÿ3)ÿ1 sÿ1 (at
unspeci®ed ionic strength). The agreement for
methyl viologen could be worse still if Compton's
[15] smaller value of kdim is accepted (he used 0.5
mol dmÿ3 NaCl as supporting electrolyte).
The two values of kdim in Ref. [12] are quoted

for solutions comprising 10ÿ5 mol dmÿ3 viologen
and 0.1 mol dmÿ3 tris bu�er at pH 8.1. Ion±ion
interactions are thus more likely to be extensive
(and uncompensated for) in Ref. [12], and the
concentration of dithionite used in Ref. [12] is
never speci®ed, so perhaps a more considered
comparison is not feasible.
We infer from the kinetic data above that the

rate-limiting reaction during radical dimerisation
occurs between an anion and a radical-cation
monomer to form an association pair. This result
necessitates the proposition of a new two-step
mechanism for the viologen dimerisation reaction:
®rst, a radical-cation monomer associates slowly
with an anion [Eq. (6)]:

bipm�� �Xÿ ! bipm��Xÿ �6�

which is followed by a more rapid spin-pairing
reaction [Eq. (7)]:

2bipm��Xÿ ! bipm� �2�2 2Xÿ �7�

It is clearly possible that Eq. (7) could proceed
with only one of the radicals existing as an ion-
paired monomer, so the other can be free [Eq.
(7a)]:

bipm�� � bipm��Xÿ ! bipm� �2�2 Xÿ �7a�

although it must be noted that this variant still
requires Eq. (6) to be the rate-limiting step.
The usual con®guration stated for the dimer is a

sandwich-type structure [4,5,7] with the two
bipyridilium planes lying parallel and face-to-face.
The validity of this structure Ð with both pyr-
idinium rings overlapping completely Ð is attested
by the way cyclopyridinophane species (e.g. struc-
ture I), when reduced, form analogous dimer spe-
cies; cyclopyridinophanes (e.g. [21]) comprise two
viologen moieties separated by a short, ¯exible
alkyl or aryl linkages at either nitrogen.

Fig. 5. Plot of �Go against �G{ (both terms relating to

dimerisation) in water at 298 K. The numbers relate to the

number of carbon atoms in the n-alkyl chains.
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Dimerisation is favoured in aqueous solution
alone (monomer being the predominant form in
all organic solutions except at very low tempera-
tures) [7]. This observed stability arises (in part, at
least) from the rather large dispersion forces engen-
dered when bulky molecules are positioned close
together [22]. If dispersion forces were the sole con-
sideration, however, then dimerisation would occur
in other solvents than water. It is therefore suggested
that the energetic contributions from increased
water±water interactions (inevitable since two radi-
cal ions now occupy a single solvent cavity) are suf-
®cient to overwhelm the repulsive coulombic forces
apparent when two cations are close together.
The entropy changes in Table 2 are rather sur-

prising since a negative entropy of dimerisation
would be the expected result. A positive value of
�S has also been observed, though in the case for
the dimerisation of a series of alkyl-substituted
viologens dissolved in methanol [7], greater free-
dom of solvent movement was postulated to occur
on dimerisation in a similar manner to that
observed during micellation. Since water (the sol-
vent in the study here) is more strongly solvating
than is MeOH, greater �H solvent±shell reorga-
nisation energies will be involved during reaction
in water. Also, the study here used longer alkyl
chains then those of Evans et al. [7]. The changes
in entropy which dominate the reaction are caused
by solvent molecules gaining freedom when
released during reaction.
The magnitude of the positive �Sdim terms gives

an indication of the dimer structure [7]: for �So
dim

to be so large, both radical monomers must be
held within a small solvent-bound cavity since

many water molecules have been released, i.e. the
dimer must be plane-to-plane with a signi®cant
extent of �-orbital overlap.
The linearity of Fig. 2 is interesting. We presume

that values of �Ho
dim are almost independent of

substituent and that each ÿCH2ÿ unit contributes
a modicum of entropy to the overall thermo-
dynamics of the association process (since a longer
chain implies greater solvent reorganisation). A
similar study by Evans et al. [7] used simple alkyl
viologens but with MeOH as solvent. The data
from these workers, when plotted, shows a similar
trend, with �Ho

dim being proportional to chain
length, eachÿCH2ÿ contributing ca. 2 kJ molÿ1. A
plot of �So

dim for viologens in MeOH against chain
length was linear [7]. (While these trends are expli-
cit, such graphs appear never to have been plotted.)

4.1. The role of anions

The kinetic process followed optically was
dimerisation, but the rate-limiting process was
clearly the formation of an association-pair
between bipm+. and Xÿ prior to the dimerisation
reaction.
That the kinetics of the dimer-formation process

depends on the anion in solution is not unlikely.
Indeed, van Dam and PonjeeÂ [19] postulated in
1974 that the dimer has the anion placed between
the two bipyridilium planes, though nowhere do
they state the reasoning behind their assertion.
Con®gurations with anion incorporation will be
designated as (bipm±X±bipm)2+.
Species of the type (bipm±X±bipm)2+ have been

prepared using comproportionation of viologen
species [8,23] (vide infra, where we discuss the pos-
sibility that the rate of dimer formation depends on
anions because species such as (bipm±X±bipm)2+

were formed).

4.2. Viologen comproportionation and the role of
counter anions in dimer structure

The comproportionation reaction of viologen
species involves dication and another (uncharged)
redox stateÐthe dihydro viologen bipmo:

bipmo � bipm2� ! 2bipm�� �8�
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It is now fairly well established that the inter-
mediate for this redox reaction is a radical-cation
dimer [9]. Some of the dimer dissociates soon after
formation (to ful®l thermodynamic criteria, e.g.
equilibrium-constant constraints).
Recent additional data concerning the compro-

portionation of heptyl viologen in the presence of
the bulky ferrocyanide anion [8], and previous
data [23] concerning comproportionation of the
aryl-substituted viologen 1,10-bis(p-cyanophenyl)-
4,40-bipyridilium in the presence of [Fe(CN)6]

4ÿ,
allow the inference that the [Fe(CN)6]

4ÿ anion lies
between the two bipyridilium planes during the
electron-transfer stage of the comproportionation
reaction. In the presence of ferrocyanide, the col-
our of dimer is not seen during comproportiona-
tion; electron transfer [Eq. (8)] does occur since
the colour of monomer is seen instead.
At ®rst sight, this result seems to contradict the

above, but a slightly di�erent comproportionation
reaction mechanism is su�cient to explain the dif-
ference, as below. The incorporation of an anion
during comproportionation is almost to be expec-
ted since viologen dications are quite electron poor
and readily form charge-transfer complexes [24].
As an example, the association constant for the
formation of a complex between MV2+ and
[Fe(CN)6]

4ÿ is [25] 52.4 (mol dmÿ3)ÿ1, and thus a
large fraction of the MV2+ from the bulk solution
can be expected to be associated with a donor
anion during reaction with electrogenerated MVo.
Anion incorporation will occur if the anion is on
the reacting face of the MV2+ moiety.
When a dimer species incorporating [Fe(CN)6]

4ÿ

is formed, it must either dissociate immediately (as
only the colour of monomer is seen) or have
bipm+. planes positioned su�ciently far apart
that no spin pairing is possible.
If monomer is seen because of rapid (perhaps cat-

alysed) dissociation, then it is likely that part of the
impetus for dissociation following comproportio-
nation comes from thermodynamic considerations,
since the concentration of dimer at the electrode
interface is higher than warranted by Kdim.
Such thermodynamic consideration would not

explain the total absence of dimer, hence the sug-
gestion of the second reason for absence of dimer
in that study, viz. the electron transferred from

bipm� to bipm2+ during comproportionation is
transferred via an anion `bridge' in an inner-
sphere type of mechanism. The product `dimer'
(bipm±X±bipm)2+ has its two viologen planes
parallel, but if the anion is large, e.g. [Fe(CN)6]

4ÿ,
the two viologen radicals are too far apart for the
viologen orbitals to overlap, as required for spin
pairing. Accordingly, the colour seen on compro-
portionation in the presence of anions such as
[Fe(CN)6]

4ÿ is that of monomer [8].
If, however, the counter anion X during com-

proportionation were smaller, e.g. chloride, then
incorporated X in the (bipm±X±bipm)2+ dimer
would allow the two radical planes to get closer,
thus engendering a su�ciently large overlap to
provide the observed dimer stability and hence the
colour of dimer.
Finally, if two monomer species approach and

orbital overlap occurs without anion incorporation
between the two bipm+. unitsÐas would be
expected in the absence of comproportionationÐ
then the expected coulombic repulsion between
the two bipm+. units will be greater because they
will be closer without an intercalated anion, but
the spin pairing energy will also be enhanced.

4.3. Solid state structures

There are no solid state X-ray structures of violo-
gen radical cations in the literature. Concerning
charge-transfer adducts of viologen dication (within
which the extent of charge transferred in the ground
state is never more than ca. 0.1 electrons [26]) the
dication is similar to the viologen radical in being
planar. XRD structures show the donor anion
usually residingz close to the nitrogens of the pyr-
idinium rings. Structures in the literature include:

1. complexes between TCNQ as donor and, as
acceptors, symmetrical viologens having sub-
stituents such as p-cyanophenyl [27], methyl
[28], ethyl [29];

2. complexes between methyl viologen and
donors of chloride, bromide and iodide [30],
quinol (in the presence of iodide as a counter
ion) [31]; and

3. polyhalometallate complexes, e.g. between
methyl viologen and [32] CuCl4

2ÿ or between
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protonated 4,40-bipyridilium with [33]
Cu2Cl6

2ÿ. We have tried unsuccessfully to
grow large crystals of methyl viologen radical
cation for XRD analysis.

None of the published projections shows an
anion between the planes. Also, it can be noted
that none of the projections in Refs. [27±29]
(which all pertain to complexes with the bulky
TCNQ donor) show viologen units either close
enough for interaction or with the molecular
planes overlappingÐsurely a prerequisite for
orbital overlapÐalthough a few do show the
viologen planes in a parallel, albeit staggered,
con®guration.
While no solid state X-ray structures exist for

radical cations, a few studies of MV+. have been
performed using FTIR. In the work by Poizat et al.
[34] it is explicitly stated that FTIR bands owing to
dimer (MV)2

2+ are clearly visible in the spectrum of
solid state MV+. Clÿ but no additional structural
details, for example the geometry within the dimer,
are mentioned by these authors.
In the FTIR study by Hester and Suzuki [35], it

is clear that force constants for the methyl groups
of methyl viologen are anomalous: there is ``a
surprisingly large change in the CH3 symmetric
deformation accompanying the transformation
(i.e. reduction) from MV2+ to MV+. [35].'' We
take this e�ect to arise from dimerisation in the
solid state. There is no mention of intercalation of
anions, and their simulations ignore the presence
of anions.
Finally, it is worth noting that both Evans

et al. [7] and Symons et al. [22] detected an
unknown paramagnetic species in solutions of
methyl viologen radical cation. We suggest that
this species is none other than bipm±X±bipm2+ in
which X is su�ciently large that no spin pairing is
possible.

5. Conclusion

Rates and equilibria of the spin pairing (dimer-
isation) of viologen radical cation monomers have
been determined using ¯ash photolysis and UV±
vis spectroscopy. Equilibrium constants are quite

large, thus demonstrating the stability to be gained
on radical-spin pairing. The rate constants of
dimerisation are quite fast. It is shown that some of
the results, e.g. those obtained during viologen
comproportionation, are best explained in terms of
a dimer having an anion X placed between the two
viologen units as (bipm±X±bipm)2+. Species such
as (bipm±X±bipm)2+ have only been observed in
such cases. Normal dimer is likely to have a
straightforward pÿp structure, with anions elec-
trostatically attached to the outside of the dimer
assembly.
It is concluded that the dimerisation results

obtained here, and obtained using dimer formed
as the product of viologen comproportionation,
are not incompatible since the latter dimer is
probably di�erent in terms of structure.
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Appendix. Sample syntheses of viologen species

Two methods of viologen preparation were
employed during this study: methyl viologen was
prepared with dimethyl sulphate as a methylating
agent, and other viologens were prepared with an
alkyl halide as the alkylating agent. As sample
preparations, we give the syntheses of methyl vio-
logen to illustrate the former method and of heptyl
viologen to illustrate the latter.

A.1. Methyl viologen

Methyl viologen dication was prepared as the
bis(methosulphate) salt by dissolving 4,40-bipyridine
(Aldrich) with excess dimethyl sulphate (Fisons) in
dry DMF at room temperature. Crystals were
apparent after ca. 2 h. Recrystallisation from cold
aqueous ethanol produced white needle-like crystals
in quantitative yield.
The purity of the methyl viologen was con®rmed

by the following data:
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1H NMR d=9.1 ppm, d of d, 4H (bipyridine);
8.5 ppm, d of d, 4H (bipyridine); 4.6
ppm, s, 6H, (Me) and 3.7 ppm, s, 6H,
(MeSO4

ÿ).
13C NMR d=153 ppm (Carbon-2);149 ppm (C-

4); 129 ppm (C-3); 58 (MeSO4
ÿ) and

51 ppm (Me)
IR 3200 cmÿ1, C-H; 1650 cmÿ1, C=C,

C=N; 1600, 1540, 1430 cmÿ1

(C=C); 1200, 1080 cmÿ1; 880 cmÿ1.
m.p. decomposed at T>270�C.

A.2. Heptyl viologen

A mixture of 4,40-bipyridine (40 g, 0.256 molz)
and 1-bromoheptane (40 g, 0.223 mol) in DMFwere
re¯uxed while stirring for 3 h. The resultant red
solution was allowed to cool, and the precipitate
®ltered o�. This crude product was recrystallised
from aq. ethanol and then from acetonitrile to
yield yellow plate-like crystals of HV2+2Brÿ in
93% yield.
The purity of the heptyl viologen was con®rmed

by the following data:

1H NMR (Solvent=D2O; reference=SSPA)
d=0.89 (t, CH3); 1.1±2.4 (m, CH2),
4.79 (t, N-CH2); 8.61 (bipyridine);
9.18 ppm (bipyridine).

IR (KBr)/cmÿ1 as �max=3420 (CÿH),
1640, 1460 (C�C, C�N); 850, 815

Other viologens were prepared similarly but by
reacting 4,40-bipyridine with the relevant alkyl
halides in an Anderson reaction [2].
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