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SUMMARY

Gfective

1. To perform chemical and physical research on colorant systems whose reflection
and absorption spectra are capable of being altered in a continuously vari.ble, re-
versible, and controllable manner by the application of modest electrical potentials
or powers.

2., Emphasis shall be given to compounds that can be used in systems that are po-
tentially capable of being modified “or use in a flexible lightweight form such |
as a textile fabric. The long range purpose of the research is to find suitable
materials and means for using them in systems of clothing having passive counter-
surveillance properties in the visible region of the <lectromagnetic spectrum.

3. The research shall consider all possible approaches to an electricually activated
colorant system, except those noted in .sragraph 5. The Contractor shall determine
the chemical and physical characteristicc of the approach investigated, including
spectral absorption or reflection changes upon application of electrical stimuli,
forward and return . :es of spectral changes, voltage and power requirements and
evidence of deterioration on repeated cycling.

L. The acope of research shall include but not be limited to studies of electro-
chemical reactions (e.g. redox reactions) that produce suitable color changes.
Sucl. electrochemical reactions, however, must not produce gases, unless means for
eliminating prohlems caused by their production in ultimate use are¢ :leariy avail-
able. The researcn shall also include an investigation of solid substances that
may respond favourably to electrical stimuli by means other than electrochemical
reactions.

5. The research shall not include the following approaches:

(a} Approaches that ds<pena on temperature changes for changes in spectral
properties (thermochromism)

(b) Approaches that depend directly on exposure to light for spectral prcp-
erties (photochromism)

(c) Approaches based on a need for high current densities or on high levels
of electrical potential (electrochromism, Stark effects)

(d) Approaches based on dynamic scattering of nematic crystals

(e) Approaches tha’ have a high probability that proposed systems will pose
problems involving weight, discomfort, high power requirements, or hagardes to a
potential user. .
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DIGEST OF THE REPORT

The work in this report was guided by the principl~ that any color can be
produced to an observer at a distance by the correct pattern of colored areas
of three primary colors, which for additive color processes are green, cyan
(blue), and magenta (red), or for subtractive color processes, the well-kmown
primeries of red, yellow anc blue. If the display of three colors can be masked
or display=d by electrical methods, the observed pattern of color necessary for
the required camouflage can be changed at will. The actual pattern will depend
on the pattern of electrical connections to the numerous cells making up the

display.

The objective of the work based on this principle was to try to find
shutter systems to mask or display color by electrical methods, or to produce
the required color changes directly by electrical means, The systems inves-
tigated were as follows:

(4 ) Shutter systems based on the Kerr electro-optical effect.

( 11) Shutter systems based on the movement of magnetic particles by
electro magnetic methods.

(1412) Shutters based on electroplating effects that can be reversed.

(iv ) Color changes, .r shutter effects by the electro-chemical opera-
tion of 1vodox _ystems with or without additional indicator colors.

The achieveinent of the main objectives of the contract can therefore be
conveniently summarised under thase four sections.

Kerr rlectro-Optical Eff.cts

The principle of the Kerr effect is that suitable liquids placed in an
electrical field behave optically like a unisxial crystal w'th the optic
axis parallel to the field direction. Plane polarized ligtt passed through
such & system becomes elliptically or circularly polarized and thersfore is
not blocked by a second polsriger crossed with the first. Thus, whilst the .
electrical field is operative, light passes through the system, und does rot |
(due to the crossed polars) when the field is turned ofi. For camouflage,
the best system is one operating on reflected light, and this can easily be ,
arranged by a combination of a colored polarizing screen and a quarter wave
plate placed in front of a Kerr cell backed by a highly reflecting surface.
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Up to date, the best liquid to place in the Ferr cell is the well~known
liquad, nitrobensene, and a demonsiration was made to show that the expected
phenomena were observed. The magnitude of the Kerr effect is determined by
the Kerr constant, j, of the liquid in the cell, which is given by the equation:

A-3 B
2
d

e

. where O is the patch difference in wavelengths A, 1 the elctrode length in
metres, d the electrode separation in metres Qﬂ E tae applied voltage in
volta. Sir.e ] for nitrotensene is 2.L4 x 10 m this equation was used
to find the critical dimensions and voltages for use with such shutters. For
instance, a cell 4 cm long with an electrode separation of 0.1 mm requires an
operating voltage of 160v. Such a cell could not be used fcr textile spplica-
tion, so calculations were made tc find the feasibility of cells for clothing
camouflage. Graphs were produced relating the cell length, field strength,
breakdown strength of nitrobenzene, and the supply voltage. It was found that
for cells less than 1 mm lorg the field strength exceeded the breakdown strength
of the nitrobensene. The conclurion was reached ‘hat for clothing the necessary
voltages for- small cells were too high, and large cells with more workable volt~
ages were impractical. If a liquid (or solid) could be fou-d with a much larger
Kerr constant than nitrobensene, then this conclusion would be incorrect, but
until such substance can be found, the Kerr effect can not convenitently be
used for clothing camouflage, although its use for larger objects may be
feasible.

Electromsgnetic Shutters

Experiments were conducted with iron particles and particles of magnetic
iron oxide; the latter proved to be the better. The partizles were suspended
in liquid paraffin in a small tray above an electromagnet. On switching on
the current the iron oxide partii.les oriented along the direction of the
magnetic field and a high light transmission difference (L.T.D.) was obtained.
Within five seconds of switching off the field, the movemert of the particles
under gravity produced a low light transmission. A seccnd solenoid aligned at
90° to the first helped to settle the particles horisontally and increased the
shutter effect. However, the difficulty of the system is the re-dispersal of
the particles if the cell is too deep. Improvement in the system was achieved

¢ by the use of small pieces of polystyrene in which magnetic iron oxide was
embedded, The chief problem of re-dispersal, however, remained, and, in view
of the inconvenience of the cells and the high value of the magnetic field
strength required to operate them, it was decided that this approach to the
camouflage problem was not a profitable one. In view of the successful
operation of other devices described in this report, the pursuvance of the
electromagnetic system was suspended as being of low priority.

"
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Iransparent Electrodes

Consideration cf the requirements for camouflage purposes showed that it was
advantageous to use transparent electrodes in the development of the eleztroplating
and redox systems. Experiments were therefore carried out on metBods to produce
such electrodes. One method was to heat a glass substrate to 430 C and then to
play on it a stresm of sublimed stannous chloride carried in a stream of oxygen
to produce a conducting transparent ti. oxide layer on thc glass, Use was also
made of a commercial transparent electrode material known as Baltracon. Since
glass electrodes are not suitable ultimately as electrodes in clothing applica-
tions, other methods, such as sultable lacquers, were also investigated for use
as electrodes. Further investigation into this area of the problem is still
required-

Reversible Electroplating Cells

A very promising system for shutter operation was found based on electrdl-
vsis without the production of gas. In a cell constructed from transpacrent
electrodes, complete cut~off of light was achieved in less than a second with a
cell 1 mm thick and a working voltage around 10v. Reversal took place readily,
and multiplicity of reversals was established. The working solution consisted
of a mixture of silver iodide, caustic soda and sodium iodide. In operating
this cell it is desirable to arrange for a small cwrrent to flow continuously
to facilitate reversal, and suitable circuits were desirned based on the use
of a pulse generator. It was found that up to 1.0 volt, Ohms law “31 obeyed,
but above 2 volts the current through the cell was proportional to V.5, which
indicated a space~charge limited current. The conditions of deplating and the
light trransmission characteristics of the cell were ala¢ determinec. It was
predicted from theory that the thickmess of silver to operated the cell was
20 A, and the alternative metals to silver were tin or cadmium. To get
uniform plating it was necessary to control the plating rate, and the compo-
sition of the electruiyte was critical. Furthermore, to get uniform parallel
current flow lines in the electrolyte, the width of the aperture of the cell
had to te controlled. A theory was developed that predicted the maximum
usable shutter widths possible with transparent electrodes. To realige
large area of shutter action as required in camouflage it is necessary to

(a) use multiple cells
(b) nuse transparent electrodes of high conductivity
(¢) use electrolytes with low conductivity.

Experiments were carried out to investigatz these conditions, and a
successful cell was produced.
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On the advice of the Contracting Officer, further work on these cells has
been suspended in favour of developing to the full the redox systems described
in the main body of the report. This decision is in accordance with the con~
ditions laid down in the contract.

Redox temm

It is neceseary to define oxidation and reduction in teims of electro-
chemical usage. Uxidation is defined as the loss of electrons, and reduction
by the gain of electrons. An oxidising agent is thus one that accepts elec-
trons and is itself reduced; a reducing agent, one that supplies electrons,
itself being uxidised. At an anode of a cell, electrons are discharged, and
oxidstion thus takes place in the surrounding solution, whereas the reverse;
l.e.. reducticn, takes plece in the vicinity of the cathode. If, theref .re,
redox systems are to be used for producing color changes electricaily, it is
necessary to find systems to which these electrochemical principles can be
applied.

In the early experiments two types of chemical redox systems were in-
vestigated, one in which only one redox reaction was concerned, arnd the
other where two redox reactions interacted. Theoretical titration curves
were derived by the application of the equation:

- '8
RT in {(Tox
E:-E°+-—F ’ (&;‘%

where E is the elctrochemical potentialj Eo, thg potential of the trangition
point, vis that point at which the activities ("ox) balance those of (“red);

R is the gas constant; T, tre absolute temperature; n, the number of charges
involved; and F, the Faraday constant. O(nly with a dual system was a sharp
transition given, and since it is at this point that suitable : :dox indicators
change color, the use of a dual system sppeared .o be the more promising for
camoufiage purposes. Electrochemical titration in suitable cells established
the range of voltages required to drive specific reactions electrically. ‘
Systems investigated included ferrous/ferric with cerous/ceric, iron gsllate,
stannous/stannic with iodine in potassium iodide, terrocyanide/ferricyanide
with lodine in potassium iodide and others. Difficulties encountered in
driving these sy: =ns electrically were traced to type of electrodes, design
of cells and other iactors. It was found that small cells with carbon elec-
trodes separated by a sintered disc worked successfully in both directions.

A cell containing 0.2M potassium ferrocyanide and O.2M potassium ferricyanide
in 0,1 to 1.0 N sulphuric acid with 0.2M iodine in 10% potassium iodide together
with a polyvinyl alcohol indicator (Blue - Yellow: for jodine) was successfully
operated. The working voltage was l.4v, and the .ime of reversal 4 minutes.
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Another successful system was 0.04M ferrous ammonium suiphate in 1IN sulphuric
acid mixed with 0.OLM ceric ammonium sulphate also in 1N sulphuric acid. The indicator
was 1 : 10 phenanthroline (Red - Blue); the working voltage, 0.75v with & reversal time
of 15 seconds. A s,svem of 0.04M both in ceric and cerous ammonium sulphete in O.1N
sulphuric acid containing Xyiene Cyanol FF as indicatcr (Greer - Crange) worked with a
voltage o1 1.2v, but the reverse charge was verv siow {i5 minutes).

To minimise diffusion effects and to also bring the cell contents nearer to textile
substrates in character, the addition of gels was tried. Geis of pulyvinyl a)cohol,
methyl cellulose, polyvinyl pyrolidone, agar and gelatin were investigated. ?olyvinyl ’
alecohol has the added advantage in the iodine/ferrocvanide system of acting as an
indicator in addition to its gel function, so this system was especially investigated.
The cell had as faces two transparent electrodes, wh.ich wers separated by a hollow
round spacer. The working electrolyte was 0.08% 1o0dine, 0.8% potassium iodide,
enough potassium ferrocyanide to neutralise the iodine present, dissolved in a gel of
1.9% polyvinyl alcohol. The working voltage was 3v and a aark tiue color was produced
on the anode in 2 minutes but reversal tock 4 minutes; no gas was produced if the
working voltage was less then 3 volts. There is & de.ay in forming the blue color
at the other electrode on reversal so a blue-colorless reaction is possible.

More efficient cells were however made by the use of bipyridilium compounds. A
favored bipyridilium was heptyl viologen dibromide that gives a purple color. Since
the dark blue color deposits on the electrode, the viologen derivatives can be used
either as shutters or for color display, because colora other than blue are possible
with different viologen derivatives. Unfortunately these compounds are highiy toxiec,
and care must be exercised in their use. Polymeric viologens with redox properties
were also discovered by a survey of the literature, and some of these compounds were
prepared and tested in cells. A compound (I), poly N, n-butylene - i,L dipyridilium
dibromide was prepared. This compound is a solid and in this form was sandwiched
betweer. transparent electrodes. It is initiaily yelilow, but changes to a deep olue
on application of a voltage around 2v (according to conditions) in o minutes:
raversal took place slowly either on standing or by the action of a reverse potential.
The polymer is water soluble, and, in the form of aqueous gels, a more satisfactory
performance was achieved.

In testing these compounds, more efficient cells werz designed, and tests were
carried out with reflected light rather than transmitted iight to simulate camouflage
conditions. These cell designs included one with a top tin uxide transparent electrode
«nd a bottom electrode, either a silver - siiver salt or a silver electrode. Many
experiments were performed with compound (1) as the coior reagent (Pale Yellow -

Deep Blue) with a 5% addition of gelatin to aid gelation with and without

adjuvants. An adjuvant is a redox compound that 18 capable of being oxidised at the
anode, whiist the radical salt is being reduced at the cathode. On reversal the
oxidiged form of the adjuvant will be reduced at the same elisctrode, whilst the
radical ion is oxidiged at the other. Adjuvants such as ferrous ammonium sulphate,
potassium ferro-cyanide, tetra chlorohydroquinone and nydroqfin?ne were tried, but

the latter was the most successful. Another adjuvant, N,N,N°, N tetramethyl-p-
phenylene diamine dihydrochloride in the presence of sodium sulphite was also found
to be very efficient, and in cells with compound (1) excellent operation was obtained.

6
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The best cells so far evolved are those with a tin oxide trensparent caihode
and a silver anode containing compound (I}, gelatin or agar, hydroquinone or cther
adjuvents, with and without potassium bromide. Such cells work in a voltage range
of 1.0 ~ 2,0 volts and operate in less than 1 minute in either direction. All cells
have to b2 degassed and purged with nitrogen before usc to eliminate residual oxygen.

) Several display cells illustrating these principles have been produced. It was
found that colored pigments could be included in the cell contents, so that any color
could be displayed or cut-off as required. Suitable pigments were fourd for all

. colors i1. the Acramin (Bayer AG) range of pigments. Clearly by correct juxtaposi-
tion of different colored cells, an effective camouflage display could be achieved,
which could be changed in design of color by suitable electrical connections. ‘The
application of such principles to textiles therefore requires future attenticn to
make the concept viable in practical terms,

Thv: alternative method of the use of redox systems is to obtain color tranas-
formation by the cell contents under the influence of an applied potential. If
viologens were to be used in this system, then it becomes necessary to find ihose
that have the necessary color reactions. Heptyl viologen gives a colorless ~
purple change. A pale.ye to red change was found with 6,7, dihydro~13-oxo-

I 13H-dipyrido (i,2-d: 27, 1°-g) (1,4) diasepinedi-ium dibromide (compound (III),

but the coler reactions appeared only to be easily preduced in dilute concen-
trations. C:lls containing compound (III) were also constructed with added
pigment to give other color changes; for example, a green pignent gave a green-
brown change as a result of the combination of the culor change of the compound
B arnl the grven of the pigment.

Zlectrochemical color reactions were also observed with anthraquinone
derivatives, The best one so fer encountered was the sodium salt of 2:6
arthraquinone disulphonic acid (compound (IV). Cells containing compound
(Iv), and potassium ferrocyanide in a  elatin gel, operated successfully with a
tin oxide transparent cathode and a silver anode; the color change was pale yellow
to a dark red. Work with solvents other than water is in a very early stage, but it
| has been observed that anthraquinore in dimethyl formamide changes from pale yellow
to red under suitable conditions. The use of solvents other tha., water is necessary
if electrochemical changes are to be observed at very low temperatures, as found in

me environments where camouflage may be .equired. The pursuance of these aspects
of the problem, however, camot be undertaken in the present stage, but must be
left to future development.

Conclusions

The work has shown clearly that the use of electrochromic color display for
camouflage purposes is feasible, but much development work is required to take
practical advantage of the principles discovered.

7
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INTRODUCTION

The main objective of the research arose from the need for combat clothing
with reflectance properties that can be controllably and rapidly altered to match
various terrain backgrounds. lhe general principle3 to be uszsd in weeting this
objective have been set out in the Specification, and the present research was

" designed to implement these general principles.

In the proposals put forward to implement the Specification ihe study ~f the
v Sollowing systems was proposed as a basis on which to start work:

{1) A study of the redax properties of dyes.

(11) A study of the masking of cclored subatrated by £ 'itsrs with reversible
properties,

; During the course of the research the systems were primarily studied in cells
or other appropriate apperatus, so that a background of relevant data could be
accumulated, From these data the necessary factors for application to textiles
were expected to emerge. Naturally, any direct approach to textile application
wae studied whenever this became evident during the research.

As a background to the research wzs the principle that ary color can be
prcduced to an observer at a distence by the correct pattern of colored areas
of three primary colors, which for additive color processes are green, cyan
\blue) and magenta (reds. If therefore the display of three colors can be masked

or displayed by electr’.al methods the observed pattern of color can be changed.
The actual pattern displayed will depend on _ne pattern of the electrical connec~
tions to the numerovus cells making up the display, and this will be conditioned
by the nature of the camouflage required. If necessary subtractive color prin-
ciples can also be used when tne primaries then become the well known red, yellow
and blue, but basically the same electrical principles will still be used.




MASKING OF COLOR
Introduction

In this section of the work the objective was to find shutter systems to mask
or display color by electrical methods. The initisl attempts were with the Kerr
electro-optical effect,

The principle of the Kerr effect is that suitable liquids placed in an elec~
trical field behave optlically like uniaxial crystals with the optic axis parallel
to the field direction. Plane polariged light passed through such a system becomes
el.iptically or circularly polarized and is therefore not blocked by a second po-
larisger crossed with the first. Thus whilst the electrical field is operative,
light passes through the system and does not (due to the crossed polars) when the
field is turned off. For countersurveillance purposes the system must operate
with reflected light and this can easily be arranged by a combination of a colored
polarizing screen and a quarter wave plate placed in front of a Kerr cell, and the
cell backed by 2 highly reflecting surface.

Development of the Kerr-cell application

On consideration of the Kerr cell as a shutter it became evident that the
electric field should be perpendicular to the transmitted light. As a result the
cells have to be long and narrow for the effect to be observed vith relatively low
voltages. The magnitude of the effect is governed by the Kerr constant of the
liquid used in the cell. One of, Lhe best liquids known is nitrobensene with a

Kerr constant of j = 2.44 x 10 m' ~. The equation relating the optical path
difference with the dimensions of the cell is:

A- 3 N »
2

d
where path diff :rence E A)
electrode length (metres)
electrode separation (metres)
= applicd voitage (volts)
A = wevelength of light

2
1
d
E

Two basic systems can be set up as shown in Figures 1 and 2. The tranamission
system shown in Figure 1 is useful to demonstrate the effect, but for countersur-
velllance purposes the system shown in Figure 2 needs to be used. On the operation
of the voltage a total path difference in tl.e cell of A /2 is required, which is
provided by a double passage through the cell in the reflection system; l.e., the
cell it3elf must provide a path difference of A /L in this system, If this optical
path difference is given, then light will pass, although the polars in the trans-
mission system are crossed. In the reflection system what is e’fectively crossed
polars is provided by a polariser, a A /4 plate correctly oriented and a suitable
reflecting surface.

#(1) Jenkins & White 'Fundamentals of Optics' p. 60L.McGraw-Hill,'N.Y.
Other references (2) - (4)

10




Thus, for an optical path difference of 9\ /h, to operate the reflection system
with a Kerr cell 4C mm long and an electrode separation of O.1 mm filled with nitro~
bensene, the required voltage is:

I 1078
L x 2.4 x 10°12

x4 x 1072

E - }60 VOIl_t_S_

To reduce this voltage or to have cells with more convenient dimensions requires
the discovery of a liquid (or s0lid) with a Kerr constant at least 5 times that of
nitrobengene. Such a liquid has as yet not been discovered, as far as can be
ascertained,

Early experiments were conducted with the transmission system, since this was
the easiest system with which to demonstrate the effect. The original cells were
constructed from brass plates separated by poly:thylene spacers and held between
microscope slides. Once the effect had been demonstrated, more refired cells were
constructed. One successful cell was made with stainless steel electrodes 40 mm
long and 20 mm wide separated 0.1 mm with PTFE (polytetrafluorethylene) spacers
held in a silica cell with polished silica ends. The operating voltage of such a
cell was expected to be arcund 150~-200 volts. The optimum light transmission was
ocbserved with 200-250 volts,

In the early experiments with this cell it was found that the effect decreased
with the duration of the application of the vcitage, At the same time the liquid
within the ~ell was seen to move vigorously during the application of the voltage.
These effects were traced to impure nitrobensene. Electrical breakdown occurred
with this nitrcbensene at 300 volts.

The nitrobengzene was purified by leaving it in contact with Amberlite Monobed
Resin MB~1 which had first been treated with 1,4-dioxan. No significant improve-
ment was found aft-v 24 hours, but after 1, days' treatment the resistivity of the
nitrobengene was tound to be improved. This purified nitrobensene gave markedly
increased light transmissidn at a given voltage, and the liquid agitation was
reduced. Furthermore no ageing effect was observed during the operation of the
cell over perinds greater than ore hour. However if the nitrobensene was left
exposed to the air for several deys, the ageing phenomenon returned.




The length and sigse of cells so far discussed were of no value for the objective
of camouflage, especially if applied to clothing, so that it was relevant to make a
{few simplified calculations to see whether practical cells were feasible. For a path
difference of A /2 ¢quation (1) can be written:

g . 2
(d m

Moreover, if j for nitrobensene is taken as 2.5 x 10 = mV"2 to simplify calcula~-
tions, the equation reduces to:

2
(5) - s -

For a reasonable viewing angle it is at least desirable us have the length of the
cell equal to the separation of the electrodes. Suca a v-Il to work on (say) 50
volts would therefore require the dimensions given by:

25% - 2x 107 (for 1 = d)
1 ==

or l=d=12,5nm

which is clearly impractical. Even if such a cell could be constructed there is
the added factor of the electrical breakdown of nitrobengene urnder such conditions.

If a cell were constructed with an electrode separation of 0.1 cm and lengtn
0.5 cm to work with an appgied gqltage of 10 volts it would require a liquid with
a Kerr constant of j = 10 ~ mV"°, a constant so much greater than that of nitro-
bengene, that .t is unlikely that such a liquid exists.

On the basis of this simpliefied equation (2) and for an optical path length

£ N\ /2 it is possible to calculate various limiting working voltages. The other
factor to be taken into account is the breakdcwn strength of nitrobengzene which
here is the usable field. According to Bright, Mskin, and Pearmain”, the
value is 10’ v/m for nitrobensene. If these calculations are plotted, the result
is as shovn in Figure 3. Thus for a cell of length 10 mm with an electrode
separation of 1 mm, a supply voltage of 4500 volts is required, and the field
strength is below the breakdown strergth of nitrobenzene (Figure 3).

These calculations thus show thzt for clothing whexe small cells would be
required, the necessary voltages would be tuvo high, and where smailer voltages
may be in the feasible range, the long cells then ar= impractical.

The conclusion drawn is that the Kerr effect with nitrobenzene as the
operative liquid may possibly be used for large objects, tanks, lorries,
buildings etc., where large cells are practicable and where large voltages
could be tolerated, but it cannol readily be used fcr clothing.

12
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Alternative Materials

H. Pursey6 claimed to have observed the Kerr-type electro-optic effect with
polystyrene and polyr_nﬁtwlmsthacrylate and ~stimated the value for the Kerr constant
for the latter as 10" ° m' “; i.e., about half that for nitrobenzene. Since poly~
methylmethacrylate can be conceived in textile application, an investigation of
such solid polymers seemed worth while,

Work was conducted on films of polymethylmethacrylate and although several
attempts were made to use this material in Kerr cells no Kerr electro—-optic effects
vere obs-.ved even at high relative voltages., Thus for exanple a cell element of
PMMA (6 x L6 x 0.42) mm even up to 800 volts failed to give any response.

Direct communication with H, Pursey elucidated the fact that the original
evidence given as basis for the letter in 'Nature' was in error. The observed
effects had been traced to other factors and no Kerr effect was in fact observed;
unfortunately no refutation in the literature has been made, In view of this
evidence it was not surprising that no effects were observed in these experiments,
and therefore further work on this system was abandoned.

This work, however, drew attention ‘o otker solid systems, and jﬂl?articular
to the hot pressed PIZT (Pb, la, 2r, Ti) O, ferroelectric ceramics,’ ~~* Attempts
have teen made Lo obtain some of this mate;ial without success. As far as can be
ascertained the high operating voltages required probably will discount this material
for the present objective, but its potential use must not be overlooked.




ELECTROMAGNETIC SHUTTERS

The principle employed in this section was that nzedle or plave~like particlzs
lyirg adjacent to one another cause and obstruction to light. If these particles
are aligned on end parallel to the path ¢i iight, then a high percentage of the
light will be transmitted. The alignment of mag.:tic particles i= perfectly
feasible in this wey by the operation of an electro-magnet, and the work was
directed to finding the simplest system of particles with the minimum sige of
solenoid to cperate it.

The initisl experiments were cerried out with a susvension of iron psrticies
in liquid paraffin in an apparatus depicted in Figure 4. As might be expected,
particles with roughly equal dimensions in the three directions at right angles
were found to be ineffective in causing a J:ght transmissi n difference (ITD)
with or without a magnetic field. Needle-shaped and disc-shsped particlee were
found to have a much larger effect on LTD. Two groups of iron particles were
tried (1) > 300 mesh (53M), (4i) <300 mesh, but both had large proportions
of symmetrical particles whic: considerably red-:ced the LID.

Further experiments were ccnducted with perticles of magnetic iron oxide,
which wes available as a fine powder. It was found that:

(1) On the application of a magnetic field, the very simall iron oxide
particles joined to produce long needle-shaped particles along the
direction of the magnetic field.

(2) A very high LTD was obtained with these needle-shaped particles.

(3) Only when the magnetic field is exactly along the viewing axis ie _ue
optimum LTD achieved. Reference to Figwe 5 shows the expe~*- . magnetic
field in the cell, and the particles in lining up with the lines of force
will achieve only partial orientation at the outside of the cell.

(4) On the removal of the magnetic fi:z1ld low light transmission was echieved |
by the movement of the particles under gravity. This took place in periods
up to 5 sec.

(5) To speed up the extinction, a second solenoid was introdi:cd at 90° to '
the first. As the voltag> was switch:=d from one solenoid to the other,
so the particles became align=d along t.e horizontal field lines, and
the minimum light transmission was considerably increased.




These observations were made with a horizontal cell so a simple vertical cell as
i1lustrated in Figure 6 was made to observe the conditions with this cell. A mixture
of magnetic oxide particles in liquid paraffin was introduced into the cell, and their
behavior, studied when a current was supplied to thc solenoid. The performance was
very similar to that with the same cell in the horiszontal plane, except that the
particles drifted slowly to the bottom of the cell over a period of scme minutes.
Re~dispersion of the particles by simple ultrasonic or thermal agitation was un-
successful,

To make cells of this type viable, it may be necessary to anchor strips of
magnetic material at one end, so that by the operation of a megnetic ficld, maximum
light transmission is achieved by the strips standing virtually on end, whether the
! ce1l is horisontal or vertical. Some experiments of this nature were performed,
but no conclusions were reached because of the experimental difficulties of forming
the cells,

The possibility of the use of highly viscous liquids may also provide scme
solution to some of the problems. However, the outstanding difficulty is providing
a sufficiently high magnetic field with a low voltage in a small space.

Further investigation of this system was, however, suspended btecause of the
success of experiments based on redox reactions, and experimental effort was there-
fore transferred to these systems, which are described in the rest of the report.
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REVERSIBLE ELECTROPLATING CELLS

The basic concept is to deposit a metel film on to a trensparent electrode by
an elecvr>de by an clectrolytic process, thus forming a shutter; reversal of current
removes the coating and opens the cell.

Early experimerts were conducted with simple cells with a transparent tin oxide
cathode and a silver anode, filled with silver nitrate solutions. It was discovered
that the concentration of solution was important to obtain an even deposit. Thus a*
concentrations above 0.5 g/1, with an electrcde of surface resistivity of 5K /square
and an electrode separation of 2 cm, with an applied voltage oi 12v and current flow
of ). mA, an uneven deposit was formed. On reversal under the same conditions the
deposit was not completely removed, but no gas was evolved.

This experiment showed the feasibility of the idea, and a search o{ the liter-
ature reveeled details of a more workable cell. According to S, Zaromb™, a cell of
parallel closely spaced flat narrow transparent electrodes with line symm-‘rically
placed contacts should work satisfactorily if filled with the solution:

e
100

3%5 sodium hydroxide in 10 ml of solution

silver iodide

—5M  sodium iodide
100

Cells of this typce were tested it was found that:

(8) The switching times were of the ¢ der of less than 1 second, with a
voltage range arouid 3 vol: s,

(b) Deplatiug took longer than the initial plating.

(¢) Repeated switching caused some of the deposited silver to flake off and
deposit on the bottom of the cell.

However, it was concluded that the system could be developed, and finally
color, added to make it a possible alternative to straightforward redox systems.

An improved cell was first constructed to the design shown in Figure 7.
The Baltracon coated glass has a sheet resistance of 100 ohms/square and gocd
light transmission. A suitable circuit for studying the ac*‘or of this cell is
shown in Figure 8. The same solution as just described was used to fill the cell.
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In operation, the capacitor C is charged to the right voltage by depressing
the push~to-meke switch S1. Switch 52 is a double-pole change-over switch with a
centre off position enabling the cepacitor C to be discharged through the cell,
52 a..0 allows the polarity of the voltage applied to be reversed., With the
opticaliy transparent electrod: (OTE) negative with respect to the second electrode,
the OTE becomes plated, and reversing the polarity deplates the cell. The nltage
applied to the cell is also applied to one trace of the uscilloscope and triggers
the oscilloscope sweep, thus allowing the decay of the capacitor voltage through
the cell to be observed. Light from a 6V, 15W bulb is passed through the cell and
falis on the active area of a phototransistor. The phototransistor is comnected to
e second transistor to form a Verlington-pair. This arrangement allows the change
in trensmitted light intensity to be observed on the seccnd trace of the oscillo-
scope.,

The charge Q, stored by a capacitor of C Farads, charged to a voltage V volts
is given by:

Q = CV coulombs,

Thus the plating charge can be varied by varying the voltage V, or by varying the
value of the capacitor C. The cell represents a resistance, through which the
charge on the capacitor C leaks away, at a rate deterained by the resistance value
of *he cell as follows:

V = Vo exp (-t/ﬁ?

where Vo is the capacitor voltage, V the -roltage at time t after connecting the
capacitor to the cell, and is a time-constant given by the product of the capac-
itance and the cell resistance. Therefore Ly observing the time for the voltage

to fall to half its initisl value ( = t#) the resistance of the cell can be determined.

.« R = L4k t#/C t in seconds, C in Farads.

.With this system and the cell described above it waa found that the cell re~
sistance was approximataly 60 chms. With a value of C of 5000 F and an applied
voltage of 10 volts the cell transmission after plating was almost gzero. The
transition from transparent to opaque tock approximately 200 m sec and there ie a
delasy of approximately 20 m sec after applying the voltage, before the optical
transmission begins to change. There were several problems associated with this
cell. Firstly, the electrolyte tendcd to leak away due to imperfect sealing of
the cell, and secondly, the plating was not uniform. Tne finite resistance of
the Baltracon coating meant that a portion of the applied voltage was dropped
across the electrode, between the metal contact and the aperture. Thus the
metal tended to deposit on the edge of the aperture nearest to the metal contact.

18
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To overcome these problems a second cell was constructed. This cell had the
same construction as the previous one (Figure 7), but the rubber gaskey was re-
placed by glass, giving a cell 2 mm thick with an aperture width of 2 m., To
improve the pluting uniformity, the Baltracon layer was covered with a layer of
gold, deposited ty vacuum evaporation and condensation, except in the region cf
the ar-rture., ihe resistance of this cell was found to be approximately 20 .
With a value of C of 5000 F, it was found that a voltage of 2V was required to
produce & detectable change in transmitted light intensity, while voltages greater
than 4 volts gave complete opacity. Higher voltages also showed faster plating
times.

At this stage it was found that the photodetector had been saturated in the
above experiments, and sc small changes in transmitted light intensity were not
detected. The photodetector was found to seturate at an output voltage of 7 volts,
and so the light intensity, with the unplated cell in position, was adjusted to
give an output of 6 volts from the detector, and the optical transmission values
quoted telow are expressed as a percentage of the light transmission through the
vnplated cell.

Figure 9 shows a typicsl curve of transmission as a function of applied voltage.
It can be seen that for a given voltage, greater opacity wss obtained with increasing
values of C, consistent with the fact that greater C gives greater plating charge
for a fixe< voltage.

The cell can be deplated by applying a reverse voltage pulse. If the deplating
pulse is applied within less than a second of the plating pu'se, then the trane-
mission ricurns to approximately 90% of the original unplated value. The original
transmission can be ob! ined by applying a second pulse., IY; however, the cell is
left in the plated condition for a period of time, tiien application of a reverse
veltage pulse does not clear the electrode. In these cases several reverse voltage
pulses must be applied before clearing of the cell results. Alternatively, a
higher voltage may be used when fewer pulses are required.

Deplating of the cell occurs by the following mechanism:
Ox + e === Red
and Ox 4+ M ey Red” + M

where Red 3= the reduced form of Ox and M is the plated metal. For example, in the
basic solution used here the Ox component is 10, , The Ox component is formed in the
solution at the plated electrode. The Ox component is then free to diffus. away
from the plated electrode, and obviously, the longer the time after the plating
pulse, the greater will he the effect of this diffusion, and so less and less Ox
component will be present at the plated electrode. It should be possible to

minimige this effect by passing a small constant current, subsequent to the

initial plating pulse, to prevent the diffusion of the Ox component away from

the electrode.
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To overcome the difficulties, it was decided that the capacitor discharge
system ror plating a.d deplating the cells should be replaced by a pulse generator.
The heart of the pulse generator is a timer integrated circult, designated Timer A,
available from R. S, Components Ltd, Timer A is a silicon merolithic timing circuit
that can be used to give one shot or a stable operation and is similar t> the NES55V,
MC1L55P or IM555CN offered by other manufacturers. Timer A comes in an eight pin
DIL package, and the pin configuration and a block diagram of the circuit are shown
in Figure 10. The timer circuit was used in the one-shot (monostable) mode using
the manufacturer‘'s recommended circuit shown in rigure 11, The circuit gives a
single pulse, the length of which is given by:

T--l.lx}?.lxc1
where C, is in Farads, R, is in Ohms and T is in seconds.

The maximum value of Rl for reliable operation is determined by the value of
the threshold current (IT) into pin 6 whick is 0.25.44 A (MAX).

(MAX) Vee

R—l s 3x 5.25 M
l.e. for 15V operation (MAX) = 20 M.A.. Ideally R, should be kept as small as
possible, C. is determined from the formula for the %ime delay. The values
actually use& in the circuit were: R, = L.1Mn. ;3 G =1 A F. Ry is, in fact, a
1M linear potentiometer in series with a fixed 1&0 K.n. resistor, enabling the
pulse width to be varied from approximately 0.1 sec to 1.2 sec. The pulse height,
in volts, is determined by the supply voltage and in fact varies slightly with load
current. The pulse time also varies slightly with supply voltage, and so, to have
a rsnge of output voltages, the following arrangement was used:

The load in Figure 12 is the nperating coil, type 1 from R. S. components,
for a dry-reed switch, type 13-RSR-H again from R. S. componenus. For the duration
of the pulse, gererated by the tiner, ine reed operating coil is energised causing
the reed switch contacts to close. The reed switch is used to apply the output of
a variable voltage D. C. power supply (Weir Minireg Power Supply type 40l-1) to
the electrolyte cell as shown in Figure 13. The double-pole, double-throw switch
in Figure 12 allows the polarity of the output pulse to be changed for plat.ing and
deplating the cell. The power for the timer cir.uav was derived from the A. C.
mains, via a small transformer and an integrated circuit vcltage regulator, the
circuit for which is shown in Figure 13. The pulse generator, described above,
was thus capable of supplying output pulses from 0.1 seconds to 1.2 seconds long
with the pulse voltage variable “rom O to 20V at up to 1 ampere.




Experiments were carried cut on a cell sirilar in construction to the one
described previously (Figure 7). A diagram of the cell and its dimensions is
glven in Figure 14. The alkaline electrolyte described previously was again
used; i.c., 1M Agl plus 1M NaOH in 5M Nal soluiion. Figure 15 shcws a current-—
voltage characteristic for the cell. The curren! was measured with an AVO Model
8 multimeter, with 1 second pulses applied to the c¢=1l, and allowance was made
for the voltage drcp across the meter. Up to appli:d voltages of approximately
1 volt the curves exhibited ohmic behaviour, and th: cell resistance was seen to
be approximetely V}ZSA . Above 2 volts the current through the cell became
proportional to V°“; i.e., indicative of a space-charge limited current. As the
voltage across the cell was increased, the deplating current could also be seen
to be lesr than the plating current at a given voltage. This effect lLelped to
explain the fact that a single deplating pulse, equal in voltage and pulse width
to the plating pulse, was usually irsufficient to completely deplate the cell.
The deplating pulse in the above experiment was zpplied within 3 or 4 seconds of
the plating pulse. Figure 16 shows the light transmitted through the cell, as a
percentage of the light transmitted in the unplated condition, as a function of
aprlied voltage and pulse width. As expected, the transmission through the ceil
decreased with increasing voltage and pulse width.

It is instructive at this point to look at some of the theory underlying the
design of an electroplating light modulator. A pa ter for comparing different
platable metals may be derived as follows (S. Zaromb~): The absorption coefficient

s 48 defined by the Lambert equation:

L . 1, e~ KO (1)

where Ii is the intencity of the incident light and I, the intensity transmitted
through a thickness <  of a given metal, is related .o the wavelength ’
the abscrption index K, and the index of refraction n by the equation(F.Seitz

L. W nkK (2)

2):

The thickngss (- of electrodeposited metal for a plating charge density Q d
{in coulombs/cm“) depends on its atomic weight W, density d, oxidation state Z of
the platable ions, and the plating current efficiency in this relationship;

8 - osw (3)
Qd ZFd

where F is the Faraday unit. Hence the optical density change due to plating, .
as defined by the equation,

L . 108 (1)
L

should be, according to equations (1) to (4),

§= LankQ d &W (I,
2.303 A F2d log)o 1/ L) (5)
i.e., & is the logarithm of the ratio of incident to transmiited light intensity.
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If it 1s assumed that &£ be 100%, the exp:cted change in optical density per
plating charge density becomes:

8 .565x107° nk (6)

The ratio nﬂ/ (AZD) trus gives a relative parameter for comparing the minimun
charge density requirements with various platable metals. Tab:i 1 lists values of
6‘/& for various metals for wavulengths in the visible region”.

The highest values of S /Qd may be expected for Se with A< 0.49U , for Ag
with A > 0.3954 , for Sn with A = 0.589A and Cd with A = 0.°894, and these
would seem to be ths best metals to use, especialiy in view of the fact that silver
is knomn to work well. However, toc much reliance should not be placed on the
values c¢? S /Qd for the following reasons. The values of the parameters used to
calculate §/Qd are for bulk specimens of the metals. It is well known that thin
films of evaporated of aputbeqad metals have values of n and K vastly different
from the bulk values,” -' "*‘°

With most metals the light transmission falls to less than 1% for film
thicknesses greater than a few hundred Angst.-s. units, and the reflection
reaches a plateau at similar values of thickness, Thus films of this order of
thickneas (say 200 sre needed in the present work and it must be assumed that
the optical constants of electrodepusited films are different from those of bulk
specimers of the metals. Furthermore, the experimental values of optical constants
obtained by several workers are not in sufficently gocd agreement to be considered
reliable,

22
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Table 1.

elements and wavelengths

Estimated ¢ ptical density change per plating charge densi<y for varicus

ﬁ wlement d(gm/cm) Z W léuﬂ") rK d/ad

Cd 8.6l 2 112. 4 0.589 5.01 31.3

Cr 7.3 3 92 0.579 L.85 11.4

Co 8.9 2 58.9 0.500 3.72 14.0

. Co 0.650 L.LO 12.7
Cu 8.92 2 63.6 0.347 1.47 8.5

0.500 2.3, 9.4

0.65C 3.26 10.1

E C.870 3.85 8.9
Au 19.3 1 197 0.4l 1,85 2L.2

0.589 2.83 27.6

I 4L.93 -1 126.9 U.5985 0.57 14.1

Ir 2244 L 193.1 0.579 L.87 10.2

’ Pb 11.3 2 207 2 0.589 3,48 30.6
Mn 7.2 2 54.9 0.579 3.89 14.5

Ni 8.9 2 58.7 0,420 2+53 11.2

Ni 0.589 3.33 10.5

Ni 0.750 L.36 10.8

Pt 21.5 2 195,2 Coltd 3.16 i8.4

Pt 0.589 3.5L 15.4

Pt 0.668 3,66 14.1

Rh 12.4 3 102.v 0579 L.67 12.6

Se L.8 2 79 0. 400 6.79 79.0

Se 0,490 L.65 LL.1

Se 0.589 1.32 10.4
Se 0.760 0.156 0.95

Ag 10.5 1 107.9 0.232 0.65 11.4

0.395 1.91 28.1

0.500 2.94 34.2

0.589 3.6l 35.9

0.750 5.16 40.1

0.589 5.25 1.1
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Tghle 1. (continued)

Element d(gm/cm) y/ W 7\Cum) nkK S/
Zn Telk 2 65. 4 O.441 3.19 18.7
Zn 0.589 L. 66 2.5
Zn 0.668 £.08 19.7
Al 2.7 3 27 0.589 5.32 17.0
Fe rv 7.5 2, 3 55.9 0.589 2.46 8.8 (2=2)
| Mg 174 2 21,3 0.589 Lol2 29.6
Ta 16.6 5 130.9 0.579 2.31 4.91
W v 19 6 183.3 0.579 2.7 L.25
W 0.589 3.25 5.03

v 5 50.95 0.579 3.51 5.8
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This is probably due to gifferences in the mode of §ilm deposition, since the
theory due to Maxwell Garneti and developed by Schopper’ clearly shows now the
apparent optical conatants depend upon the structure of the film and on a parameter
g, which is a measure of the fractional volume occupied by the metal in the film.
Hence, the only conclusion which can be drawn from previous thin-film studies is
that any quantitative predictions based on Table 1 may be in error by as much as a
factor of 2 or 3 for plated film thicknesses of less than 200 A, So it would seem
reasonable ‘o continue to use electrolytes based on silver as the platable metal,
bearing in inind that other mef,als could be investigated later if necessary.

One of the main problems with the electroplating cell is the achievement of
uniform plating over a large enough area., This problem divides into two parts.
Firstly there is the effect of the plating solution. For iO0% over-all plating
current efficiency, the most serious deviation from the minimum charge requirements
estimated in Table 10 may arise from a non-uniform plating density. This is a
common problem in electropluting, and most industrial plating solutions have the
property of ‘smoothing out' the plating density, even over somewhat irregularly-
shaped substrates, Unfortunately, most industrial plating solutions contain
unstable and/or highly toxic agents (e.g. cyanides) which are unsuitable for our
application,

The mechanigm by which a plating solution tends to counteract the effect of
geometric irregularities appearﬁotolge associated with an overpotential rapidly
increasing with current density ' Negative complexing ions usually increase
the overpotential by transforming readily platable caticns into less readily
platable anion complsﬁes. Thus,lgilver plating iglutlons have been recongnded
based on fluoborate,” rhodanide™, thiosulphate™*, and iodide complexes. The
last appear especially suitable for reversible electroplating cells.

The mechanism by which silver is plated from concentrated iodide solutions
cannot occur via the steps,

Agl- — Ag" + 217 (1)
followed by, |

AT+ e —> g (11)

becausc the concentrat of free Ag+ ions in 5 to 10M iodide solutions cgpnot
appreciably exceed 10 ‘M ( the solubility product of AgI being 8.5 x 10 "),
Although the concentration of dissolved AgI molecules or AgI-H,O0 molecular
complexes should be rore appreciable in view of the eaggMof prgcipitution of
AgI from 1M iouide solution, it still cannot exceed 10 "M. Hence, the most
likely mechanism must be of the form,

1-p

= + e = Ag+ pl- (111)

Agl
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where p may be a value between 2 and b4 16. The negatively charged Ang 1-p
species approaching the cathode must proceed under the influence of a concentra-
tion gradient against the direction of the applied electri: field. Hence, for
continuous plating at high current densities, reaction (III) should be diffusion-
controlled, and the current density 1. approaches an asymptotic limiting value
i}, with increasing overvoltage in thics relationship,

i =1
c 1L (

1 - ZFn/RT) (7)

where i; depends mainly on the concentration of the platable complex and on thick-
ness of the stationary layer of electrolyte adjacent to_the cathode. 11,17 Re-
ported pelarization curves for a solution of 0.01M Agl, in 1M KI (A. Zeven lO)
with dirferent stirring rates actualiy show the asymptotic variation of ic pric-
dicted by equation (7). A similar asymptotic behaviour or plateau in the 10 vsh
plot appears likely with more concentrated solutions. Hcwever, the plateau
could hardly extend over a renge of more than » few tenths of a volt before the
occurrence of hydrogen evolution. Although the latter may not affect the uni-
formity of the pl=ting, it would lower the current efficiency just the same.
Thus, the use of a sultable plating solution and of an optimum plating rate may,

<t best, allow for geometric voltage drop irregularities amounting to no more
than a few tenths of a volt.

In view of tlie expected limited effectiveness of even the best possible
plating compositions, special attention must be given to the geometric require-
ments for uniform plating density. In the reversible electroplating c<ll, as
well as in other devices or experiments involving reactions at semiconducting or
even very thin metallic electrodes, the current density distribution may be
seriously affected hy ohmic potential drops along the electrode surface. The
conditions for maintaining essentially uniform current densities in spite of

non-uniform surface potential may be established for several cell configura-
tions.

Perfectly Uniform Parallel Current Flow Lines in the Electrolyte

Let Jx be the current density in the electrolyte along the x-direction per-
pendicular to the surface of a rectangular (highly conducting) metal electrode
M. The shape of a surface-conductive glass electrode g (Figure 17) required
for Jx to be uniform will now be determined. Let x and y be the horizontal
and vertical ccordinates of any point P on the curve S, defining the glass
surface. The surface current I, flowing along the glass surface toward the
collector strip C (outside the cell) is then given by,

I, - Ly) Jxay (8)
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where L is the length of the cell along the direction perpendicular to the plane
of Figure 17. The difference in potentiel between points Pl(x,y) and P2(x + dx,

¥y + dy) on the curve Sg then becomes,

-dv

g (Ig/L)P %% (9)

Yy
P g(fo Jxdy ) ng .

(97)

et

=P g nyng

where p o is the surface resistivity of the glass. On the other hand, assuming
no change in overvoltage between points Pl and p2; i.e., essentially uniform
current dsnsity, dVg may be readily calculated by following a path through the
electrolyte using the equation,

-d‘.'g = Jxperdx (10)

where £ e 1s the volume resistivity of the electrolyte, Equations (91) and (10)
combine to give,

das

g = pe (11)
dx 3
d /,GJ

but for any curve

(12)
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Rewriting,
(131) dx = ydy/(k° - ¥°) 1/2 = -d(k° - y2) 1/2 (15)

it can be shown,

y 1/2
x <{x D ov- el } (16)
Equation (16) is plotted in Figure 18.
For the condition y¢€ < k (i7)
Equation (16) reduces to
2
x 22y [ok (18)
and x<<y (19)
i.e., the electrode g is almost parallel to M, and ‘he asctual current density
on the giass surface is equated as,
Jx dy
L - 20)
; . dS, (
which according to equations (11} and (15) ic

ig = Jx L - (y/k)ﬂ 1/2 (21)

and becuwcs approximately uniform for condition (17); i.e.,

I~ Jx (22)

(=]

Table 2 shows that equations (18) and (22) deviate by less than 10% for y/k up
to 0.6 and by less than 8% for values fo y/k up to 0.h.

Table 2 Numerical comparisons of Equations (16), (18), (21), & (22)
(16) - (18)
(16)
fa1) / (22)_\ (16) 515)2 x/k - y2/2x8
y/k /i - y2pl x/k = 1-/ 2 2 y°/2k iy
0.01 5x10”° 5x10"7 0
0.1 0.995 5x10~3 5x10°3 0
0.2 0.98 0.02 0.02 0
0.3 0.954 0.046 0.0k45 0.02

o 2 o
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Table 2 (Continued) Numerical comparisons of Equations (16), (18), (21), & (22)

(16) - (18)
(16)

(21) / (22) (16) (15) o/ - 22
y/ko L= ¥k x/k = 1-/y</K" ¥2/2k> x/k
0.4 0.915 0.085 0.08 0.06
0.5 0.56k4 0.136 0.125 0.00
0.6 0.80 0.20 0.1¢ 0.10
0.5 0.60 0.ko 0.32 0.20
0.9 0.436 0.564 0.405 0.29
¢ 95 0.32C 0.686 0.449 0.30
1.C 1.0 0.5 ¢.50

The range for which Jx can be constanl is, therefore, O‘y/ksl according to
equation (16), while the range of fairly uniform electrode current density [[equa-
tion (22)] is O y/k& 0.4 for a uniformity of + 4%, and Ogy/k€0.6 for a unifcrmity
of + 10%.

The above calculations show that the usable width of aperture for a given
electrolyte and transparent electrode combination is limited. The Baltracon
ccated glass used tc make the cells has a surface resistivity of UOJl/square,
while the electrolyte volume resistivity is lCMom. The value of k -Ro/Pg is
therefore 1.25mm and this value represents the maximum usable shutter width,
while the width should be kept<€O.%mm to maintain a reasonably uniform electrode
current density. It would seem, theretore, that to realize a large area of
shutter the following approache. can be used:

(a) The use of multiple-cell systems.
(b) The uce of transparent electrcdes with higher conductivity.
(c) The use of electrolyes with low conductivity.

(a) Multiple-cell systems

Multiple-cell systems have been discussed by Zaromb 1 but no work has been
done on thic at present. Multiple cell systems based upor a cylindrical cell
arrangement would szem to be of particular interest to the present work since
these s.ould be easily adaptstle to a textile end-use.

(b) Transpurent electrodes  (see Appendix)
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(c) Electrolytes with low conductivity

Reducing the conductivity of the electrolyte solution will Lave similar
eflects to increasing the conductivity of the transparent electrodes, i.e., It
increases the value of k =/e/Pg which controls the width of the shutter area in
the cell. The conductivity of the solution is determined by the concentration of
mobile charge carriers and their mobilities. Decreasing the carrier ccncentration
will result in few platable ions beiing present in the solution and this will effect
the performance. Msking the solution into a gel should reduce the mobility of the
charge carriers and hence the conductivity. The first approach tried was to add
gelatin to the alkaline electrolyte solution (1M AgI + 1M NaOH in SM Nal) w:ich
w#as then heated to dissolve the gelatin. Samples were made up containing up to
30% w/v gelatin. On heating all these solutions turned reddish to black in
colour. The next approach was to make up a solution of S5g of gelstin in 100ml
of distilled water and allow this to gei. This gel was then heated just suffi-
ciently to liquify it and the AgI, Nal and NaOH dissolved in some of th: liquid.
The resulting liquid does not re-solidify but the viscosity is certainly higher
than that of a solution made up with water alone.

It was decided to try this solution in a large area cell. The cell used is
shown in Figure 19. The 'effective shutter width' of this cell is half the
actual width (lcm) because of the highly conducting layer of silver paint which
acts as the current collecting contact from the transparent electrode. Approx-
imately 10-20% by volume of titanium dioxide was mixed in with the elecirolyte.
This gave a good opaque white mixture so that the effectiveness of the cell in
mesking a color could be observed by eye. The addition of the titanium dioxide
also increased the visocosity of the soluiion. The plating of the cell was still
uneven with the density of plating being greatest near the cell wells. However,
the appl cation of a 2 volt, 1 second pulse cause the effective area of the
shutter to go from white to a dark grey color when viewved from a distance of
more then 6 ft. The same effect could be obtained by applying higher voliages
for shorter times. If a plating pulse was followed immediately by an equal re-
verse ptlse, then deplating occured near the cell walls but not in the central
region.. To clear the central region another one or two reverse pulses were
needed, and this resulted in a brown colcration near the cell walls; this is
presumably iodine. This coloration disappeared over a period of a few minutes
however. If the cell was left for a period of time in the plated state, then k&
to 5 reverse pulses were necded to clear it completely, and again the brown
colorstion was formed at the cell walls, which ugain faded in a few minutes.

Solutions with higher than 5% gelatin apr.in showed the black precipitate.
This precipitate is probably due to sulphur impurity in the gelatin and proba-
bly would not occur if a purer sample of gelatin were used. However, gelatin is
reluctant to form a gel in the presence of alkali. Apart from the fact that a
solid or near solid gelled electrolyte should have o low conductivity, it should
also possess definite advantages from the point of view cof incorporating the
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reversible electroplating system into a textile o: vextile-like material. Conse-
quently it wes thought worth continuing alzng these lines and to look for another
gelling agent. Po.yvinyl alcohol was the next material tried. This does not
dissolve very well ir water (tends to go lumpy), and so a solution cf 20g of .
P.V.A. dissolved in a mixture of 200ml ethanol and 200 ml water was made, and the
the ethanol wus then boiled off leaving a sclution of P.V.A. in water. Then 2.
0.lbg of NaOH, 2.35g of Agl and T.5g Nal were dissoived in the hot P.V.A solution,
and the volume, made up to 10ml; i.e., the same concentration of the three salts
as used in all previous experiments. The ingredients dissolved in the hot solu-
tion without any of the black precipitate found with gelatin being formed. ©n
cooling, this solution again siiows no tendency to gel, whereas the P.V.A solu-
tion alone went quite solid on cooiing. On mixing this solution with titanium
dioxide, the solution was tested in the cell of Figure 19. The performance of
this electrolyte wac very similar to the solution with 5% gelatin described atove,
except that the coating was perhaps not quite as even.

Thus, although the presence of gelatin and P.V.A. had no adverse effects on
the performance of a cell with an alkaline electrolyte containing these materials,
they did not have the desired effect of producing a solid or semi-solid electro-
lyte. It seems that P.V.A. also does not gel in alkaline solution, and so &
solution was mede up in a P.V.A. solution as previously but omitting the NaOH.

On cooling, quite a wviscous solution resulted; the viscosity has not been meas-
ured but the consistency of the solution was about that of golden syrup. This
solution was also tried on the cell of Figure 19, with titanium dioxiae added.
This solution gave the most even plating so far, and after the application of

a 6 volt, 1 secund pulse to this cell the shutter area appeared dark gray. On
applying a deplating pulse, the cell deplated on the application of 2 - 3 pulses,
if the deplating pulse followed tle plating pulse within a few seconds. Ip this
case the brown color of iodine was seen over most of the shutter area but disap-
peared after only a few seconds, except in the region of the eleccirolyte-air
interface near the top of the cell. For some reason the brown coloration seemed
to persist indefinitely in this region.

This neutral solution was also tried inthe cell of Figure 14, and Figure 20
shows a current/voltage curve for this cell. Figure 21 shows the current voltage
curve for the same neutral solution without an P.V.A. Comparison of Figures 20
and 21 shows that the P.V.A. increased the resistance of the electrolyte by a
factor of approximately 6. Despite the fact that P.V.A. dc2s not form a solid
electrolyte solution it is effective in increasing the resistivity of the solu.
tion. It is also interesting to note that the resistance of the alkaline solu-
tion (of Figure 15 and Figure 2i) is approximately 1.5 times that of the neutral
solution. This is probably due to the formation of complex ions ir the prescnre
of excess UH~,
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CONCLUSIONS

Reversible electroplating cells have been made that funcvicn perfectly
satisfactorily as shutters. They can be placed over cclored areas so that these
areas can be displayed or cut off as desired. The operation of the cells in
both directions is less than one second and preliminery tests indicated that
multiple reversibility was possible. Such cells are therefore feasible for use
in camouflage if a suitable color display was arranged. However, on the advice
of the Contracting Officer, Dr. A. H. Kichen, it was decided to concentrate on
cells based on redox reacticns, and in consequence further development of the
reversible electroplating cell was left in abeyance.
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REDOX SYSTEMS

Introduction

The provision of electrochemical shutters based on redcx reactions is possible
but these systems can also provide direct color changes of the desire. type. Work
wus therefore concentrated on these systems, because not only were there alternative
ways of employing redox reactions, but the voltsges concerned were very small, gener-
allyless than 10 volts, and therefore perfectly feasible for the general objectives
of the research.

To understand the redox systems it is necessary to redefine oxidation and re-
duction as the loss of electrons and reduction as the gain of electrons. There-
fore, from this standpoint an oxidizing agent is one that accepts electrons and is
itself reduced; a reducing agent is one that supplies electrons and is itself
oxidized. Since at the anode of & cell electrons are discharged, theua ox.dation
must take place in the vicinity of an anode, whereas correspondingly reduction must
take place near the cathode that is supplying electrons.

Theoretical titration curves can be derived by the application of the question:

_ 0
E=E + g% In QZES]
[§red J

where E is the electrochemical potential, E° the potential of the transition point;

i.e., that point at which the activity [}ox] balances that of CPre , R 1s the gas
constant, T the absolute temperature, n is the number of electrons temperature, n is
the number of electrons transferred and F the Faraday constant.

Systems with Color Changes

One method of producing color changes electrochemically is to electrically
reduce or oxidize a suitable salt in solution and to follow the changes by the
color veactions of selected indicators. To do this requires a knowledge of ihe
potent s involved for each system under review and then to find a suitable
redox = 1icator that changes coior in this particular range of potentials.

The first system to be studied was the ferrouc-ferric system. In this pro-
cedure, 100mls of ferrous ammonium sulphate (2.05M) was titrated with 0.05M
ferric ammonium supphate in 0.05M sulphuric acid. The potentials were measured

by & platinum electrode and a saturated calomel half-cell.
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Effectively the reaction I’s:

44 a3 +4
Te te m— Fe

and the basic equation:

o= - ~0 - ' - .
o E Fe~ /Fe = igh EFe3 J

F —

Bre> ]
(here n =1"

To convert the miz-red voltages found against a saturated calomel electrode to
voltages on the standard hydrogen electrode s-ale it is necesse.y tu add the
constant.

i.e. V q = \

e (scE) * 0.cl22 V(SHE)

The reswits are shown in Figure 22 and in Table 3. This curve is very simijer
in shape to that calculated from the equation, but is 1icplaced from it (Fi-ure
23), because no account was taken in the calculaticns of activities or the ionic

sirengtk of the solutions, and no allowance made for the secund electrode uced
(Pt).

Table 3

Potentiometric Ti‘.ration of 100mls of Ferrous Ammonium Sulphate ({0.05M) witk
Ferric Ammonium Sulphate (2.05M) in 0.05M Hy SOy

No. of mls. of ferric Reading (volts) Voltage relative -
ammonium sulphate relative to to S.H.E.
added S.C.E.
3 C.2950 ¢.2372
10 C.3693 C.6115
20 0.3h65 J.62°7
30 0.3267 C.63%0
Lo >.Lobs 0.6467
50 C.k1c3 0.6525
60 o415k 2.6576
70 C.u192 0.6614
80 0.4229 0.66L7
90 0.L0e" 0.66%5C
10C Q.4ps 0.6707
110 0.4311 C.673%
120 0.L339 0.67597

LA
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] Table 4

Reidox Indicators

E at pH7

Indicator (VS S.H E)

Methyl viologen -
Benzyl viologen
Neutral Red
Fhenosafranine
Methylene Blue
Lauth's Viclet
Toylene Blus

Lo
.359
.325
.252
.011
.063
113

[ Rk T e S |
= = = OO OO 0G0 O0Nn0OOC0oO0

Bundschedler's Green .22k
Phenol Blue .22k
Diphenylamine .T6
Diphenylbenzidine 76

G
-
e

O-Dianisidine
Diphenylamine :u.lphonic acid

Xylene cyanol rF o5
Ferrous 1:10 phenanthrcline + 1.06
N-Phenylanthranilic acid + 1.C°
Ferrous S-nitro 1:1C phenenth:rciine - 1.2
Ferrous 2 : 2' : 2'' - tripyridine .25

To produce color changes in this system wouli require thre addition cf a
redox indicator that hkad a color change in the range of potential over which
the redox reaction took rlace. There are many licts of redox indicators, and
a few indicators are shacwn in Table 4. However, if a mcre comprehensive list
iz required reference should te made to 'Indicators' by E. Bishop | Perganon Press
197%], and other references will te founi at the eni of this cection.

It was found that the Ferrcus-Ferric syotem cperatei at voltages that were
rot convenien: for the majority of indicators, ani thererore a second single
system wes investiguted for which a suitable indirator could be found.

The second single system to be investigated was the Cerous-Ceric system
containing Xyiene Cyanol FF in Q.1N sulphuric acid. The voltages measured with
a calomel half cell and a platinum electrole at different concentrations of
Cercus-Cevic ions are given in Table 5, and the results, plotted in Figure 2k.
The graph is not a smooth curve and shows a definite deviation around 1.00 to
1 05 volt. Cince this is the region wnere the indicator changes f{rom blue-
green through orange to red, this Jdeviation is probably the influence of the
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radox system of the inilicator hc .y an influence on the maiu reaction. It in

: fact suggests that more precise .csuits would be obtained ty having two oxida-
tion systems present at the same time. Such systems were cherefore further
investigated.

Tuble 5

Potentiometric Titration of Cerous acetate {0.02M) with Jeric ammonium sulphate
(0.02M) both in 0.1N H,80,,

Mls of ceric soln. Reading (volts) Voltage relative
adied to 50mls relative t¢ to S.H.E.
cs.Cus soln, S.C.E,
0 0.4755 0.7175
2 0.658 0.900
H 0.755 0.997
8 0.775 1.017
10 0.828 1.070
12 0.874 1.116
15 0.901 1.143
19 0.930 1.172
21 0.936 1.178
25 0.952 1.194
29 C.960 1.202
31 0.965 1.207
35 0.973 1.214
39 0.977 1.219
43 0.984 1.226
5C 0.993 1.234
60 1.005 1.247
64 1.008 1.250
S8 1.011 1.253
T1 1.012 1.254
75 1.020 1.262
79 1.024 1.266
1 1.270
1 1.272
1 1.277
1 1.280
1 1.282
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Systems with two simultaneous Redox Reactions

The first system of this type to be investigated was the ferroua-ferric/
cerous-ceric system. The basic equation of the system is:
++ ++ 4 +4++ ++4

Fe + Ce — Fe + Ce
—

which can be split into two equations:

Fe M [ (a)
+++ -t
Ce —> Ce (v)
—

The Nernst-type equations for these systems are:

E = E + _ll'I_‘ 1n Caox]
nF —
[aredl
(o}
= E + 0.0591 lo a
0.091 log,, L2, ]
a
[ red ]

from which the theoretical calculations can be derived. In Figure 10 the lower
half of the theoretical curve is derived b consideration of the equation:

E = E, + 0.050 log T
s onlo [g ]

0 Fe
) ++
[fFe ]

and the upper half by consideration of the equation:

E = E, + 0.059 1oglo B+ ]
n

Ce
[ﬁCe +++]

since at the 'neutral' point all of the ferrous ions have been converted to
ferric ions, and the fucther adiition of ceric ammonium sulphate alters the
potentisel only by the alteration of the concentrations of the ceric-cerous
ions.

A practical curve is given corrected for the alomel half cell, but not
for ionic strengths, ac’ivities, or the other electrode, and hence, althoush oY
similar shape to the theuretical, not of the same dimensions (Figure 25). The
comparison, however, is sufficient to show which working voltages are required
to drive a cell to effect either oxidation or reduction.
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If to this system an indicator is aaded which changes in the range 0.7 -
1.2 volts, then by driving a cell through this range electrically, a colour
change should be producad.

Suitable indicators icr these reactions can be found with:

Phenanthrolines
2,2'-bipy-idine complexes
Triphenylmethane dyes
Diphenylamines

amongst others, giving a possible range of color changes. Experiments were
k therefure set up to produce such color changes by electrically driving experi-
mental cells containirz the above ionic system plus a svitable indicator.

The first cells used were as shown in Figure 26, which was divided into
two halves by a sintered glass disc. Equal volumes of o.C'M ferrous ammonium
sulphate and 0.OMM ceric ammonium sulphate in 0.1N sulphuri. acid were mixed
together and placed in each compartment. In the first set of experiments 1:10
phenanthroline was used as an indicator, the ferrous complex of which is red
and changes to blue on oxidation. Ca.. n electrodes were used and 3 volts
were applied to them. This voltage is in excess of that required to effect
the change, and gas was formed as well s a precipitate. Lead electrodes,
which have a higher overvoltage than carbon were also used, and although
the change was more rapid, gas was evolved. 7Tin electrodes did not appear
to work. In the original experiments, reversal of the change by reversal of
the voltage did not work very well, and it became clear that factors other
than those first suspected were operative. The importance of the nature of
the electrodes was also emphasized.

Attempts to make the change occur with filter paper soaked in the appro-
priate solutions and electrodes laid on the wet paper showed that the poten-
tial use with textiles was possible.

Other indicators were then tried to see what range of colcrs could be
produced by nis particular system. o-Phenanthroline acted somewhat similar
to 1:10 phenanthroline but seemed slower to changa, and the blue color was
darker than with the first indicator. A deep red to blue change was found wich
2.2' bipyridyl. Other possibilities in this range of indicators are:

[Fe (bipyriay1) 3150, Red ——> Blue
Ee (bip)'r)2J (CN)2 . Orange -»Pale Violet
E?u (bipyr)3] 50, Orange-» Green

_3()-
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[Ru (bipyr)eJCN Yellow —» Green —» Orange Brown
[Os (bipyr)3 ]soh Green —» Pale Pink
tOs (b:i.pyr)e](CN)9 Orange —» Pale Violet

A possible catalyst to be used with these indicators is oxalic acid.
A colourless to violet color change could be produced with:

Dipnenylbénzidine
Diphenylamine
N-phenylanthranilic acid

These changes, however, were found to be unstable, and rapid decomposition set
in especially when exposed to light. They are thus of little value to the partlc-
ular project.

Dyestuffs also provided possible color changes in this system. To test the
color changes possible, reactions were carried out by adding appropriate chemicals
to the indicator solutions held in test tubes. These changes (Table 6) were
erfected by *the use of the salts:

Ceric ammonium sulphate
Cerous acetate

Ferric ammonium sulphate
Perrous ammonium sulphate
Stannic chloride

Stannous chloride

all in dilute sulpnuric acid. These constitute possible color changes for the
system under review.

Some indicators, however, were unsuccessful. o-Dianiaidine which should
give a change from colorless to red in the system failed to work in practice.
8-hydroxyquinoline with a change from green to yellow was found to work with
carbon electrodes but the change was slow, especially in reverse. The following
dyes had veryllittle if no effect in the conditions set up.

Perron

Methylene Blue
Phenosafranine
Safranine
Bromophenol Blue
Neutral Red
Erythrosin
Picrocarmine
Diphenylcarbazone
Crystal Violet
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References to Indicators

At this point it is convenient to list the references from which informa-
tion can be obtained:

(1) 'Indicators' by E. Bishop Perganon Press, 1972

(2) 'Colour Changes of Chemical Indicators' -III
S. Kotoly & K. Vytras Talanta 1971, Vol. 1Y, 253-261

(3) Formal Oxidation - Reduction Potentials and Indicator
Characteristics of sume Cyanide add 2,2'-Bipyridine Complexes of Iron,
Ruthenium and Osmium
A. A. Schilt, Anal. Chem. 1963, 35, No. 11, 1599-1602

(4) Some Observations on Oxidation - Reduction Indicators of the Benzidine,
Naphthidine and Diarylamine Types
E. Bishop & L. G. Hartshorn. Analyst 1971, 96, 26-36

(5) Transition Potentials of some Triphenylmethane Dyestuff Redox Indicators
R. Belcher, J. N. Brazier, W. I. Stephen; Talanta 1965, 12, 963-965.

(6) Triphenylmeti.ane Dyes as Redox Indicators in the Cerimetric Titration of
Titanium (III), Chromiun (II) aad Copper (I)
N. Venkateswara Rao & V.V.S. Eswara Dutt
Z. Anal. Chem. 1971, PSk, 128-129
(7T) Triphenylmethiune Dye; as Redox Indicators in Dichrometry
N. Venkateswara Ra . & V.V.S. Eswara Dutt
Fresenius' Z. Anal. Chem. 1971, 254(2), 110-11k4
(8) Redox Indicators in Titrations in Aqueous Nitric Acid
S. S. Sandhu, S.C.S. Dhillon & Dula Singh
Talanta 1966, 13, 1702-1703
(9) New Redox Systems - V. Oxidstion of Uranium \IV) with Iror. (III)
in 1:10 Phenanthroline Solutionc
F. Vydra and R. P¥ibil Talanta 1962, 9, 1009-101h
(10) vanadium (IT) 1,10 Phenanthroline Complex as a Redox Indicator
M.A. Leonard, S.A.E.F., Shahine & C. L., Wilson
Talanta 1969, 16, 470.

Tnis list is not exhavstive.
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Further Studies of Two Simultaneous Redox Reactions

A control of the reactions leading to color chenges is essential, and tliere-
fore the influence of different variables on the reactions has to be understood.
The mixed system represented by the equation,

o+ L+ . 3+ +
l Fe + Ce —n Fe3 + Ce3
p <

was again used as basi: for the study.

Variation of Reagent Concentration

The effect of varying the concentration of ferrous and ceric ammonium sul-
phates in G.1N sulphuric scid on the potentiometric titration curve was first
investigated. The results are shown in Figure 27, and a brief comparison,
indicated in Table 7. In each experiment the concentrations of ferrous ammcnium
sulphate and ceric ammonium suivhate were the same, the actual concentratvions

being
Table 7
Vol{mls) ¢i Ceric solution Potential (against S.C.E.) for Conc. given
added to 5Umis of Ferrous 0.0LM 0.05M 0.10M
solution '
0 0.2799 0.2887 0.3080
70 0.9815 1.0690 1.175¢

0.04M, 0.0¢M and 0.10N.

It is clear that although the concentration has a significant effect on the
values of the potentials, the region in which cclor changes take place with indi-
cators is not greatly affected..Therefore, for color changes to take place in
this system, the concentration ol the reagents is not a critical factor.

Variation of Acid Concentration

The transition potential for 1:10 phenanthroline varies with the sulphuric
acid roncentration see(E. Bishop 'Indicators' 1972)in these systems, and it is
therefure important to find how significant this .hange is.

In these experiments, 0.1M solutions of ferrous ammonium sulphate and
ceric ammonium sulphate were used, and 1:10 rhenanthroline ferrous sulphate was
present as an indicator. 1n all these experiments the ceric ammonium sulphate

solution was added by burette to the ferrous ammonium sulphate solution held in
a
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a4 beaker. The potentials quoted are those between a standard calomel electrode
ard a bright platinun electrode pleced in a bteaker. Normal notentiometric equip-
ment was used in the measurement of the potentials. Results are presented in
full on the graph (Figure 28), and an indication of the changes is tabulated in

Table 8.
Table 8
Vol(mls) of Potential (U.S.C.E.) at the acid Conc. given
reric (0.1M)
solution
added to
SOmls ferrous 0.10N 0.25! 0.50N 1.00N 5.0N T.SN 10.0N
; (0.1M) soln.
0 0.3080 | 0.3105 | 0.3396 | 0.3450 | 0.3380] 0.3285 | 0.2906
T0 1.1258 | 1.1646 1.1576 1.1717 1.1474] 1.0883 | 1.0894

Again the changes are significant, but for the purpose of color changes the
acid concentration is not a critical factor in defining the range of potentials
over which the change takes place.

The Ircn Gallete System

It is well known that iron gallate in oxidized form is black and colorless
when reduced. Such a reaction, if it can be used electrically, should therefore
be useful as an electro-optical shutter.

Farly experiments indicated that the iron gallate system alone was not prac-
tical since oxidation in the air readily took place and even if this was pre-
vented the previous experiments reported above showed that more precise changes
can be effected in a dual system.

The basic system to be tried was,
0.0lM Ceric ammonium sulphate

20g/1 Ferrous ammonium sulphate
20g/1 Gallic acid

in 1N sulphuric acid. The experimental set-up was as before, the cevric ammonium
sulphate being the reagent added via the burette. Potentials were measured
between a calomel half cell and a bright platinum electrode.




Unex, 2ctedly, this syster gave a potentiometric titration curve similar
to ‘hat for a single reagent system (Figure 29) despite the presence of two
redox sys*ems. In dilute acid; i.e., up to 0.3N sulphuric acid, the ferrous
gallate became oxidized on starding in the air. The addition of the ceric salt
did not bring about marr=d color changes as expected, and the changes observed
were dependent on the ac.d concentration. Attempts were made to improve the
color change by ul2 nee of potassium dichroma*te or ferric ammonium sulphate as
oxidants, but with no distinct advantage.

Experiments were then carried out to see whether the system could be used
in a cell to produce color changes by changes in potential applied to electrodes
inserted in the cell.

Sxperiments were then carried out to see whether the system could be used
in a cell to produce color changes by changes in potential applied to electrodes
inserted in the cell.

It was found that the action produced depended on the acid concentration.
When 0.5N or 1.ON acid was used, only a very faint tinge of black was observed
on the snode side. When dilute acid was used (less than O.SN), a black color
was formed, but on reversing the applied potential the black color remained.
It therefore appears that the black color is a stable oxidation complex which
resists reduction at least by ele~trical methods.

Since other more promising systems were under investigation, it was decided
not to pursue any further work with iron gallate systems.

The Tin-JIodine System

This system relies on two basic reactions occurring together:

I + 2e —— 21"
2 —

th+ + 2 — Sn2+
<

If into this system is placed an idicator that changes bolor by reaction with
iodine, then the system can be used as a possible source of electro-coptical
color changes or as an electro-cptical shutter. The obvious indicator is
starch solution, which changes to a dark blue-black with iodine. but this was
found %» be unsuitable, because, in the presence of stannous chloride, the
color is destroyed and does not re-appear on the addition of excess lodine.
Sodium sterch glycollate is 2 suitable indicator over a short period, but a
after a tirmz cosgulation takes place. Probably one of the best indicators
found with this system was a suspension of polyvinyl alcohol in ethanol-water,
which produces a purple colour with iodine. Polyvinyl alcohol contains acetyl
groups, and, if complete de-acetylation is carried out, the colour then pro-
duced with iodine is a deep blue. However, if polyvinyl alcohol contains an
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appreciable number of acetate groups, then a red color is produced with iodine.
Systems containing polyvinyl alcohol as indicator were therefore investigated.

To define the potentiasl range involved in the required color changes, a
potentiometric titration curve was produced by titrating 50mls of 0.01N iodine
dissolved in 10% potassium iodide with O.0LN stannous chloride solution in 0.1N
hydrochloric acid. The results shown in Figure 30 are reversed to those normally
given for these type of curves, because here titration is with the reducing agent
and not with the oxidizing agent as previously. It is clear that a sharp trans-
ition is given, and therefore the system is a possible one for electro-optical
effects.

An attempt was made to 'drive' this system electrically, but in this
case, the anode and cathode compartments were separate beaskers connected by a
salt (KCl) solution bridge. In the cathode compartment was also placed a
bright platinum electrode and a standard calomel half cell, so that changes
brought about in this compartment could be recorded. Nitroger. was bubbled through
both compartments, which were closed so that sir oxidation could be minimized or
eliminated.

The first experiment had in each compartment equal volumes (7Oml) of a
solution made up of 0.0lM iodine in 10% potassium iodide plus O.1M stannous
chloride all in Q.1N hydrochloric acid. With copper electrodes and an applied
voltage of 1 volt, the cathode reaction proceeded quite well, but the anode re-
action did not. On reversal of the potential, no increase in measured poten-
tials was found as expected in the cathole compartment, but the measured
potential continued to fall (see Figure 31).

Since the question of overvoltages at electrodes may be involved, different
electrodes were then tried. An expeiiment witk a gold anode and a copper cathode
also alsc failed. Raising the voltage to 6 volts only resulted in depositing tin
on the copper electrode vithout any favourable result for the major reaction.

A change in concentrations of the reactants arnd electrodes produced other
effects. With 0.001M stannous chloride in O.1N hydrochloric acid and O.001M
iodine in 10% potassium iodide also in O.1N hydrochloric acid and with platinum

] electrodes the anode reaction proceeded (production of color) but the cathode
reaction (colorless) did not. Tre results shown in Figure 32 were obtained
by applying a voltage of 1 volt. <(‘hanging the material. of the cathode to gold,
mercury, carbon or copper failed to improve the reaction

1 Driving of Cells’:

The same techinique was used to investigate the application of potentials to
1 other redox systems.

- 46 -




R o o T T T T T T T T e e e s —m"
"-IuﬂﬂlﬂlﬂilUlIIIIﬂEi~—---»« e m————— " o e -

, (a) Single Fe<t /Fe3* System

Solution: 0.1N ferrous ammonium sulphate
0.1N ferric ammonium sulphate

both in O.1N suiphuric acid. Mixed in equel volumes, and 7 Omls of the mixed
solution placed in each beaker.

No indicator: electrodes of copper.

Applied voltage 1.2V. Results: see Figure (33).

(b) Mixed Fe2+/Fe3+ and Ce3+/Ceh+ System

Solution: O.1N ferrous ammonium sulphate in O.5N sulphuric acid.
0.1N ceric ammonium sulphate in C.SN sulphuric acid.

Equal volumes mixed, and 7Omls in each beal :>r.

Indicator: 1:10 phenanthroline ferrous sulphate.

Applied voltage: 1.2V.

(1) Copper electrodes Both solutions went red from the intermediate color
of purple.

(ii) Lead electrodes Similar result to (i).

(1ii) Carbor electrodes

Anode: Slow development of blue color.
Cathode: Red developed quickly.

Ori reversal of current, the blue color went red cuickly, but the
red would not reverse.

(iv) Mercury electrodes simi'ar to (iii).

The measured potentials of experiments (iii) & (iv) are given in
Figure 3L.
As a result of these experiments, it was thought that the Felt ion was too

stable in 0.5N acid, so further experiments were carried out with O.0LM ferrous
ammonium sulphate and ceric ammonium sulphate in O.1N sulphuric acid.

(v) Mercury electrodes Both solutions went slightly blue, and a film
formed on the mercury surface.

3 "
(vi) Coopper electrodes Both solutions went red.
Figure 35

(ii) Silver electrodes Both solutions went red, and the electrodes became
covered in a film.
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(viii) Llead electrodes Sulphate film tered to build up on the surface
cf the electrodes.

(ix) Gold anode, copper cathode This combiration worked well, but
the solution in contact with the copper cathdode appeared to go
redder more quickly thar the other solution wert blue in contact
with the gold anode. See Figure 36 for reswdts.

(x) Gold anode, copper cathode: Variation of Acid Concentration

Consideration of the transition potential of the indicator,
1:10 phenenthrcline ferrous sulphate, showed that it could b§
lowered to lie medway between the electrode potentials Au/Au =
1.54V and Cu/Cu2+ = 0.337V if the acid used in the reaction was
L.8M. Accordingly, the ferrous and ceric ammonium supphates were
kept at the concentration of 2.04M but made up in 4.2M acid. How-
ever, the same effects as those found in (ix) were again observed.
Results are shown in Figure 37. From these results, it seems
that the reaction worl.s better in iilute &cid.

The system, even so, needs more investigation in this form,
because eventually btotk ralf cell: inish up with a red color

that cannot be reversed.

Use of Small Cells

At this point, the question cf producing change: in ceils by application
of electric 1 potentials was analyzed further in the light of the cbservations
already made. One feature that required further investigation was the physical
dimensions of the cells, since ultimately very tiny cells should be involved in
camouflege. Changes that may require long periods, or even be impossible in
large cells because of the diffusion c¢f icns involved may be feasible in smaller
cells.

u As a first stage in this reducticn ir size of cells, the effort to measure
the potentials produced was abandored temporarily. ana emphasis, put upon pro-
l ducing color cnarges reversibly in short periods of time. The first smaller

cell 1o be used vas lcm long and lcm diameter irn ea:h compariment separated
by a sintered c:sc (Figure 11). This cell is :till gross to the ultimate size
envisaged for the final objective, but it 3ia help in establishing useful data.

(a) The Sn2+/th+ and I /217 System




Solutlons: 0.00IM iodine in 10% potassium iodide in 0,0lN HCl
0.001M stannous chloride in O.1N HC1
Mixed in equal volumes & placed in the two halves of the cell,
Electrodes: Carbon.
Indicator: Sodium starch glycollate,
Applied voltage: 0.75V.
Result: Color changed from black to tlue but did not proceed further to colorless,
Anode Reaction (Black color):

21 =2 1 2e

proceeded quite quickly (19 seconds).
Cathode Reaction (towards colorless)

2+

I, + 2 g&== oI” Systen

proceeded slowly and incompletely in 20 minutes.
The indicator tended to coagulate.

(b} Tme Fe(CN)6LL /Fe(CN)63 and 12/21- Systen

Reaction involved:

1. * ZFe (CN)6h- —= 2I + 2Fe(CN)¢

3-
J

Solutions: 0.2M Iodine in 10% potassium iodide in 1IN sulphuric acid.
<.2M potassium ferrocyaride in 1IN sulphuric acid mnixed:

in equal volumes and placed in the cell.

Electrodes: carbon.

Iniicator: polyvinyl alcohol containing acetate groups color change:

Jrimson  ———o= pale vellow.

Apclied voltage: 1.4 volts.

Trie cell worked well ani reversei, in 4 minutes. When polyvinyl

alcohol containing acetate grcups was used with borex precent, u

2clour crange from deep blue to pale yeliow was achieved,

24 —- 4+ ) s h+
(¢} Fe® ;Fe’ una Ced /Ce  System
Yolutions: .3LM ferrcus ammonium sulphate in 1N sulphuric acid.
.obM cerie asitonius sulphate in LN sulphuric acid.
mixea in equal volwumes and pluced in tre cell.
Electrodes: carbon. ‘
Indicater 1:17 phencnthroline ferrous sulphate.
Applied vcltage: J.T5 volts.

A colour change from red to tlue was obtained, which was
reversivle. Time of reaction, 19 seconds.
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(d) The Ce3+/Ceu+ System

Solutions: O.OIM cerle wmnontun culphute 1n 0, 1N HQSOh
O.ulM cerous ynmonium sulphate in 0,1N HESoh

mixed in equal volures and placed in the cell.

Electrodes: carbon.

Indicator: Xylene Cyanol FF (Triphenymethane dye).

Applied voltage: 1.2V.

A color change of green tc crange took place quickly, but
reversal took 15 minutes.

Universal Indicator

Sclution: Universal indicator solution with sodium chloride added.
Electrodes: carbon.
Applied voltage: 2 volt.

A whole range of colors was obtainable, and these were re-
versible within a time irterval of 30 seconds.

The indicator solution would not work unless electrolyte was
present and clearly indicated a pH change as the controlling

reaction, but this is on strict definition still a redox reaction.

The Potassivm Todide System

Solution: ©O.1M potascium indlde in O.1N stoh’

Electrodes: carbon,
Indicator: 1.0y polyvinylaleohol + 5% borax in O.1N Hesou.
Applied voltage: 0.75 volts.

The colour change was o «darr Vlue oo a Lishl blue, or without
borax. orimson to pale pink.
Slow reertion and reversal took 20 minutes.

;Zzestufﬁ‘s

Some unsuccesstul e2xperiments were carried out with Dispercol Diazo
Black B150 as an indicator for system(c). and with Duranol Blue G,
which, being an anthraquirone, shculd chanze color on reduction.
Some success was achieved with Indigo Carmine in sulphuric acig,
which changed from blue to green with an applied voltage of 1 volt.
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It is probable that other dyestuffs, especially anthraquinones, will
be successful and the conditions for carrying out the reactions electri-
{ cally need to be investigated. Further work is reported later.

NOTE It should b. emphacized that if indicators are to supply the color
reaction then the use of dual redox systems seems imperative “» get sharp
| color changes.

The Use of Gels

Reactions up to this point have been carried out in aqueous solution, but
e* some puint, succesful systems will need to be applied to textile materiuls,
and aquecus systems as such will be inconvenient. As a first stage towards
studing more solid systems, the formation of gels containing suitable salts,
etc was studied. Cells containing these gels were then investigated:

1. Polyvinyl Alcohol

The 1.5% polwvinyl Alcohol in water produced a good gel which was
1 slightly yellowish in color. It had the advantage of also acting as
| an indlcator in the iodine/ferrocyanide system.

2. The 5% methyl cellulose, produced a clear very viscous liquid, and
10% produced a white solid gel, so that an intermediate concentra-
tion may be useful in cells.

3. Polyvinyl Pyrrolidone

The 5, 1C, and 20% polyvinyl pyrrolidone &ll produced clear liquids,
and therefore this substance is not of use, except perhaps in high
concentrations.

L, Agar

A 5% solution produced a gel which was yellow-brown in color and too
concentrated for the present purrose. A lesser concentration would
therefore be useful

5. Gelatin
A 5% ,clatin solution gave a food rlear gel.

Gels uz2d in Cells

Concurrent with the research on re .x potentials was also work on the
use or production of transparent electrodes. This work is reported in another
1 section so that details are not given here, but such transparent eleclrodes were
; employed in raking suitable small cells in which all the rest of the work wsgs done.
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For the work on gels, small cells of the type shown in Figure 38 wer:
used. The spacer was a microscope slide spacer, which is supplied convently
with a centimetre diameter round hole lmm deep. The faces of the cell were
made of a home-made tin oxide transparent material, and connections to these
electrodes was made via sluminium paint, painted on the surface of the tin
oxide electrode.

To try out this cell, a gel made of the following and placed in the cell:

1.5% polyvinylalconol

0.8% iodine

0.8% potassium iodide

Enough potassium ferrocyanide to neutralize the
iodine present.

Applied voltage: 3 volts.

On application of the voltage, a dark blue cclor developel at the anode within

2 minutes, and on reversal of the current, a complete reversal of colors took
place. This cycle can be repeated. Due to the uneveness of the coating on the
electrode, the color was also uneven, because the color appeared to be deposited
on the electrode and not into the bulk of the gel, so that the uneven resistivity
of the coating produced uneve: deposition of color. The resistance of the elec-
trode varied between 5-200 ohms, and work .0 improve transpacent electrodes is
reported elsewhere.

If the applied voltage was greater than 3 vclts, gas was evolved, ard the
cell then ceased to function. This therefore emphasized that the operating
voltage for a cell to function must be lower than the voltage required for the
liberation of gas at the electrodes. Fortunately, in most cases this condtion
can be realized.

Chromaticity Co-ordinates of the PVA-Iodire System

The above experiment shows that the use of flat cells formed with trans-
parent electrodes makes electro-optical effects fea.ible for camouflage purposes,
although, of course, much more development is required. The use of iodine with
a suitable indicator also makes it possible tc use the system as an electro-
optical shutter, although as pcinted out abr =, different colored effects can
be produced also in this system by the conditicns of indicator usage. However, if
if the conditions are chosen so that a black (or very dark blue) alternates
with a colorless solution, then color can be displayed by such a system by
including an inert color (say a pigment) in the cell so that, if the black is
produced on the electrode, nc color will be s«en; in the colorlecss wiwde of the
reactants color will be displayed by the c2li. This approach is attractive,
becauee colors can be chosen that are light recistant and of the right shade
for the purposes of camouflage.
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Of importance in this approuch to the problem is the speed of response
of the cell; this aspect can be studied by methods already descrited. The
attenuation of the light is also of imp-rtance, and this will depend on the
concentration of the reagents. As a guide to this aspect of the problem,
the chromaticity co-ordinates were determined for a seriies of solutions of
different concentrations held in a cell similar to that described. The actual
tristimulus velues were measured in transmission with a 'Color-Eye' (Signature
r Model TM,; through a cell containing the reagents, against & blank, a cell
containing no solution. In this way, it was hoped to determine the optimum
conditions and stability for future experiments with this system:

Solution: (0.5% Polyvinylalcohol
A(
! (0.5% Borax

(0.14 Iodin=
B(
(1.0% Potessium iodide

All In 0.1M sulphuric acid.

The results are shown in Table 9. All readings were taken 15 m‘nutes
after mixing the solutions, since the solutions go darker; i.e., Y(CIE) de-
creases, with time. Samples 4 and 5 remained in solution several days,
whereas the other samples separated out into a colored layer ard a clear
layer alter 2k hours, but this could be &voidei by tie use of gels.

Of interest was a simllar experiment without borax, where a red color
insteaa of a deep blue was obtained.

Solution: A 0.5% Polyvinylalchol

B (0.1% Iodine
(1.0% Potassium iodide

all in 0.1¥ sulphuric acid.

Tre attenuation of the transmitted light was not as good in this experiment

as in the former one (see Table 10). It can thus be .oncluded that suitable
electro-optical shutters can be made by the use of borax in this system, but
without it the system is probably of more value for the production of color

by electro-optical means.

Viologens as Redox Indicators

The use of v1olog°ns as redox 1nd1ca+ors has long been known, but recently
a successful use of N, Nl-di-(n-heptyl)-4, bl-bipyridilium dibromide (heptyl-
viologen dibromide) has been announced by Philips (BP 1,302,000) for use with
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electrochromic display devices. Other similar compounds have alsc been used for
slmilar ussge, and since they are of different colors according to the particular
viclogen, thelr use for camouflage 1s clearly lIndicated as probable, Their
extreme tuxlic nature must, however, be noted,

FEarly work was first des.igned to check the use of the heptyl compound for
an electro-optical shutter in the camouflags system, arnd cells of different
design were tried. The solution in all these experiments was:

0.1M heptylviologen dibromide plus 0.3k potassium bromide in water.

(a) A simple cell comprising a small tube filled with the solution into
which two gold wires were inserted was first tried. On application
of a potentiml of 1 volt a purple layer was irncstantaneously formed
on the cathode. On switching off the current, the layer on the
cathode disappears, probably due 4o dlcecived oxygen in the sclution.
Voltages lower than 1 volt car. cp=zratz Lhe system, but the lower
limiting voltage has not been delermired,

(o) A cell similar to that described witn transparart electrodes was
used, except only one electrode was transparent; the lower electrode,
however, was a copper sheet. Thils cell worked wzll with a purple
layer forming on the cathode c¢cn application of a potential of 1

volt. Again the layer disappeared on switching off the current, and
a thin film appeared on the copper anode after a short time. The
system is, however, reversible, 5o that on reversing the current, the
purple layer will disappear from the transparent cathode .nd form on
the copper electrode (which is then the cathode).

(¢) Ancther cell variant was a 1" length of class tube 1/4" in diameter.
On the inside wall was depc..ted a thin coating of tin oxide as a
transparent.electrode. Connection to the inner electrcde was made '
with 'cilver' paint. Stoppers tnrough which gold wire was pushed
closed the cell, and the wires tr-- became the anode. The same
solutiorn filled the cell.

Un application of a potertial of 1 voit, a purple layer was
formed at the ends of the tube. This i3 probably due to the high
resistance of the tin oxide layer. The cell does not reverse well;
although the gold wire became quickly coated, the layer on the glass
does not clear quickly, again probably duc t., the relatively large
area and the resistance.

(d) Cell with two transparent electrodc:: +his is the cell previously
described and shown in Figure 8. The sclution was again as defined,
but before use 1t was carefully doegassed. On application of a
potential of 1 volt, a thin purp.e deposit formed on the cathode
and diseppeared on reversal. There is a stage in the reversal when
both electrodes are clear, so by control ¢f the times involved, this
cell can be coperated as a shutter.
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Application of too high a current produced a yellow color after
the purple color on the cathode, with a brownish-yellow color around
the anode. The color change at the cathode corresponds to the re-
action:

2+ +
AryY + e ——= Ar + e ——a Ar
Purple Yellow

After formation of the yellow color, the cell would not again reverse.
The brownish-yellow color at the anode was due to the formation of
bromine.

This experiment thus showed that this t:pe of compound is worth further in-
vestigation, and that a reversible system is possible if the controlling voltages
are not too large.

Similar experiments were also carried out wjith 'Weedol', a weed-killer that
contains small quantities of 1,1'-dimethyl 1-4,4*- bipyridilium ion (paraquat) and
1,1+--2 2l-blpyrldllldm ion (quuat) This solutlon is highly toxic and has to be
handled with care. A soiution containing potassium bromide was rropared and was
shown to form a dark colored layer immediately on the cathode, - application of
a 2 volt potential, but on switching off the current. the color iwaed, probably
due to diss>lved oxygen. Further work with the mixture was not carried out, since
other purer compounds with which more precise control could be exercised became
available. However, the experiment confirmed the potential value of violognes for
the desired electro-optical effects.

Polarography ot Viclogens

Polarograms witr a dropping mercury electrode were taken of solutions ot
,1"-dibenzyl-h 4! -bipyridilium dichloride; i.e., btenzyl v1ologen dichloride’
0.00IM 1in potassium chloride (C.1M), and of 1,1t-dineptyl-l, yl -bipyridiliun
dibromide; i.e., heptyl viologen dibromide (O. oom) in pot,asz:ium bormide (C.1M).

Results witn benzyl viologen dichloride showed steps in the curve of current
againcc voltage of 0.65, C.J, 1.5, 2.2V, as agalnst reported half potentials are
available for this system. Complete results tor the heptyl compound are given in
Figure Lo.

Current-time Curves for Violognes

A cell was constructed ot two transparent glass electrodes separated by a
glass spacer (lmm thick with a circular aperture 1imm diwmeter). The cell was
filled with a previously degassei solution ot O.li heptyl viologen dibromide and
0.3M potassium bromide. A linear vol..age sweep was applied to the cell, and the
current obtained was plotted (Figure 41). £ similar cell gave current-time curves
at constant voltages 1, 1.5, 2 and 2.5V, Figure 42. These curves are for the
production of the reduced species on the cathode ani do not include reversal

curves.
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Table 9
PVA-Borax System
Sample | Solution| Solution| Light Chronaticity Co-ordinate
A B Trarns-
mission
t " d
Y (CIE)
1 1 1 0.58x 0.167 0.1h44
2 1 2 2.7 0.1:29 0.245
3 1 3 c.21 Q.2¢l 0.320
L 1 5 29.67 0,325 0.409
p] 1 10 30 .90 .31 0.LL6
6 2 1 0.96 0.172 0.133
T 3 1 2.5 0.1.0 0.162
& 5 1 4.2 0,169 0.149
Table 10
PVA alone Systen
Sample| Solution| Solution| Light Chromaticity Co-ordinate
A B Trans-
missiocn
9 X y
Y (CIE)
1 1 1 73.63 0.378 0411
2 1 2 76.65 0. 392 0.435
3 1 3 T79.13 0.391 0. LbT
4 1 5 79.93 0.40C 0.h51
5 1 10 ©1.43 OLho2 0.456
6 2 1 Te. 36 0,356 0.3:6
T 3 1 To.28 0.352 0.371
6 5 1 £0.08 0.392 C.356
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Further work wvith Viologens

Poly-N n-butylene b, 4t -bipyridilium dibromiie (1)

< =
Br~ Br~

can be prepared as a solid with redox properties, although in many uses it is
better employed as a gel. The preparation is as follows:

A solution of 4,4 gipyridyl (7.Sg) and 1,4-dibromobutane (10.8g) in dry
riethoryethanol \350ml) wase refluxed and stix red under nitrogen for five hours.
The precipitated pale yellow product was filtered off whilst hot, washed with
2-methoxyethanol and then with acetone. It was then dried in a vacuum oven.

An attempt to form a film of (I) was made by compressing it (0.2g) under a
pressure of 40,000 p.s.i. for five nminutes. A thin pale-yellow transparert film
was produced, which unfortunately adhered to the metal dies, and, in consequence,
only small pieces could be removed ror use. One such piece, when placed between
two transparent electyodes and a potential of 1.5V applied, changed colzs from
pale ye " low to deep blue. The color reversed slowly, either by leaving the cell
exposed to the air, or by a reversal of current. Although in this form the cell
was unsatisfactory because of the slowness of reversal, the potential of a soliu
in a redox system was thus demonstrated, a fact fo importance for possible
application to textile systems.

In a separate experiment, the polymer was mixed with gelatin (80(1):20
gelatin), ground together in a pestle and mortar and again compressed to a
film as before. However, before putting the mixture in the press, a polymer
release compound was first sprayed on to the metal surfaces, which later
facilitated the removal of the film.

This film also mounted in a cell, and a voltage of 1.5V, applied, when the
cathode became a speckled deep blue. The color was reversed by standing in the
air or by the application of a reverse current, but the cliange was very slow.
However, the addition of a little water to the system resulted in some speeding
up of the changes.

Gels of the compound (I) in water were morz successful, and these were used
in conjunction with an investigation of all designs and their operation.

Two cell designs, Figure 43, were used, depending on the measurement made.
For the measurement of transmitted light the cell was of design shown in Figure
h3(a). in which a hole was left in the anode so that the actual operative anode
wus a ring of metal or metal halide. The dimensions of the glass spacer were:
10mm diameter hole, 1lmm thick and approximately 25mm square. The available
surface area of the tin oxide transparent cathode was thus 738 sq., mn. For
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measurements in reflected light, no hole was left in the metal (or metal halide)
coating of the anode.

In operation for transmission, the radical action was initially formed on
the cathode opposite the annular anode and then worked inwards towards the
center until the cathode was covered. On reversal, the centre of transparent
electrode clearzd first. The presence of an electrolyte (usually a potassium
halide) in the cell did not eliminate this mode of operation. For actual
measurements to be made, the scheme shown in Figure 43(b) was set up. With
the cell in place, the reading on a galvanometer connected to the selenium cell
was to 100 when no radical ion was deposited on the cathode; i.e., complete
light transmission, and ii read zero when light was completely cut off. On
passage of a current through the cell, a deposit formed on the cathode, wausing
the galvanometer readirg to fall, which was then recorded ageinst time. On
reversal of current, the reverse process tock place.

In the system for reflection, the anode ring of the previous cell was re-
placed by a plane sheet of metal or metul halide. The cell was filled with
the sample whic also contained Tioxi~ = R-CR2 (a British Titan product) to
enhance the reflectiveness. The cathode was aguain a transparent tin oxide
electrode. The system used is illustrated in Figure L3(c). Light from a 3
watt bulb was focussed on the apertare of the cell, and the galvanometer, set
at 100 for complete retrlection and zero for r=flection rrom a black surface.
On passage of the current, the galvanometer reading was recorded against time.

Experiments were carried out with saveral variants to Uie system; these
can be classified as follows:

1. The use of two similar electrodes.
2. Variation of the metal anode, keeping the cathode a
transparent tin oxide electrode.
3. Silver/silver salt as the anode, again with a
transparent tin oxide electrode.
L. The presence of an adjuvant in tne system. An adjuvant
is a redox compound that is capable of beings oxidized
at the anode whilst the radical salt is reuuced at the cathode.
5. Miscellaneous.

1. Two Similar Electrodes

Two transparent tin oxide electrodes were used in & cell of the design

already discussed. A gel consisting of 5% Compound(I) and 5% gelatin was used
as the active component.

The results from these experiments are shown in Figure L4, irn which the
percentage light transmittance against the time of application of the potential
are plotted. Apparently an applied voltoge of 2.3V is more effective than 2.2V,
and voltages below this have very little effect.
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2. Variation of the Anode Substance

(a) A cell in which the anode metal was copper, made to the design
shown, was used with the actie agent as 5% compound(I) and 5% gelatin. 1In
this cell, the anode is thus rertually a ring of copper, and the results
~btained with it are given in Figure U5.

It will be seen trom the results in the curve with the operative
voltage of 0.5V the speed of operation was about 2 minutes faster than the 0.4V
curve, for the formation of the darker compound..However, on reversal, both
systems returned to complete light transmittance in about the same total. The
return path was found to aiso occur con shorting the electrodes, but was quicker
if a reverse voltage was applied.

The replacement ot the tin oxile transparent electrode by the copper
anode thus resulted in a reduction in the applied voltage by avout 2 volts as
well as a quicker reduction in the light trarsmission.

(b) A siuilar system to (a) was set up, except for lead replacing copper as
the anode. Results are given in Figure U6. It is evident tlat although the
operating voltage was reduced still further, the return to complete light trans-
mission was not achieved.

In addition, the radical cation formed deposits on the lead ever whilst
standing; i.e., 't appears that lead itself reduced the radical salt. Lead is
therefore not su. table for an anode material.

A comparison of relevant standard agueous electrode potentiais in acid
solution are given below:

Po —P Pb + 2e - 0.126V
Cu —& Cuet *t  ee” + 0.337V
Ag —8 Ag"  + - +0.T9V

(c) A silver electrode in the same system was next used. The cell
solution was 5% compound(I), 5% gelatin and 0.33 potassium bromide. Results
are shown in Figure 47. Although nc coating Tormed on the silver surface,
the cell did not appear to function properly. The reversal of current did
ndt cause the cell to function in reverse for the applied voltage of 0.5V.

3. Silver/Silver salt at the Anode

According to U.S. Patent 3,712,709 (I.C.I.) silver/silver salt anodes are
recommended for this type of system. The anode reaction is represented:

rg + X —p P&X " v &

On reversal the anode becomes the cathode and the reaction is then:
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AgX +e” —e Ag + X
Thus, i.e., “here should be a specific reaction at this electrode.

A number o1 such electrodes were constructed and used in cells.
These include “he folliowing:

Silver/Silver bromide
Silver/Silver sulphate
Silver/Silver molybdate
Standard potentiels for the anode reactions in acid solution are as follows:

Ag + Br  —9» AgBr + € . . . v 4. v . .. J(+0.0723V)

oA + 50,5 AESO + 2T L L L L. (+0.65W)

2- -
2Ag + Mo0), —p AgeMOOL - 1- U € X - 2

(a) Silver/Silver bromide Anode

The electrode was prepared by electrclysis of iIM polassium bromide
solution with a cilver anode and a platinur cathode, with a potential cf 2
volts for 1 minute. After coating, the electrode was washed with distilled
water.

The construction of the cell was as previously discussed. The active
solution in the cell was 5% compound(I) and 5% gelatin in water. The results
for tne percentage reduction in light transmission cn cperating the cell at
different voltages are shown in Figure Lkt. Thnere was a trend tc gquicker opera-
ting times with an increace in the applied voltage. The results for an ap-
plied voltage of 1.3V were differert in that the current involved was different
from the rest, and almost complete cut-off of light was echieved.

Figure 49 shows the decay curve for an applied voltage of 1.2V, the
original light transmissicn was not quite attained ever after 70 minutes of
-switching off. This effect was due tc the ions diffucing away from the elec-
trodes and if the cell was required to maintain complete extinction, then a
small anplied voltage would have had to be meirtained.

A simila. experiment was carried out with a sclution o: 5% compouna(I), 5% gelatin
in 0.3M potassium bromide as the working meaium, and these results are shown in
Figure 50. The effect ¢f adding a salt, the anion of which was iiwe same &8s that
of the radical salt, was to lower tne required applied voltage. The cell, how=-
ever, was not completely stable. The results for an applied voltage of 0.4V
showed a reversal to almost 100% trancmission on switching off the voltage, but
this was not found for an applied soltage of ©.5Y.
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The efrfect of substituting a silver/silver bromide electrode for a
silver one can be seen by comparing all the results just discussed., Thus
the silver/silver bromide electrode caused lower percentage light transe-
missions to be attained for the same applied voltage than with a silver
anode, and, at the same time, better reversal characteristic were found.

(b) Silver/Silver sulphate Anode

(1) The electrode was prepared by electrolysis of a 1M solution of
sulphuric acid with a silver anode-and a platinum cathode for 1 minute, with
an applied voltage of 2 volts. After preparation, the electrode was thoroughly
washed.

The redox cell was constructed as before and filled with 5% compound(I)
and 5% gelatin in water. The results are shown in Figure 51. The cell was rever~-- -
sible at an applied voltage of 0.5V but deteriorated at increased applied volt-

ages, as was demonstrated by re-running the cell at 0.9V following use at 0.7
Volts.

A comparison of Figure 51 and Figure SO shows the effect of replacing the
silver/silver bromide electrode with a silver/silver sulphute one. The silver/
silver sulphale electrode permited lower voltages to be used and lower per-
centage light transmissions were attained. However, there was cn apparent
voltage limit at 0.6V.

(i1) According to B.P. 1,302,000 (Philips) improvement in these
systems can be attained by the addition of adjuvants. An adjuvant in this
applic .tion is a redox compound capsble of oxidation at the anode, whilst the
radical salt is reduced at the cathode, on reversal, the oridized form will
be reduced at the same electrode, whilst the radical ion is oxidized at the
cther. Adjuvants cen be either organic or inorganic.

Initially experiments were carried out with ferrous emmonium sulphate as
the adjuvant. The cell was tilled with 5% Compound(l), 5% gelatin in ©0.1M
ferrous ammonium sulphate. A silver/silver sulphate anode and a transparent
tin oxide cathode was used in the experimental cell. Results for applied
voltages C.7 and C.2 volts are giver. on Figure 52. Although on application
of the voltage, a good reduction in light transmission was achieved, the cell
did not reverse. It was concluded that it was not practical to have both an
adjuvant and a silver/silver salt anode because ¢f possible competing ancdic
reactions. In acid solution the following reacticns can occur:

2pg + 30,57 5 Ag2sohl( ee” (+0.65LV)
o+ i

Fe©'! — = re? rel (+0.771V)
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(¢) Silver/Silver molybdate Anode

The electrode for this experiment was prepared in & similar way to the above
with 1M solution of ammonium molybdate as the electrolyte.

The experimeantal cell was also similar, but no adjuvant was used. Results are
shown in Figure 53 rcor applied voltages of 0.5 and 0.6V, buv the data do not eppeer
to be very promising.

L. The Use of Adjuvants.

Most of the experiments in this section were carried out with the experimen-
tal cell constructed for reflection, although ore experiment was carried out for
t;ansmission. For reflection, titanium dicoxide was added tc the cell solution
tc increase the reflectivity, the transmissicr experiment was conducted without
this addition. :

Recommended adjuvants from the literature include: 2.3-dichloro-4,5-dicyanohy-
droquinone, tetrachlordhydroquincne for non-zquecus medie and a ferrcus salt or a
1,4b-difalkyl-amino) benzeae when the solvent was water. Experiments so far, how=
ever, have been carried out with hydroquinone as the adjuvant.

(1) Silver Anode, Transparent Tin Oxide Cathode

(a) The wcrking sclution for reflection operation was 5% Compound(I), 5%
titanium dionide and 5% gelatin in water. The working voliage waus 0.5V, but at
this potential, the system was not ccmpletely reversible. A test with a cell
constructed for transmittance but without the titanium dioxide in the solution
also dii not reverse, and results were worse for C.6V than for a 0.5V operating
volzage. A comparison of reflected end transmitted light results 1s shown in
Figures Sk and 55. The curve for transmittance appears to indicete a quicker
cperetion at 0.5V than for reflectance; the latter however had titanium dioxide
Lo increase ire refllectarnce.

In lre rest cf the =xperiments in this secticn the cell utilising reflec-
tion was us

(b) Another experiment wac carried cut witn 5% Compound(I), 5% titanium
dicride, and 5% g elatin in 2.C1M hydroquinore so the solution in the cell. The
results are shown on Figure 56. The per:entage light reflected falls quickly,
but the return path is much slower,

(c) The concentration of Hyiroquin<1~ wzo iroreased te C.025M. Results
with this system are shown on Figures S7- -51. Figure 57 indicates the importance,

for compariscn purpcses, ¢ making sure that tne ¢e1lis are at the same percent-
age reflectance value before reversing the current. Thus, if the cell is
oprerated too long t0 give a very low light refle:tan-«, it may become irrever-

sible but can be reversed if the percentage light retiectance achieved in the
forward reaction is not as low. This was shown with applied voltages of 0.8V
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(Figure S%) where obvious step: are apparent in some of the c

thought that the steps were caused by insufficient hydroquinone being precent.

The electrode reactione are us tollow
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(4} Tne composition of the solation in the cell was changea tc 2% Compound
(1), 5% titanium dioxide, 5% gelatin, 0.1M potassium bromide and O.01M potassium
bromide and O0.C1N hydroquinone.

The cell itself consisted of a tin cxide tran:parent electrode and a silver
anode. Recults ure shcwn on Figures 6¢ and ©63. The cell cperates reversibly for

ltages up to 1.0V but not at higher voliages. A%t the higher voltages, ‘he down-

ward trace in the percentage .ight reflected curves ere characterized by a sudden
drop wken the current is reversed; <his coincides with the irr-eversibility of the
cell. The curve for 0.7V shows a ster in tne current when the cell reaches lOO%
reflected.

(e) The concentration of Compound(I) in system (d) was increased to 5%;
all other concerntrations remained unchangai.

Difficulty was found 1in keeping the «urrerts recorded within the scale of
+he micrvammeter. In previous experiments, the aprlied voltage was that across
the cell, tut by the use of the milliammeter it wac necessary tc calculate the
voltage across the cell from a rncwledge of wne resistance of the recorder and
the current flowing.

Resuits ror this system are _iver in Figurco Ob ani.05. Again reversing cycles
became shorter as tne sprlied voltsge was increasei, - irreversibility set at
an appliei voltage of l.hv. The wvariatiosn (o voltage acrosy the cell 1s shown
in Figures 26 ana o7 ani the average =1l xgl,ab»: gre given in Table 11. These
voltages were calculatel with the ali oo tne surrent curves crown in Flgures 68
ani 63.

Table 11
Arriie: Voltage, Va Average Cell Voltage, Ve )

245
.0 .54

o ® .82
SO STl
S Q.80
Lo J.91
L.l Q.93
i 1.06
2.3 1.13
L.l ‘ .24

Ve=Va - I.R.

(R = resistance of .. reor ing milliameter (590 au).
(I = currert flowins)
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General Observations

All the gels employed in the above erperiments were first degassed under vac-
! uum and then purged several times with nitrogen to exclude oxygen.

It was noticed that on application of a potential to rells containing Com-
pound(I), but without potassium bromide being present, the initial colour formed
was prurple. This rapidly changed to a aeep blue as the colour intensified. Cells
containing potassium bromide to increase the conductivity, remeined purple through-
out.

DISPLAY CELLS

The ideas already developed were used in making displuy cells, to demonstrate
how they could be empioyed for camouflage purposes. These cells were constructed
on the shutter principle, the colour being sipplied either by coloured paper strips
or by pigments actually incorporated in the cells,

] 1. Figuire TO shows one of the earliest types of display cell. The holes

] were Tilled with a gel of 1% agar containing C.1 M benzyl viologen dichloride and
0.3 M potassium chloride. The top electrcde was irade the cathode, and or appli-
3 cation of & potential, a dark purple coloration was produced, but holes furthest
away from the application of the potential were the slowest to form the purple
colour, owing to the potential drop across the electrode. The forward reaction
is quick, but the reverse is slow in this system. The coclour masked or dis-
played depended on which strip was used in operating the cell.

2. A similar cell was filled wa 2 5% Compound(I), 5% gelatin and with
different coloured pigments. ©Suitable , igments were: Acramin Bordeaux FR,
Acramin Yeliow F2G, Acramin Blue ¥FFG, Acramin Red FFG, Acramin Green F3G. The
top electrode was a tin ox.de transparent electrode, but the lower electrode
was a silver/silver ulphate ancde. The speed of response was quicker than
the previous display, but the potential drop along the elvctrode again was a
difficulty.

3. The filling was similar to 2, but in addition 0.C1N hydroguinone was
included. The bottom electrode here was = s2lver ore. This system is the best
so far tried, and the potential drop along t-.e electrode herdly affected the
operation.

Other Cell Designs

1. A cell constructed as shown in Fig. re T1 was filled with 0.1 M heptyl-
viclogen dibromide and 0.3 M potassium bromide. On ayplication of 2.5V a purple
colour developed on the tin exide cathode. The cclour appeared opposite the
small gold enode at first, aud then spread to the rest of the of the cathode.
The cell proved slow Yo reverse.




2. A second cell with a silver/silver bromide anode was constructed and
fllled with 0.1 M heptyl viologen dibromide, and on application of 2.5V a purple
colour was rapldly produced. The cell appeared to be reversible,

Other cells and designs are being tested,

Notes on tie Use of Adjuvaris

It has been slrcady pointed out that beneficial results can be c™'.uined with
Oompound(I),by the use of various adjuvartis. However, there are difficulties
that occur by the addition of these reagents tu the cell contents,

Potassium ferrocyanide (0.1 M) added to 0.05% of Compound(I), in 0.1 M
potassium bromide solution, immediately turned purple owing to the reducing
action of the potassium ferrocyanide. Hence potassium ferrocyanide cannot be
used as an adjuvant in this system. If 0.1 N potassium ferricyanide was used
instead, a yellow precipitate formed, agairn elimiraning potassium ferricyanide
as an adjuvant for the system.

Compound(I)Niﬁ the presence of hydroguinone, benzoquinone, tetrachlorohydro-
quinone and N N tetramethyl p - phenylene diamine dichloride, appeared to be
stable, although the latter does tend to cause a purple colour to appear if left
in the presence of air. Further tests were therefore carried out.

Benzoquinone

(2) A cell containing 1% Compound(I), 0.1 M potassium bromide and 0.005 M
benzoquinone with an applied voltage of 1.0V, gave a colour change, instantly
reversed by reversing the current. Reversal also came about without the use of
& reverse potential owirg to the oxidizing power of the benzoguinone.

(b) A combination of 1% Compound(I), C.1M potassium bromide and 0.001 M
benzoquinone in the cell gave a colour charge at 0.9V, which was also quick to
reverse. However, below 0.5 V and above 1.5V nd 2olcur was produced. An altera-
tion cf the concentration of the benzcquinore to 0.0001 M did rot change the
situetion. An increase in the concentration of the Compound(I) to 2.5%, keeping
the benzoquinone at 0.0001 M, orly resui%ed in a deepe¢r cclour being produced;
all other characteristics were the same as before,

Hydroguinone

Using 0.5% Compound(I), 0.1 M petaisium bromid= a~d 0.01 M hydroquinone with
the  upplied potential of C.QV, gave a guoud olour cnarge which was reversible on
reverse current. Incressing the concenvnratis of Compound(I), te 1% and reduc-
ing that of hydroquirnone to C.U05 M aloos operuted cucnesstully with 1 volt,
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Tetrachlorohydroquinone

A comtination of 1% Compound(I), 0.1 M potassium bromide and 5 mls of
saturated tetrachlorohydroquinone, all made up to 10 nls, nperated successfully
in a cell at 0.6V, but was somewhat slower than other cells to reverse.

NN NLN} Tetramethyl-ov-phenylenediamine dihydrochloride

A cell containing 1% Compound(I), 0.1 M potassium bromide and 0,0025 M in
this adJuvant gave a colour change at 0.5V, which operated quickly in both
directions. If the current was applied for too long end then reversed, a

purplish color developed; this was believed to be caused by the oxidation of
the adjuvant.

Ferrcus Ammonium Sulphate as Adjuvant

The cell used in thése experiments had a transparent tin o:ide cathode
and a silver anode. It contained a gel consisting of 5% Compound(I), 5% titan-
ium dioxide, 5% gelatin and 0.5 M ferrous ammonium sulphate.

Results obtained with this system are illustrated in Figures 72 and 76.
For all the curves except where indicated otherwise, reversal was brought
about by the application, of a reverse voltage. The results show that the
cycle times shortened for an increase of applied voltage. Thus for an applied
voltage of 0.6V the cycle time was in excess of 8 minutes, but for applied vol-
tages of 3.0 and 2.6V, the cycle time was in excess of ¢ minutes, but for
arplied voltages of 3.C ana 2.6V, the cycle time dropped to 30. -.L0O.seconds.
?evexual wag also brought abéut by switching of'l when @ slow recovery.boo. place,
Figure 76).

Figure 77 and -C show the respective current curves.tor-the above experi-
ments, the sharp maxlima in these curves occurring at reversal of the voltage.
Figures 21 and =4 chow the relation between the applied voltage and the actual
voltage across the in these experiments,.

11
NNNN - Tetramethyl-v-phenylene diamine dihydrochloride
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Freshly made solutions of Compound (A) mixed with those of Compound(I)
esulted in a rapid formution of a deep blue colour due to the reduction of
L mpound(I}. A freshly made colutior of (A) in water also turned violet slowly
on exposure to air o idation. Borth these reactions could be suppressed by the
iate given in tne Tuble
Vol of (A) (x..225 M} Vol of C.1 M Na S ; Colour in 2k hrs.
o~
5 mlgs G.5 Violet
5 mlo 1.0 Viclet
5 mlc 2.C Pale Viclet
5 mli: S.C Colourliess.
bomle Lo Colourlecs
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A cell was accordingly lilled with the following solution: 5% Compound(I),

5% titanium dio:.ide, 5% gelatin, 0.025 M Compound (A) and 0.0l M sodium sulphate.
Very good results were obtained with this system.

Figures 70 and 73 show percentage light reflected values against time for
increasing applied voltages. Cycle times became shorter as the applied voltage
was increased. (N.B. this cell could not be driven back, but it did return to
its original state on shorting the cell terminals.) A fairly constant cycle
time of about 50 seconds was attailned for applied volteges of 1.6 to 3.0 volts.

Figure 89 shows the percentage light reflected against time when the’ cell
was taken down to a value of 10% light reflected and then switched off. The

cathode layer was apparently stable for a number of minutes before it began to
fade.

Figures 90 and 91 show the corresponding currant curves. These contrast
markedly with previous current curves obtailned for cther systems in that a con-
stant current flowed through the cell. Since the currents flowing were constant,
then the actual voltages across the cell were constant. The relationship between

the applied voltages and the actual voltages across the cell are also indicated
in Figures 90 and 91.

It has been stated earlier that the cell could not be driven back. This is
only partly true. If the current was reversed fer too long, then the percent
light reflected first increased to ahout 85% and then decreased again due to 1
formation. of a violet ~olouration (présumably the oxidation product of N N NlN -

tetramethyl-p-pneriylenediamine dihydrochloride): This process is shown in ti-
current curve as two steps (Figure 92).

If, however, the current was reversed until the percent reflected light
reached 55% and was then switched off, then the cell returned to normal. This

is shown in the current curve as a sharp drop in current after the first plateau.
(See Figure 93).

Note that in both Figures 92 and 93 the applied vcltage was 0.6V, and that
in the experimen®t illustrated in Figure 92, after th= current was reversed for
too leng, the cell d4id not furncwion agaln.

It has been ncticed that if the corsentra*tior of sodium sulphate was in-
sreased (concentration not known), ther it was posclble 40 drive the cell back
as well as short it bacw. '

An atie ot was moeie £o make cells with Compound (A) and soliu: o ipbiee WolL
were capable o) ceing reversed Plvctrf:&LLy g. well as by shorting o, previously.
Tris was done by increacing the concertrotion ol sodiun sulphiite. The presence of
a greater contentration of sodium sulphite mewcss thee tha purple esidation product
of Compound (A) which previously formed on elecuricully reversing a cell, was
rapidly reduced vs the colourless reducedi ztate, The result was that the cell
then functioret revercibly providasd thut the current in the reverse direction was

not passea for too long.

. '
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Supplementary experiments involved cells which were similar to those already
described, but with increased concentrations of solium sulphite. 1In one case Com-
pound (A) was omitted, and the sodium sulphite 1tsel! used as the adjuvant. Cells
tested therefore consisted of the following:

(0) A gel which was 5% in Compound (I), 0.025 M in Compound (A) 0.02 M in
scdiun sulphite, 5% 1in T102 and 7.5% in gelatin.

(b) A gel which was 5% in Compound (I), ©.025 M in Compound (A) 0.1 M in
sodium sulphite, 5% in TiQLand T.5% in gelatin.

(c) A gel which was 5% in Compound (I), 0.02 M in sodium sulphite, 5% in
TiC, and 7.5% in gelatin.

Light reflected curves for system (a) are presented in Figures 94 and 95.

Corresponding current curves are shown in Figures 96 und 97. Voltages on
the graphs are the applied voltages which approximated the true voltages
across the cell, since the current flowing was tairly constant initiully., A
comparison of Figures 94 and 75 with Figures 85 and #8; iie+5 ror a similar
cell which was only 0.01M.in sodium sulphiite shows almost identical downward
curves, Reversal of the current (Figures b and 95) reduced the time for the
cell to return to itsa original state when compared with the shorting technique
(Figures 55 to “%). Note that when the current wuas reversed, the current was
1 the percentuge light reflected value reached about H50%; passage--— -
er than this resultei in a tendency for the percent light retlected
se again. In this respect, therefore, this cell was similar to
usly uaescribed,

“t 0 increasing the sodium sulphite concentration still further;

i.e., System (b?. iz shown in Figures 92 ant 99, This resulted in a better
system.  Again the downward curves ure almost iuentical to those shown in Figure:
oL anr 9% and in Figures Y5 to S4¥. The increace in codium sulphite concentra-
ion to 0.1 M, however, gave a still quicker revercal curve but again the current
pad To be switeber off in the region or S04 light rerlected. If the current was
veverseld Uor too long, the light reflected value tended to decrease again, but

the

nt

et

on switching ot the current, “ell returned to normal. This was in contras*
C the cell with a lesser amou of vodium sulphite, (0.0lM), which dld not re-

!
urrn to normal or runction again.
Current curves ror syctenm (b) are chown in Fipures 100 and lul,

Note trut voth cells (&) and (b) would alzo short back to Lie orisinual

2 variation or pereent light retlected with time after
a value o 109 iiznht rerlected and then switehing ory
nt. This 15 2 slightly slower curve than that shown in Figure =5 tor
2 Y &

- &9 -
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the cell with 0.01 M sodiwn 3ulphlite,

Light retlected curves tor cell (c¢) which only employed sodium gsulphite
(0.02 M) as the adjuvant are shown in Figures 103 and 104. Again there is little
difference in the downward curves from those presented ‘or cells (a), The re-
verse curves, however, take slightly longer than those tor cell (a) and at
applied voltages of 2.0 and 2.2 the percent light reflected value di:d not re-
verse completely to 100%. Lower operating voltages were appurently suitable,
however,

Current curves tor cell (c¢) are shown in Figures 105 and 106.

A successful display cell based on cell (b) and employing Acramin dyes had
been built.

Comparison of Heptyl and Benzyl Viclorens with (I) in the presence of (A)

Since both the heptyl and benzyl viologen dibromides could potentially be
employed in *he shutter system as well as (I), a comparison of these with (I)
were made. Cells were constructed which were 0.1 M 1n (X), 0.025 M in N, N,

N% Nl- tetramethyl-p-phenylene diamine dihyrcchloride, 0.01 M in sodium sul-
phite, 5% in TiCE’ and 10% in gelatin, where X represents either heptyl violo-
gen dibromide or benzyl viologen dibromide. As belore a cilver anode and a tin
oxide transparent cathode were used.

Percentage light retlected measurements tor the heptyl viologen system are
shown in Figure 107 and seem to be somewhat erratic. Results for the benzyl
system are a little better (Gee Figures 108 and 109. There could be an opti-
mwn voltage for this system uince both the high and the low applied voltages
tried gave slower cycles than more intermediate voltages,

been Tound that a colution containing silver nitrate and tetrachlo-
one, with a small amcunt of sodiwn nitrite or sulphite (not enough
recipitate of the silver salt) will plate cilver reversibly on to a
trode. A silver anode was uced und a voltage of two volts was
trations of silver nltrate, tetrachlorohydroquinone and sodium
or sulphite used were not known since thic was only o trial. The plat-
silver appeared to be virtually instantuncos .

A solution of vilver nitrate and hyirogquinone rapialy Lurned cdard but a
solution of silver nitrute and tetrachlorehydroquinone only darrened slowly.
The latter system wac trici, tharefore, with a1 ot i)izory present; i.e., as
above,
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Preparation of SH-6-7-Dihydro-1,4-diazepino D”2.3.h.-lrmﬂ - 1,10-

Phenanthrolinium dibromide (IT)

12 '3 o

/}h—- o —_

N/

10/ —~/
2
;\==N/// \\N;::3 2 Br .
T s
¢

(Compound II)

1, 10-phenanthroline hydrute (32) was relluxed with 1, 3-dibromopropane
(2 mls) in 25 mls ol wcetonitrile for 4 hours. The required solid separated
‘rom the boiling liquid as a yellow powder. This was filtered off and recrys-
tallized from absolute ethanol.

The above compound gave a deep red colouration on treatment with zinc dust.
It has @ reported reduction potential of' -0.27 volts,

Initial experiments with Compound (IT), were to l'ind a suitable adjuvant to
use with it. <Compounds tested were hydroquinone, ferrous ammonium sulphate,
r-phenylenediamine hydrochloride, tetrachlorohydroquinone, potassium ferrocyanide
wiidouostablizedt solution of' N, N, N1, Nl -p-phenylenediamine dihydrochloride.

Ot these the latter two compounds produced red colourations with (II) :nd were
therelore not suitable as adjuvants in this system. The others were upparently
suituble since they «<4id not produce red colourations with (II). Of these, hydro-
qQuinore was used in cells from which light retflected meusurements were made.

Twe cells were constructed, which were:
(+) .1 M in (II). 0.1 M in hyiroquinone. 2% in Ti0 _ani %% in gelatin.
‘.

(o) V.1 M in (II) ..025 M in hydiroquinone, 2% in Ti0 iind 5% in gelatin.

A silver anote and u transparent tin o. ide cathode were used as before.

Results ror cell (u) are shown in Figures 110 and L11. "The percentuge
izht reflected measurements (Figure 110) showed that the cell was not conpletly
eversible nt any o the applied veoltages tried (0.0V to 2.0V). Corresponding
rent curves are shown in Figure 111.

As shown in Figures 112 and 113, the results tor cell (b), which had a lower ™

entration o ajuvant (hyiroquinone), still cemonstruted the irreversibility
Le osystem.,

O
.
4

ot
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A comparison of Figure 110 and 112 shcws the elffect of decreasing the concen-
tration of hydroquinone from 0.1 M to 0.025 M. The effect was to give a somewhat
slower reaction in the second case.

Colour changes of the cell were orange-red at about 60% light rerlected, bright
red at about 50% and dark red at about 40%. As indicated by the graphs, the light re
reflected value never returnei to 100%; i.e.. the colour never returned to the
original yellowish colour. The cell in fact tended to retain the orange-red colour.
This apparent 1ight sensitivity might account for the irreversibility -~f the system.

. 11
Preparation of 6,7 - Dihydro -13 - oxo - 13H - dipyridof[i,2-d: 27, 1°-g] [1,4-
diazepinedi-ium dibromide (Compound (IIT)

lO<

The reported half wave potential of this compound is - 0.11 V independent of
pH and concentration. There is no evidence of a second reduction wave. It is
stable below pH 5.0. Above this pH value, the salt gradualiy deteriorates and
1 pidly . breaxs down as the solution beromes alkaline. (Black and Summers).

12

]
3
2 Br-

T 6

It was prepared as follows:

Di - 2 - pyridyl ketone (6.C g) was heated under reflu with 1,2-dibromoe-
thar > (60 mls) for a total of 24 hours. The solution wucs cooled, and the dark
brown solid obtair :d was washed with cold actone ani ethancl. It resists re-
crystallization from aceton-aqueous hydrobrom.c acid ac suggested by BRlack &
Summers.

Use in Cells

(1) A cell containing 5% Compound (III), used tour transmission of lisght
with an annular silver electrode, did not work even whzn the concentraticn we .
reduced and voltages up to 3 volts were applicd.

(i1) A conbination of 0.5% Compound (III). with .3 M potassium bromive was
used in a cell with two transprrent tin oriie elestrodes. Application ot 1.3V
caused a pale red colour to app-ir, which couli be mafe tooappeqr uor vaplily
with 2.0 V. The colour change bark to pale biown wi. e ceos il b e i

the current at both voltagec.
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(iii) Replacement of one of the transparent tin o: ide electrodes Ly an
amular silver electrode (anode) resulted inu & colour change «t 0.2 V, out this
did not reverse quickly. An increase ol the concentration of Cownound (III),
from 0.9 to 1.0% gave similar results.

(iv) Altnough other cells were trie: with {it'terent unodes, the systems
all worked ut low voltages (0.1 to C.5 V), but dii not reverse easily.

The addition of an oxident to the system is supposed to quicken the
reversing action o the cell, and some experiments tc test this were carried out.

(a) A solution of 1% Compound (III). 0.1% potassium ferricyanide,
used in the same cell, operated successfully at 0.3 V and reversed quickly. How-
ever after several cycles it became slower, and a black ccating formed on the
silver electrode.

(p) A sclution ot 1% Compound (III) C.1% potassium ferricyanide,
used in the suze cell, operate.d successiully at ¢.3 V und reversed quickly. How~
ever, after several cycles it became slower, and a black coating formed on the
silver electrode,

(¢) A similar eaperiment. tut with ©.1% stannic chloride, gave i-en-
tical results as in (b).

This protlem has been overcome in one instonce by "irowning” the derk
brown colour of the solution by adding a greer p.gment, (Acramin Green F3G). In
this way the compound has been useca in 0.2 M concentration (or 5.3%). and the
colour change ottained has been theretore ‘rom green to trown. (the red colour of
tre reduced form backed by the green pigment giving a brown colour).

The cell used consistei of a gel wrict wus 3% in agar, .25 M in
(III). 0.25 M in hLydroquinone and with & tin o:iie transpavrent elactrode as the
cathode and a silver anode. The silver teniei %o reiuce (ITI) o the :ed colour.
(It is expected that a more inert electr~oie; e.g., pletinum or goli would not do
this.) However, the cell still runctioiea reversibly on applying 1.5 volts, the
time for cne complete cycle tei - in the region of © seconis,

ANTHRAQUINONES IN REDOX CYSTEMC

Preliminary experiments were carried out witl a .05 M aqueous selution of
the sodium salt o 2;6 anthruquinone iizulphoenic a-id (Compouna VI) uni various
adjuvants (tetrachlorchydiroquinone, hyircquinone. rerrous ammonium sulphute and
potassium rerrocyaniie). Potassium Uerrocyaniie appearer L0 be the test in

tris system, ani light retle-tance curves wees Stlnined mainly for Compound (v
and potassium terrovysnite with tirterent elecirores, It wal Vouna thot with a
metal anoie (cilver, gzoli., copper) ani a tin o iic trunosparent cuthotwe g dur:
tepcsit romer on the metal eletroie, but cnic i onot prevent e cell func-
tioning. It two truncpurent vle trosel were e, toore depositowue roomied.




The reduzed form of IV was an orange, red cclour, whereas the oxidized form
was a very pale vellow. Light reflectance measurements were made on the follow-
ing systems:

(a) A cell comprised of a gel which was 0.05 M in (IV), 5% in TiO,, 7.5% in
gelatin and with a tin oxide transparent cathode and a copper anode.

(b) A cell comprised of a gel which was 0.025 M in (IV), ©.025 M in potassium
ferrocyanide, 5% in Ti0, 7.5% in gelatin and with a tin o:ide transparent cathode
and a copper anoue.

(c) A cell comprised of a gel which was 0.05 M in (IV) 5% in T10,, 7.5% in
gelatin and with a tin oxide transparent cathode and a silver andde,

(d) A cell comprised of a gel which was 0.05 M in (IV), 0.025 M in potassium
ferrocyanide, 5% in Ti0,, 7.5% in gelatin and with a tin oxide transparent cathode
and a silver anode.

fe) A ce)ll comprised of a gel which was 0.025 M in (IV), 0.025 .. in pctassium
ferrocyanide, 5% in T10,, 7.5% in gelatin and with two tin oxide transparent
electrodes.

Results for system (a) are shown in Figures 114 and 115. The percent light
reflected curves in Figure 1 show the disadvantage of not having an adjuvant
present. Tre percent light reflected fell quite quickly initially, tut only rose
slowly on reversing the current. The initial light reflected value was not
attained after reversing the current for four minutes. Corresponding current
curves, are shown in Figure 116.

Results for system (b) are shown in Figures 116 and 117. This system em-
ployed potassium ferrocyanicde as the adjuvant and was an Improvement on system
(a). Although the concentration of {IV) was half that used in (a) the percent
light reflected fell slightly quicker on applying similer volteages. The return
curve on reversing the current was also quicker, but the value of the percent
i1ight reflected did not return to 100%. Corresponding current curves are shown
in Figure 117.

The replacement of the copper anode in system (a) with a silver anode re-
oulted in a better cell. Results for this system; i.e.. system (c), are shown in
Figure 118. The light reflected/time curve tor an applied voltage of 2.6 volts
is shown but this was almost identical with appliei voltages between 2.0 and 3.0.
volts. This system was completely reversible av inticated in the ticure. No
current/time curves .re available

The addition of votassium ferrocyanide as aijuvant to system (c¢) resulted
in an improvement. Such a cell; i.e., system (d), gave shorter cycle times.
Results tor system (d) are shown in Figure 119. The light retlected/time curve
for an applied voltage o! 2.6 volts ic shown with reversal at (i) 19 seconds and
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(11) 30 seconds. The cyele time for (1) was 20 seconds (1aversal at 60% 1ight
reflected value) and for (i1) was 65 seconds (reversal at LO%_light reflected

value). As in (c) light retlected/time curves for applied voltages of between
2.0 and 3.0 volts are almost ldentical with that shown (2.6 volte). Again no

current/time curves are available,

Results ror system (e), which has (IV) and potassium fer. »eyanide in 0,025

toocontration, as well as containing Ti0)and gelatin, with two transparent elec-

trodes are shown in Figures 120 and 123." Light rerlected/time curves for applied
voltages of 1.5, 2.0, 2.5 and 3.0 volts are shown in Figure 120, and 121 of 1.5,
2.0, 2.5 and 3.0 volts are shown in Figure 120 and 121 indicated current reversal
at different values ot percent light reflected ior an applied voltage of 3.0
volts. Comparison with Figure 119 shows that system (d) was much better than
this present system, even though it has earlier been pointed out that the silver
developed a dark deposit on it in use. Corresponding current/time curves for
system (e) are shown in Figure 122 for the applied boltages used. Figure 123
indicates light reflected/time curves whe: the cell terminals were shorted and
when the current was switched off.

These experiments theretfore showed the potential use of anthraquinone deri-
vatives in redox systems. Since a vast range o!" Jdyestuffs are derived from
anthraquinones, then it is potentially possible to derive reversal color systems
by their use.

Experiments with other Dyestufrs

(a) Cibanone Brilliant Green F2B

CH L0 .CH
b]

Treoretical colour change tor this compound is f'rom green (oxidizea rormm) to
red (reduced :orm) when in acid solution. The reduced fom is dark blue when in
alkaline solution.

The above colour changec coulid be obtained by chemical methods; i.e., re-
tuction with doliusn hyirosulphite, but not by electrical means. Attempts were
made in (a) aqueous solution (b) alcoholic solution and (c¢) dimethylformamide,
in the presence o adjuvants, to obtain a colour chan%e by application of volt-
ages up to 3 volts., Adjuvants tried were N, N, Nl, N*, - tetramethyl -p- phen-
vlerediamine fihydrochloride, potassium Yerrocyanide, hydroquinone. tetrachloro-
nydroquirone, p-prenyleneiiamine, rerrouw emmonium sulphate and N, Ni- dimethyl
-p- phenyleneciamine exalate. Electrodes uved were (1) two silver electrodes
(11) two trancparent tin o.lde electroge. ani (iii) one tin oxite transparent
elestrose ant one cilver elestrode.
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(v) Cibaneone Brilliant Orange FRK

Br

Br

I
0

A similar set of experiments to these described in (a) were carried out
but aguin no colour change was effected by electrical means.

(c) Anthraquinone

(1) In dimethylrormamide (100%)

Voltages of up to 3 volt.: we upplied between various electrodes.

With two silver electrodes no colour was produced. The use of two gold or
“wO transpsrent tin oxide electrodes gave a red colour at the cathode when a
voltage of 3 velts was applied. This rapidly disappeared on reversing.

The addition of hydrogquinone to the system brought the applled voltage tor
2olour Tormation down to 2.4 volts.

=

(i1} In 80% dimethylrormunide and 20% methanol

of anthraquinone in the above sclution with tetramethyl ammonium
e as supporting electrolyte gave the rollowing results.

With twc transparent electrodes a revercsible red colour developed at the

e of tr. The use of two gold etrectrodes or one
5 cathode) and onre gold electrode resulted in
ion of the re: colour at a volutuge o 2 volias,

(1) 2- Meinhyl anthraguinene

ectrolyte, 2 red colour wuo oo when 2.2 voelis wac applie:n

;
> + ’
Letwesn wwo gola eleciroues, The colour change was reversible.

(2) cramine Yeliow F7G

A potentiul oY Z volis aprlier between a Lrunsparent elesirode

{catnode) ans a cilver anose recultel in tne Dorme: a ark coloretion on
e rathole T roaration vartially onoruversing the current.
T K wieTrNel ant voltuxe cesulte s tnor o Tete

o . B 3 " e [ LR TR TE B
L IO IS G Sl LWL WAL b L

. g
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(£) Alizarin Red S "

This compound dissolved in water to give a yellow solution. The applica-
tion c¢f a potential cof 2 vclts between two transparent electrcdes in the presence
of hydroquincne (as adjuvant) and the above compound resulted in formation cf a
dark colouration on the cathode.. The system was not reversitle,.

(g) Fluorescein

Fluorescein itsell dissolved sligh+®ly in water to give an orange-yellow
solution. On application of 2 to 3 volts, a dark green colour formed slowly on

the cathode (two transparent tin oxide electrodes). The green colour disappeared
cn reversing the current.

Further work with other dyes will be carried out if required in later stages
0. the research.

BIPYRIDILIUM REDOX SYSTEMS

It was found convenient in this section tc expand the reference to a form
of literature survey, because in so d0ing, valuable informatiom is disclosed
nat can pe usel in conjunction with the research work. Reference numbers were

o ought necessary cince the relevance of the reflerences seemed clear by the
ieseription given.

Prilips Electrochromic Display Shculd Prove g Winner.
(New Elactronics, Zbth July 1973, p. 13)

This srticle z2ecoribes a new type o display ievice leveloped at Fhilips
word ihoven The display produced a purple color on
e The dieplay o:fezred long-term memory, low

Tve distlay wao bacel on a reiox reaction o!f tiheptylviologendibromide
- 1] oi {1ian iibromiie) in water:

at the catholde 1

Tre first step gave a
tuly b "Lun\1~“‘ 1$e

o compound A'By whioh auher-

coult be erased vy reversal o U
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The absorption bund of the colored diheptylviologendibromide At jon was
rather bread with a maximum in the green part of the spectrum. The absorption )
voerticient (a) of the dye was high (a is about 26,000 cm ). !

The article also deals with electrode materials (metallic, high-conductive f
tin oxide and indiun cxide) and with writing voltages und times.,

Electrochemical Color Low-Voltage Indicators

(V. V. Treier & B. I. Shapiro - Instrumentation & Control No. 8.
August 1970, p. 66-6)
(Original reference - Prib. Sist. Upr. 1970, (8), p.Lh-45 (Russ)).

Electrochemical color indicato.: based on eg salts ot l,ll-dimethyl-h,hl-
btipyridines with inorganic anions had = high degree of reversibility and would
undergo several thousands of reversals.

There were 3 cell varients; (1) a 2-electrode indicator without diffusion
iiaphragm, (2) a 2-electrode indicator with diftusion diaphragm, and (3) a 3-
electrode cell with screening electrode.

E.g., with an electrolyte consisting of an aqueous solution of 5 x 1072 M l,ll
-dimetnyl-4 L -bypyridine dichloride and M.KCL was used. At a threshold of 0.2-0.
3V the indicator began to operate and-at 1.0V, the indicator -breke down. If the

coloured state had to be maintained, a diffusion diaphragm or a screen electrode
was used.

Reaction on the cathode:

“rloon the anode with an Ag/AgCl electrode:
+ -
Ag - e == Ag + C! == Ag Cl.

7. 5. Patent 3,712,709

A N-substituted p-cyanophenyl derivative of, for example, a bipyridyl was
sibly transformed between the cationic form (colorless or pale yellow) and
cal (usually green) by apr.ication of a potential between a transparent con-

vieting electrode and a counter electrode.

VPO e
v I

trade was comprised of a ccating o a conducting oxide or

The werking elec
film.

u very thin metal
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Examples of active compounds were simple saltc or poiymeric forms of mono-
or di-Ni-substituted-p-cysnophenyl derivatlives of bipyri:yls, diazapyrene, or
biquinolyls. The preferred compou1d is N,Nl-ji(p-cyanophenyl) b,hl cnloride.
This formed an insoluble c¢olored re iical on the working electrode surface whicth
did not diffuse awuy anu was eacily reo:iusizel to tie rcolorlecs !orm bty reversal
of the appliel votential.

The active material could contain the (p~-cyanop!enyl) group attacted to
polymeric structure, e.g., a b-(4l-pyridyl) N-p-cyanophenyl pyridinium salt
reacted with polyvinyl chlor.c~etate or copolymers thereof witn polyvinyl alcohol
to form an active material. If polyvinyl alcohol unitcs were present these could
be crogs-linked; e.g., with glyo.ol, to give a geiled active material.

The active meterial was usually used in the presence of an ayueous medium;
€.5.. water or a water soluble polymcr such as agar, gelatine, methyl cellulose,
polyvinyl alcvhol or polyvinyl-pyrrolidone. An inert electrolyte could be added
to increase conductivity; alkali metal salts such as '©° 'des c¢r fluoroborates
preferred.

B.g.'s, ol onions whigh could be associated with uctive materials were halides,

especially chlorige, 50,7, HSO; (where R = en alkyl group), SiF62' or BF

)4.
Several possibilities were availatle for the ccunter electrode; it was
desireatle to precoat the metal counter 2lectrode with radical salt before
ac-embly; this avoided the possibility of gas formation during the first opera-
ticnal cycle. Alternatively, the counter electrode was a metal in contact with

an insoluble salt, the arion of the insoluble salt being common to the active
species; e.g., Ag/AgCl.

Electrochemical oxidution of the cclored species was facilitated by the
addition of an easily oxiuizuble mut-:rial vhich was colorler. or only lightly

colored; e.g., sodium ferrocyanide in C.1M concentration.

A third electrode could be included as a reterence clectrode for poten-
tial control pu. poses.

Exampie

Active material: a layer of an agar jelly stabilized aqueous solution of
N, N*-di)p-cyenophenyl) L,k -vipyridilium iichloride. The concentration of
active cumponent was 10-3M in 0.1N agueous sulphuric acid.

Voltages used: -2.2V relative o ag/A 0" rorerence electrode applies

cagced depositicon ¢t the iagoluble ireen - :i ol catioa. Applization of -C.by
causeds the uniecirable ¢ clectren ye action. te sreen cclor was stable for
several nours on open circuiting. Revercal of Lre potential 1o +1.0 volts

caused bleaching in one miaute.




; The use of an wotive composition mude Urom 1C™M N, Nl-di(p-cyunophenyl).

w4 =bipyridilium dichloride, 0.1M KCl and 0,1M NoyFe(CN)g, gelled with 5%

Sflﬁgin guve u Jdevice which could be blenched rupldly with un upplied potential
AU+l LV (relative to Ag/AgCl chloride reference electrode),

Good recu
tolymer of pol
Jyuternised wi
Linked by imme

were nlso obtained by replucing the urtive ompound wity n o-
nyl aleohol and polyvinylehlorsoetste, the latter grouns veing

h 4-(L-pyridyl)-pyridinium chloride. The copolymer coull e crosse
sfon in glyoxal solution.

Ny
Rl

ecificution 1,302,000 (Jan 1973 - Priitips Electronic & Associuate.
Industries Ltd.)

(A)

where R & RY each represented an alkyl or cyeloslkyl group containing up to 1-
cirbon atoms Or an unsatureated aliyl or cycloal:yl zroup contuining up to 12
carvon or an arulkyl or alkaryl group containing up to 10 carbon atoms or al
prienyl group, which groups could be substitute: in the uromutic nucleus with CFa,
= talogen, CH3, OCHjy, or NOp., a carbonamido-alkyl grouy in whick the N atom
could carry one Or two alkyl groups which together with a hetero-atom may form o
ring, which group or groups could contain up to 16 carbon atoms, an alxoxy-
curbonyl-al:.yl group containing up to 16 carbon atoms, a thienyl alkyl group
tontaining up to 10 atoms or a nitrile group. whilst R could also be the group
of formula (B),

]

/
R,
\
N / N-CH, -CHg - (B)
\— —
Ry Ra

lu which formulae Ry & R) each represented a H atoum or together u -CH=OH- group;
Ao & Ro euch represented a H atom or together u -CH=Ch group; n wus zero or unity
2l X represented an electrochemically inert anicen.

oxamples of R & RL wur methyl, n-propyl. iso-propyl, sec-butyl. n-heptyl.
allyl, benzyl, 3,S5-dimethylmorpholinyl-carbonylmethyl, l-propionylethyl-l, cartcn
amlidomethyl, dodecyl, w-methoxycarbonyldecyl, hexadecanyl, phenyl and 2, U4, bL-tri-
ritrophenyl,
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Compounds of the formula (A) in which R represented the group (B) could be
prepared from a compound of the formula (A), where n = 0, and 1, 2 - dibromo -

ethune,

Zxamples ot electrochemically i{nert anions wag perchlorate, boron tetra-
flueride, halides, phosphate, ete,

At the cathode Arz' — Ar'

At the anode the adjuvant was ox‘dized. Suitable adjuvants were gub-
tituted hydroquinones which have a redi. potential of at least C.TV (relative
© S.H.E.). They included hydroquinones substituted with a halogen, CN, CF3 )

3 or SCF3. Tetra - substituted hydroquinones were preferred; e.g., 2,3 ’
-aichloro - h,s-dicyanohydroquinone and especially tetrahalohydroquinone, in
particular tetrachlorohydroquinone.

Alternatively, adjuvants would~-be Fe(II) salts. However, anions of these

selts had to be inert at the voltages used and in the solvent used. A minimum

solubility o. aoout ©.01 mole/l. egs ferrous boron tetrafluoride, ferrous ecetate,
ferrous chleride ete., was required.

Other adjuvants were 1,4 -diédialkylamino) benzenes. The alk&l groups pree--om

sent preterably contained 1 to 5 C atoms., as for example at the anode, tetra-
chlorohydrocuinone:

e cl o
10 —< \S S | —— C:{___\ 0 + e + o8
o , T Ct

Oxidizable and ro
tion with no upper limi

]
1

1ucible substance: had to be at least C.0IM in concentra-
T to the concentration.

Use 5f titanium dioxide wac suggested as a white background.

Examples o! uolven®s were water and aprotic solvent: such as acetonitrile,
onitrile, gentarodinitrile, benzonitrile, propylent carbonate, nitromethane
2tic acid anhyrride,

Yroeferably, tne solvent was water when the reducible substances ot formula
(A) were nalides. BFl, anions could be uced in water., When wate: was used as
the solvent, a Fe (II) soltv or a 1,4 -di(dialkylumino) benzene wa:s used as the
Aijvant, This was alvo the cace with acetic acid anbydride as solvent.

-8\ .
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Hydroquinones were prelerably used in an organic mediun, (N,B,; it hac
veen round that quinolates could give rise to Insoluble calts with compounds

2 tormula (A). This was prevented by the aldition of a small amount of an
weld, elther organie or inorganic, (0% to 10% by welght, ))

IR v g N . 2 2 ) g2y O I3 "M 0 ) i
; Blectraies houl? be Inert clectrodes: w.g:, ”noz, InO.,, VYo, it unit Au,
AhoWRT Rt recersyry for all electrodes to o beomade GUSthe e e lal
Absence ot oxygen was required, Operating voltages were found to be
1.2 to 1.3 volts,

~

coelyviologens - A Novel Class of Catlonic Polyelectrolyte Redox Polymer
(Polymer Letters, Vol., 9, pp 259-295‘(1971) by A. Factor & G. E. Heinschn)

This discusses the preparation of a novel class of polyelectrolytu red
polymers, polyvioclogens (I) which combine hydrophilic behaviour with a simple

one step synthetic route; e.g., (1),

- e
Br’ Br&
. & g o -
Y2 N+ Y Rr—Re=hr 7\ \
\ —
\;::// M n
(1)
CHp™ CHA"
where R o= o, om, or p ! ; -CH~-CH=CH-CH2- ; or
\ [N
. N
B x CHy-
i N/
i
\\f¢7
CHn"

Treoe polyviologens belong to a class of ionic  polymers named ioncne:
Tormed by the condensation of simple diamines and dihalides. Tonene polymer
Jalto of 7.7,7, - tetracyanoquinodimethanr radical ion (TCHd55 containing
reutral TCNQ have been found to be hightly conductive, with conductivities
(@25°) of up <o 10 2_{\- = S

cm

Uyntheses ot polyxy lylviologen dibromides (PXV-BrE), polyxylylviologen
oty {rtyrenesulohonate) (PXV-(PSS)Q), polyxylylviologen-polyacrylate (PXV-PA}
polyvatenylviclozen dibromide (PBV-Br)E, crosslinked polymesityiviologen bromi

™ or . - {3 R 3
(PMV-Br.) are discussed.
z

N

*

o

ae

Conductivity of poly ylylviologen TCNQqp 53lts are discussed. It was
pongible to cact Cllms of these materials.,
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All forms exhibitea redox sctivity,

Electrochemicul properties of these muteriols apre conslaered in n fortne
coming publication

Radical Cations from nigquaternary Snlte ot DI=lapyridyl Fetone

(Binew, A, L. & Swmner., LA, J. Chemeloe (), 1970, e 230k)

Tre investigaters prepured @ number of dlquaternary Salis ot of-
netone:

c=pyridyl

\ / ) \ / I \
—=N i (IT) = 5, 7 - b

R .
( = i, { -« [
a

hyiriel3- ol gi-dinyriae

Dd‘anz ¥ ’1.5 E h]

\\\\\\ - liU:chneJl-Li" Dibromi se.

7 (1T1T) = 7, -Dibyaro-lb-0.0 -()}{.1"‘H~ilipvr'i‘iu

[L.,--x z2 -][l )J diazocinesi-

FTrT 1un Uibromive.

Compounds (I; R = Me) & (I; R = Et) were
mpounsdis (II) and (IT1). below pH o0, Just

ALL were s5oluble In ow
telow pHoca. 5.5, ana or
e

pH values the salts grodually deteriorated uni rupilly broke
fown In airuline solution.

R =1%)and (I; R = Ev) were blue.

Tre one-electron re rnozalts of (T
ere deep red and violet.

ductio
Tre corresponding salts of (II) and (TIT) w

Tre radical ravions were not appreciably oxidized back to the diquaternary
salts by air,

Tre above compounds gave one-electron reduction waves with hulf-wave

potentiols againct u stuandari calomel electrode of -0,30V (T; R = Me), -G, 32V
{I:R = BL), =0.L1V(II) ond -0.17V(III). There wns no evidence of a second
reftuction wave,
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‘ The ubove sults were tected ag herbieidgs on oix pluntu, The sults (T; R =
Punt (I3 R = Ev) were lnactive at b kg/hm“ while (II1I) killed only sugnr, but

+
" q‘,,{

vedaprlicarion rate. The salt (II) was the most uctive,

Dy

BRI . . e e . . . o . . , o
crmeivetren Trancter Properties of Diguaternary Sultc of 2-(2-Pyridyl)-quinoline
I4
IBLPRTE

A L und Summeras, LoAL, L Chem, Soo, (0), Loy, gy 2o7)

LK)

| Prepared s number of tiquaternary salte of 2-(J-Pyrldyl)- guinolfne:

e

(1) (11"

o woaler und wers stuble iv aque soc oolat o,
w . aoett by gtrorsroy alsuli. Ruad al-oruoione proa
Dol e Iho olive grecn (T n = 2), wnd brownloe ereern
i o= 2 veom T (o= 2 oand S owere ctable in o agues s
CLoilte
The resustion potentiale againgt 2 normal hyldromen electrotde npe o
Geble telow Lo ther witn A mux of the ULV, nbsorptlon spectra. 2.2
oo i unon ocomparicon,

Pyricylyuincline cnit u(V) P

e —— ——————

(I: r - 2) -0, 1 3
(1: .. [ -0.21 13
(17

A

t
)
n

"D

e

SN

-~

TAMAT AT




Bipyridyi sulu

(III; n = 2)
(III; n = 3)

Tiin
-0 T3V, but wue pH o dependent,

The salts (I;
The salt (II) could
system,

In herpicidul tests on ci: plant
were completely inactive, while (III; n
Jiquat.

ro(V)

S———

-, 39
=l HY

a i

e
nt

calte (It o= 2 & ) alau gave cecond retuction waves ot about =U, 60

= 2 & 3) were reversible one-election transter systems,
be regarded as the o.idized form cf

a8 reversible reac

(9

specles the saltu}(l; n=2=%& 3 and (11)

= 2) wus only ca.~/%0th as active ac
y

2) possessed unusual rungito ie properties.

Efrect ot Introducing a Sulphur Bridge on tre Herci:fdal Activity of Diquat.
(Swmmers, L. A., Nature, Vol. 21k, April 22, 1267, p. 3-1)
The author investiguted tiquaternary sults o Z2,2%-dipyridyl culphide:
g
¥
: } = The N,N--
- 1 B
o 2.2t-dipyrity.
Sulpniode
‘ o (T: K=C.H, .¥X=B '= tre N,N--
dethyl Y0 oeonie or S0t
! ’ oy e
M (11; soofletipyriac o.i-t
§§ ho2tee L1, v-tnindtazinies
- Sihromiae,
y; ‘B
[171) (II:; n = 2) = 6, T-ulhytrodipyriac
= __;\\ - [3.1-::11. 21-fJ7vi.j.6-L:i dluze-
____j/_—_‘ couyp vibium tibremie,
\§§ Y/ \ /
- - (111 - Diquat iitromide.
v u
The slpaaterunry cnite of 2.20%-dipyriyl oulrhie cave cGlouse. (uountty
Jellow-greent Solution. in wator when rotieot,




Re luctlon waves were obtalned in

E% (pH 5.9

Cumgouud

solutions of various
1
Ey

pHe as tabulated below:

s (pH 8,04)

-\‘,,0:\1

sh=CH 3 X=T"° Y
o

,7H(.X=B. -

L -0. T4

-0.63

- b " e e -~ H -
o tiained versus the standard calomel
Vorernnt o recacsion wave Sor
Iinonerviclal o tests the

PEUEE A SN N Teed o
sanifli-any azvivicy.

~0.75
-0.43

2leclrode,

dtquat dibromide (III) obrtained at -1.0V.

. oo el . . S e m e
flquaterngry sults of 2,87 -dipyridyl oulphide snowed

ro V. ligueternary Sults of trans -1,2-Di-(bLepyridvl) ethylene.
DcResen, J. FLo& Jwwmers L. A, J. Chem. 3Soc. (C), 1969, p. 16L3

c1) eihylene:

Y.l

r

X o= MeSOy

—
]
i

—
4
.

. .
. . . L . e . - ‘ [IFOUS .
Acnlon Lt satrr o mave w o byownilol greern luticrn, If excens 2ine wu.
. - e, Deetqme Tl we oW,
S coume nale yellio
* 3 . - I
i T Tt Trer ONueQletUron reluslion LrTe Ul wan ounoslallive.
M y . ~ ey - VY ian® g REEERTE I FERY R
v ot pH L tre conpuun e above Juve aocne-slestiron relustl noweve
: [ T ¢ >\ {yyce ¢ R TR I TR
ceetert g H own concentresion, Jithow BN oo -0 TV (agalinst w oluniard
. N . fal . . SRR
{ 2 e L.
- T, A erront e oction wnve 4 soorwrred with g BLoov -0 11V,
. . . -
N . . .r . N . Toe - e 4 b - Y rey - po ' 1
Delow b oronaL st ewuve potenciar oU the cecond reduction wuve graluglly
— e e Ve, e gy TP vt ye g
conoe s ntiloat uoout pHT the wwe woves mergel Lo give a two-eleclron wave,
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In herbicidal tests, the salt (II; 1.e,, X = Me50;,) was slightly sctive on
sugar beet, but was inactive againet five other plant species.

The result was consistent with the theory that for high herbicidal activity
of the type asscclated with bipyridilium salts, the compounds must be capable of
belng reduced at uppropriate potentials to radical cations whizh are steble in

aqueous solution, und which are quuntitatively oxidized back to the diquaternary
salts by air.

Phytotexicity Cont=ol excerted by Redox Potential Velues of the Bipyridilium
Quaternaries. By B. G. White (Proc. 10th Br. Weed Contrcl Conf. 1970, p. 997)

Bipyridiliurz diquaternary salts must be capable cof being reduced to their
redical ions {n order ¢ be phytotoiic. The energy required for reduction was
measured pclarcgraphically, and the site of photcsynthetic reduction and effi-
ciency of eleciron transrer, investigated in vitrc. Activity was found tc be
controlled by redox porential (E@), and allowad the compounds to be separated
intc three groups:

. more negative than -L5C mV. Aétivity decreased ss.E4 increased.
o erergy wus insufficient tc allow quantitative radicel formatjon.

(v’ Ei zore pocitive than =250 2V Little or nc activity.
(o7 EZx -3 o =bol V. Rigr acctivivy.
crrelute: with the electronle influence of <he quaternary
re polar inductive value {or the particular greup,
re: rexox petentials coull ve lecigned.

oniigurations mssociate: il nervicical activity showed Lhal
E yp == (CH-CH),, mee y< ao in 2,2,2.4% ant “a,bl-bipgrii;.l fer{-
vutives wa.ooarn ecoential regairement.,
Tre arrengesentl:
* Iy . oy - .
> = TH-{CHGTHY, = & ec in cyanine dyes uny
. . H 1

' -~ Pe -
. SHalH n'?:fz as in 2.17.. ant 3,3 _pipyridylium quaterrary

perivative. sosilted in inoetivity. poorer ielocalisation and lesc ctable
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The Relstionship Between Herbicttal Activity and Electrochemical Properties' of
wunternary DMpyridiliuwn Sults,

.
i

tJ. V.olke - Cellection Czechloslov. Chem. Commun, Vol. 33, (1968) p. 30khL-3CkL,)

B . . ~ - ‘
\ udlernary o aits cU cgbetivated 2,2%-and b hl-”lvyridineu have proven

‘ crUlee e gy nv:ll 11«v. Tre a-rtaul ~ondtadan oF herb!o{in]l wetiviey
i o e oabllivy or o the o wle Lo form a free radical atfter thne reversible
sprare o0 o osingle clcctrou; whe resulting redical wao mostly (ntengely -nlores:,

1
¢ paraquat (1,17-Dimethyl-l, oy biprigflium dflctlde]

Durer similer compounds o
e e Ahde s cf{m il g e 1 o .
sl wanitites pimllar setlvity were 1,1%-tiscarbetic y-.c'hy‘ L LS pipyrtelllum
cooae I ) 2 ; )
toomioriie, 10 1%e <hyird yethyled biobipyriiflium of bomdde, ..ll-biu- -0t101¥°
i ryliee ey riall i diiodide. ,
el ' K3 ~ 5 . . . i
fne runlamental prerequisits o the nerdt cliul activily on osubctances U0 '
a0 YT Wyl tne reverglvilivy in the Yormution or the radicul In tre electre-
ceemionl, ocenedy Lo,y the abilicy o0 the ruuicel o te ruplily reoxiiize: buch
g Tl TS HVSEE A SIS N
r ALt ner s L2tevivpyriaiii o 2lisaiae
J M "' t' . .. s v
| 3
Truorryt Jeeteviprlo i oL
R tesramethyleness g -
‘ IS A A the relstively Loz
' S0 otk pyritine ring.,
o ralfwvave potential
ST LremelestrInowuive D Suon woctompoun: toomore regative wvwelooeeo (cee
Table |
He t-ane Tentia, Comuntertary Julto o L,Et gny 2,2°-Bipyri- 1
T e . . - . e M
~ ! Sl ugaw Trn vuller 1MoL g
AN . T / v .
S Z Ll C 2 ¥,
. - 0n
. - .4 1
“i
il Detweer e LW nuctlel e
. o restered Impeoecoiblioer lnocone
T e cesned frrevercitl




Note An evidently reversible formation of the culored redical capable of ree

ofi?u'inn wus not sufticlent for atteining ph to=toxicity (e.g., the insctiviey
f. benzys viclogen (i.e., the salt of the 1,1 -ilbenzyl-b blobipyridilium cation)),
Huve strong adsorprion of the colored rudical wivl benzyl vicloaen (on HG)-

nowitn morpharauat ((2,5%-4imethylmurprolino-
dlehloride) ) wnlcr wac active guve resulss

CH,

SR, o b
.alle o
Ha.7-wave Potentials of the Reduction Waves of Morrrna=mguat & Benzyl Vicloger.
Wiologen Yor Jifferent Depclarizer Concentresion: -
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APPENDIX

TPARSPARENT ELECTROUEC
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APPENDTX 2

TESTING OF CELLS

A number of cells have been testad by a continuous cycllfig technique at
the uppropria%e voltuge, Celle tested were ac follows:

(a) This cell consisted of a gel which was 5% in poly-N,n-butylene-k,
L-bipyridilium dibromide, 0.1M in hydroquinone, 3% in agar and contained the red
vigment Acramin Red FFG. Tra electrodes were a tin oxide transparent cathode
und a silver anode, and the cell was cycled on 1.5 volts.

The cell was cycled 1500 times, the forward forming current being applied
Uor 3 seconds and tne reverse clearing current for 4 seconds. At this stage the
<21l c¢leared only in parts. Upon resting the cell fer 24 hours the cell recover-
=i, and a further 500 cycles were carried out, but further cycling required
Longer appllcaticn of the forward end reverse currents. A further 500 cycles
w2re carried out with the forward and reverse currents being applied for 6
' seconds, respectively.

Tre cell still functicued one month after testing.

(o) Thls cell consisted or a gel which was 0.25M in 6,7-dihydro-13-oxo-
CiH-dipyrido 1,2-d:2l,1l.; 1,4 -diezepinedi-ium dibromide, 0.25M in hydro-
iuinine, 3% in agar and contained the green vigment Acramin Green F3G. The
c.@oirodel were a tin oxide transparent cathode and a gold anode. The cell was

P e T ~ =
T on 1.5 volts.,

Trhe cell was cycled irnitially for 500 times, the forward current being
srplied for 1 second and the reverse current for 1.5 seconds. The cell was then
'ected for 24 hours before a further 500 cycles were carried out. At this stage
“re cell remained brown and would not clear at all.

s oz2ll consisted of a gel which was 0.05M in the sodium salt of
wourraquirone-2:6-disulphoric acid, 0.05M ir potassium ferrocyanide, 2% in
sitaniun dioxidz and 3% in agar. Two travsparent tin oxide electrodes were
mploysdcandt tne o2ll was cyelad on 3.0 volts,

Ttz cell cimslicnsd of a gel which was 5% in poly-N,n-butylene-4, 4l pi-
ryridilium dibromide, 0.1, in sodium sulphite, 0.025M in N, N, N, Nlotetra-
rethyl-p-phenylenediamine dihydrochloride and 3% in agar. The green plgment
Acramin Graen F30 was also included in the cell with a transparent tin oxide
‘uthode und a silver anode. The cell was ¢dycled on 1.5 volts,

The cell was cyclel for 1000 times at the above voltage with the forward
wirrent belrg appli=d tor 0.5 seconde and the clearing current for 1.0 seconds.
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At this state the cell cleared only in patches, but alter restinp the:cell for
24 hours a further 500 cycles were possible betore the same phenoumenon recurreld.
On resting agein, the cell again functioned acs before.

Note that this cell was not designed to function with continuous cycling-
This was indicated earlier in the light reflectance measurements. A better metinod
of testing this particular cell would be to perrorm one cycle and then rest for a

few seconds. this process then being repeated. However, this has so far noc been
practical.
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ATPENDIX 3

THE EFFECT OF ORGANIC SOLVENTS AND TEMPERATURE

\‘ BATSSEEN ‘,L\Vy

Lo eurrying out redow reucthoes nosoroenle solvent.s wus

S t ed. Deverul solventy were tricd with pely-N,n-butylene-k hl
Shrwritiliue sibromide(I) as the redox compound.

oo Ciret colvent tries was almethylformamlie, ot compound(I) was tound to
ooluble in o this. The addition of a little methanol to the dimethyltormamide
G mpoLnd(I) partially coluble. In the precence of hydrcquinone us adju-

anloLhd yalem guve uopale purple colour ut the catholde wher 2 to 3 volte were
clioed vetween o tin oxide trancparent catnode and a silver anode. Prolonged
Liratiorn 00U the resulted in the pale bluce colour turning to a pale

Joteww coloars The oell could be reversed throug!. boih colour chuanged.

T aove \b:urvuLf;ng are in agreement with the literature whicl statec

solvents. (Nove that the seecond reduction is revercible
Is not in water.) In addition. the reduced cpecies torme
not plate oLl on the cathode wo io ihe cwce in aqueouc
e oeleciron reduction product, Art. i reported to be
Y the result that only pale colours form at the

etranol., Z-methoxyethunol. ethylene glycol dimethyl
solvents compound(I) was found to be virtually in-

slwento with nigh adelectric conctants huve: beon cuggested ror use with
cromocyotens. Two such sulvente were tried; viz., blv‘n‘ol and ethylene glycol.
A ooll was mage containing compound(I). hydroquinonce and tetramethyl ammonium
tCoual SULD ing elecurolyte in glyveersl. rious potentials were applied
1

Sl

i 1 Va
T :‘3 transparent cathode and a
Cormnyoat the v'*'Jig at a vcltage of about 2 volt:s
rouel o pale yellow colour,

ver anode. A pale purple colour
Lo, but a potential of 3 volts

1
i
s
[
T
ot

hylene zlycol inctead ot glycerol in the above system gave a
At a voltage of about 1 volt the purple colour was formed at

I8 sreater intensity. The colour wac still paler than that obtlained
mlezo w0 colution, however., At voltages greater thun 2V the purple colour

Gaangneed o yellow,  Both colcur trancitlons were reversible,

- gL -
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| It was found that gels could te maie with polyvinyl alcohrol and ethylene
glvrol. A gel whish contained polyvinyl alcorol (10g) in ethylene glycol {100mls)
rroduced a good zel. as dii a gel which contnined polyvinyl alcoohol{10g) in ethyl-
ene glycol {75mls' and water (ZQwL:‘ Increase in the wuter content above 25%
rezuited in non-geliing of the solutlion.

1\

It wus zhown tnat the Palour creangel” jroduwcet in lig.it ettylene glycol could
te rroduced in hcth the zels mentloneld atove. 1@ io interesting to note that the
+

rresence of water (ZS%) in the zel iit not result in the plating out of the one
Or two eleciron reduction proiuct:s us was the cuse in uqueous solution. In
adiition, the Jdeptl. of colour rroduced remained the same =3 that produced in the
liquid ezhylere glycol.

2:i6-antrraquinone iisulrhonic acit und potassium ferrocyunide

During tre co.rce o experiment.s iU was uloo Lhown thut the system employing
o *+
1 in 1an ethylene glycolrolyvinyl alcohol gel at an applied voltage

i 3
1so unctiones
of 3 volts.

.

Effect of Temperatire

Tha erfect oU temperature on the action ot two cells was briefly investi-
gated. These cells consisted oY gels whih were:

(a) 5% in poly-N,n-butylene-k, bt -tipyridilium dibromide.

| WM In sodium sulphite.

. 2¢M ip N,N,N-,N--Tetrametiyl-p-phenvlienediamine dihydrochiloriie.
~ .
v in agar.
Thir cell alwo contaioned tie green pigment Acramin Green F3G, a tin oxide
crensrervent cotiode unt o ollver anote.,
fp) 25M roocve oLsiwm calt oY Zic-anthriquinone disulptonic ucid.

(%4

oM in porasciuwn terrocyanide.,

1 " tolyvinyl al:-okcl in 797" ethylene glycol ana 25% water.

Twe Lin oxide transvurent elestro.es were ursed in the cell with an applied
voltage of 3 volts.

The effe~t o! temperuture in boti: of these cuses was generiully the same.
At 09C both =till ~hanged colour, tut were r'ractionully slower thut at room
temperature, Conversely, on heating to 6000 the colour chinges appeared to
be fructionally guicker.
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Plot of equation 16.
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Fig. 30 Potentiometric titration curve for the stonnous-iodine system.
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Fig. 41 Voltoge-current relationship for heptyl viologen dibromide .
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Fig. 46 Light transmission and current versus time curves for compound (l).
A tin oxide transparent cathode and a lead anode.
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Fig. 50 Light transmission and current versus time curves for campound (1)
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