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Herein we describe the results of a combined theoretical and spectroscopic investigation into the

design of a simple molecular system intended to act as a memory storage bank. The main

operating principle revolves around the two-electron reduction of an aryl disulfide bond. Addition

of the first electron leads to elongation of the S–S bond but it breaks only if there is

accompanying protonation. Adding a second electron causes S–S bond cleavage, with or without

protonation. The structural changes have been assessed by way of quantum chemical calculations

and molecular dynamics simulations. Electrochemical studies show that the two-electron reduced

product can be re-oxidised at mildly anodic potentials and the cycle can be repeated many times.

Both theory and experiment point towards pronounced potential inversion whereby the second

reduction potential lies at a significantly more positive potential than that for the first step.

Computer simulations of the cyclic voltammograms give rise to numerical values for the reduction

potentials that are in quite good agreement with the computed values and also allow

determination of the electrochemical rate constants and transfer coefficients. Accurate simulation

of the experimental data can be realised only if one proton accompanies the second reduction

step. The possibility to design an effective molecular-scale memory device around this system is

discussed briefly.

Introduction

The miniaturisation of integrated circuits is set to reach its

inherent limitation within the next two decades or so, when

current technologies cannot be scaled down any further.

Before that time, attention must swing toward the field of

molecular electronics and, in particular, to the development of

DRAMs (i.e., dynamic random access memories)1 to be used

in conjunction with molecular-scale wires2 in defect-tolerant

architectures.3 A few error-tolerant memory circuits have

already been realised4 but research is still at the stage of

identifying possible materials for use as ultra-dense molecular

memories.5 An obvious problem related to the use of mole-

cular components for such purposes is the need to ensure that

the storage process remains non-volatile (i.e., data are not lost

if the power is cut). Although several different types of

molecular memory systems have been suggested,6 those based

on a redox-enforced conformational change seem to be the

most viable.7 Here, charge is stored at a redox-active site by

way of an electrochemical reaction that can be reversed on

application of a different bias potential. The electrode process

is complemented by a large change in geometry such that

vastly disparate reduction potentials are found for the forward

and reverse steps.8 In principle, a molecular material should

allow for a far greater capacitance per unit area than can be

achieved with conventional DRAM memory but this situation

has yet to be achieved in a practical manner.

In searching for molecules that might function in the desired

way we have examined the electrochemical properties of

3,8-diiodo-dibenzo[1,2]dithiine, 1 (Fig. 1). This candidate has

been selected for detailed study because it is well known that

disulfides undergo bond cleavage upon two-electron reduction

to give a pair of thiolate anions.9 This compound is interesting

as a molecular memory medium, not least because of its

relatively small mass and facile synthesis that favour its

easy integration into more complex architectures.10 Moreover,

unlike simpler analogues9 such as diphenyldisulfide, 1 cannot

dissociate upon reduction but is still able to undergo internal

twisting so as to minimise electrostatic repulsion between

the resultant thiolate centres. This provides the basis for a

concerted electron transfer and structural change that might

be exploitable for the design of a data storage device.10,11 It

also raises questions about the mechanism for the electro-

chemical processes,11 and this forms the basis of the present

investigation.

Fig. 1 Molecular formulae and the energy-minimised structure

computed for 3,8-diiodo-dibenzo[1,2]dithiine, 1.

Molecular Photonics Laboratory, School of Chemistry, Newcastle
University, Newcastle upon Tyne, UK NE1 7RU.
E-mail: a.c.benniston@ncl.ac.uk.
E-mail: anthony.harriman@ncl.ac.uk; Fax: +44 (0)191 222 6929;
Tel: +44 (0)191 222 5706
w Dedicated to Prof. Jean-Pierre Sauvage on the occasion of his 65th
birthday.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009 New J. Chem., 2009, 33, 417–427 | 417

PAPER www.rsc.org/njc | New Journal of Chemistry

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
2 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 2
4 

N
ov

em
be

r 
20

08
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
81

46
76

D
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/b814676d
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ033002


Results and discussion

A preliminary communication10 described the synthesis of 1

starting from 4,40-diiodobiphenyl-2,20-diol. The full synthetic

details are to be found in the Experimental section. The title

compound was purified by extensive column chromatography

on silica gel using petroleum ether–diethyl ether (3 : 1) as

eluent, followed by recrystallisation from hot CHCl3. The

overall structure of the compound was confirmed by single-

crystal X-ray crystallography, as reported previously.10

Cyclic voltammetric reduction of 1

The energy-minimised structure of 3,8-diiododibenzo-

[1,2]dithiine, 1, calculated at the Hartree–Fock 3-21G* level,

is displayed in Fig. 1 and, in agreement with the crystal

structure,10 shows the molecule to be slightly twisted around

the central axis so as to accommodate the disulfide linkage.

Indeed, the computed dihedral angle for the inter-ring con-

nection is 341, while the S–S bond length is calculated to be

2.055 Å. Considerable electron density is localised on the

sulfur atoms (Fig. 2) and this introduces a modest dipole

moment of 3.6 D, as computed at the CNDO level. The

terminal iodine atoms are present as a simple means by which

to facilitate coupling to other molecules. It was found that 1

dissolved readily in a variety of common organic solvents

although saturation was easily achieved. The compound was

stable over prolonged storage and was found to be non-

fluorescent. A reasonably intense absorption band is evident

at around 305 nm in dichloromethane solution and can be

assigned to a p–p* transition. There is a weak shoulder centred

at ca. 327 nm that might be due to the n–p* transition

associated with the sulfur atoms, while a more intense p–p*
transition is located at around 220 nm. The expected s–s*
transition due to the disulfide bond cannot be resolved from

the more intense p–p* bands, and it was notable that solutions

of the compound were stable on exposure to room light.

Cyclic voltammetry studies were conducted with 1 in deoxy-

genated CH2Cl2 at room temperature. Attempts to measure

cyclic voltammograms in the presence of acid afforded irre-

producible results. On cathodic scans, a peak is observed at

about �1.5 V vs. SCE. This peak is electrochemically irrever-

sible and is assigned to reduction of the disulfide bond on the

basis that quantum chemical calculations locate the LUMO as

residing on this bond. It is also notable that the electro-

chemical behaviour is similar to that described for diphenyl-

disulfide.9 The peak potential, EP, becomes more negative as

the scan rate increases (Fig. 3) while the peak current, iP,

increases linearly with the square root of the scan rate, u
(Fig. 4). Linear correlations were also observed between EP

and ln(iP), between EP and u1/2, and between ln(u) and EP, at

least over limited scan rates (Fig. 4). Chrono-amperometric

experiments12 were performed with a microelectrode for var-

ious initial concentrations of 1 and analysed in terms of the

Shoup and Szabo approach (Fig. 5).13 Fitting the curve over

the entire time range allowed calculation of the total number

of electrons transferred during the electrochemical reaction

(n = 2), and of the diffusion coefficient (D = 1.5 � 0.2 �
10�6 cm2 s�1) for the electrode-active species. Earlier work has

already shown that the electrochemical reduction of simpler

aryl disulfides9 involves a two-electron process. Using these

derived values in the Butler–Volmer equation11 allows calcula-

tion of the transfer coefficient for the cathodic step, aC, as being
0.70 � 0.06. At slow scan rates, there is no obvious sign of any

other electrode-active species in the voltammograms, but at higher

scan rates an anodic process can be seen around 0 V vs. SCE.

This latter process is not apparent unless the potential has first

been swept in a cathodic direction. As such, the anodic wave

corresponds to the oxidation of a product formed during

reduction. At extreme potentials, the two iodine atoms are

oxidized at ca. 1.7 V vs. SCE and reduced at ca.�2.0 V vs. SCE.

Each of these latter processes involves the transfer of two

electrons and is electrochemically irreversible.

Even at a fast scan rate, the ratio of peak currents for the

anodic and cathodic steps does not exceed ca. 60%, except at

low temperature. This situation arises because the large

potential separation between cathodic and anodic peaks

allows the reduction product to diffuse from the electrode

surface before re-oxidation can take place. This separation of

the cathodic and anodic peaks, which varies from 1.06 V at a

sweep rate of 50 mV s�1 to 1.91 V at a sweep rate of 2 V s�1,

implies slow electrode kinetics.11 Analysis of the re-oxidation

step gave rise to a transfer coefficient, aA, of 0.44 � 0.05. The

sum of aC and aA (= 1.14) can be used to suggest that the rate-

determining reaction involves only a single electron.14

Furthermore, the observation that two electrons are involved

in the cathodic reaction but only one electron is transferred in
Fig. 2 Computed electron-density distribution for the LUMO of 1

(left hand side) and the corresponding dithiolate (right hand side).

Fig. 3 Cyclic voltammograms recorded for the reduction of 1 in

CH2Cl2 containing background electrolyte. Sweep rates increased

progressively from 50 mV s�1 to 2 V s�1.
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the rate-determining step points to a multi-step electro-

chemical reaction rather than a concerted two-electron change.15

A critical feature of any putative molecular memory device is

that the chemical reactions are fully reversible and that all

species involved in the electrochemical processes are chemically

stable. The slow electrode kinetics inferred from the shape of

the cyclic voltammograms allow any inherent chemical steps,

such as disproportionation, to compete and it is important to

assess the likelihood of any such reactions. In fact, the ratio of

the diffusion-controlled currents (iD) from the chronoampero-

metric response and the ratio of diffusion-controlled charges

(cD) from the chronocoulometric response are usually taken to

be characteristic of the chemical stability and reversibility of a

redox couple.11 The theoretical value for iD is 0.293 and

remarkably close to the experimental value of 0.294. Likewise

the experimental (cD = 0.412) and theoretical (cD = 0.414)

charges are in excellent agreement. This behaviour confirms the

high chemical stability of the system and holds promise for the

development of a fatigue-resistant molecular memory.

Spectro-electrochemistry

Compound 1 was dissolved in anhydrous, deoxygenated

CH2Cl2 (1.2 mM) containing 0.2 M tetra-N-butylammonium

tetrafluoroborate as background electrolyte and studied by

spectro-electrochemistry. Thus, electrochemical reduction at

�1.5 V vs. SCE caused the progressive transformation of

1 into a stable product. The reaction was easily followed by

UV-visible absorption spectroscopy, as shown in Fig. 6; the

absorption band centred at 305 nm is replaced by a new band

centred at 275 nm, and there is a clear isosbestic point at

292 nm. Electrolysis at �1.9 V vs. SCE has the effect of

converting this product into a second species that absorbs

around 240 nm but also shows increased absorbance at about

350 nm. A clear isosbestic point is seen at 255 nm but the

isosbestic point around 308 nm is not fully preserved during

electrolysis, possibly because of partial precipitation of the

final product. Nonetheless, two stable products are seen that

differ by their respective reduction potentials. The reaction

was also followed by FT-IR spectroscopy but little structural

information was provided by these particular experiments.

The second electrochemical process observed in the spectro-

electrochemical studies corresponds to reduction of the

Fig. 4 Plots showing the variation of peak current with square root

of scan rate (top panel), peak potential (Ep) with ln(u) (middle panel)

and peak potential (Ep) and ln(ip) (bottom panel).

Fig. 5 Plot from chrono-amperometric experiments showing the

variation of current with time.

Fig. 6 Spectro-electrochemical studies carried out with 1 in deoxy-

genated CH2Cl2 solution with an applied potential of �1.5 V vs. SCE.
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iodobenzene moiety and is an artefact of the system selected

for study. The first process is the one of interest here since it

refers to the switching action. This is a two-electron reaction

and, on the basis of studies made earlier with simpler aryl

disulfides,9 can be assigned to reduction of the disulfide bond.

The resulting product will be the dithiolate, although there

might be partial protonation if trace amounts of water are

present. Computer modelling studies indicate that the two-

electron reduction of 1 will be accompanied by a substantial

geometry change in order to minimise electrostatic repulsion

and stereochemical effects. Indeed, the energy-minimised geo-

metry for the dithiolate has an inter-ring dihedral angle of 1301

and an S–S separation distance of ca. 5.35 Å. The dithiolate is

considerably less stable than the starting disulfide, in both a

vacuum and a polar solvent. The computational studies

indicate that the HOMO has significant electron density on

the sulfur centre. The dithiolate is re-oxidised at potentials of

around 0 V vs. SCE, without overall loss of material, and it is

also important to note that EPR studies failed to detect the

presence of free radicals, as might arise from the one-electron

reduction of 1 to the corresponding p-radical anion. Thus,
comproportionation of the dithiolate seems to be unimportant

under these experimental conditions.

Electrochemical mechanism

The system under investigation corresponds to the two-electron

inter-conversion between the disulfide and the corresponding

dithiolate species. There is a substantial change in geometry

and the electrochemical steps appear to be kinetically slow. The

structural change involves dissociation–reformation of the

disulfide bond and rotation around the connecting C–C bond,

at least according to computational studies (see later). Once the

disulfide bond is broken, internal rotation is facile and is likely

to be relatively fast. Indeed, no intermediate species could be

detected by electrochemical methods and this raises the possi-

bility that the overall reaction involves concerted electron

transfer and geometry change. Given that the electron-transfer

chemistry is fully reversible, the reaction can be considered in

terms of Scheme 1, with due allowance for the fact that only a

single geometry is available to the initial disulfide (S). Within

this scheme, addition of the first electron results in formation of

the corresponding p-radical anion (S��). This species can

accept a second electron to form the dianion (S2�) before a

change in geometry takes place, or rearrange to a new energy-

minimised structure (R��) prior to addition of the second

electron. Consequently, the resultant dianion must undergo

further structural re-arrangement to the preferred geometry

computed for the dithiolate (T2�). Alternatively, bond disso-

ciation could take place at the p-radical anion stage, forming

T��, and be followed by addition of the second electron with-

out a substantial change in geometry. The possibility for

potential inversion exists for all routes.16,28 As a final complica-

tion, it is necessary to consider the effects of protonation of the

reduced species, even though our experimental studies are made

in acetonitrile, and the relevant species are added in parenthesis

to Scheme 1. It is implausible that S will be protonated under

any conditions, the quantum chemical studies strongly support

this intuitive notion by giving a calculated pKA in acetonitrile

of �25.5, and such species have been eliminated from

Scheme 1. There is more likelihood of the p-radical anion

and dianion becoming protonated and this possibility was

examined in depth by quantum chemical calculations.

Quantum chemical studies

Unravelling the detailed reaction mechanism is not possible on

the basis of the results discussed so far, but additional insight

can be gained by quantum chemical studies. The calculations

were performed in simulated dichloromethane (CH2Cl2) and

acetonitrile (CH3CN), both of which are widely used in

electrochemical experiments, and in vacuo. Solvent effects are

expected to play a crucial role in determining both reduction

potentials and protonation states, and have been included in

the calculations using the integral equation formalism polari-

sable continuum model (IEFPCM).17 Table 1 contains

selected geometric parameters of the minimum energy struc-

tures for all species, for both gas-phase and solvated systems.

Species are labelled according to the number of excess protons

and electrons they possess, relative to the initial starting

material, S. The bond length between phenyl units (C–C) is

reported, as well as the separation between sulfur atoms (S–S),

and the torsion angle between the plane of the phenyl rings. In

general, reduction of S leads to a lengthening of the central

C–C bond, while protonation of one or both S atoms shortens

it. For R��, the dihedral angle, and hence the S–S separation,

increases in keeping with the population of the s* orbital

located on the sulfur bridge. However, the occupation of the

anti-bonding orbital is insufficient in itself to break the bridge.

For the protonated species RH�, a significant increase in the

dihedral angle accompanies reduction, so that the phenyl rings

become almost perpendicular. This extreme change in geo-

metry indicates that the bridge has been broken, with the

excess electron being localised on the non-protonated sulfur

atom. This is confirmed by examination of the spin density

Scheme 1 Proposed sequence of events associated with the reversible

2-electron reduction of the disulfide 1 and allowing for the change in

geometry. The left–right direction represents the electron-transfer steps

whereas the up–down direction refers to stepwise changes in geometry.
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resident on each sulfur atom, which shows the protonated

atom having a Mulliken spin density of 0 electrons, while the

non-protonated sulfur atom has a spin density of 0.7 electrons.

This can be compared with the equivalent spin densities found

in R��, where each sulfur atom has 0.48 electrons. The second

reduction step has the effect of breaking the S–S bond for both

non-protonated (T2�) and doubly-protonated (TH2) species.

However, the geometry of the singly-protonated species (TH�)

is interesting since the single proton orients between the two

sulfur atoms, effectively reforming the bridge that was broken

during the first reduction step.

To calculate the reduction potentials for each step in

Scheme 1, we have adopted the method used by Holland

et al.18 in determining reduction potentials for a series of

organocopper complexes. Their method removes the need

for explicit determination of solvated vibrational frequencies,

and provides results accurate to a few tenths of a volt across a

range of compounds. The IEFPCM method, as used to model

the solvent interactions in the present study, is unsuitable

for the determination of vibrational frequencies (and hence

absolute free energies) for two reasons. Firstly, the model

already includes solvent entropic contributions implicitly, so

entropy calculations are likely to be overestimated. Secondly,

the model neglects solute–solvent interactions, meaning large

errors may be introduced due to neglect of low frequency

vibrational modes. To overcome these deficiencies, the calcu-

lation is divided into two parts. The first involves determina-

tion of the gas-phase reaction free energies of electron

attachment (DGEA(g)) by calculation of the changes in

enthalpy (H) and entropy (S) for each of the species involved

in the reaction (eqn (1)). The solvation free energy change

(DGsolv) of a species is obtained as the energy difference

between the gas-phase SCF energy given in appropriate units

(EZPE), calculated at the gas-phase geometry, and the total free

energy of the solvated species at the relaxed solvated geometry.

Since the IEFPCM model implicitly includes solvent entropic

contributions, this provides a good estimate for the true value

of DGsolv.
18

DGEA(g) = DH � TDS (1)

Table 2 contains all the thermodynamic variables calculated

for each species of interest. Individual gas-phase free energies

are not shown, since they have little meaning until compared

with one another. The interplay between solvation free

energies and the charge on each species is interesting to note.

The neutral species favour solvation in the low dielectric

solvent (i.e., CH2Cl2), while doubly charged species (either

positively or negatively charged) exhibit a greater stabilisation

in CH3CN. For singly charged species, it seems that low

polarity is favoured.

A complete model of the reduction of 1 requires knowledge

of the acidity constants for each species. The accurate deter-

mination of a pKA value by computational methods is a

particularly difficult undertaking,19 and relies to a great extent

on the quality of the reference used to model the solvated

proton.20 In many cases, the experimental value for a solvated

proton is used.21 However, in the present case, where the

solvents under investigation are non-aqueous, such a value is

not well defined. Instead, we have elected to model the

solvated proton explicitly as a protonated H8O4–H9O4
+ clus-

ter, with the non-protonated cluster acting as the reference.22

This cluster was found to be the smallest system able to

provide reasonable results in aqueous calculations. It should

be recalled that pKA values obtained using by this method

are not absolute, but are relative to water in the same

environment.

Table 1 Geometric parameters of the various structures determined at the B3LYP/6-31++G** level

C–C/Å S–S/Å Dihedral angle/1

Species Gas CH2Cl2 CH3CN Gas CH2Cl2 CH3CN Gas CH2Cl2 CH3CN

S 1.49 1.49 1.49 2.10 2.10 2.10 33 33 33
HS+ 1.49 1.50 1.50 2.11 2.11 2.11 31 31 31
H2S

2+ 1.49 1.49 1.49 2.46 2.43 2.43 38 37 37
R�� 1.49 1.49 1.49 2.77 2.78 2.79 49 49 49
RH� 1.49 1.50 1.50 4.73 4.19 4.12 110 90 87
RH2

+� 1.47 1.47 1.47 4.87 4.94 4.94 128 131 131
T2� 1.50 1.50 1.50 5.51 5.38 5.35 134 131 130
TH� 1.50 1.50 1.59 3.34 3.37 3.38 63 64 64
TH2 1.50 1.50 1.50 4.40 4.40 4.40 102 102 102

Table 2 Computed energies and thermodynamic parameters for all species considered here

Species ESCF (Hartree) EZPE
a Ha Sb DGSolv

ac DGSolv
ad

S �1258.51 428 458 425 �33 2
HS+ �1258.83 454 485 429 �163 �141
H2S

2+ �1258.99 475 508 444 �535 �555
R�� �1258.56 421 453 444 �182 �167
RH� �1259.08 446 480 478 �21 15
RH2

+� �1259.43 471 506 471 �120 �120
T2� �1258.52 417 449 449 �626 �659
TH� �1259.18 441 473 443 �184 �171
TH2 �1259.71 469 505 478 �27 8

a Units of kJ mol�1. b Units of J K�1 mol�1. c CH2Cl2.
d CH3CN.
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Now, the pKA may be determined from the solvated free-

energy of protonation, DdpG
0
(sol), on the basis of eqn (2).

pKA ¼
DdpG

0
ðsolÞ

2:303 RT
ð2Þ

In determining DdpG
0
(sol), we have separated the calculation

into gas-phase and solvation terms. Eqn (3) and eqn (4) show

how the free-energy of deprotonation in the gas phase,

DdpG
0
(gas), and individual solvent free-energies of solvation,

DsolvG
0(X), are combined to calculate DdpG

0
(sol).

23

DdpG
0
(sol) = DdpG

0
(gas) + DsolvG

0(A)

� DsolvG
0(AH+) + DsolvG

0(H+) (3)

DsolvG
0(H+) = DsolvG

0(H9O4
+) � DsolvG

0(H8O4) (4)

Table 2 contains the results of these calculations, as applied to

the protonation steps illustrated in Scheme 2. For all pathways

considered, protonation of a neutral species to form the

conjugate acid is unfavourable, as indicated by the negative

pKA for that step. However, the data indicate that the

p-radical anion is susceptible to protonation (pKA = 8.4),

giving RH�, if a source of protons is available. The dianion,

T2�, is likely to be protonated in any medium (pKA = 20.4)

while formation of the di-protonated species, TH2, is also

favourable (pKA = 13.8).

Molecular dynamics simulations

To further investigate the protonation/geometry change, we

have performed molecular dynamics simulations (MDS) on

the various species. Since the processes of interest involve

electron addition and bond breaking, molecular mechanics

methods, as commonly used for dynamics simulations, are

inappropriate. Therefore, we have used the semi-empirical

MOPAC method24 encoded within the CHARMM dynamics

environment.25 Three separate sets of trajectories were calcu-

lated, one for each of the possible states of 1 and, at intervals

of 100 ps, an electron is added to the simulation in order to

reduce the solute. The dihedral angle is monitored throughout

the simulation as a means by which to gauge the scale of

geometric distortion, and Fig. 7 shows the results for all

species. Starting with the neutral form of 1, which we believe

to be the only species present at the onset of experiment

(left panel of Fig. 7), the initial phase of the trajectory

(i.e., 0–100 ps) exhibits simple oscillation of the dihedral angle

around the minimum. The mean value for the dihedral angle

during this phase is 271, in reasonable agreement with the

minimum energy value of 331. However, upon addition of

the first electron (i.e., 100–200 ps), there is a slight reduction in

the mean value of the dihedral angle to 221. This is contrary

to both the geometry optimised structures and chemical

intuition, and demonstrates the weakness of the method.

On addition of a second electron, producing the T2�, the

calculation fails to reach SCF convergence.

For both HS+ and H2S
2+, these being hypothetic

structures, the initial phase of the MDS proceeds as described

for S, with mean dihedral angles of 291 and 281, respectively.

Addition of the first electron has a profound effect on both

these two structures. Thus, for SH�, there is a near instanta-

neous change in geometry to a mean dihedral angle of 971, in

agreement with the minimum energy structure calculated in

Table 1. Furthermore, the new potential surface allows for a

much wider scale of motion such that the standard deviation

of the dihedral angle is 24.91. This indicates that the S–S bond

has been broken. Addition of the second electron at 200 ps

decreases the dihedral angle, effectively reforming the bridge.

In this state, the mean dihedral angle is 581, which remains in

excellent agreement with the previously calculated value.

Furthermore, the single proton positions itself between the

two sulfur atoms in the manner predicted by the minimum

energy calculations. A particularly interesting feature of this

species is that the proton bridge is surprisingly rigid; the

standard deviation of the dihedral angle computed for TH�

is only 7.11.

The MDS runs made for the di-protonated species shows

that the S–S is broken concomitantly with addition of the first

electron (Fig. 7). A mean dihedral angle of 1401 is calculated

for the reduced species, H2R
+�. There is a surprising rigidity,

Scheme 2 Main pathway for the two-electron reduction of 1 in

CH2Cl2 with the electrochemical data obtained from simulation of

the cyclic voltammograms recorded at room temperature.

Fig. 7 Results of MDS runs carried out for the unprotonated species (left), the mono-protonated molecule (centre) and the di-protonated solute

(right). Single electrons are injected after 100 ps and after 200 ps in each case.
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with the standard deviation being 14.21, when we might have

expected the dihedral angle to show similar flexibility to that of

RH�, and at the present time the reason for this apparent

constraint is unclear. Addition of the second electron, forming

the neutral species TH2, causes the adoption of a near

perpendicular geometry, as predicted by the DFT calculations.

Calculation of reduction potentials

Combining the information listed in Table 1 and Table 2

indicates that we need consider only the neutral species S at the

beginning of the experiment. The final product will be either

TH� or possibly TH2. Both these latter species lack the S–S

bond, according to both the MDS runs and the computed

lowest-energy structures. The intermediate species is subject to

protonation, forming RH� as the most likely species, but there

seems little chance of forming the di-protonated species

RH2
+�. The stage is now set to compute the respective

reduction potentials, using the well-known relationship

between free energy and reduction potential (eqn (5)), where

the number of electrons, n, is unity in all cases.

DG0
(sol) = �nFDE0 (5)

Reduction potentials obtained in this way are absolute,26 and

as such must be made relative to an experimental electrode

before use.27 This is easily achieved by subtraction of 4.189 V

from the final result. This value is based on the experimentally

determined absolute value of the hydrogen electrode minus the

standard potential of the calomel electrode (0.241 V).18

Table 3 contains the calculated reduction potentials for

significant electrode reactions described in Scheme 1. Firstly,

we consider the values computed in the absence of a proton

source.29 In agreement with the experimental studies, addition

of the first electron requires a strongly cathodic potential. The

computed ERED values are somewhat different for the two

solvents, with reduction being easier in CH3CN. Addition of

the second electron is subject to potential inversion in both

solvents, although the reduction potentials for the second step

are quite different. Again, the polar solvent appears to assist

reduction to the anionic product. Indeed, the extent of poten-

tial inversion is pronounced in CH3CN solution. The p-radical
anion formed during the first reduction step, R��, is possibly

protonated in the presence of a suitable proton source. The

MDS runs indicate that this might be a fast process, although

it is unlikely that it will compete with further reduction during

cyclic voltammetry. The quantum chemical calculations show

that ERED for the protonated species, RH�, is slightly positive

in both solvents. This situation serves to enhance the degree of

potential inversion and means that the first reduction product

is highly susceptible to further reduction. It is considered

unlikely that RH2
+� will be formed in an organic solvent

while the computational studies suggest that this species is very

easily reduced.

Data simulation

The cyclic voltammograms recorded in CH2Cl2 at room

temperature were subjected to computer simulation, on the

basis of two successive one-electron-transfer steps, each with

an associated reduction potential, ERED, a characteristic

electrochemical rate constant, kS, and a transfer coefficient,

a.30 The diffusion coefficient was kept fixed at the value

measured earlier. Simulations were carried out for all sweep

rates covered experimentally and the averaged parameters are

given in terms of Scheme 2. Simulations were made for two

solute concentrations. In order to obtain an adequate repre-

sentation of the experimental voltammogram it was necessary

to add a proton during the second reduction step. The entire

cyclic voltammogram was simulated, not just the cathodic

wave. Within these conditions, good fits to the experimental

curves could be generated using reasonable values for the

various parameters. A typical comparison of the experimental

and simulated cyclic voltammograms recorded for the

reduction of 1 at a sweep rate of 2 V s�1 and at 20 1C is

shown as Fig. 8.

Thus, the one-electron reduction of 1 in CH2Cl2 proceeds

smoothly to give the corresponding p-radical anion. There is a
modest structural change accompanying this reduction step

but no concomitant protonation of the resultant p-radical
anion. Data simulation estimates the one-electron reduction

potential to be �1.22 V vs. SCE under these conditions, while

the transfer coefficient is computed to be 0.61. It is notable that

the derived ERED is in remarkably good agreement with that

computed by the quantum chemical approach, where ERED =

�1.16 V vs. SCE. The electrochemical rate constant, kS, is

calculated to be 0.0094 cm s�1. This seems to be a reasonable

value in light of the moderate geometrical change that follows

from addition of the first electron. The simulation requires

that the second reduction step is seriously inverted since ERED

is derived to be �0.12 V vs. SCE. In fact, this situation

corresponds to potential inversion of 1.04 V. For the second

step, a = 0.42 and kS is calculated to be 0.0048 cm s�1. Again,

these parameters seem quite reasonable and fully consistent

with the proposed mechanism. The quantum chemical studies

indicate ERED values of 0.22 and �0.76 V vs. SCE, respec-

tively, with and without protonation. Slightly better agree-

ment is reached for the case where the relaxed p-radical anion,
R��, is reduced to the dithiolate and simultaneously

Table 3 Computed thermodynamic parameters for the various redox steps of interest; units being given as kJ mol�1 unless stated otherwise

Speciesa DGEA(gas) DDGSolv
b DDGSolv

c DGEA
b DGEA

c ERED
bd ERED

cd

S �142 �150 �169 �292 �312 �1.16 �0.96
HS+ �662 142 157 �520 �505 1.20 1.05
H2S

2+ �1171 415 435 �756 �736 3.65 3.44
R�� 112 �443 �492 �331 �379 �0.76 �0.26
RH� �262 �164 �186 �425 �448 0.22 0.45
RH+� �729 93 128 �636 �601 2.40 2.04

a Refers to the starting species prior to addition of one electron. b Refers to CH2Cl2.
c Refers to CH3CN. d Units of V vs. SCE.
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protonated to give TH�. Here, the computed ERED is 0.14 V

vs. SCE. The overall fit to the experimental record is vastly

improved by inclusion of this single protonation step and we

consider that this represents the actual situation.

Electrostatic interactions

Both the experimental and theoretical results agree that the

second step of the two-electron reduction of 1 occurs at a less

negative potential than the first. There are relatively few

examples in the literature of such behaviour,31 and all involve

species undergoing significant structural alteration, thereby

significantly changing the environment. The extent to which 1

might achieve such distortion appears, at first glance, to be

limited. The only major geometry change that occurs upon

reduction is an increase in the central dihedral angle. This

structural change is driven by the need to reduce the extent of

electrostatic repulsion. To show this, we have calculated the

partial charges for the various species in the absence of

protonation. These partial charges are then used to compute

the electrostatic interaction energy for the singly- and doubly-

reduced species, using eqn (6), the energy being calculated in

terms of the distance between point charges.32

E ¼ 1

4px0

Xn

i

Xn

j

qiqj

rij
ð6Þ

Here, x0 is the permittivity of free space and qi and qj are the

partial charges of atoms i and j, separated by a distance of rij.

We find that the total electrostatic energy is �214 kJ mol�1

for the neutral species, S, �15 kJ mol�1 for R��, and

�102 kJ mol�1 for T2�. Thus, despite having doubled the

negative charge, cleaving the S–S bond is sufficient to signifi-

cantly reduce the electron repulsion. Mono-protonation of the

dithiolate product serves to further reduce the electrostatic

energy, despite bringing the sulfur centres into closer proximity.

Concluding remarks

This research has been concerned with the design and critical

examination of a small molecular system intended to store

information on a transient basis. Although, in principle, the

system could be activated by thermal, photochemical or

electrochemical stimulation, because of inherent limitations,

our attention has been restricted to an electrochemical cycle.

Here, the writing process is achieved by application of a

cathodic potential whilst the erase step consists of applying a

suitable anodic potential. The study involves three interlocked

components; namely, electrochemical measurements, theore-

tical modelling to better understand the mechanism, and

mathematical simulation to resolve the potential inversion

characteristics. The key feature of the work relates to the

large-scale geometrical changes that accompany the electro-

chemical steps. An essential feature of the long-term stability

of the system involves seeking a detailed understanding of

protonation of the anionic species formed upon one- or two-

electron reduction of the disulfide. This latter situation

has important implications for the reduction potentials and

stabilities of the products.

Reduction of the disulfide is a two-electron process. Both

experimental and theoretical studies point towards potential

inversion whereby addition of the second electron occurs at a

less negative potential than that needed to effect attachment of

the first electron.16,31 The underlying reason behind such

behaviour stems from the structural changes that accompany

one-electron reduction. Thus, the anion radical possesses an

extended S–S bond but this remains intact. The extra electron

is located primarily in the s* orbital associated with the S–S

bond. Protonation affects the structure of this species. More-

over, the S–S bond cleaves upon addition of the second

electron and the resultant thiolate anions move apart to escape

electrostatic repulsion. The entire process is reversed on

application of an anodic potential. It is important to stress

that many redox cycles can be achieved without loss of activity

or current. The amount of chemical change is easily quantified

by measuring the current.

Our computational studies have addressed the role of

protonation of the dithiolate product. For effective memory

storage, the final product must be highly stable and unaffected

by closing down the circuitry. In this respect, the dithiol has

certain advantages over the corresponding dithiolate. Experi-

mental studies have confirmed that the product is stable over

several days at ambient temperature and that the memory

cycle can be completed after storing a partially electrolysed

solution for more than one week. Molecular oxygen affects the

cathodic process but not the subsequent reversal. There is only

a modest nuclear reorganisation energy associated with for-

mation of the anion radical, somewhere in the region of 0.3 eV

as determined by comparing all the changes in bond length

upon addition of the electron. The reorganisation energy is

increased dramatically for formation of the dithiolate, and a

value of around 1 eV is obtained from the structural data.

Interestingly, the mono-protonated species, TH�, is associated

with the more modest reorganisation energy of 0.57 eV since

the structural change is less pronounced than for formation

of the dianion. Since a proton source could be incorporated

into the overall system, it should be possible to drive the

chemistry towards TH� or indeed TH2.

The quantum chemical studies are strongly supportive of

potential inversion and it has not been possible to analyse the

experimental data without allowing for this feature. Proto-

nation of the dithiolate enhances the disparity between the two

Fig. 8 Comparison of experimental cyclic voltammogram (solid line)

and simulated curve (open circles) for 1 in CH2Cl2. The sweep rate was

2 V s�1.
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reduction potentials and also minimises the extent of the

geometric change that accompanies the addition of the second

proton. The computational work indicates that the attached

proton resides midway between the sulfur atoms and has the

appearance of a bridge. Even so, the S–S distance of 3.4 Å is

too long to support a formal bond. Agreement between

calculated and experimental reduction potentials is remark-

ably good. Given that calculation of reduction potentials can

be highly challenging, this agreement is extremely rewarding

and opens the way to using quantum chemistry as a design

element for next-generation prototypes.

In terms of a practical device, we note firstly that a second

disulfide residue could be added to the switch centre.33 This

would raise the number of stored electrons from two to four

for each molecule. Secondly, small oligomers could be synthe-

sised by joining successive molecules into linear or branched

arrays so that multi-electron storage becomes possible. There

are no accompanying colour changes so the system should not be

considered as an electrochromic (or indeed electro-luminescent)

device. Attaching the molecule to an electrode should be

straightforward and, in principle, a very high density of

molecules, each capable of storing many electrons, could be

engineered. The system described here provides for high-

density DRAM and is suitable for 3D recording. It has

the capability for non-volatile memory storage at the mole-

cular level. Miniaturised systems could be built by replacing

one of the macroscopic electrodes with the tip of a scanning

electrochemical microscope so that spatial resolution becomes

possible.

The remaining question to be addressed relates to how best

to read the stored information without perturbing the system.

Surface-enhanced spectroscopic techniques, such as total

internal reflection infrared or resonance Raman, offer many

possibilities to monitor the structural changes. These techni-

ques are fast and reliable. A simpler approach involves

attaching a fluorophore to the disulfide such that reduction

switches on fluorescence. We have made some progress along

these lines and have been able to induce fluorescence modula-

tion by switching the redox state of the attached disulfide.10

Likewise, work is in progress aimed at equipping the system

with a chemical means for encoding and decoding information

at the molecular level. Such features represent the next stage of

development.

Experimental

Methods and materials

All chemicals were purchased from Aldrich Chemicals Co. and

were used as received. The starting material 4,40-diiodobiphenyl-

2,20-diol was prepared following a literature method.33

Solvents were dried by standard procedures before being

distilled and stored under nitrogen over 4 Å molecular

sieves.34 1H and 13C NMR spectra were recorded with a

Bruker AVANCE 300 MHz spectrometer. EPR studies were

conducted at the EPSRC-sponsored EPR Centre at the

University of Manchester. Routine mass spectra and elemental

analyses were obtained using in-house facilities. Spectroscopic

grade solvents were obtained from Aldrich Chemical Co. and

were redistilled before use. The procedure used for preparation

of compound 1 is shown in Scheme 3.

Synthesis

Dimethylthiocarbamic acid O-(20-dimethylthiocarbamoyloxy-

4,40-diiodobiphenyl-2-yl) ester ( 2). A solution of 4,40-diiodo-

biphenyl-2,20-diol (0.8 g, 1.8 mmol) in dry DMF (100 mL)

containing NaH (0.22 g, 5.49 mmol) was stirred under N2 at

room temperature for 2 h. During this time the colour of the

solution changed from brown to beige. An aliquot of

Me2NCSCl (0.69 g, 5.49 mmol) was added and the mixture

heated at 85 1C for 2 h. Afterwards the mixture was cooled to

room temperature and stirred overnight. Aqueous KOH

(2% w/w) was added and the resultant white precipitate was

extracted with CH2Cl2 (3 � 50 mL). The combined organics

were dried over MgSO4, filtered, and removed on a rotary

evaporator to afford the crude product. This material was

purified on silica gel using petroleum ether–Et2O (2 : 1) as

eluent to afford a white solid. Yield 0.8 g, 1.83 mmol, 70%. 1H

NMR (300 MHz, CDCl3): d = 7.59 (dd, 2H, J = 8.0 Hz,

J0=1.7 Hz), 7.53 (d, 2H, J=1.7 Hz), 7.12 (d, 2H, J=8.0 Hz),

3.30 (s, 6H), 3.09 (s, 6H). 13C NMR (75.5 MHz, CDCl3)

d = 186.8, 151.6, 135.1, 133.5, 132.8, 130.2, 93.1, 43.7, 39.1.

EI-MS (m/z): calc. for C18H18I2N2O2S2 611.8899, fnd

611.8919. M.p: 200–202 1C. Elemental analysis: calc. (fnd)

for C18H18I2N2O2S2 C, 35.51 (35.23), H, 2.96 (2.96), N,

4.58 (4.41).

Dimethylthiocarbamic acid S-(20-dimethylcarbamoylsulfanyl-

4,40-diiodobiphenyl-2-yl) ester (3). A 100 ml round-bottomed

flask was charged with 2 (300 mg, 5 mmol) and fitted with an

air condenser. The flask was put under a positive pressure of

N2 and heated in an oil bath at 200 1C for 6 h. The mixture was

cooled to room temperature and the resultant slurry taken up

in CH2Cl2 (100 mL) and filtered to remove insoluble material.

Evaporation of the organic solvent afforded a crude mixture

which was purified by column chromatography on silica gel

using petroleum ether–Et2O (1 : 1) as eluent. Recrystallisation

Scheme 3 Reagents and conditions: (i) NaH, DMF, Me2NCSCl,

85 1C; (ii) 200 1C, 6 h; (iii) NaOH, THF–MeOH, 30 min.
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of the isolated residue from Et2O afforded the desired product

as a white solid. Yield 120 mg, 0.2 mmol, 40%. 1H NMR

(300 MHz, CDCl3) d=7.93 (d, 2H, J= 1.8 Hz), 7.71 (dd, 2H,

J = 8.1 Hz, J’ = 1.8 Hz), 7.00 (d, 2H, J = 8.1 Hz). 13C NMR

(75.5 MHz, CDCl3) d = 145.5, 137.6, 133.2, 130.6, 127.3,

123.6, 92.5, 92.0, 40.6. M.p: 190–192 1C. EI-MS (m/z): calc. for

C18H18I2N2O2S2 612.3, fnd 612.0. Elemental analysis: calc.

(fnd) for C18H18I2N2O2S2 35.51 (35.40), H, 2.96 (2.98), N,

4.58 (4.62).

3,8-Diiododibenzo[1,2]dithiine (1). Compound 3 (80 mg,

0.13 mmol) was dissolved in dry THF (10 mL) and MeOH

(5 mL) and purged with N2. The solution was brought to

reflux and a solution of NaOH (20 mg, 0.5 mmol) in MeOH

(5 mL) was added. The mixture was refluxed for 30 minutes

and cooled to room temperature. Water (10 mL) was added

and the solution acidified with conc. H2SO4 to afford a white

precipitate that was extracted into Et2O (50 mL). The organic

solvent was dried over MgSO4, filtered and removed on a

rotary evaporator. The crude product was purified by column

chromatography on silica gel using petroleum ether–Et2O

(3 : 1) as eluent. Recrystallisation of the product from CHCl3
afforded the desired product as a yellow solid. Yield 50 mg,

0.1 mmol, 80%. 1H NMR (300 MHz, CDCl3) d = 7.85 (d, 2H,

J=1.8 Hz), 7.69 (dd, 2H, J=8.3 Hz, J’=1.8 Hz), 7.35 (d, 2H,

J = 8.3 Hz). 13C NMR (75.5 MHz, CDCl3) d = 138.4, 138.1,

137.7, 137.2, 129.0, 94.0. M.p: 150–152 1C. EI-MS (m/z): calc.

for C12H6I2S2 467.8000, fnd 467.8006. Elemental analysis:

calc. (fnd) for C12H6I2S2 30.79 (29.42), H, 1.29 (1.08).

Electrochemical methods

Cyclic voltammetry studies were carried out in dried CH2Cl2
containing 0.2 M tetra-N-butylammonium hexafluoro-

phosphate, freshly recrystallised, as background electrolyte

using a conventional three-electrode cell. Solutions of the solute

(ca. 1 mM) were purged thoroughly with N2 prior to electrolysis

and the solvent was distilled immediately before use. The

working, counter and reference electrodes were glassy carbon,

platinum wire and Ag/AgCl, respectively. The cell was

controlled with a HCH Instruments Electrochemical Analyzer

connected to a PC running CHI600 software and was main-

tained at 20 1C. Prior to making measurements the working

electrode was polished to a mirror shine using an alumina slurry

made up with deionised water. The reference electrode was

stored in 3 MKCl solution to prevent the electrode from drying

out and was calibrated using ferrocene as internal standard. The

glassware was cleaned by sonication in a detergent solution

containing Decon-90 followed by thorough rinsing with con-

ductivity water. The cell was dried in the oven to remove

residual moisture. Where appropriate, the sample cell was

housed in a Faraday cage to minimise RF disturbance of the

signal. Computer simulations were made using DigiElch.

Spectroelectrochemistry was carried out using a Spec-Ac

optically-thin, transparent electrode (OTTEL) cell mounted in

a Perkin-Elmer UV/visible spectrophotometer. The working

electrode was a fine platinum mesh situated in the path of the

absorption beam. Counter and reference electrodes were both

platinum wire. The potential of the cell was controlled using

the HCH Instruments Electrochemical Analyzer networked to

a computer running CHI600 software. EPR studies were

conducted using in situ electrochemical reduction of the

sample. These studies were carried out at the EPSRC-funded

National EPR Service at the University of Manchester. The

cell is essentially a modified flat cell containing three electrodes;

an Ag/AgCl reference electrode, a platinum wire counter

electrode and a platinum mesh working electrode located in

the thin section of the cell. Solutions were made up in CH2Cl2
(ca. 1 mM) containing 0.1 M tetra-N-butyl ammonium tetra-

fluoroborate as background electrolyte and were rigorously

de-oxygenated prior to transfer to the cell under a nitrogen

atmosphere. The sample was then placed in the cavity of the

spectrometer (Bruker EMX running at X-Band) and reduced

at the appropriate voltage (using values measured from prior

cyclic voltammetric studies). The cell was carefully positioned,

so that the mesh electrode, where reduction was to take place,

was centred in the cavity. The potential was controlled using

an Autolab potentiostat controlled by a laptop PC running

General Purpose Electrochemical System version 4.9.

Initial geometry optimisations for all thermodynamics

calculations were performed using GAMESS,35 with the

B3LYP DFT method and the 6-31+G* basis set. The geo-

metries for all structures were then re-optimised using the

Gaussian-03 program,36 at the B3LYP/6-31++G** level,

while thermodynamic properties were also determined at this

level. Vibrational frequencies were also calculated to ensure

global minimum structures were obtained. Solvent effects were

determined using the IEFPCM method as implemented in

Gaussian-03. Molecular dynamics trajectories were deter-

mined using the MOPAC semi-empirical package,24 imple-

mented within the CHARMM molecular dynamics system.25

For all trajectories, an initial heating step of 50 ps raises the

temperature of the system from 0 to 298 K. An equilibration

period of 100 ps was then followed by a ‘production run’ of

100 ps. This latter step constitutes the results for the neutral

species. The charge in the system was then decremented

(i.e., an electron was added) and the simulation was allowed

to continue for a further 100 ps. A second electron was added

and a further 100 ps trajectory was recorded. Bond lengths and

bond angles were taken from the computed structures.
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