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ABSTRACT

\

~
— ~

N .

Studies 'of conduction, photoconduction and convection processes in organic
solutions of inter'(nediote conductivity (K = 10°0"'m™") are reported.
Specifically, solutions of tetracyanoethylene (TCNE) in dichleroethane

(DCE) and tetroéthglommonium 1,1,2,3,3 pentacyanopropenide (TEA*PCP™) in
DC% w~ere investigated. The diélectric constant of DCE is about ten ( € =10).
Current characteristics of solutions with ion concentrations of 107 -1076

M. are qualitatively interpreted by considering the effects of electrical g;s
boundary layers, electrohydrodynamic behaviour, and ion concentration *:;x P
varistion (temporel and spatial). A variety of cell geometries (electrode |
spacing, d = 1 to 9 mm.) and electrode materials (platinum, indium and

aluminum) were used in the exp»eriments. ‘

The dominant negative charge carviers in solutions of TCNE in DCE are the
1,1,2,3,3 pentacyanopropenide anion (PCP~) and tricyanovinylalcoholate
anion (TCY-). The measured effective mobility of ions in TCNE/DCE and
TEA*PCP™/DCE solutions is (3-4) x 108 m2v™'s™!. The visible/ultraviolet
spectra of these anions are used to interpret the current characteristics of
TCNE/DCE solutions. Some information is presented on the chemical
generation of charge c_arrieré in TCNE/DCE. In'particular, the equilibria
involving water, TCNE and pentacyanopropenide in DCE and in acetonitrile

are considered. ’
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Concentration gradients in solution accompany transient current behaviour
and ore related to hydrodynamic in—stobilities in the liquid. Concentration
gradients of 6x107'M/mm are sufficient to generate turbulence in DCE. lon
density gradients of this magnitude are not sufficient to bring about
gravitationally driven convection. Diffusion drbg forces on the liquid are
proposed as a mechanism for the generation of fluid flow in electrolyte

solutions with concentration gradients.

A model is presented which considers thg contributions of diffusion and
space charge to convective flow in electrolyte solutions with anhopplied
electric field (E). The ratio between space charge and diffusive dreg forces
is shown to vary as E2/c where ¢ is the fon concentration in the solution.
The general applicability of this model to conduction studies of electrolyte

solutions of low-and high conductivity is discussed.
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CHAPTER 1 - INTRODUCT ION:

The present thesis is cohcemed with the problem of DC conduction in

) organic solutions of low dielectric constant with conductivities in the
neighbourhood of 10760 'm™!. Samples are prepared with the cyanocarbon
anions pentacyanopropenide (PCP") and tricyanovinyalalcoholate (TCY™)
present in dichloroethane (DCE) (¢ =10) at concentrations of about 10” ™.
The contribution of convection to lsn\transport and the source of

hydrodynamic instabilities in these systems are congidered in detail.

A model is presented for the generation of fluid flow in the systems
investigated here. This model applies tc electrolyte solutions of 8 wide
range of cohﬂuctivities. Concentration gradients in solution are related to
unbalanced drag forces ‘generating fluid flow. This is demonstrated |
experimentally and concentration gradients of the order of (1077 M/mm) are
found to be suff icient to initiate hydrodynamic instabilities. To my
knowlédge, this is the first study of convection driven'by concentration

gradients too small to result in mass density gradients.

Conduction processes in dielectric liquids have been studied by a number of
workers and have been reviewed by Gallagher'. Electrohydredynamic
phenomena are characteristic of low conductivity liquids and have been
extensively studied for the cases of unipolar or bipolar injection?#4. The

more general problem of electrohydrodynamic behaviour in weakly



conducting electrolyte solutions with dissociated ions is not well

understood > and this thesis makes a significant contribution in that area.

Unipoler and bipolar injection studies cannot be eqsi 1y extended to describe.
the properties of industrial liquids of interest (i.e. fuel, mi neral 0il) which "
have more in common yrith weakly conducting electrolyte solutions. The
electrostatic hazards associated with the trensfer of f ueis are related to
their relatively low conductivity ®. A better knowledge of conductidn
processes in low conductivity quuids is considered a key issﬁe in reducing

the considerable hazards associated with the fuel industry. Charge

separation that occurs during fuel flow through pipes may result in voltages

_Aof sufficient magnitude to generate sparks and initiate an explosion of the

fuel.

The results of this study are applicable to electrolyte solutions over a wide
range of conductivities although measurements were performed on solutions
of intermediate conductivity. Conduction studies have been carried out in
very low conductivity solutions { K<10"20'm™!) by physicists interested in
the intrinsic conductivity of dielectric liquids. However, the chemical
identity and mobility of cherge carriers is generally unknown *.
Electrochemical measurements are routinely carried out by chemists in
solutions of relatively high conductivity (Kx1072Q"'m™). In electrochemical
studies the applied electric potential is dropped largely ot the f
electrode/solution interface and the current résponse is governed by

electrode processes. In this study, a significant portion of the electric



potential is dropped across the bulk of the sample.* Therefore ion conduction
through the bulk of ihe liquid plays a much more important role in the
interpretation of sample current characteristics. For the §omples
considered in this study it is possible to observe some cf the
electrohgdrodgnamip phenomena cheracteristic of low conductivity liquids,
yet ion concentrations are sufficiently high to be monitored ¢irectly via
absorpﬁon spectroscopy. The ion concentration behaviour in space anq time
is uséd to interpret conduction processes in the samples.

The role of electrode/liquid interface properties in the observsd conduction
of dielectric liquids is aiso of interest. Many of ihe dqto in the literature
on solvent conduction are poorly reproduciﬁle and extremely senéitive to
electrode material and preparations. in this thesis the effect of dif férent
electrode materials on idn concentrdtion behaviour near the metal/liquid
interface is clearlg\demonstrated bnd is shown to be related to
hydrodynamic phenlmeao in t!}e quqids.

This study arose out of an ottemp(jto obtain evidence substantiating a 2
model proposed by Michaelian et.al? on the spectroscopic and “,
‘photoconduction properties of charge transfer (CT) solutions of
tetracyanoethylene (TCNE). CT interactions are of general interest in many
chemical and biological systems. The proposed model explains qualitatively
. the observed red shifts in the Resonance Raman spectra of CT complexes
with respect to the sbsorption profiles'®. The existence of-highly damped

vibrational levels is an important assumption in the model. Photoionic
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dissociation of CT complexes was one of the suggested relaxation )
mechanisms for CT complexes in their excited state. In conjuction with the |
spectroscopic studies, Michaelian et. al. observed that the conductivity of

CT solutions was photodependent '!. The photoconduction effect was
interpreted in terms of photoionic diss{c'i;t?on of the TCNE CT -complexes

and according to the model this process was expected to be dependent on the

excitation vavelength.

The starting point for this research were the data of Michaelian et. al. on
photoconduction in CT solutions'!. The results were repeated for
TCNE/mesitylene/dichloroethane solutions and extended to include the
vravelength dependence of photoconduction. These data and a brief

introduction to TCNE CT complexes are included in Chapter 1.

In order to obtain unambiguous, reproducible data, further experimental
work was carried out investigation in detail the variables affecting the
system. The results of these experiments are discussed in Chapter 2. They
showed that the photoconductivi ty of CT solutions could no longer be

interpreted in terms of the original model.

By considering convection as a possible charge transport procéss in TCNE CT
solutions, the photoconductivity could be interpreted quaiitatively. in
Chapter 3 photodependent current response of a system displaying
convection visibly (Indigo/DCE) will be compared with the behaviour of CT

solutions.



Further experimental work on conduction in CT.solutions and TCNE/gCE
solutions is discussed in Chapter 4. An interpretation of the current
response in terms of electrical boundary layer space charge and ion

‘ cpncentroti'on is suggested. Both current versus time and current vs.

voltage behaviour are considered. The current versus voltage behaviour

provides evidence for transitions in convective flow in the sample as

voltage is increased.

&

Conduction in TCNE/DCE solutions is.analyzed in terms of the temporal and
spatial behaviour of ion concentration in Chapter 5. This chapter is divideﬁ
into threé sections. In the first section (5.1) correlations of the current and -
conceniration response m time are discussed. Current and mobilitg
measurements in TCNE/DCE are compared to those in pentacysnopropenide
salt solutions ﬁnd pentacyanopropenide is shown to be the dominant
negative charge carrier in TCNE/DCE. In ‘Sec_tion 5.2, measurements of the
spatial behaviour of ion concentmtioh in TCNE/DCE solutions demonstrate
the presence of hydrodynamic instabilities for concentration gradients
greater than about 10-M/mm. A drog force exerted on the liquid by

dif fusion of ions is suggested as a mechanism for generating fluid flow. In
Section 5.3 a model explaining tﬁe. origin of ﬂuid flow in electrolyte
solutions is presented. The contributions of space charge' and concentration

g‘mdients to unbalanced forces in a liquid are considered. -



Chemistry reloied to the study of conduction in solutions with TCNE and
TCY™ ond PCP™ respectively, as well as electrochemical generation of TCNE~
in solution are discussed in Chapter 6. Some of the properties of TCNE/DCE
solutions are comporéd with acetonitrile solutions of TCNE.

A final summary of the thesis includes a discussion of the implications of

this work and suggesti‘ons for further work.
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CHAPTER 2 - PHOTOCURRENT MEASUREMENTS IN
TCNE CHARGE TRANSFER COMPLEXES

This chapter covers‘ the initial experiments that ﬁ'ere éarried out to
corroborate and invest:gate further KH. Michaelian et. al.'s work on the
photoconduction effect observed in solutions of tetracyanoethylene (TCNE)
charge-transfer (CT) complexes'. The observations include the dependence
of the photoinduced current change on incident laser power, applied voltage,
and excitation wavelength. Before discussing these results, a brief
introduction to the stucture and spectra of CT complexes or electron

donor/acceptor (EDA) complexes will be given.

TCNE is a strong electron acceptor and its structure is shown in Figure 2.1.
The four cyano groupsf decrease the electron density in the 1 cloud of the
ethene bond. TCNE forms -7%* complexes with a number of electron
donating molecules. Complexes of TCNE with aromatic compounds'hove a
sandwich-like structure allowing maximum interaction between the empty
n* orbital of TCNE and the filled  orbital of the denor niolecule

(Fiﬂﬁ;re 2.2). - According to Mulliken's valence band model of weak CT
complexes 2, wave functions o1 the ground and excited states of the complex

cen be written as follows:
¥, (DA) =8 ¥, (D..A) + b¥, (D*.A7) 85 b

3t ¥, (DA)z 0% ¥, (D*. A7) + b* ¥, (D.A) %> b*

/ .
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FIGURE 2.1 - STRUCTURE OF TETRACYANSETHYLENE

‘L‘(Qf&\

/

FIGURE 2.2 - QHAREF; TRANSFER COMPLEX OF TCNE/MESITYLENE
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~d

where D = donor

A = acceptor

¥, (DA) = ground state wave function of CT complex
*I'E (DA) = excifgd state wave f unctiori\of CT complex
(orthogonal to ¥, (DA))

) Y&(Q:,A}z no bond’ wave function {(dipole-dipole and London

dispersion forces only)

¥, (D*..A7) = dative or charge transfer wave function

The electronic transition from the ground CT state to the excited CT state °
is responsible for thé CT absorption band. On excitation within the
absorption band, an electfon is partially transferred from the donor to the
acceptor molecule and the excited state has predominantly ionic character.
The optical absorption spectrum is typically a broad structureless band n
the visible region as is shown in Figure 1.3 for the TCNE/mesitylene

complex in a solvent (but this also applies to the gas phase).

The characteristic absence of vibronic structure in CT spectra is an
indication that the excited state of the complex is short-lived because of .
relaxation pathways available to it. One of the radiationless relaxation
processes proposed by Michaelian et. al.! was the dissociation of the excited
state into ions which is referred to as pho;oionic dissoc-iotigg_Anautiine
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FIGURE 2.3 - CT COMPLEX ABSORPT ION SPECTRUM

TCNE/mesitylene in DCE

Sample: [TCNE] = 0.005 M.
[mesitylene] = 0.025 M.

[Complex] = 7 x 10 M.

Excitation wavelengths are rmarked.

-

N
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of the excitation and relaxation processes for donor/acceptor com;:}exes is
shown below.

, S
D+A--->DA

DA + W, oo, ———> DA* {excited state)

DA* ---> (1) D" + A~ (photoionic dissociation)
-‘”‘) (2) DA + hv fluorescence *

---> (3)DA + hv phaspharescence
---> (4) other radiationless deexcitation pathways

The scheme outlineﬁ above does not include the effects of solvent |
interactions on the complex or the dissociated ions. The dissociation of the
complex into ions in step (1) is favoured in solvents with a high dielectric
constant. Thus, it is logical to study photoionic dissociation of CT
complexes in & solvent with sufficiently high dielectric constant to

stabilize free ions generated with Eght absorption.

The initial observations of photoconduction in CT solﬁlions'can be
 interpreted legitimately by a model of photoionic dissociation of charge
transfer complexes. These observations included the dependence of the
photoinduced current change on incident leser power, abplled voltage and
excitation wavelength. The dependence of photocurrent on the excitation

energy was of particular interest since this would shed light on a model of
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the resonance Romon, absorption, and fluorescence profiles of electron

donor-acceptor complexes proposed by Michaelian et. a3

The following spectroscopic properties of EDA complexes could_be

accounted for qualitatively by introducing large damping terms représenting |

non-radiative relaxation processes in the excited electronic state of the
complex: [1] the red shift of resonance Raman (RR) excitation profiles with
respect to the absorption band and [2] the broad, asymmetric structureless
shape of absorption and fluorescence spectra and RR excitation profiles.

Figure 2.4 shows simplified potential energy wells for a single vibrational

coordingte (Q;) and the ground and excited states of an EDA complex in the

gas phase (vibratisnal quantum numbers are indicg}ed by v' and v” in the
_ground state, and v in the excited state). The spectral profiles calculated
using thése curves and the corresponding vave functions of the vibrational

states are shown in Figure 2.5 for a frequency depenzlent damping term

" (E, oitatioy = NV Where v is the frequency)®. An experimental study of one
dahping mechanism, namely photoionic-dissociation, was possible via
photocurrent measurements. The dependence of the photocurrent on the
excitation frequency or wavelength was expected to yield information on

the excited stdte of EDA complexes which could then be rela}ed to EDA

s

spectra.

1.0 - EéERINENTAL

-
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FIGURE 2.4 - SIMPLIFIED P IAL ENEF RYES FOR THE

GROUND AND E!QITEQ’ CHARGE TRANSFER STATES 3
{_in the gas phase ) | '

v

v

FIGURE 2.5 - ULATED RPTION, FLUORESCENCE AN
AMAN RESONANCE EXCITATION PROFILES FOR CHARGE

TRANSFER COMPLEXES 3 (in the qas phase)
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TCNE (Kodak Eastman) was sublimed 3 times under vacuum. Mesitylene was
fractionally distilled. The solvents dichloroethane (DCE) (Fisher Scientific)

and dichloromethane (DCM) (Fisher Séientiﬁc) were distilled over P,

undegth an'd stored over molecular sieve. Stock solutions of TCNE in DCE

took sbout 3 days to prepare using a solution shaker. Typically the
concentrations ranged from 0.01 - 0.1M. Any prepared solutions of TCNE
where kept in the refrigerator between experiments. Mesitylene was added

to éamples directly before any measurements.

-A schematic of the experirﬁ/ ntal apparatus used in the photoconductivity
measurements is shown in Flgure 2. 6 A sample TCNE/donor solution was
contmned in a glass cell with two platlnum electrodes (spacmg X = 2mm)
to which variable voltage could be applied. A laser beam d = Imm ) was
positioned midway between the electfodes so that no light shone directly on

the platinum. Coherent® Krypton and Argon ion lasers (Coherent® CR 2000K
and Model 52 respectively) and a dye laser (Coherent® Model 590) were used
as excitation sources. The bearﬁ geometry yas approximately constdnt |
thoughout the sample length. In order to normalize the power density of the
incident laser light at different excitation wavelengthé, the beam width
was kept at 8 constant diameter using a.diaphragm. A Photodyne power

meter (66XLA) was used to monitor a given fraction of the beam intensity.

ion pairs produced in solution after excntatwn were swept toward

respective electrodes, and a signal in phase with the chopped 1nc1dent hght
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FIGURE 2.6 - EXPERIMENTAL APPARATQS FOR
PHOTOCONCUCTIVITY MEASUREMENTS -
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vas monitored using o lock-in omplifier (PAR Model 124 or HR-8). A signal
| of about 0.05 nanoamperes was observed for one mﬂhwott of mc1dent hght
This was equivalent to generating one chdrge at the electrodes for every 107
incident photons. The resulting AC photocurrent signal was superimposed on
a relatively ~It:rge DC ‘cunfent offset from the sample’s intrinsic
conductivity. The transformer mode of the lock-in amplifier was used to
measure the current photosignal despite the large offset, and even though |
phase information vas lost in the process. The signal to noise ratio weas
optimized using a cr;opping frequency of 375 Hz. Photocurrents were
measured one to two hours after voltage opp]icavtion to ensure sample

stabilization

DCE was chosen as solvent because it had a sufficiently high dielectric

—
-

constant {e¢ ~10) to support ions and did not interact opprecioblg with the
electron acceptor TCNE. ‘Hesitglene vas chosen as 8 donor since its charge -
transfer band with TCNE was in a wavelength region suf ficientlg well
.covered by the ion lasers available. The laser lines used are 1ndlcated on

the CT band of TCNE/Mesitylene in Figure 2.3. Mesitylene mixes readily mth
: DCE for all concentrations.

A CARY 17 spectrophotometer was used to measure the absorbances of CT
solutioné. The concentration of CT complexes could then be determined, as

well as the fraction of light absorbed ot di’fferent vavelengths.
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© 1.1-DISCUSSION -

The initial data on the photo-current response of solutions with CT
_ complexes were consistent with a model of wavelength dependent
photo-ionic dissociation of the complex as suggeéted by Michaelian et. al.'/"”

Thfee pmperties of the photosignal were expected from this model:

- 1. Photocurrent = incident_laser poyer

(*ion pairs produced = *CT complexes excited)

2. Photosignal = Qoltagg applied

{current = drift velocity)

note: It was assumed that the lifetimes of ions in solution were

much shorter than the chopper cycle time (1, « tw)

3. Quantum efficiency (fe'/‘photons absorbed) increases with
excitation energy.
(non-radiative relaxation via dissociation is a function of the

excitation energy)

The photosignal was found to increase linearly with incident laser power
(Figure 2.7). A saturation effect was observed in a few samples at lower
“voltages (i.e. 150V vs.180Y) (Figure 2.8).
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FI”GURE 2.7 - PHOTOSIGNAL VS. INCIDENT LASER POWER
Sample: [TCNE] = 0.005 M.

[Mesitylene] = 0.025 M. in DCE

v 7 -

A =457.9 nm.

Y= 180 Yolts
slope = 0.055 nA/mW

Trial 1 and Trial 2 were carried out on two consecutive deys.
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FIGURE 2.8 - PHOTOSIGNAL VS. INCIDENT LASER POWER

Semple:  [TCNE] = 0.005 M.

[Mesitylene] = 0.025 M. in DCE

A = 476.0 nm.

V'= 150 Volts

N\
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4

The linear dependence of the photosvgnol on the applied voltuge ls shown in
Figure 2.9 . Two sets of measurements are shown which were perf ormed on
consecutive days. The results were reprodumble within the error limits.

Such linear dependence of photosignal on voltage and incident 1aser power

had been demonstroted previously '. I

In order to assess the effect of excitation frequencg on the ph@uwent
the measurements of Iof:,-r power were corrected to give the amobgt of light

actually absorbed in the region between the electrodes.

2

I, =lgX 7T %A
yrhere

|, = light absorbed between electrodes

= light incident on cell

7 = Z transmittance up to electrodes
A = % absorbance between electrodes

The effective transmittance through the air-glass interface changes by only

0.1% over the green to violet wavelength range.

The photosignal WL = R where iL = phoiocurrent) was measured as 8

function of incident laser power (l,) for 8 number of different wavelengths
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FIGURE 2.9 - PHOTOSIGNAL VS. VOLTAGE

- Sample: [TCNE] = 0.005 M.

[
[Mesitylene] = 0.025 M. in DCE

A = 486 nm.

=d6mw.

Triall and Trial 2 were carried out on two consecutive days.

-
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/
(Figure 2.6). 180 volts were applied across the cell. A typical graph of

photosignal versus incident laser power is shown in Figure 2.7 . The amount

of photocurrent (nA) generated per milliwatt of incident power was

calculated from the slope of i vs. |,. This measurement was then corrected

to give the photocurrent generated per millivatt of absorbed light.

W1y = i/lg %1/ 74)
where ' /=

i, = photocurrent signal

|, = incident laser power

0 =
|, = absorbed lgsq V&gwer
7= & transmittance up to electrodes

A = & absorbance between electrodes

Values for i ,1, are shown in Table 2.1 along with values for the quantum

efficiency at different excitation wavelengths. The quantum efficiency (R)
was calculated as shown below and represents the number of electronic
charges produced at the electrode per ab%bed photon.
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TABLE 2.1

EFFICIENCIES FOR PHOTOCURRENT GENERATION

Am) i/ lo (nA/mY) /1, (nAIm\f) R (®%e” /photons)
4385 0064 006 0.152 .01 0.45 204x10°
4310 0.0642.006 | 0.151.01‘ 0432 .04x 107
4340 0064 006 015201  0.41%04x 10
4579  0.055=.003 01152008 032102x10%°
4658 - 0.056 = .002 0.119=.004 032=.01x107®
4727 0.0552.002 0.1152.004 0302.01x107%
4765  0.056 = .002 01212004 031201x10%°
4880  0.056 2 .002 01242004 0322 01x10°
4965  0.055%.002 01262005 0322.01x10%®
5017 00512004 * 0,1222.009 030202x107®
5145 00492 .004 0.1262.009 0302 .02x 107 |
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’ wovelengtns were snticipated.
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R=1 /1, x N/N

R = ¢ /*photons absorbed
N, = 59' per pA: |

Np = *photons per m¥.

[V

The graph of R vs. yavelength (Figure 2.10) is consistent with an increase in
the probability of dissociation with excltatlon energy. The error 1imits
were estimated from the uncertaintg in each of the graphs of photoslgnal VS,

laser intensity. ‘ L

Because of the consistency of these data with the original data and model,
the problems associated with obtaining reproducible photosignals were not
immediately apperent.. However, further photocurrent measurements
demonstrated that the results were not consistently reproducible. A better
control of the variables affecting the system seemed neccesary. Thus, bg
improving the optics, the electronics, sample preparation, electrode |
preparation and temperature control, a slgnmca’mt improvement in
reproducibility and more ou,curute data on quantum efficiencies at different

P *\\



. FIGURE 2.10 -

QUANTUM EFFICIENCY VS, EXCITATION WAVELENGTH -
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CHAPTER 3 - REINTERPRETING THE PHOTOSIGNAL

The gnvestigotion of the effects of different variables on the photosignals
~measured in charge transfer solutions led to a major reinterpretation of the
earlier experimental results. In section 3.1 the shape and magnitude of the

photosighal as well as its dependence on light exposure time, beam
geometry and beo}'n position will be discussed and compared with the
original model. Following this, in section 3.2, another interpretation of the
photosignal will be cohsidered..'which includes convective effects in
solution. This model accounts qualitatively for the observed photoresponse.

/

~ 3.1.1 - PHOTOCURRENT, DEPENDENCE ON LIGHT EXPOSURE TIME

The chopping f?requencg of incﬂident Iasef light on CT solutions_was varied in
order to study the effect of light exposure time per cycle on the measured
photosignal. The experimental set-up is identical to that used previously
and is shown in Figure 2.6. Figure 3.1 shows the photosignal as a function of

chopping freguency. The photosignal increases as the chopping frequency is

decreased. A graph of photosignal versus half cycle time (tmlz =

1/72f dwmr)' or light exposure time per cycle, shows that the signal rises

e

m{oéi rapidly in the first 10 ms. (Figure 3.2). As the half-cycle time is

increased, the signal continues to rise. The previous measurements at 375

Hz. {t

dm/2="33 ms.) did not correspond to steadg state conditions.

L4
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FIGURE 3.1 - PHOTOSIGNAL VS. CHOPPER FREQUENCY
- Sample : ~ 4ml.of 0.001 M. TCNE/DCE

]

2 ml. of mesitylene

¥ = 200 Volts

e \\_/
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FIGURE 3.2 - PHOTOSIGNAL VS. HALF CYCLE TIME
Sample : 4 ml. of 0.001 M. TCNE/DCE

- 2ml. of mesitylene

Y = 200 Yolts
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in the on’girn?ol model the fraction of the photoinduced charge reaching the
electrodes per second should have been independent of the light-—bn time.
Only the voltoger dependent dn’f{ velocity and the ionic lifetimes were
expected to change the rate of photocurrent genefution at a given e‘xcitotion

wavelength. -\

?’fé shape of the current response in time wds investigated moré closely

using signal averaging techniques (Figure 3.3). The duration of the light
exposure yas varied using a chopper or camera shutter with a manual

| cﬁntrol. The overall DC current-time response was also measured directly

(without averaging).

in Figure 3.4, the shape of the photosignal is shown for diff erent chopping
frequencies. Following illumination, a rapid change in current is observed.
This is consistent with the observéd dependence of the photosi’gnol on
half-cycle time (Figure 3.2). The increase in the signal magnitude ﬁith
decfeosing chopping f requencg is also consistent with the;hoto in Figures
3.1 and 3.2. Figureé 3.5 shows the photocurrent reponse wjth longer light
exposure times (1 - 20 sec). The current response levels out around 300 ms.
(Figure 3.58). This was beyond the range previously investigated in |

-

Figure 3.2.

e
Superimposed on the photosignal’s sayrtooth shape is the fluctuating DC
current background. At higher frequencies (i.e. 375 Hz.) the magnitude of

the noise could easily have overshadowed the photosignal. This explains
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FIGURE 3.3 - SIGNAL AVERAGING APPARATUS
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FIGURE 3.4 - PHOTOSIGNAL SHAPE

Sample : 4 ml. of 0.001 M. TCNE/DCE

2 ml. of mesitylene

/ ¥ = 200 Yolts

A=4765 nm.

XK
The current decreases following light exposure.
: N
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FIGURE 3.5 - EH.CELQSLG!AL_S.&E

Semple : 4 ml. of 0.001 M. TCNE/DCE
, 2ml.of mesitgleng 5
T
V = 200 Yolts
A = 476.5 nm.
™

The current decreases following light exposure.

s

)
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why the initiel attempts to monitor the photosignal shape with an t , f\\
oscilloscope without signal averaging capability were unsuccessful.
The main features of the current resporse to light are summarized below

for TCNE/Mesitylene/DCE samples. These features are demonstrated in

Figures 3.5 and 3.6.

1. A sharp drep in current follows light exposure. The drop in
DC background current is generally preceded bg 8 delay time as
shown in Figure 3.6 (V¥ = 10 volts). One measurement with a
chopping frequency of 35 Hz (Y = 200V) did not show a delay time
«{gslay time < 250 psec.).

2. The rate of current drop declines and approaches zero, after
" which random fluctustions and noise are observed in

the current response. (Figures 3.5b, 3.5¢).

3. A sharp increase in current follows when light exposure is
- discontinued. (Figure 3.6 - DC response not over&ged). This
increase in current levels off, after which random

~ fluctustions in the current ere observed again (Figure 3.6).

The drop in current with incident light was not consistent with the previous
ussurhption that photoionic‘dissocintion would increase the number of

, charge carriers in solution.
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;" FIGURE 3.6 - DC PI:IUTD_C_Q‘RRENT RESPONSE ( no uveraging‘l

‘Sample : [TCNE] = 0.003 M.

[mesitylene] = 0.028 M.

Y = 10 Volts

A = 482 nm.

The current recovery time with no incident light was
approximatelg 4 minutes. '

o
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Table 3.1 shows the photoinduced change in the DC ~urrent at different

voltages. In the range from 5 to 20 volts there is no longer a linear /
dependence of th&.photoresponée to the applied voltogé; Such behaviour

was not consjstent with thé expected contribution of drift velocity to the
photocurrent. The photkosignol magnitude and time response were also found

to be sensitive to electrode preparation and voltage history.
3.1.2 - PHOTOSIGNAL GEOMETRY DEPENDENCE

Another group oﬂobs“brvotions that went beyond the previous work was the

dependence of the photosignal on the geometry of the cell. Both the shape

——

~

and position of the incident light beam were considered. Two different Q/
chopping frequencies (9.5 and 95 Hz.) were used with signal averaging. -~ .
, ' e
The magnitude of the photosignal is larger with the light beam near the
positive electrode (anode) than with‘,"lhe beam near the negative electrode
~ (cathode). The decrease in photosignal is continuous as the beam is moved
from the anode through the center of the cell to the cathode. Table 3.2

summarizes these obéervotions, as well as the effects of beam /s{hope.'

: ;*\3 _Three beam profiles were considered: circular (0.5mm. diameter), vertical
(=3 % 0.5 mm), and horizontal (1 x 2 mm). The vertically oriented beam
- profile results in Iorger photosignals for the same incident laser power\LThe

___ number of photoinduced charge carriers should have been independent of

“~
e

»



DC CURRENT PHOTORESPONSE
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TABLE 3.1

ADC/DC = fractional change in DC current
wavelength = 482 nm

Sample : [TCNE] = 0.003M [Mesitylene] = 0.028M

Y ADC/DC  ADC LASER POWER  PHOTO RESPONSE

259 13 05 uA  A9mW120% 0.10 erdmw incident)

oy  1/4 0.1 uA 56 mW =208 0.018 nA/mY incident)
SY 1/25 006pA 38 mw * 208 0.0 16 nA/(mY¥ incident)

W
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~ TABLE 3.2

GEOMETRY DEPENDENCE OF PHOTO-CURRENT SIGNAL

d = 2mm (Pt electrodes)
¥ = 200V
Yavelingth = 4765 nm
Photo-current measured with a storage scope, at a gain of 10.

BEAM GEOMETRY f SIGNAL (across 1MQ)

chopper
circular beam: - ol
middle of cell 95 Hz 0.116 pA - 0.140 pA
near -ve plate 95 Hz 0.080 pA - 0.100 pA
near +ve plate 95 Hz 0.180 pA - 0.190 pA
glancing +ve plate 95 Hz 0.190 pA
glancing -ve plate 95 Hz N 0.080 uA
glancing -ve plate 95 Hz 0.138 nA -0.152 nA
-ve off center 95 Hz 0.15 nA
center 95 Hz - 0.195 nA
+ve of f center 95 Hz ¥ 0.23 nA
glancing +ve plate 95 Hz 030 nA
vertical beam: 1k
center 95 Hz 0.244 nA
+ve off center 95 Hz ~ 0.376 nA
-ve off center 95 Hz 0.154 nA

horizontal beam: |=| /

95 Hz 0.292 nA
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beam location or shape according to the original model and so the preceding
observations (Table 3.2) could not be reconciled with that model.
| | {
As a result of these observations and those in the previous section the
originally proposed model for the mechanism of the photocurrent response
in CT solutions had to be abandoned in favour of possible alternative

explanations. .

3.2.1 - EVIDENCE FOR CONYECTION AS A CHARGE TRANSPORT PROCESS
IN CHARGE - TRANSFER SOLUTIONS

Iin an attempt to explain the photocurren_t behaviour described in the

- previous chapter a conyection mechanism for cui'rent ;ironsport was
considered. Then the decrease in sample current und;r illumination could be
explained by interljup‘tions in the convection patterns in the cell induced by

_ the absorption of light.

A lensing effect is observed in CT solutions for higher beam intensities ( >

>

10 mw, beam diameter = 1mm.) and cledrlg demonstrates that incident light
can generate moving liquid density gradients in the sample. As a result of
lensing, the size and shape of a transmitted light beam puisate irreguiarily
in time. A qualitative correlation can be made between the pulse time of
the transmitted beam and the time required for the initial decrease in DC
current after illumination. The characteristic decrease in current with

illumination is still observable at higher light intensities. Although no
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lensing v;os observed in samples during the photocurrent measurements
di_scussed in the previous chapters, the poésibilitg of light interfering with

charge transport processes needed further investigation.

It was found that acoustic noise could also result in the disturbance of
convection patterns and thus a decrease in the DC current. Figure 3.7 shows
this using the periodic sound pulse (30 Hz.) from a strobe light {without
sample illumination). The apparatus is shown in Figure 3.8. Each sound
pulse result; in a sudden decrease in sample current olloﬁed by smaller
oscillations. Also it had been observed previously that the current response
wos‘ver.g sensitive to mechanical vibrations (i.e.tapping the 1ab bench). Both
-yibration and fight absorption could introduce iiquid motion in a direction !
perpendicular to the applied field (cross?f ield) and thereby interfere with
charge transport in the sample. These obsewotioﬁs were consistent with,
but did not prove in and of themselves, the existence of ele_ctroconyection in
the chi:rge transfer SOIuti'ons. Furthér evidence was needed to establish the
importance of convection in CT solutions and the role ‘thot it ploged, in the

photoresponse.

3.2.2 - EVIDENCE FOR CONVECTION IN AN ANALOGOUS SYSTEM -
INDIGO (DYE)/DCE

One method of observing convection in solutions is to introduce small
neutral’ perticles which will indicate the flow pattern. Unfortunately, the

oduced will tend to pick up charges and change the current
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FIGURE 3.7 - DC CURRENT ACOUSTIC EFFECT

Sample : 4 mi. of 0.001 M TCNE/DCE

6 ml. of mesitylene .

V = 200 Volts

The current decreases following each sound pulse (f = 30 Hz.)
and oscillates before returning to its initial value.

S 7
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FIGURE 3.6 - SIGNAL AVERAGING APPARATUS, ACOUSTIC EFFECT
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choractéristics of a solution'. Nevertheless, a useful analogous system was
found for making qualitative comparisons with the TCNE/Mesitylene/DCE |
~ system: Indigo synthetic (Vat Blue 1) suspended in DCE. Indigo dye

par.ticles are electropositive (as demonstrated by the flow of particles
under an applied electric field - Figure 3.12) and can easily be prepared as a
suspension in DCE using an ultrasonic bath. The DC current résponses of DCE
solutions with TCNE or Indigo partit;les were qualitatively similar (see

Figures 3.9 and 3. L,OMléo, both the Indigo/DCE and CT solutions absorbed

incident light over a broad region of wavelengths { TCNE/mesitylene A\ __ =

458 nm, Indigo dye A__ =605 nm 2). Presumably, if convection was

observed in the indigo dye solution, and if the observed convection could be
shown to be related to the photocurrént, then this would be a promising

indication that the same mechanism is dﬁemgve in the CT solutions.

" To measure the dark DC current response for samples, a cell with platinum

electrodes (the same cell that was used for photosignal measurements

previously) was connected in series with a load resistor (R, = 10KQ). The

—_——

current was then measured over time by monitoring the signal across the

load resistor after a step voltage was applied.

The application of voltage to DCE solutions without prior voltage exposure
is Tollowed by an immedthe-deci'ease in the current. A steady state current, '/
is approached as the rate of current chorige decreases in time. On voltage
reversal the current peak is displaced in time (Figures 3.9 and 3.10). The

C



" 46a

\

FIGURE 3.9 - DC CURRENT RESPONSE OF TCNE/DCE

Sample: [TCNE] = 0.002 M.

platinum electroqes

; ,
FIGURE 3.10 - DC CURRENT RESPONSE OF INDIGO/DCE
Pt electrodes

W
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measured steady state conductivities {for the Indigo/DCE sorﬁples
[(2-4)x1070 'm™) gré larger thén those measured for DCE alone
(109-108Q ' m™), and of the same order of magnitude as conductivities for
TCNE/DCE samples (~106Q"'m! for [TENE] = 0.002M).

The eft ect of il"luminqtion on the indigo BIue(DCE suspension with qpplied
voltages from 1 to 40 volts is presented in Figure 3.11. A He-Ne laser was
used to illuminate the system (ﬁuvelehgth = 632.8 nm.). Both the \djrection
and magnitude of the OC photocurrent response vorgy with voltage. Aﬁové S
volts the DC t;dllrent decreases with sample exposure to light after a delay -
time (Figure 31 1), just as had been previouslg observed in CT solutions.
Below 3 volts thé sample current actually increases with incident Iight.‘
Tﬁis increase in photocurrent with illumination had not\been préviouslg

observed in CT solutions.

The fundu’mentuj difference in photore’sponée at different voltages could
only be interpreted ﬁg considering the dyev particle patterns in the
Indigo/DCE sgstem." The patterns were dhsen}e& with light scattered from
_the suspended purtic]esf.-. Only one view was recorded, namely the one
~looking down at théﬂtop of the platinum electrode cell. Figure 3.12 and
Table 3.3 summori?e these observations. Below 5 volts, no evid nce of
turbulence is observed in the indigo/DCE solution. The dye phurticles move
away f ron; the anode with voltage application. This results ir] a w:ell
defined fron} beyond which nothing appears to be in suspénsion. in this

voltage region the current increases with incident light. This increase can



FIGURE 3.11 - PHOTOCURRENT REPONSE OF INDIGG/DCE AT
DIFFERENT YOLTAGES
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" FIGURE 3.12 - M PARTICLE PATTERNS IN INDIGO/DCE AT
DIFFERENT YOLTAGES
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TABLE33
INDIGO/DCE ELECTROCONVECT IVE PATTERNS

VOLTAGE COMMENTS

100V No turbulence; dye particles form a clean front;
positive photoresponse.

20 V¥ No turbulence; dye particles form a cledn front;
positive photoresponse. '

5.0 V  There are some irregularities in the dye front

100 V Some mixing of dye particles; negative photoresponse

150 V Lo&f of mixing of dye particles

400 V Turbulerit:e; ‘zig zag motion of particles; negative . ’
- photoreponse. ‘ , ;o
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l\j\

be accounted for by the reduction in solvent viscosity with temperature and
the resulting increase in particle mobilities. At 5 volts some irregularites
are observed in the line dividing the regions of high and low dye particle
density, however there is still no signif i‘co,nt mixing of the solution.

in the regidn above 5 volts, the dye particle botterns give definite
indications of turbulence and mixing : the dye front deveiops point
irregularities and bands of high and low particle densities form foirlgﬁh
stable patterns over the time of obsefvotion. Within the overall pattemn,
particles ekecute a zig-zagging motion back and forth across the cell. The
voltage range above 5 volts results in a decrease in the current with
incident light (Figure 3.11). The observation of a critical voltage, above
which turbulence ensues, is characteristic of electrohydrodynamic
phenomena observed in low conductivity liquidssr4 and is further discussed

in Chapters 4 and 5.

All of these observations are consistent with the pii:ture that incident light.
interrupts convective charge transport and therefore results in a decrease '
in the current cerried through the Indigo/DCE solution. It is thus reasonable
to propose that the same mechanism is responsible for the photocurrent
response observed in CT solutions. In drder to establish the role of
convection s o charge transport process, the basic nature of conduction in

DCE solutions had to be oddressed.
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Chapter 4

To assess the influence of convection in TCNE éhorge transfer solutions, the
variables contributing to conduction were investigated. Orly o few
representative experiments performed on dichloroethane solutions with
’l‘fﬁ% and mesitylene will be discussed in order tu identify some important

aspects of the conduction process. This chapter will summarize the
features of the current response of -‘fCNE/DCE and TCNE/mesitylene/DCE
samples in three sectione: {i} the dependence of conducti’vitg on the
concentration of TCNE and mesityjlene [2] t?{e shape of the current-time u

_response, and [3]a description of current-@oltoge characteristics.
4.0 - MATERIALS AND METHQDS for SECTIONS 4.1, 4.2, 4.3

The preparation o.f TCNE, mesitylene and DCE has already been_discussed in
the ‘'materials and methods’ section of Chapter 1. A diagram of the sample
cell with pletinum (Pt) electrodes is given in Figure 4.1 . This electrode
cqnf iguration was identical to the one previously used for photoconductivitg
measurements. Two square Pt electrodes (A = 1cm?) were seperated by |
- 2mm in o glass cell. The cells were sealed with a tight fitting teflon lid or
covered with aluminum foil and wrapped with Teflon tape. Some
measurements were carried out in fluorescent room light rather then in the

derk but this had no observable effect on the current characteristics.

'The‘DC current response of the sample was monitored by measuring the
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FIGURE 4.1 - PLATINUM ELECTRODE CELL
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signal across a 1oad resistor in series with the sample{ell (Figure 4.2).
Typically, for 0.01M TCNE/DCE sorﬁples, measured resistances were of the
order of 10 MQ. A 10 kQ load resistor would therefore only bfféct the
current by about 0.18. A 1MQ resistor was used for some of the initial J
measurements on current peak times. The 1MQ load réé:is,tor would not have
changed the times at which maximum current readings were recorded
although it would have' affected the current readings by about 10%8. The
method oY current measurement shown in Figure 4. 21wos sufficiently
accurate for our purposes smce many of the expenments involved
qualitotive compansons ‘of signal shope and since the results were liable to

charige significantly as a result of other variables.

The other Qarjublesaffecting TCNE/DCE current response measurementé-’
included voltage history, sample-cell bdnlact time and electrode = -
preparation. Most ‘steady state’ measurements involved times of yoltage '
cpplicatibn anywhere from 15 m‘inutes to 8 hgurs An experiment involving
the measurement of current as o function of mesrtglene concentration |
(Figure 4.5) was on exceptlon since "steady state’ measurements were taken
after ohout 6 mmutes Attempts to correlate current with TCNE
concentrotlon using the shorter runs were not fruitful. As & resuilt of |
-increasing the s’omple-cell contact time (dt zero opplxieq voltage) from 15;
minutes to one hoair, the steady state signal observed for a 0.004 M TCNE
sample increased about two-fold. - ”

‘The same two Pt cells (Figure 4.1) were used repeatedlg for the
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FIGURE 4.2 - CURRENT MEASUREMENT
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S
meosurements described in this chapter. Cell clesning was therefore on

important aspect of the expeﬁmentol work since electrode aging and
degradation needed to be avoided in order to compare sets of data.
Occasiorally chemical deposits appeored on the electrodes after voltage )
treatments. It was dif ficﬁlt to ascertain. any specific conditions thot would
generate deposits. Minute crystals of TCNE were sometimes observed-on the
Pt electrodes after a voltoge treatment (< 50V). A drop of mesitylene
turned tie electrode s bnght orange color characteristic of the
TCNE/Mesitylene choarge-transfer complex. In other instances, an
orange-Brown coating was observed. On the basis of information obtained
later on the chemistry of TCNE, the orange deposit ¥as probab ’# a
pentacyanopropenide salt 1. A purple coating on the anode wos;/géhserved
tmce dunng photomgnol measurements (200 v opplied) but was not
observed mth the current n measurements at lower voltages. The purple
cootlng was probably e TCNE™ sait. Thin films of M* TCHE™ salts are
reddish-blue or purpie 2 In order to maintair the Pt electrode surfaces,

various cleaning methods were investigoted to remove these deposits.

Cle\'onving methods yere evaluated by comparing the currents measured

through distilled DCE in the cell after dif ferent chemical treatments. This

—seemed d reasonable approach since, at the time, details of the electrode

chemistry were not known. Table 4.1 shows the effect of different cell

cleaning methods on the DCE current measurements. Chromerge cleaning

" was used for the runs shown in Figures 4.3, 44. The

mesitgl‘ene-methonol-DCE treatment was used for the measurements shown
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$4R =10KQ, V=10V

—

TABLE 4.1
DCE CURRENT RESPONSE
WITH DIFFERENT CLEANING METHODS
R =5KQ V=15V
CLEANING METHOD imk imm state K
‘ (na) (na) * @ 'm1)
2 minute Chromerge soak
+ distilled H)0 rinses 4 2 3% 107
+ Methanol rinses
+ DCE ri
Overnight DCE soak | 5 A
+ Acetone rinses 7 4 5% 107
+ DCE rinses
15 minute hot Nitric Ac.d soak |
+ distilled Hy0 rinses 40 20, 27 %107
+ Methanol rinses ) .
+ DCE rinses -
15 minute Benzene soak 16 6 8x 107
+ DCE rinses
Overnight DCE soak 60 12 16 x 107
D T
1/2 i Methanol soak ,
* Methanol rinse 5 2 3%x107°
DCE rinse
| -
Methanol rinse .27 08-09 2% 107
overnight DCE soak |
¥ after 30 minutes
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in Figure 4.5.

The cbnduclivity of DCE was used as a-standard Lo?Feelg ‘cell cleanliness
before éach set of r;ms. The criterion for includjng data on TCNE/DCE
solutions was that the DCE standard had a conduétivitg less than one-tenth
thot of the sample. Thus the charge carriers in solution could be assumed to

be largely the result of additives to the solvent (i.e. TCNE and mesitglené). ‘g
The trace impurity charge carriers in highly purified dielectric solvents are
difficult to identify3 N
Efforts were made to keep water out of the samples. Part of the pu‘rpose of
solvent and TCNE pﬁrifications Yas to remove water that might effect the
measurements. The Pt cells were carefully sealed to prevent evaporation as
well as water exposure. The contribution of water to the conductivity in

TCNE/DCE solutions was initially thought to be small since the addition of a

- . few drops of water to a S ml. TCNE/DCE sample had no immediate

significant effect on the current. The important role of water in the
conduction measurements was much better understood later when the
charge carriers in our samples had been identified. (Refer to Chapter 6 for
information on how little water was neccesary to affect the sgs{em

significantly). .
4.1 - CONCENTRATION DEPENDENCE OF CONDUCTIVITY

One of the major issues to be addressed in interpreting conduction in TCNE
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charge tranfer solutions was the nature and generation of cherge carriers in
solution. The ef fects of b('Jtl’! mesitylene and tetracyanoethylene on t..e DC
currents have been considered-and some results ere shown in Figures 4.3,
4.4 and 4.5. Since the current response of the sdmpleé depended on a voriétg
‘of variables such as voltage history, electrode pre:g}}oﬁ, :
electrode-saemple contact time, to nome ] fewF it was difficult tb obtain
reproducible conductivities at given concentratwns However, some basic

- trends appeared and these will be summarized.

The majority of the charge carriers in TCNE/DCE sampl es (0.0002 M < {TCNE]
) are the result of the presence qf TCNE, since‘addition of TCNE to |
dichloroethane increases the measured conductivitg; in Figure 4.3 the
‘'steady stote’ current is plotted vs. TCNE for three concentrations with the

' current,measured in the following way: A single step voltage was applied to
the sample and the current was assumed to be ot steady state if it
fluctuataed by less than 15% over an extended period of time. An exarﬁpre of
the first 5 minutes of a current response is shown in Figure 46. Note in
Figure 4.3, thet the lower the TCNE concentration is, the longer it takes for
the current to reach steady state conditions. The steady state conductivity
"~ of the 0.01 M solution of TCNE is (1.2 + 0.1)x106 @ 'm™! . This is 2 orders of
magnitude larger than the DCE conductivity of about 1078Q™'m™

Figure 4.4 shows current vs. [TCNF,hiienggrements using a different
procedure. A square wave potentlal (f=0. 0b05 Hz.,T =33 mlnutes) was
applied to TCHE/DMes over the penod of many hours. A typical
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" FIGURE 4.3 - STEADY STATE CURRENT VS, ITCNE]-
(SINGLE STEP APPLIED YuLTAGE) ,

¥ = 10 Volts

The appmximate time required for the current to stabilize to
within +15% is indicated with each date point. ‘

by
gl
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FIGURE 4.4 - PEAK AND STEADY STATE CURRENT VS. [TCNE]
(SQUARE WAVE YOLTAGE, f=0.0005Hz.) ?

Y =+ 152 Yolts
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FIGURE 4.5 - CURRENT ¥S. MESITYLENE CONTENT

v = 10 Volts.
‘steady state’ currents were measured after about 6 minutes.

Semple: [TCNE] = 0.001 M. in DCE /mesitylene mixtures -

g .
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current response is shown in F igure 4.7. The peak ond— ‘steady state’
currerits { steoc;z; state = after 16 minutes ) after eoch voltage reversal are
plot(ed with respect to the ndmber of cycles in Figure 48. Over
consecutive cycles, the peok and ‘steady state’ currents decredse and level

of f after about 5 hours. Some other features of the suare wave respdnse

over long periods of time will be discussed in Section 4:2'.‘ Yalues of i
ond i steady state in the 1evel region ore plotted against TCNE concentrotlon in

Figure 4.4. An approximately h_near relationship is observed between lmk
N

and [TCNEJ up to 0.01M. Thei_, vs. [TCNEl curve levels off apound ’)‘

steady state
concentrotlons of 0.005 M. The peak and steady state conductivities fora

0 OI M solutwn of TCNE are respectively (1.6 + 0.2) x 10‘6 O'mtend (7 + 2)
‘X 1970 'm in this measurement. The ‘steady state’ conductivity
nieasured using a one-step voltage application { Figure 4.3) lies between

these values.

¥hen these measurements were made, the major charge ~carriers’in
L ' TCNE/DCE solutions had not yet been identified. All that could be concluded

at the time was that TCNE related ions were in the solution. The dominant
anion in solution was later identified as pentacyanopropenide which is a
derivative of TCNE. (See Chapter 6). Cations in solution were thought to be
solvent related. This was consistent with the idea that the weak charge
transfer interaction between DCE and TCNE contributed to the presence of
charge carriers in solution 4~  a different mechanism was later proposed

for the generation of charge carriers in solution - Chapter 6)
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FIGURE 4.6 - CURRENT RESPONSE T0 A STEP VOLTAGE
V = 10 Volts

Sample: [TCNE] = 0.01 M. in DCE



65b

10 Volts W\

(yr) juaung
o

| Time (min)



66a

{

FIGURE 4.7 - SQUARE WAYE CURRENT RESPONSE

£ =0.0005 Hz.
¥ = +15 Volts

Sample: [TCNE] 2 0.01 M. in DCE
{

The current response was measured after about 17 hours of
voltage application. o
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FIGURE 4.8 - PEAK AND STEADY STATE CURRENTS

VS. NUMBER OF SQUARE WAVE CYCLES

~ f =0.0005 Hz.
C Y =+15Volts

Sample: [TCNE] = 0.005 M. in DCE

/
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The addition of mesitylene to DCE does not result in 8 significant increase
in the DC current over the DCE level. A sample with a 1.4 M concentration of
mesitylene in DCE { 0.2 = fraction of meéitglene in DCE ) falls within the
range of DCE peek conductivities measured ot (3-6) x 10 Q" 'm™ during o
set of concurrent runs. By itself, mesitylene has a conductivity
significently less than 1090 m. Mesitylene, a non-polar liquid, does not

stabilize free ioﬁr(sgto the same extent as DCE.

Figure 4.5 shows how the DC current behaviour of a 0.001 M TCNE solution is
influenced by the addition of mesitylene. The peak and ‘steady state’
currents (after about 6 minutes) are plottec as a function of the fraction of .
mesitylene in solution. For mesitylene/DCE fractions from 0 - 0.2 the
~ current increases with the amount of mésitglene added. Beyond mesitylene
fractions of 0.3 the current decreases with the fraction o? mesitylene. The
observed decrease in current at higher donor concentrations cen be
accounted for in terms of lowering the effective dielectric constant of the
solution. The lower the dielectric constant, the less stable free ions are in
solution ©. In the lower mesitylene concentration range, the increase in
solution con&uctiwitg with added mesitylene is probably the result of charge.
transfer interactions between TCNE and the donor molecules.
Donoré«;e\p:r complexes are known to dissociate spontaneously in liquids

f

of 'sufficienty high dielectric constant ’.

The nature of charge carriers in mesitgle_qe/T CNE/dichloroethane samples
)
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was not investigated in‘defgfl; The dominance of the TCNE related charge
cerriers for charge trensfer solutions used in the earlier pho‘tosignol
measurements { [TCNE] = 0.005M, [mesitylenei ~ 025M or 0.0035 volume
fraction of mesitylene) became the reason for studying TCNE/DCE samples
rather than the mdre complex mixture invOlving the donor molecules as well.
The intention was to get a handle on the basic conduction processes in a

simple, two component system before extending the work to a three

component system. -
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4.2 - CURRENT/TIME RESPONSE: |
ELECTRICAL BOUNDARY LAYERS and REﬁvm CHANGES

The measurements made in this section used the apparatus shown in Figure
A.2 and the methods described at the beginning of this chapter. The basic
current response of TCNE/DCE to a square wave voltage is shown in Figure
3.9. with the initial application of voltage, an immediate decrease is
obsefved in the current which eventually approaches a ‘steady state’ value.
Following reverse biasing of the cell, the current peak is displaced in time |
and again the current.falls to o ‘steady stote’ value. The discussion of the
current response will revolve around three main considerations: {1]
electrical boundary layer or space charge effects [2] the resistivity or
conductivity of the bulk of the solution [3] the ef feét of mixing or

convection. .

The type of current reponse shown in Figure 3.9 is quite typical of liquids
with very low charge coarrier concentrations or weok eleqtrolgte solutions.
Compare Figures 4.7 and 4.9 with the square wave current response for
samples of Aerosol OT (a surfactant) in xylene studied by Novotny and
Hopper  (Figure 4.10). Aerosdl OT weokly dissociates in xylene. In
contrast, TCNE would not be expected to dissociate in DCE: However, low
concentrations of \ntocgonopropene which is a strongly dissociating
cyenocarbon acid, were later found to be a major source of chorge corriers
in our samples (See Chepter 6). Thus, the TCNE/DCE current behaviour

observed is consistent withy that of weak electrolytes.
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. FIGURE 4.9 - CURRENT VS. TIME FOLLOWING YGLTAGE REVERSALV

Sampje: [TCNE] = 0.01 M. in DCE
 ForV =10 Volts, pesk area = 6 10°5C
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* FIGURE 4.10 - CURRENT EE&F;UNSE FQ’ R AOT/XYLENE ®
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duqlitativelg,_ certain features of the current response in.time can be
discussed in terms of space charge at the electrodes (space charge layers =
electrical boundary layers). Some characteristics of the current-voitoge
debendence (described in Section 4.4) can also-be accounted for using
boﬁndory layers. .Gibbings et. a1.%- '® have provided a description of
electrical boundary layers in low conductivity liquids which will be
summarized héré. Prior to the application of voltogé, electrical boundary
layers (of double layers) exist at the mqetal-éolution interface because of a
chemical potential difference ! (Figure 4.11, sketch 1 and 2). The sign of

the space charge in solution depends on the electrode material, solvent and-

impurities present (which all effect the chemical potentials in the system). '

As a first approximation, it is assumed that the thickness of the electrical

boundary layers is much less than the electrode spacing.

The application of a voltage (V) across ee‘ﬁ;hid causes negative space-charge
to collect ot the anode and positive space charge to collect at the cathode
(Figure 4.11, sketch 3 and 4). The space charge in the electrical boundary
layers will be proportional to the applied potential!® (Q = V). The time
required for the formation of the electrical boun;:lorg layer influences the
current characteristics. Sketches of the net ion concentrations at both
electrodes and the electrical potential prof ileé are shown with and without

applied voltage in Figure 4.11.

in Figure 4.12, the potential across each of the electrical bourﬁt;ry layers
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FIGURE 4.11 - ELECTRICAL BOUNDARY LAYERS 'O

¢ = electric poteﬁtial

G = chemical potential

; = positive space.charge
—. = negative space charge
c‘ = jon concentration

p = space charge density

— >*¢/3x2 is proportional to -p

—

- P
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FIGURE 4.12 - ELECTRICAL BOUNDARY LAYERS
~ AND ASSOCIATED POTENTIALS



75b

Anode ' /Cathode

V=V, + ViV

V = applied voltage 4

V,=effective voltage across bulk{of solution

V¥ V' =electrical boundary layer pGtentials

&, 62 = thickness of eAIectrLical boundvary layers
'(® = positive space charg)é

(> @ negative space charge

-nx’/
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(v, * and V,,*) is sketched. The 1imiting value of the boundary potentials (as

time -> infinity) depends on the applied voltage. The current ;hrough a weak

electrolyte depends on the effective voltage (V ) across the bulk of the
sample and the resistance of the sample. Since the sum of veﬁ, V‘*, and

V,* must give the applied voltage V (Figure 4.10), the measured current can

be written as shown below:
i= Veﬁ/R =(VY - V,* - vz*)/R

The variation of current with time after an initial voltage applicatiﬁn is
accounted for qualitatively in terms of the growth of electrical boundary
layers. As the charged layer at each electrode grows to'some
voltage-dependent limiting value, the effective voltage across the bulk of

the solution decreases and so does the current.

-

A

Any time dépendence of the resistance of the bulk of the solution can be

incorporated into the equation.
Vs = (v - Y, *(t) - Vz*(t)] / R(t)

R(t), the eff ective resistance of the solution, depends on the ionic

concentration between the electrodes.



R = d/(KA) = 0/((SA.C)A)

wvhere

d = distance across solution (m)

K = conductivity (?"'m™") = X Ac,

A, = equivalent conductance of the i ion (Q"'m™rr")

C,= concentration of the i ion in solution (M)

Returning to the interpretation of the current response after the initial
voltage application, the resistance of the bulk of the sample can be expected
to decrease as ions are droggéd toward respective electrodes. This was
verified with spectroscOpi‘c studies of the ion coyentrotion in solution
(Chapter 5 ). The decrease in conductivity, and’accompanying increase of
resistivity, would work together with boundary layer effects to decrease

the current with time.

At long enough times after voltage application, and for suff iciéntlg large
space c'horge dénsi ties at the electrodes, convection establishes itéelf vond
reddces the magnitude of the electrical boundary layers. Whenever a net
space charge is present in ‘sol‘utions, an unbalanced force (F) exists per unit
volume of liquid and can generate sufficient pressure gradients for fluid

flow to occur 12

F = pE where p = space charge density

E = electric field L
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P = /% pE)YIX where P = pressure generated from O to d

In Gibbings work on kerosene '°, the onsevt of convection is marked by the
current response levelling out. Ih the following discussion, it will be |
assumed that during the initidl current vs. time response, convection has
not yet had time to establish itself. However, if convection is established
at steady state conditions, the current response immediately following
voltage reversal will be affected by fluid flow because of its finite decay
time. These assumptions were confirmed through spectroscoplc work {Ch.5).
Convective effects will be discussed in more detall in Section 4.4 and

Chapter 5.

After voltage reversal, the temporal behaviour of the current respbnse is
difficult to account for in terms of space charge effects. The time |
vdisplacement of the current peak appears to bé related to ion transit times.
The transit time for ions moving from one electrode to another in solution
decreases as a function of the applied voltage. Experiment shows a definite
correlation Detween}hé peak time displacement and voltage: the peak time
is inversely proportional to the applied voltage in the range up to 15 volts
(Table 4.2, Figure 4.9).

Since the current peak can be,related to the drift velocity of ions mo#ing
through & constant distance, it is reasonable to propose that the time

required for current carriers to travel from the electrodes to a point
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TABLE 4.2

VOLTAGE DEPENDENCE OF CURRENT PEAK TIME

SAMPLE: 0.01M TCHE i DCE

VOLTAGE PEAK TIME (tp) V;tp
15y 305 ¢ 4503?5 Vs
10V . 49%4 s 490240 Vs
5V 90120s 450X 100 Vs

-
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half-way across the cell corresponds to the current peak time. Under these
conditions the number of charge carriers in the bulk of the liquid would be 8

maximum. According to this model the expected travel time and current

peakgime (tp) is given by
t, = d/2y = d/2uE = /21y

vhere d = distance between electrodes , U
v = uE = effective® drift velocity of charge carriers
u = effective*® ‘mubilitg of charge carriers

E = electric field in solution = v/d ** |

Y = applied voltage

* Both anions and cations would contribute to the effective drift
velocity and mability given in this expression. This mobility could

include the effects of convection.

**the electric field in solution could not be assumed constant when

there were ion concentration gradients present (Chapter 5).

Note: One could equally well propose that the charge carriers have to travel
the full distance d to give a current pulse. This would only change the

calculation by a factor of two.
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If the relationshjp between the current peak time and voltage is correct as

- shown above, then the product“bt ;;he two (th) should be a constant. The

.

data in Table 4.2 show that this is inﬁd the case and the product, ¥t ,is a

- constant within the experimental uncertainty (T his does not hold for square

wave frequencies greater than I/2tp. The peak displacement time decreases

with increasing frequency. Figure 4.13 shows the current response to a

square wave with 1> I/2tp for a thin Indium (in) electrode cell described in

Section 4.4). From the measured value of 450 V s. fOF‘le, and the known

elactrode separation of 2 mm., an effective mobility of 0.4x 108 m2 v 's™!
~is estimated.- This mobility is in a range typical f_or charge carriers in polar
organic liquids. The positive charge carriers in nitrobenzene have 8
mobility '¥of (1.6 -23)x 108 m? vis7.

The amount of charge associated with the current peak after voltage -
“reversal is about 6 x 1075 C. (Figure 4.9, ¥ =10 Yolts). The existence of a
current pulse can be accounted for qualitatively in terms of electrical
boundary layer charge migrating across the sample. However, an estimate
of the amount of space charge associated with boundary layers shows that
this interpretation is not reasonaﬁle. The amount of space charge
associated with the boundary layers in solution could have been\:}o larger
than the metal electrode surface charge neccesary to produce the applied
voltage. For 10 volts applied across parallel metal plates and a dielectfic

liquid
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- FIGURE 4.13 - CURRENT VS. TIME
- (SQUARE WAVE VOLTAGE, f = 0.005 Hz.)

Y =09 VYolts
1721 < transit time

Semple: [TCNE] = 0.01 M. in DCE
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Q=¢ces AV _101_@:;10"£ggﬁn')(|x10"'m2)(low
d (2x10‘2m)

=44x%x 197! C ‘where A = electrode area

d = electrode separation
€« = 10 = dielectric constant for DCE

e = permittivity of a vacuum

The charge associated with the current peak (6 X 107 C) is much too large
1o be accounted for only on the basis of a space charge originatmg in the

- boundary layers.

' The disglaced current peak in time also cannot be accounted for bg

considering the variation of Vﬁ‘f in time. Immediately after voltage reversal

Y4 15 @ Maximum given by

Vet = me (V,* +V,%)
" where (V,* + ¥,*) is the voltage developed across the boundary layers prior -

‘to the voltage reversal. The effective voltage decreeses in Sme following

voltage reversal.

The reversal of voltage may increase the condu,ctivitg of-the solution bgf

releasing ions into the solution (and this was later verﬁ,ied). The =~
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concentration of ions associated with the current flux con be estimoted

gweh the speed of chérgé transport ( v = d/2tp =1%x103m/455=22%107

m/s) and the current densi ty (j) of about 2pA/cm?.

je-_-2ec§ . | ./
C= je/2§v
T 2(20% 1072 A/n?)/(Q( 16% 107 C/motecule)(2.2 X 107 m/s))

= 2.8 % 102! molecules /m® (T

| i
This cen be converted to a concentration of 4.7 x 107® M. which is consistent |
' 4
whtn the concentration range later verified for anions in the system by
spectroscopic studies (Chapter 5).

-

The width of current peaks after voltage reversal seems to indicate .thai | .
diffusion processes contribute to charge transport. The width of the peak o
increases as a function of the travel time (Figure 4.9). Diffusion effects

* would not have been expected to be very significant in a system with

‘convection as a contributing charge transport process. The Nernst-Planck
equations describe mass trﬁnfer in solutions and include drift, diffusion,

and convection terms. In one dimensional form:

J; = WE()C,(x)- D, 3c.(x)/ax + c.(x)v(x)

where  j. = current flux from the i® ion ( #/(m?s))

™~ A
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i, = mobility of i* fon (M2V~'s) = (zF /RTID,

« D, = diffusion coefficient of i® jon (m?s™") .
/

¢, = concentration of i™ ion (#/m?).

E = electric field (Ym™) = aV/dx |

v = liquid velocity (ms™) ...

% = position relative to anode (m) “/\
The width of a current peak was about equal to thé transit time (2tp =90

seconds at V=10 Volts, Figure 49). A rough esj"imote of the time réquired
for particles to diffuse through 8 mean distance of two millimeters

(distance between electrodes) is given by the following equation: '

’ R2=2Dt
t =x2/(2D)

~/
‘Calculating a value for the diffusion constant from the effective mobility of
04%108m2 v 571 givesD = 1% 1070 m? s°'. Using this in the preéeding
equation results in an average time of 330 minutes (5.5 hours) for ionS‘to
~diffuse across 2 mm. Even for an order of magnitude calculation, thjs/
doesn't compare well with peek width times. Obviousty, tﬁefcontﬁra‘ution of

diffusion to }he shape of the current’ peak had to be reconsidered.

The importance of ion concentration gradients in the bulk ef the solution is

evidenced by the effect of mixing on sample current characteristics.
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However, no quantitative estimates of ac/9x could be obtained from these
meosurer_nenyts. After a sample had been previously eprsé’d to voitage the
current peak was displaced in time with voltage reversal. If, after voltage
exposure, the sample was physically mixed (using a bipette} before flipping )
the voltage again,\‘tﬁéh the curreﬁt peak was no.-longer obsgrved to be

displaced in time (Figure 4.14). The immediate peaking ;ethe current with
a step"in voltage is similiar to that observed for samples without previous

L]

voltage exposure (Figure 3.9).

Mixing destroys any ion concentration gradients in the bulk o\f t;le solution
as well as reduces the electrical boundary layer charge. The effect of
miking the sample after voltage application essentially restores the cell to
conditions lik'e those before voltage was ever applied. This accounts for the
immediate peaking of the current for the sample mixgd after voltage

application.

As a result of these initial studies on the current-time response of
TCNE/DCE solutions it @as clear that bulk ion concentrations and space
charge significantly affected the current-characteristics and would have to
be incorporated into a model for conduction in the sgstgm. However, the
behaviour of ion concentrptions in space and time, and the relationship of
this with the change in current with time, could not be unravelled with the
experimental techniques erﬁploged. Further information on the behaviour of
ion cbncentrations in solu_tion as a function of position and time had to }be B

obtained. A spectroscopic study of ion concentration behaviour is presented

x
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FIGURE 4.14 - CURRENT RESPONSE TO VOLTAGE REVERSAL
: AFTER MIXING “

Sample: [TCNE} =-0.002 M. in DCE



87b

SAMPLE 10 Volts (reverse polarity)
MIXED f

v=0

relative
current

]
ng

4

time (min.)

-k
N
w T



(\

- 88

-in Chapter S and provides the basis of the interpretation of conduction of

TCNE/DCE solutions.
4.2 1-CURRENT RESPONSE TO SQUARE WAVE YOLTAGE OYER MANY CYCLES

Application of 8 square wave voltage (f = 0.0005 Hz.) to the TCNE/DCE

_ samples results in a decrease in the'peqk ‘on'd steady state currents over

many cycles (Figure 4.8). After about 8 hours the peak and steady state
currents approach a limiting value. This behaviour woé already referred to
in Section 4.8. One explanation for the ovérall decrease in conductivity is
that some ions, or other charge carrying particles, are irreversibly dragged
out of the sblrution during voltage exposure over 1ong periods of timé. This
effect is sometimes referred to as electrical purification's or electrostatic
cleaning. Another possibility for the overail current décrease is the
continual growth of electrical boundary layers. This is not unreasonable
becoause of a sho!l asymmetry in the positive ‘ond negative cycle tirﬁes of
the square wave ( 8 4% dif ference in positivé and negative cycle times for f |
= 0.0005 Hz)). |

\

4.3 -TEMPERATURE and MECHANICAL VIBRATION

The effects of temperature and mechanical vibration on conduction in
TCNE/DCE samples are considered in this section. The temperature
dependence was studied by placing o carefully sehlgd semple in a circuleting

water bath. In thermal equilibrium the solrution is homogeneous throughout
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the cell, in contrast to locol heating by & focussed laser beam. Table 4.3
shows that the steady state current increases yith increasi ng temperature.
| As temperature increases, the viscosity of a fluid, and also the resistance
to charge motion, usually decreases. A corresponding increase in the
‘current is expected. Isotropic heating of a sample does not interfere with
convection patterns (unless a change in liguid viscoéitg brings about a

convective transition).

The effect of centinuous mechanical vibration was observed by measuring
the sample current with and without water circulation around the cell
{without temperature change, of course). Weater circulotit?n is a simple woy
of providing fairly uniform vibration. The presence of external mechanical
vibration decreases the current magnitude (Current without vibration =

0.36-0.49 pA; Current with vibration = 0.28-0.39 pnA ; [TCNE] = 0.004 M., ¥
=10 Volfs, R = 10kQ) . This behaviour is consistent with the previously

observed decredse in current as a result of acoustic noise and localized

illumination.

A

The change in conductivity Svith mechanical vibration can be qualitatively
interpreted in two wqgs:llll vibration interrupts convection patterns
important to mess and charge transport by introducing cross-field liquid
motion; [2] vibration disturbs electrical boundary iayers and ion

concentration gradients in the solution. The second option seems less likely

since the disturbance of chorgéd layers would decrease V,* and ¥, * and
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TEMPERATURE DEPENDENCE OF CONDUCT IVIT;{

TABLE 4.3

90

SAMPLE: 0.04M TCMEnDCE V=10V R|_=10KQ

-

TEMPERATURE (T £0.25°C)™\ CURRENT (uA)

26.0  0.26-0.34
30.8 0.31-035
35.3 0.35 - 0.39

0.41 - 0.47

40.5

¥

'/\2

VAR
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 result in an increase in the current. Any distufbonce of ion concentration
gradients would also not be expected to decrease the sample current.

Convective effects on sample cun:'ent response will be discussed further in

Section 44.
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4.4 - CURRENT YOLTAGE CHARACTERISTICS | i k |

Several experimer;tal approaches yrere used to characterize the
current-voltage response of TCNE/DCE and TCNE/mesitylene/DCE samples.
The various approaches and sample responses will be discussed in this '
sectioh. As in Section 4.2 some aspects of the i-V response can-be
interpreted in terms of changes in electrical boundary layers and bulk
sample resistivity. The most interesting conclusions arrived at in these
studies are related io electrohydrodynamic effects. Certain tgﬁes of
éurrent behaviour are indicative of trﬁnsitions in liquid flow such as those
that had been previously observed in the indigo Blue/DCE system (Chapter 3).

‘Critical’ voitage conditions for transitions in the convectiye behaviour of
16,17,18

dielectric liquids have been reported in the literature

Electrohydrodynamic and conduction studies have already been corried out
on systems with a variety of charge generation mechanisms. Unipolar and
bipolar injection of charge have been extensively considered in the
literature '%-20.21  Flectrohydrodynamic studies on weak electrolyte
solutions are rare and apparently the instabilities in such systems are not .
well underst;od at present'®. Since the current response of TCNE/DCE
solutions resembles that of weak electrolyte solutions, very littie of the
published work on electroconvection is applicable. Further difficulties
regarding electrode injection and discharge processes arise which aré
specific to TCNE/DCE solutions.
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The interpretation of critical voltage behaviour in the TCNE/DCE systems in
this study dejmonstrates a fundamental difficulty in the separation of
convective effects and electrode injection/discharge processes

- {electrochemistry). The appearance of f Ibw instabilities in dielectric
liquids is critically dependent on the electrode boundary conditions. The
same would be expected to be true of the TCNE/DCE system. The
'expeh'mentdl work described concerns different electrode geometries and
materials. Instead of leading to a single interpretation of the current
cﬁoroc_ten‘stics, the discussion presents several different i nterpretdtions

that are oll qualitatively consistent with the observations.
4.40 - EXPERIMENTAL

The types of measurements discussed in t@s«:\ection all involve the

,‘ variation of current response yith voltage. Current measurements were
carried out using the method described at the beginning of this chapter. A
Hou?ten Omnigraphic 2000 X-Y recorder was used to record continuous i-¥Y
scons. Cell discharge currents after voltage-application were monitored

using the lower circuit in Figure 4.2.

Two types of electrode materials were used in the measurements: indium
(In) and platinum (Pt). The Pt cell has already been described in Section 4.1.
A thin cell construction was developed using In metal and is shown in Figure
4.15. -



FIGURE 4.15 - THIN INDIUM CELLS
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Typically, t‘he eléctrode spacing in the thin In cell construction was 1mm.
end the electrode areas were 30mm. x 0.1mm (Figure 4.15 ). Two In strips
were sgndwichéd side by side between microscape slide cover slips. This
In/glass arrangement was carefully heated on a hot plate to wet both glass
surfoceélwith' In metal. Once the cell was bllowed to cool, the In/glass
interfaces formed a good seal. The hollow between the electrodes could be
filled with liquid samples by cepillary action. A quick dip in hot porﬁffin
vax vas used to seal the cell at each end. The lifetime of the cells was
from one to two doys depending on the seal preparation and handling
procedure. Other thin cell designs were tested and found to be inferior. The
odva?gtages of the thin In cell system include the simple, vq}n‘oble closed

L 4
geometry and the disposability of the ceils. j

This thin, closéd cell construction was chosen becouée the closed cell
design eliminated any free Tiquid/air interfaces which could affect |
convection via surface instabilities 23, and the convective flow was

substag\ti 11§ Yimited to one degree of freedom. Also, particle flow in the

E analogue system could be clearly observed with the use of a
microscope but it was difficult to correlate the curr_ent and particle
behaviour in detail. Current peaks were qualitatively associated with
particle transit times, and above about 5 volts convective patterns were
observed. Generally, the stability of the i-V and i-t curves was improved
over the Pt cells with their larger geometry. Initially, the stability
irg;jjvement was associated with fewer available degrees of freedom for

convective flow. Later results indicated that the improved stability could
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also have been related to the electrode material being used.

-

RESULTS AND DISCUSSION B o

R

The current responses with stepwise and continuous changes in vol&g&gill
be discussed in terms of electrical boundary layer and ion concentration
effects. Certain current voltage behaviour can also be interpreted in terms

of convective transitions.
4.4.1 - |Y RESPONSE (YOLTAGE STEPS)

In FiguFe 4.16, the variation of current with voltﬁge'steps is s_ho;m. A thin
In cell was used in this measurement. After each voltage step-increase, the
current siowly decreases in time to approach a 'steodg state’ value.
Following each 10 volt decrease in voltage, the current opprooches a new
‘steady state value’ immediately, or after a verg slight increase in the
current. The new ‘steady state’ current after a §tep-down in voltage is

lower than that observed at the same voltage in the preceding veltage
step-up sequence. As aresult, thTJplot of 1 vs. ¥ shown in the corner of
F1gur9 4.16 displays hysteresis. A similiar sort of hysteresis (mgher ’
currents with increasing voltage ratier than decreasing voltage) is observed
for the i-V plots shown in Figures 4.20 to 4.23 for the slower voltage scan

rates.



f IGURE 4.16 - CURRENT VS. TIME FOR VOLTAGE STEPS

Semple:
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[TCNE] = 0.01 M\in DCE
indium electfodes

w=1mm h=x01mm
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. »
Qualitatively, the hg%teresis of the current response can be accounted for by

discussing electrical boundary layer effects in the system. As in Section

4.2, the sample current can be expressed in terms of the applied voltage (V),

the electrical boundary layer potentials(y,* and Vz*); and the sample .

resistance (R). '
P2V, /R =V —\:A,: V,*)/R »

The potentials, V‘*, Vz*, and the associated charge layers at each electrode

are an increasing function of the apblied voltage. With each step-up in
voltage, the electrical boundarg layers groyv in time and result in a current
decrease. Yith each step-down in voltage, less space charge is supported at

the electrodes and so a current increase results in time as the space charge

difihishes. - .
;

S~

As in Section 4.2, the change in bulk solution resistivity with time must

also be considered (i=V (1)/R(1)). Each voltage increase pulls more ions out

-of the bulk of solution, thereby increasing the resistivity. A voltoge
decrease releases the ions back into the solution. This sort of ion
concentration effect was later observed, and the rate of ion rei ease from
the electrodes was much slower than the rate of ion‘depletion in the bulk of
_ the liquid (Section 5.1.5). A combinotion of space charge effects and
resistivity changes account qdalitotivelg for the observed current behaviour

L

yith voltage steps. - J
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The importance of space chxarge effects is demonstrated equally well by
their apparent absence in the linear plot of current vs. voltage in Figure

4.17. In this example a Pt elec‘trode cell is discharged between current
measurements ot different voltages. The pesk currents (immediately
following voltage application) are plotted vs. voltage. After approaching &
steady state current, the cell is discharged by shorting out the two
electrodes for about 4 minutes. Samples of the diécharge current response (,w
are shown in Figure 4.18. Basedv on the linearity ofy the resulting i, vs.V

biot, shorting out the céll was thought to have the effect of eliminating

most of the space charge associated with the electrodes.

Initially,we hopéd to gain information on the magnitude of the space charge
attl’J/;::trodes by measuring the dj?scfzarge current as a function of‘time.
In Figure 4.19, the number of coulombs discharged through a Pt cell is
plotted as a .fun‘(:tio'n of the previously applied voltage {electrode aréa =
fem?). The 150 second discharge appears to level out around 50 to 60
microcoulombs at V > 4.0 volts, e?en though the peak current with applied

voltage increases linearly with ¥ (Figure 4.17). A charge of only 1.8 x 107"

C/cm? would be required td generate 4 volts across 2mm of liquid with &
dielectric constant of 10 (based on Q = ee.AY/d )2 This sets a limit for the

amount of space chafg;e stored in the electrical boundary layer, since any
greater charge density associated with the solution interface would cencel

the applied field. Since the ndmber of coulombs discharged through the cell
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FIGURE 4.17 - PEAK CURRENT (after discharge) ¥S. VOLTAGE

Sample: [TCNE] = 0.01 M. in DCE
platinum electrodes

d = 2mm
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FIGURE 4.18 - DISCHARGE CURRENT VS. TIME
DISCHARGE CURRENT v5 TIME
Sample: [TCNE} = 0.01 M. in DCE
platinum electrodes

d=2mm

.
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FIGURE 4.19 - 0_DISCHARGED IN 150 SECONDS VS. VOLTAGE -
Sample: "~ [TCNE] = 0.01 M. in DCE

platinum electrodes
d=2mm

Steady state conditions were approached prior to cell discharge
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. | _ -
is six orders of magnitude Iarge}rjhan the maximum for electrical boundsry

layer charge, the dischorge of etectrical boundary logeré obviously ddes not
account for the current observed when the Pt cell is shorted. Electroactive
| species generated wi‘th voltage treatment probably revert back to their
original oxidation state with voltage removal and thereby produce the
discharge current. Even though the discharge current measurements don't
give a handle on the magnitude of the space charge, or the electrical
boundary layer potentiais, presumably space charge effects are still an
important consideration in modelling the conduction properties ahd felated

electrohydrodynamic behaviour of TCNE/DCE solut.ﬁns. .

Interestingly, thefe is a correlation between the discharge and current
instabilities in TCNE/DCE solutions under the conditions discussed in the

- previous paragraph. The number of coulombs dischdrged through the Pt cell
levels out around 4.0 volts. Current instabilities grow as a function of

voltage beyond 4.0 volts and this type of behaviour can be associated with

electrohydrodynamic instabilities. The current response bgéo\ﬂw this critical

voltage is smooth and decreases monotonically m’t‘h time. Above the
critical voltage, the ‘steady state’ current levels out or increases slightly
with time. Growth in the concentration of any electroactive species near
the electrodes is restricted by turbulent convection. This accounts
~ qualitatively for the cell discharge levelling of f beggnd a critical voitage.
Ny ,

The preceding behaviour is consistent with a tronsition from laminer to

turbulent flow-at the critical voitage. The observations also demonstrate

e -
.
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1

the close relationship between electrohydrodynamic effects and electrode
processes. There are three possible régimes of liquid flow: 1] stﬁtionorg
liquid (ions flow through without significant drag on the liquid) [2] lamjnar
flow (smooth, non-turbulent f Ibw) (3] turbuient flow 24 As space charge
induced pressure gradients grow with increased applied voltage, the flow
résponse of the liquid is expected to pass frorn'vstationarg to laminar to
turbulent behaviour. Further evidence for convective transitions will be

‘discussed in the next section.

442 - 1Y RESPONSE (CONT INUOUS VYOLTAGE SCANNING)

4

In this section, i-¥ characteristics with continuous voltage variation will

‘be discussed in terms of space charge effects and convective transitions.

=1

-~ s

“Figures 4.20 and 4.21 show semhple i;v curves for scans with¥__>V>0
(Figure 4.20-triangular wave, F igure‘4.21 - sinusoidal wave). Figure 4.22
shows i-V responses for voltages ranging betwegn a positive and negative
maximum value Vo Yoy . Thei-V¥ respdnses with positive and
negative voltages shov reasonable égmmetry about the origin over one

cycle.

Decreasing the scan rate has the effect of decreasing the current magnitude
at a given voltage. The slower the scan rate, the more time is available for

space charge to collect at the electrodes and/or ion concentration to
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v

~ FIGURE 4.20 - CURRENT VS. VOLTAGE, ABOVE AND BELOW THE |
: ' CRITICAL FREQUENCY (TRIANGULAR WAVE VOLTAGE) .

Sample: lTl:NEJ =001 M. in DCE
indiunrelectrddes

¥w=1mm h=0.12mm
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FIGURE 4.21 - CURRENT VS. YOLTAGE, ABOVE AND BELOW THE

CRITICAL FREg!g NCY {SINE WAYE YOLTAGE)
Sample: . - [TCNE] = 0.01 M. in DCE
indium electrodes

w=1mm h=012mm



vl

N_. I

(A) eBejon
o'l

VA

106b

1

(vrl) jusuny



i

lO7a

FIGURE 4.22 - CURRENT ¥S. ‘ﬂll_.TAGE RESPONSE
- AT DIFFERENT FREQUENCIES (TRIANGULAR WAVE YOLTAGE)

Sample: [TCNE] = 0.01 M. in DCE
indium electrodes

w=08mm h=008mm
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deplete in the bulk of the solutiohﬁ‘]he location of current plateaus is also -
a function of the scan rate. The slov&kér the scan rt;te, the Ioﬁer the

yoltoges at which plateaus occur. The current decreases as a function of
voltbge after the second current plateau for the slowest scan raté in Figure
422. The p‘receding i-¥ curves were all measured using thin In cells and

0.0 1M TENE/DCE solutions. Note the qualitative similarities between these |
data and the i-V curves for TCNE/Mesitylene/DCE solutions in a Pt cell

(Figures 4.23.1 and 4.23.2). Again, the slower the scan rate the lower the

voltage at which current pletesus appeaer.

There are two possible explanations for the plateaus in the current for
unm.xed samples: [1] the concentration of electroactive species diminishes
near the electrodes via cell redox reactions; (2] electrohgdrodgnafm’c
transitions at critical space charge densities aiter the current
characten‘sti;:s. The evolution of concentration gradients or electrical
boundary layers is expected to depend on both voltage and time, consistent
with the observed behaviour.of current plateaus. it is éﬂso possible that the
combined effects of electroconvection and r:oncehtrotiqn depletion
contribute to the location of cursent p\lat'eous. Mixing, ';io the onset of
turbulent convection, narrows concentroti_on depletion layers and thl;S

Iﬁwlts in a further current increase after a plateau.

The decrease in current with voltage increase after the setdnd\p}oteou
(Figures 4.22) is difficult to account for in terms of electrohydrodynamic

transitions. The moreé reasonable explanation for this behaviour is that the



109a

FIGURE 423 1 - CURRENT VS VOLTAGE ( f= 0.002 Hz. < N
1, TRIANGULAR WAVE VOLTAGE)

Sample: 3 ml. of 0.001 M. TCNE/DCE
2 ml. of mesitylene
platinum electrodes

d=2mm
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FIGURE 4.23.2 - CURRENT VS. VOLTAGE ( f= 0.007 Hz. <
f. TRIANGULAR WAVE VOLTAGE)

Semple: 3 ml of 0.001 M. TCNE/DCE
2 mi.of mesitylene
NO MIXING
platinum electrodes

d=2mm
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total concentration of electrooctl ve spemes depletes not only near the

electrode but also in the bulk of the sample.

Current plateaus disappear with extemol mixing. For a ’
TCNE/Hesnglene/DCE sample (Pt electrodes, d = 2 mm), l;yée%ves with and
without external mixing are shown in Figures 4.24 ond 4232, respectively,.
A linear dependence of the current on volt@ge‘is observed when the sample
is continuously mixed using a magnetic stirrer. Mixing destroys any ion
concentrotlon gradients in the bulk of the solution and also decreases the
eleciric l;boundorg layers. As has been dlscussed repeotedlg, changes in

space charge and bulk ion concentrations have an}lmportant influence an the

- current characteristics in an unstirred solution.

The i-¥ plot of \he mixed CT sample is like that of a simple resistor. Note
that the effective resistance of the mixed CT sample appears to be higher
then that for the unmixed sample at the same scan rate, resulting in o‘lov_rer .
current. This is consistent with observations previously reported in |

Chapter 3 and Section 4.3. Hhen cros‘s—‘field flow is introduced via mixing

or localized heating, the charge trensport efficiency decreases. External |
mixing eli;ninotes any transitions in the flow properties of the medium and

maintains a conetont concentration distribution in the bulk of“ the solution.

The hysteresis behaviour of i-¥Y curves can also be associated with

transitions in convective flow. Tnangular or sinusoidal waves with Vmax>0

were used to observe i-V hysteresis in the thin In/TCNE/DCE system. At

\
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FlBURE 4.24 - CURRENT VS. VOLTAGE ( f= 0.007 Hz. <
1, TRIANGULAR WAVE VOLTAGE)

~ Sample: 3 ml. of 0.001 M. TCNE/DCE

2 ml. of mesitylene
WITH MIXING
platinum electrodes

d=2mm.
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‘critical’ voltage scanning frequencies the hysteresis behaviour changes
character. Above a certain voltage scanning frequency the current reponse )
’ logp behind the voltage, and the iV curve loops counterclockwise (Figures
4. 20 \21) Below a certain {requency the current tends to plateau with
mcreasrmltage) or loop clockwuse Figures 4.25 and 4.26 show the
gradual shape vanatipn of i-¥Y curves for scanning f requencnes above and
below the critical freqtreﬁcg The frequency at whlch i-¥ hysteresis

changes character is voltage dependent

Figures 4.27 apd 4.29 show the dependence of the critical frequencg on

voltage orhplitude using 1og-log graphs for two sets of measurements. Plots g

of 1/1_, or the critical time (t ), against vottage are shown in Figures 4.28

and 430. The two sets of measurements used different eleetrode srpacings
and cell thicknesses. The timing between runs was-about 15 nlinutes ln |
* Figure 4.30 and was pfllg about 5 minutes in Flgure 428

‘The pdwe‘r,law relationship betweent andV,(t =V" +a), IS given by the
lag-lag plots in Figures 4.26 and 4.27 and ‘coincidentally’ gives values of n =
0.5, 1.5, and 2.0. At this pmnt it is difficult to attach particular J
maqulcance to the values of the expnnent n’, other than that a change iri 'n’

appears at a critical voltage. In each graph, the transition in the voltage

dependence of te and f . occurs at 4.0 - 4.3 volts. This corresponds to the

voltage at which a jump in the discharge current occurs in a thin In cell
with somewhat different geometry (F{gure 4.3!),\The change in the

ey,

S
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FIGURE 4.25 - 1/Y RESPONSE WITH CHANGING FREQUENCY

(SINE WAVE VOLTAGE)

Semple: - [TCNEl= 0.01 M. in DCE

indium electrodes

o \!
w =1 mm. h.-.,o.lmm/\

v =+1.0 Voit

% 0.12 pA.
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FIGURE 4.26 - |/Y RESPONSE WITH CHANGING FREQUENCY

\ (TRIANGULAR WAVE VOLTAGE)
. Sample: [TCNE] = 0.01 M. in DCE
- indium electrodes &

w=1imm h=01mm

{_ Viax = *1.0 Vot

% 0.12 pA.

lmax
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FIGURE 4.27 - CRITICAL FREQUENCY VS. YOLTAGE AMPLITUDE
(TRIANGULAR WAVE YOLTAGE
Sample: - [TCNE} = 0.01 M. in DCE
indium electrodes

w=1mm h=009mm
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FIGURE 4.28 - CRITICAL TIME ¥S. YOLTAGE AMPLITUDE
(TRIANGULAR WAVE YOLTAGE)

Sample: [TCNE] = 0.01 M. in DCE
indium electrodes

w=z1mm., h=0.09mm
v :
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F IGURE 429 - CRITICAL FREQUENCY VS. VOLTAGE AMPLITUDE
(TRIANGULAR WAVE VOLTAGE)

Sample:  [TCNE]= 0.01 M. in DCE
indium elei:trodes

w=15mm. h=0:Hmm

TN
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FIGURE 4.30 - CRITICAL TIME Zs*s VOLTAGE AMPLITUDE
(TRIANGULAR WAVYE VOLT&GE)

Semple: [TCNE] = 0.01 M. in DCE
indium electrodes

w=15mm h=0.11mm.

/é) £
4
.

S A X
.



asﬂ‘ime (sec)

p

Critic

119b

B measurements taken from

low to high voltage

® last measurement

50 -
40 -

30 -

20 4

-
o

)
l-L

2" 0 ‘ . ~
CLoV=4v
1 T T T T TTTT —1
1 2 3 4 5 10

.

Voltage Amplitud‘g’(\‘/olts)

&



- 120a

FIGURE 4.31 - DISCHARGE CURRENT VS. YOLTAGE

Semple: [TCNE] = 0.01 M. in DCE
indium electrodes

w=2mm h=02mm
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~ discharge current may reflect'a change in electrode processes at 4 Yolts, :

which ih turn relates to mass-flow in the cell.

‘Below 4 volts in Figure 4.28, t =((v)"® +a) and above this voltage t_=((v)*+b).

InFigure 43D, = z (V) S+c) and { =((v)0 5+d) below and above 4 volts,
respectwely Fhin In cn'glls of different geometry were used in each case so0
~ the applied fleld was not the same ot the cntlcal voltage. The difference in

geometry also affects the nature of fluid flow, and this may account for the

difference in the'log log plots of t, vs. V¥ even though the cntlcal voltage

remains at about the same value.

/\ The variation of critical frequencies in time is lncluded as an uﬁcertalntg in

the plots of f_ versus V. For the 1.0 and 2.0 Volt measurements in Figure

o

2 4.29, f_ increases with tlme (1 e.atl 0 V f changes from ahout 0.20 Hz to
1 0.22 Hz. in 50 seconds). In the measurements taken at higher voltages, f

decreases in time (i.e.at 100V, f_ changes from 0. 025 Hz to 0.023 Hz in .-

l40 seconds) All but one of the critical frequenmes were re}rded in

_e
e

_order from low to high voltage amplltudes One measurement of f, at 2. 0

~ Voits (indicated by a clrcleffn thure 429) followed a measurement at:10.0

Volts. The lmtlal yalue for f. is lovver than the prevlously observed value

As time progresses f . increases slowly to approach the.value pr;evfouslg‘

observed (in about 40 minutes f_ varied from 0.05 Hz to 0.07 Hz). In Figure

SN

4
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429 the 1, value of 0.63 Hz. at 2 0 Vplts ﬁts on the Iine

characteristic of hlgher voltages in the plot As the value for f, increases

it approaches the lme charactenstlc of lower voltages Further comments

’ wlll be made about {hese plots after some poss1ble quahtatwe models for

| the critical tlme, tc, have been prpposed below
The critical times observed for 1-¥ hysteresis at a particular voltage could
have been the result of a decay time in convective flow, or the result of a
characteristic time for charging or d‘ischargingé electri cal'j“hpuhdaryflagers.
‘A closer look at the data lends some merit tpyboth of these prpppsels.
Consider the current response for voltage scanning freqdencies greater than

fe (F-igures 4.20 421). The current cpntinues to rise eve'n after the voita je

begins to decrease There are twp feaslble explanatlons fpr thls behawpur
’and both need to be cpnsldered in modelling the cri UCOI time.: One
explanatlon is that the mertla of liquid flowr in the sgstem carnes extro
current with it even after the voltage has decreased The speed of
convective flow is an lncreasmg f unctlon of the voltuge (v..v or v~V2) 2,
2 The reloxatlon tlme for convective flow depends on the speed wscosntg,
and densltg of the liguid. As the maxlmum upphed voltage mcreases the
speed of flow also increases and hence ‘the time. constont ossocluted yith
slowmg down the f Iow is expectedcgg,lﬁcreose ThlS is conmstent mth

\\i'%

Whﬁt iS ODSBI’VEG in the grdph of l 'J'S Vin Figures 4.28 and 4 30

Another explanation for the current lag is in terms of chcrging the .
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electrical boundary layers at each electrode. The time constan‘t for such a
B?ocess {s estimated using a simpie RC circuit to model a space charge

layer and the neighbouring solution. The sample resistance is typically
about 10 MQ. Trlleﬂ,gbjserved time”cbnsta_nts are in the range of 5 - 50
seconds which indicates boundary lgge’? capacitances of the order of 0.2 - 2 |

ufF. According to the GuOy-Chagman theory 25, the differential capacitance

of & double layer (C, = dp! dV, where p=surface charge density, V=effective

potential across the double layer) is a strong function of the voltage and ion
concentration. The d&uble layer capacitance increases vith voltage and
decreases with ion concentration. For 1:1 electrolytes with concentrations
of 0.01 M. and ¥=100mV, the differential capacitance is predicted to'be

about 100uF/cm? or about 3 uF for the thin electrode gebmetry %  The
comparison cited here is somewhat strained since in our samples the ion |
concentrations wer?;bout 10‘51‘1, an;i the houndary layér potentials were
difficult to estimate. The limiting voltage range for electrochemical work

on D’CE with 8 supporting electrolgte'is reported to be 2.3 + 0.2 Volts [anode}
and 2.2 + 0.1 Volts [cathode} 27 Thig/g?ves an ug per limit for boundary

layer voltages. At any rate, it appears reasonabie to suggest effective
electrical boundary }ager capacitances of the order of 0.2-2.0 yuF in our
samples. | N

Since the electrical boundary layer capacitanc: is expected to increase with
voltage, thereby increasing the characteristic ch@ng time, this model’“@
consistent with the observations. 7iansitions ih the copacwﬁlﬁnce of the

boundary layers as a function of voltage may occur as thﬁ’esult of changes
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in electrochemical kinetics or convective transitions. The mixing as a
result of convection will tend to narrow the boundary layer as well as
decrease the amount of surface charge. Convective flow will also influence \

~

the resistivity of the solution which in turn will have an effect on the

~—

critical time. . ) &

Obtaining the explicit power laws (t_ = v+ yb) in given voltage regions is

dif fittft using either critical-time model. Atten and Malraison suggest
“that the speed of liquid convection varies as the square of the voltage

(v=V2) or directly with the voltage (v=¥) 20 . Using the first relationship

one can qualitatively océount for the V2 dependence of t, inFigure 428 if t c

is proportional to v, and if the sol.ution resistance does not vary

- significantly as a function of the voltage amplitude (the steady state ion
concentration was, however, observec in spectraécopic studies to be a
function of the voltage ). Derivations of the possible power laws between
fluid flov relaxation times and the applied voltage from first principles .
were considered to be beyond the scope of this work.

Wi
Formulating a relationship for the voltage dependence of t. by modelling the

electrical boundary layer capacitance 1s not straightforward, either. Since
recent models for double layer capacitance generally require the simplifying
assumptions available in solutions with larger ion concentrations, there is

no general theoretical description that fits the conditions in our samples.
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g

. In the discussion of i-¥ characteristics and critical voltage behaviour in
TCNE/DCE samples, the difficulty of separating conveqtive and
electrochemical effects becomes apparent. The'results to be discussed in
Chapter S do not resolve this problem, but do give insight into the close
relationship between ion concentration behaviour at the electrode inierf ace

and the appearance of flow instabilities.

~¥
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- CHAPTER 3 - |ON CONCENTRATION BEHAYIOUR WITH APPLIED YOLTAGE

in thié chapter, experiments correlating the current response and sample ion
_concentration will be discussed. Each of the samples, TCNE/DCE and
TEA*PCP~/DCE, have charge carriers yith visible absorption peaks (Chapter
6). Concentration changes in the range 10 - 10°7 M. are monitored as a
function of time and position with simultaneous current measurements.
This leads to a discussion of the different contributions ta the ion transport

in the system.

After describing the experimental details in Section 5.0, the temporal
behaviour of the ion concentration with Voltage treatment is presented in
Section 5.1. This is followed by a description of the evolution of the
concentration profiles in space and time in Section 5.2. Finally, in Section'
5.3, the electrohydrodynamic instabilities in low conductivity liquids are

discussed as the basis of a theoretical model explaining the results.
5.0 - EXPERIMENTAL

The studies of .ion concentration behaviour in TCNE/DCE solutions were
carried out using the sample cells shown in Figure 5.1. Yisible or
visible/UY Hellma cells with a 1.000 c;n poth length contoined the samples.
Al fm‘l electrodes were used in most of the reportéd measurements. Al foil
~ was cho?en as the electrode material in many of these preliminary

experiments since it was readily available, disposable and cheap. Pt and In

o

{

\



130a

FIGURE 5.1 - P AND ELECTRODE
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. -electrodes were a1so used. In electrodes were prepared from a thin sheet of

" the métal,in the same way os the Al electrodes.

‘Al electrodes were prepared by wrapping f oii orﬁund glass rectangles for
_ support. Teflon spacers were used to position the electrodes in the cell
(Figure 5.1). Note the substantial difference in electrode geometry |

compared wlth that in the Pt ond In cells described in"Chapter 4 The chonge

in geometry was made to occommodote the use of 1 cm. spectroscoplc cells.

This chonge was, of course, expected to offect electrohgdrodgnomlc .
behawour in the samples.

Each electrode extended outside the cell for electric contacts. Care was
taken to keep the foil away from the glass on the inside of thé cell above
the h'qujd to minimize sample loss via cepillary action. Fresh electrodes
yrere prepared for each experiment. Sample sealing consisted of a tef lon.
cap and a small (l'#l")'squure of plost{c foil which wes secured around the
top of the cell using teflon tape. The plastic (from Baggies®) did not
dissolve in DCE or react with TCNE. The same sealing procedure yas used
with the In eiectrode cell. Unfortunately, the Pt electrode cell was more

difficult to seal and used only over shorter runs because of7egaborotion.

N
R
e e

Both electric and optical responses were monitored simultaneously. The
current through the cell was monitored using a Keithley digital multimeter,
(model 177) with a chart recorder output. The switching circuit for voltage
reversal and cell shorting (v=0) is shown in Figure 42. Both C@)ﬂd
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Cary 210 spectrophotometers were used for Uv/VIS measurements of

Copticol absorbance versus time or wavelength. The CARY 17 allowed coarse

adjustment of the beam position betveen the electrodes.

g ‘The optical responses shown in Figure 5.16 were recorded using apparatus-in
which the beam positign betwee;l electrodes could be continuously varied
(Figure 5.2) . In this cage the light source was a Coherent 2000 K Krypton
ion laser { 413.1 nm, beam width = 0.2 mm.), Tronsmiséion éhanges through
the sample were monitored by dividing the photomultiplier signals from
sample and reference beams after amplification. It was necessary to
offsét the divider voltage to observe changes in sample transmission in
time on a chart recorder. Changes in concentration were estimated from
changes in the di,\;ider output using

—h

ac = (1/8) Tog I /1 = (1/8) log ¥ /v

ﬂhe‘re AC = change in concentration (M = moles/liter)
/ B = molar absorption coefficient (M'cm™)

| = transmitted light intensity
|, = reference light intensity \ '
Y = divider otitput (Volts) = |

V, = reference divider output (Volts) = |,

|, and ¥ were arbitrarily chosen reference values.

- X - T
P s
B
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FIGURE 5.2 - APPARATUS, SPATIALLY ASYMMETRIC
CONCENTRATION RESPONSE
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The plots of transmission profiles in space and ti__me{required some
‘8lterations of the experimental set up just described (F igure 5.3). A high ?
pressure mercury lamp with ap interference filter (415 nm) was used as the
light source. The beam was focussed to a width of 0.5 - 1.0 mm. through the
sample. A potentiometer readout was orranged”tb give o measure bf the cell
position. Plots of divider output vs. beam position were scanned manually in

~ sequence.

TCNE/DCE sqnplé preparation was already discussed in Chopter 1. For the
purpose of comparing spectral and electrit:,olvproperties of an analogue weak
electrolyte solution, samples oAf a pentopganopropenide (PCP") salt in DCE | A
were prepared. Tetraethylammonium-1,1,2,3,3 pentacyanopropenide (TEA*
PCP”) was prepared according to the method ofm}dleton et. al.! The salt of
PCP™ (TEA' PCP7) dissolved easily in DCE. Pt and Al electrode systems

were used in the TEA*PCP™/DCE measurements.
¢
5.1.1 - CONCENT RAﬁON ¥S TIME BEHAYIOUR

The correlation of current reponse and ion concentration changes verified
some of the ideas discussed in Chapter 4 about transient behaviour in the
sample resiatﬁ‘f’(g. In this sectiqn, the temporal behaviour of ion
concéntration response at the center of the samples will be discussedr. The
PCP™ concentration was monitored spectroscopicang in the rdnge from 400

to 420 nm where the molar absorption coefficient is (2.2+0.1 ) x10* M'em™
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APPARATUS, TRANSMISSION PROFILES
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{Chapter 6).

Figures 5.4, 5.5-and 5.6 show the response of log I /1 vs time (at"‘415 nm.),

after an initial voltage application, and after a voltage reversal. The
current response is also shown. The application of voltage tc a sample
without previou)s voltage e;tposure results in an approximately qxpd‘nential
decrease of abSorbance in time which is preceded by a short delay time.
Except for the delay time, the current and optical absorbance parallel one
another. With voltage reversal the optical response again parallels that of
the current except for a time lag in the optical response. Both current and
absorbance increase to a maximum before decaying to steady state
conditions. This.type of optical and electric response is characteristic for
all TCNE/DCE samples observed. However, the magnitude of absorbance
changes‘is sensitive to sample and electrode preparation, as wel! as to

voltage history. ™

Optical absorbance changes are a function bf the wavelength. A poséiblé
contribution by electroconvection to the optical response is assumed
negligible compa\riti with the effect of changes in PCP™ ion concentration.
Spectral scans of J}CNE/DCE solutions at different times during voltage
application are shown in Figure 5.7. The two peaks observed at about 400
and 420 nm corresp'ond to pesks in the PCP™ spectrum. lon concentrations

are in the range 1077-107® M. before and during voltage application.

Stable spectra of PCP™ could not be monitored during voltage application

JRNY
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FIGURE 5.4 - LOG I,/1'VS. TIME, CURRENT ¥S. TIME, (10, 1b)

Sample: [TCNE] = 0.01 M._in DCE
| aluminum electrodes
d = 7.3 mm.
V= SQvants

)\=415nm.___ .
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FIGURE 5.5 - LOG lo/L ¥S. TIME, CURRENT V5. TIME, (2a)

Sample: [TCNE] = 0.01 M. in DCE
aluminum electrodes
d =73 mm.

e V - 50 olts.

A =415 mm.
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FIGURE 5.6 - LOG 1,/1 VS. TIME, CURRENT VS. TILHE, (1d)

| Sample: [TCNE] - 0.01 M. in DCE
aluminum electrodes
d=73mm.

V= '.ig_\‘rplts‘

- A=415nm.

e
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FIGURE 5.7 - ABSORPTION SPECTRUM OF TCNE/DCE
AT DIFFERENT TIMES AFTER YOLTAGE APPLICATION

Sample: [TCNE} = 0.01 M. in DCE |

) Ve
aluminum electrodes :
d=73 mm.

V = 50 Volts

SPECTRUM 2: At the current peak

SPECTRUM 1:  Prior to voltage applicatio'n\?
~ SPECTRUM 3, SPECTRUM 4 : After the current peék

L

A
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since signif icant changes in log | /I took place in the time of a spectral

scan (z 2 minutes). By settlng the voltage to zero first, a falrlg stable
spectrum could be measured at different stages of voltage exposure The ion
4:g\ncentratlon at x = d/2 stabilizes about a minute after the removal of

| ﬁpplied voltage (see‘Se'ction 5.1.3 for sample response with ¥=0).

An incréase in background optical absorbance, particularly at wavelengths
shorter than 400 nm., is observed after voltage applicat‘ion {compare scans
1 and 4-in Figure 5.7). It is possible that other non-ionic chromophores

were being produced at the electrodes or in the bulk of the solution. Since
the voltage was set to zero during scans, electroconvective effects should
not have had an influence on the spectrﬁl background. Part of the change in

background absorpﬁon can be attributed to baseline drift.

Table 5.1 shows,tgpical transient times for TCNE/DCE current and optical
absorbance with applied voltage. The half-times of the approximately

exponential decay in current and optical absorbance agree within the

experimental error (t1 2= 18+2 s for ¥V = 50 Volts, d = 7.3£0.2 mm. ond
aluminum electrodes). The delay time is not included in the absorbance
half-time. A time of about 3t, ,, is required to reach steady state (SS)

conditions. Choractenstlc times for the current and absurbance to peak (t )

also agree within the experiment;ﬂ error for a given trial. tp yas not a

constant in different trials with the same applied voltage, cell geometry

and TCNE concentration.



142

TABLE 5.1
DRIFT VELOCITY ESTIMATES FROM
- CHANGES IN CURREKTAND CONCENTRATION

3
Sample: 0.01 M TCNE/DCE v= _Af = Al
Cell: Aluminum Foil 2MAc Bac

¥=50¥ d=73+03mm B=(54 04)x10%A Mimls

—p—

Decay or

 Calculated Transient time
Trial Peak  Ai(pa)  Ac (M) v (m/s) t1/20rtp (s)
la Decay 18202 27205 1224 2025 (i)
—10S.S. %1077 x 1072 1813 (o)
b pesk 17203 32205 1024 40210 (i)
~ x 1077 X 1079 3515 (c)
Ic pesk 21%02 27205 1415 70220 (i)
‘ x 1077 x10=0  70%20 (c)
Id peak 32202 55%06 103 65210 (i)
- x 107 1072 70210 (¢)
le peak- 41202 82207 922 68= 6 (i)
x 1077 1072 70%10 (c)
2a decay 24202 27105 1624 16=2 (i)
to ss < %1077 X 1072 1823 (c)
2b pesk 14201 4105 611 310 (i)
. , x 1077 x 1072 30210 (c)
3b peak 24201 27105 1625 6525 (i)
- x1077 10 85225 (¢)
3c peak 23201 41201 1022 © 6535 (i)
%1077 x107° 60220 (c)
¥ the time to reach steady state (ss) ourrent was about 3t; /5
Note: Delay time not included for t, (o). B
Yoy = (11 15 x 105 mis R=(16+07x 108 m’/vs

avg

( time to travel %)- § - 22-60's
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. ' k\]
The correlation between electric and optical response can be interpreted’

quali tatively in terms of the effect of ion concentration changes on the

- effective resistance of the solution. A current maximum results when the

number of chﬁrge carriers in the bulk of the solution is also at a maximum.
At steady state conditions ﬁoth the current and sampie ion concentration
are ot a min'imum. Although a qualitative correlation exists between
cu;'rent and ion concentration, contributions from space charge effects,
convection and arlisotropit concentrotior{ distributions must also be

considered in intérpre’ting the current response.
5.1.2 - ION DRIFT VE'LUCITY ESTIMATES IN TCNE/DCE

Drift velocities are estimated in this section using measured values of the

~ current and PCP~ concentration in TCNE/DCE solutions. It is reasonable to

assume that current conduction is dominated by PCP~ and H* in TCNE/DCE
samples {See Section 5.1.4). Given a homogeneous ion distribution between

electrodes, the drift velocity can be expressed as
v = i/(2Aec) = j/(2ec)

where i = measured current {C s')
j,= current density (C s"'m™2)
A = electrode area (m?)

-~

e = unit electronic charge = 1.6 x 10716 C
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2 = ¢, = total number of charge carriers (*/m®) = c_+c,

¢ =~ measured PCP~ concentration (*/m®) =c_

1

Paa €, =c_in order to maintain charge neutrality

v = effective drift velocity (ms™)

Prior to voltage application and under steady state conditions a
hor‘nogenecius ion distribution exists. Measurements of ion concentration
distribution at the currént pesak also shbwed a réésonablg even histnbution
of ions in solution (Section 5.2). These three conditions will be used to

estimate ionic drift velocities.

¥, = iof(QﬂleCo:'
Ve = issf(2Aecss)

v = ip((ZAecp)

where the subscripts refer to the conditiors
0 = immediately after initial voltage application
ss = at steady state current
p = at the peak current*\
It is convenient to express drift velocities in terms of concentration

differences at different times because of the uncertainty in estimating o
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baseline which represents zero concentration.

V= By, (28080, )

y= Alp/( 2Aebcp)

{ where | |

mdecau = lo - ]ss A Ac&ec-au = co B css

Al :lp-l A.Cp:cp'(',‘SS

Table 5.1 shows drift veloeity estimates from measured values of Ac and Ai.
The calculated values for the drift velocity range from (6-16)x10™5 ms™!
with an avércge of (11+5)x10 9 ms™!. A moﬂililtg of (1.610.7)210’8m2v"s"
is co]cula’ted from the average drift velocity. This is the same 6rder of
magnitude as the rﬁobilitg of 0.4x108 m2y's™! estimated in Chapter 4.
using peak transient times.

The largest drift veiacity estimate is obtained using the measured values of

:ioand c,. For trial #1a (shuvn in Figure 5.4)

c, = (3.7:06)% 107 M.

i,= 45+ 0.1 pA
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giving v = (2.3+0.6)x 107 ms™
and p={3+1) x 108 m2y1g"!

The mobility value of (3+1) x 10°® m?V-'s™! in TCNE/DCE agrees with the
effective ionic mobility of PCPTEA" in DCE (Sestion 5.1.4) within the
experimental uncertainty. lons moving with this estimated driftgvelocitg

take 18+6 seconds to move halfway across the cell. This corresponds to the

halftime for current and concentration decay after voltage application.

The lower effective velocities and mobilities estimated in Table 5.1 can be
accounted for qualitatively by considering the effects of space charge after
voltage application. Immediately following voltage dpplication, space

charge effects are not significant and so the’effective field across the bulk

of the sample is just proportional to Vm/d. In the absence of convective

effects, the drift velocity can be writtenas

v=uE = UV o /d = u(vm -V, 2 -V, 5/

yhere 7V| *, ¥, * = electrical boundary layer potentials

The effective voltage across the bulk of the sample decreases as electrical

boundary layer potentials V, * and ¥,,* grow. Thus, since y and d are

constant in the expression gbove, space charge effects bring about a
decrease in the drift velocity after the initiai volitage application. Space
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charge effects can suppress or enhance the drift velocities calculated from

al, and Ac, In Table 5.1. Following voltage reversal, the electrical boundary

layer charges change sign. All of the drift velocities estimated from Aip

and Acp.are lower than the value calculated after initial voltage application.

Since the contribution of electrical boundary layers to ion velocities cannot
be assessed quéntitatively, the tabulated drift velocity values in Table 5.1
are only rough estimates. The effective ionic mobility calculated at
conditions immediately following voltage application in TCNE/DCE is

compared with the mobility measured in TEAfP(fP'/DCE in the next section.
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9.1.3- ELECTRIC AND OPTICAL RESPUNSE OF TEA* PCP7/DCE

The current response of DCE solutions -with a dissolved pentacyanopropenide
salt (TEA* PCP™ = tetraethylammonium 1,1,2,3;3 pentacyanopropenidé ) can
be interpreted directly in terms of the concentration of PCP™gn solution.
Figure 5.8 shows the dependence of current on the concentration of
TEA*PCP™ dissolved in DCE. The concentrations of any other ions in solution
are insignificant compared with PCP™ and TEA*. The pure solvent DCE had a

conductivity 2 orders of magnitude lower than tne samples.

Figures 3.9 and 5.10 show plots of log | o/ | vs. time and current vs. time for
PCP TEA® dissolved in DCE. The PCi;" concentrations are similar to those
previously observed in TCNE/DCE solutions. Note that the transient
behaviour of the current and’log ,/1 is very similar to that of TCNE/"DCE
solutions, excepi that the ratio of peak to steady state currents is dreater

in TEA* PCP™/DCE samples. The preéence of TCNE in DCE provides possible

mechanisms for the continuous generativon of PCP™ in the bulk of the

solution and at the cathode li.e.(_T CNE + HZU -~» PCPH --> PCP™ + H*) and

{TCNE + @ cathode —~> TCNE™ + H,00r 0, --> PCP~”). For this reason, the

steady state PCP™ concentration in TCNE/DCE solutions is expected to be
higher than that observed in TEA* PCP™/DCE samples.

The observed transient times for the optical and electric respons of

TEA*PCP™/DCE are shown in Table 5.3. The qualitative correlation hetwgen
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fIGURE 5.8 - CURRENT (i ) vs. [TEZ A* PCP”)in DCE
platinum electrﬁe‘es
d=9.0mm.

V = 20 Voits
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FIGURE 5.9 - LOG 1,/1 ¥S. TIME, CURRENT VS. TIME

Sample:

[TEA*PCP 1= 2.1 x 1078 M.
platinum electrodes
d=9.0mm. .

V = 10 Volts

A = 400 nm.
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-FIGURE 5.10 - LOG I,/1 ¥S. TIME, CURRENT V5. TIME

Sample: iTEA*Pcp‘] =21x 106 M.
aluminum electrodes
d=73mm. "

DN v=20 Volis

A = 400 nm.

W
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optical and electric response remains, éxcept that the current peaks earlier
than the ion concentration. The peak times decrease with increasing

voltage.

Table 5.3 shows drift velocity estimates for TEA*PC‘P'/DCE samples.
Changes in the current and optical absorbance (Ai, Ac) are used in these
e&imotes. Table 5.2 shows estimates of drift velocities using absolute
current and concentration measurements {i,c). A comparison of drift
velocitig ¥,. ¥, and v in the Pt electrode system demonstrates evidence of
space charge effects. The steady state drift velocity is smaller than that
obseﬁéd ‘*af'ter'ini,ti,a} vpltage application. This is consistent with the
effective voltage acrosé tﬁé "s'a'mp}enb,ejnrgwreduced yia space chafge effects.

In both electrode systems v_ and Jp\mve similior values.

An enhancement of the steady state drift velocity is dbserved in the Al

electrode sgstém. The steady state drift velocity is about double v . A

simple explanation, for this effect is that convection contributes to ion

transport in the system at steady state conditions

Mobilities calculated fromi and c_ in both electrode sysiems agree within

the experimental uncertainty. For TEA*PCP™/DCE solutions.

3, =(4.040.9) £ 1078 m2yg"!

->
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, TABLE 5.2
DRIFT VELOCITY ESTIMATES FROM CURRENT AND CONCENTRATION DATA
smle:'rs#mp'/wc CeN®1 : Platinum, d=9.0202mm ‘

CeN®2: Aluminum, d =73 £ 0.2mm

Electrodes; = io (A) o (M) / vo(m/s) 1t (m2/Vs)
Platinum - 2542005 21201 43206 39107
10V % 1076 X105~ x1078
Aluminum 54%04 95207 1122  40%09
20V %x 1077 % 1075 x 1078
Electrodes; igg (MA) c (M) vss {m/s)
Applied Voitage - |
Platinum 0392003 45X05 16103
10V - %1077 %1075
Aluminum 088008 712 23201
20y ' - X108 X107 4
Electrodes; i, (nA) G, M wpim/s)
Applied Yoltage , =
Platinum 1822002 1362008 4807 |
1oV x 1070 x 1079
Aluminum - 27%r008 59X04 912 ]
20V o %1077 x1072
Aluminum 26101 65104 711 *)
20V x1077 %107

By = (54 20.4) x 104 sA/Mm

‘*npvnnsmdlttptwsmldhwermmdi\rﬁﬁchmlcvuhnsofh&iﬂvebcﬂu.

o =(34206)x1077M v#1=(15%04)x 10 ¥ m/s
p®2=(36206Ix100'M v*2=(13203)x10*m/s

/
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: TABLE 5.3 e
DRIFT VELOCITY ESTIMATES FROM _

CURRENT AND CONCENTRATION CHANGES
Sample: TEAYPCP™/DCE  CeNI®1 : Platinum, d = 9.0 £ 0.2mm

o Cel1®2 - Absminum, d= 7.3 X 0.2mm
Electrodes; Decayor 1{. (pA) Co (M) CALCULATED transient
Voltage = Peak Yo 0n/s) times t,,,, tp
Platinum  decayto 2152008 17201 45208 *40*5
10V  SS ‘ | x 1070 X 1072 100 * 10
Peak 54204 95107 11i2 40209

x1077 %100 x1078

From Table 52: vo=(43206)x 107 m/s

Time to travel d/2 is approximately 105 seconds.
¥ A slower decay time was zuperimposed on the current response.

Decay 45105 88209 09%3 45t6
toss x1077 %107 25%2

3

Aluminum Pesk *1 18201 **52%d6~ 62 4010
1oV . x 1077 %1072 80X 10
Peak #2 1.7-’:;0.1 **59204 51 4010

x1077 %1070 801 10

From Table 5.2: vo=(1122)x 100 m/s
Time to travel /2 'is approximately 33 seconds.

**Acpvalnsusodattp=aﬂsaﬁwvompmlmd nmludi\ﬂiﬁeiambvval;sofv.

AMip=40s-
boa; =(34208)x1077M  ve,=(15204)x107 % m/s

200236208 x107TM vey=(13L0B)x 107 m/s

A

t
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o= (3.920.7) x 108 mPy 157!

These values also compare well with the ionic mobility of (3+1) x 1078
i Q
m?¥ 1s™1 in TCNE/DCE.

The dominant negative charge carrier in TCNE/DCE and TEA*PCP™/DCE is —
PCP™. The postive charge carriers in the samples are H' and TEA",

respectively. The cationic mobilities are similar judging by the ‘agreement

between measured effective ionic mobilities in both samples [p=(p_+p )72}

S.1.4 - PCP™ AND TCVY™ CONTRIBUTIONS Ttl CONDUCTION

Both PCP™ and tricyanovinylalcoholate (TCV™) are ions produced by the
reaction of TCNE with water. The effective basicity of a solution ™\
influences which of the two ions.is more likely to be produced (See Chaptér»
6). A DCE sample with observable concentrations pf both PCP™ and TEV;

- was prepared by first reacting TCNE in deionized water followed by
ultrasonic mixing of 10 pl of this solution with DCE. ‘Using this technique,

. no neutral TCNE remains in solution and the ultraviolet spectral absorbance
can be monitored easily. Figure 5.1 lt shows the solution spectrum of this
sample before voltage application and the TCV™ and PCP™ bands, at 296 and

410 nm. respectively (Chapter 6), are clearly displayed. The concentration

of PCP™ in the TCNE-H,0/DCE sample is in the same range [{4.2:0.3) %1077

M.] as in the 0.01 TCNE/DCE solutions. The TCVY™ concentration in the
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e —

FIGURE 5.11 - SPECTRUM OF TQIL— H,0/DCE

298 nm peak: [TCV ] =(2.1+0.2) X 10°M

400 nm peak: [PCP7]={42+03)X 10" M /

. kS
TOTAL ANION
CONCENTRATION = (25+02) X 108 M
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TCNE-H,0/DCE sample 1s about 5 times that of PCP- or ( 2.1+0.2) X 1076 M.

; _ o1y 2
(using B, = 1.1 x 104 t7em™) 2.

A sample current of io = 16.0+ 0.5 pA was observed after initial voltage
application ( V= 20 Yolts). The 296 nm. peak decays with time after voltage
application. The contribution of TCY~ and PCP™ ions to the convductlvitg of
TCNE-H;AEI/DCE samples depends on the relative ionic mobilities. The

eduivalént conductance of PCP™ salt and TCY™ salt solutions are within 6%

of one another 3. Therefore the mobiTi\ties'of PCP™ and TCVY™ should also

'agree within 6% in these solutions. The effective ionic mobility estimated

experimentally in TCNE-H,0/DCE containing both TCY™ and PCP™ should be
similiar to mobilities calculated using TCNE/DCE and PCP TEA*/DCE

solutions.

t

As earlier mentioned, the drift velocity and effective mobility can be

calculated using

v =l oE =i/(2eAc,)
Mogr = iO/(éeAcoE)

wrlere C, = clmp * oy

Estimating the ionic mobility as shown above gives a value of (4+1)x1078 |
sz“s’g;fhich agrees with the values obtained from other samples with

o
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only PCP” as 8 negdtive charge carrier.

The experimental observations are consistent with the additivity of PCP~
and TCY™ current contributions. It is therefore reasonable to conclude that
the concentratio‘n of TCY™ in TCNE/DCE solutions under study is
insigniﬁcant.' If this had not been the case, the effective mobilities
calculated from [PCP”] in TCNE/DCE would hov;jen higher than that

observed in TEATPCP™/DCE, or T CNE-H,0/DCE. THus, although the absence of

TCY™ in TCNE/DCE could not be verified by other means, the solutions

behaved as if only PCP™ and its counterion contributed to conduction.
S.i.S - RELAXATION OF CONCENTRATION WITHV = 0 IN TCNE/DCE |

Yariation of ion concentration in time with the removal of the applied
voltage is shown in Figures 5.12 and 5.13. Figure 5.12 shows the effect of
setting the voltage to zero after steady state current conditions (Apparatus

1s shown in Figure 5.2). About an hour is required to increase the ion

concentration fromc__toc . The long time constant for the concentration

change indicates a diffusion driven process.

Figure 5.13 shovrs the effect of setting the applied voltage to zero at
non-steady state conditions in the cell. A Cary 17 spectrophotometer was
used in these measurements. In each of the three examples the

concentration at the center of the cell oscillates for one to two minutes
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FIGURE 5.12 - A(LOG [/1) VS. TIME

VOLTAGE SET TQ ZERQ AFTER 20 V TREATMENT

Sample: [TCNE} = 0.02 M. in DCE
alumi‘r\?\j‘m electrodes
d=73mm.
A=413nm.

The absorbance after 60 minutes is comparable to the sample
absorbance prior to voltage applicatien.
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FIGURE 5.13 - (LOG L /) VS. TIME *

VOLTAGE SET TQ ZERQ EEE@EA—& £ADY STATE
(open circuit) e

Sample: [TCNE}= 0.0t M in DGE
'S ,
aluminum electrodes
d=7.3mm.

A=415nm.
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before setiling to a value very close to that observed at the time of voltage
removel. The oscilldti on lasts somewhat longer when the voltdge |
application is interrupted ot the current peak. when the oscillations die _

| down, diffusion processes dominate any further ¢hanges in the ion /
concentration. The source of the temporary instability in ion coneentrations
after voltage removal may be related to the relaxation of electrical

boundary layers and space charge in solution, and/or to the dying down of

convec?’ftion flow patterns.
gﬂ

pra
-
/

9.1.6 - CONCENTRATION GRADIENTS IN SOLUTION - !

The effect of ion concentration gradients on drift velocity and current n
response will be discussed in this section. The observation of transient
concentration pehaviour in solution requires, according to Fick's law, the
presence of cpncentkotion gradients:

ac/at = D ¥c/axd ' -

where D = diffusion coefficient (m2/s)

Other experimental evidence supporting the existence of concentration |
gradients in solution includes the effect of exterrial mixing on sample

current response (Chapter 4).

In the estimates of drift velocity , a uniform ion concentration distribution

Yras assumed under certain conditions. in general, however, the
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- ‘ v‘ . .
~ concentration has to be considered a function of position and time. At a

given time, the drift velocity will slso generally be a function of position in

order to maintain a constant current flux throughout the ssmple.

- j = 2Aec(x)v(x) = constant | v

A drift velocity estimated using concentration measurements at a

. particular value of % applies only to that position.

The dependence of concentiation on position must be included in a
discussion of the current reponse The greatest contribution to sample
resistance arises from that portion of the solution having the fewest chdrge‘

carriers. The total resistance of the solution is given by summing

- resistances Ri(x,t) of individual layers of solution betvreen the electrodes

(See Figure 5.14).

R(t) = 5 R, = T Az /(K:A) =T ax/(a c*(x,0A)

= 1/(8,A),Y(1/c*(x,1)) O

OR =Zax/(Zepc(x,v)A)
- 1/(2epA) [ (1/c(x,0) dx
= (constant) [ (1/c(x,1)) dx

where R, = resistance of i fluid layer (Q)
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FIGURE 5.14 - SOLUTION RESISTANCE
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luti _ boundary
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4%, = thickness of i fluid layer (m) (

K; = conductance of i fluid layer (@7'm™) )

A = electrode area (m?) |

4,4 = equivalent conductance of solution(Q“m"‘(equ-ivz_m"”)")

|t = effective mobiiity of ions in solution
c*(x,t) = equivalent concentration (equivm™)
2c‘(x,t) - total ion concentration, it layer at x and t{*/m®)

2

c,=cC_=C(xb

and R. = A%./(K.A) = axi‘f(ZAeqc*(#,t)A); Ax./(2ec.uh) |

Using this expression for the resistance, the current can be written

according to this model as

(1) = (V) = Yy %) - V, () (2ena)

JI1 /c(x, )k

o 1(0) = (Vg = Vy (1) - V40 (4,8)

ay

JU/ex )0z

Convective effects can be included by introducing a new effective mobility

g(x,t,v).
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in order to predict the current response in our somples, information on the
magnitude and transient behaviour of electrical boundery layers is required.
The variation of concentration in Spﬁce and time also has to be mapped. in

Sectmn 5.2 some meosurements of the evolutlon of concentrotwn prof iles in

space and time will be dlscussed,



ig6

5.2.1 - SPATIAL CONCENTRATION BEHAYIOUR IN TIME

In this study the current response of organic solutions has been interpreted
qualitatively in terms of the transient behaviour of éample ion
concentration. Some features of ion concentration distributions in solution,1
such as the magnitude of concentration gradients, and the nature of ‘
concentration instabilities, can be observed djrectlg by monitoring PCP™
concentration as a function of position and time.

with voitage application/a/n i\nitiallg homogeneous distribution of ion
cohcentration evolve; and develops sp‘atial asymmetry. when the optical
response (415 nm.) of a TtNE/DCE/ Al system is monitored at a position
closer to one electl;ode than the other, consecutive voltage feversals
demonstrate asymmetry in ion concentration changes with kespept tq the
anode and cathode. The optical responses are shown in Figures 5.15 and 5.16
and were measured using the CARY 17 and the Krypton laser anangehent

(Figure 5.2) respectively.

The absorption vs. time profiles observed with the beam near the ar@@e are
broader and shalf(o’wer than those observed near the cathode. The shape of
‘these profiles can be accounted for if a pulse of PCP™ charge migrates from’

the negative to the positive electrode after each voltage reversal and
disperses as it travels. A nSrrowser absorption response is predicted with
the beam neer the cathode after voltage reversal. The qsgmmetrQ of PCP™

distn’bution must, however, be interpreted in terms of the total ion
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FIGURE 5.15 - LOG 1,/1 ¥S. TIME,

BEAM POSITIONED CLOSER TO ONE ELECTR
Sample: [TCNE}] =001 M
aluminum electrodes |
d=73mm
V = 50 VYolts

\ =415 nm.

E

B s
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- FIGURE 5.16 - ABSORPTION VS TIME

Sample:  [TCNE]=002M
“aluminum electrodes
d= 73 mm.

V=10 Volts

168a
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concentration. Concentrations of unbalanced negative space charge can
never be expected to approach 1077 M. (See Section 5.3 for typical space
charge densities in solution). The preceding observations do not
neccesonlg require o pulse of ion concentration tro 1ling across the
solution. The asymmetry of the optical r%pons@; demonstrates thot the
rate of ion concentration (:-bonges are greater at the cathode then at the
anode in the TCNE/DCE/A1 system. The asymmetry of the ion concentration
behaviour could also have resulted from differences in onioh and cation

mobility, and/or anode and cathode processes.

Me&$urements of ion concentration changes as 8 function of position and
time clequg show the importance of processes occum’ng at the |
electrode/liguid interface. Howewf,\the current response of sompleé is
.largely determined by the ef fective ion concentration in the bulk of the -
solution. The evolution of concentration profiles will be described in
TCNE/DCE with Al, In and Pt electrodes. The dats are recorded s a sequence
of diagrams with relative optical transmission plotted against beam
position. Higher transmission represents lowert PCP™ concentration.
Monitoring PCP™ as the dominant negative charge carrier in the system was

equivalent to monitoring the behaviour of the total ion concentration at a
given position in solution (c ., = 2 cm) Only relative ion concentr\?tion

®
changes in space and time could be estimated reliably with the

measurements because of baseline drift in the apparatus.
Tk

Figures 5.17 t0 5.21 show sequences of transmission profiles for
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}ﬁQE S.17 - TRANSMISSION PROFILE

Sample: "~ [TCNE}=0.04M

aluminum 9lectrodes
d=73mm.

V =20 Volts

Scan | : prior to voltage application.
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FIGURE 5.18 - TRANSMISSION PROFILE

Sample: . [TCNE] =0.04 M
aluminum electrodes
d=7.3mm.

V = 20 Volts

Scan 1. prior to voltage reversal |
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FIGURE 5.19 - TRANSMISSION PROFILE
‘Sample: ITCNE] - 004M
aluminurh electrodes
d=73mm.

V = 20 Volts
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Cavthod‘e (Al)

INCREASING TRANSMISSION
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CONTINUATION OF FIRST VOLTAGE g;VERSAL

Anode(Al)

/’\______7
!

concentration bump
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d7mm.
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FIGURE 5.20 - TRANSMISSION PROFTLE
Sample:- [TCNE} = 0.04M _
¢ aluminum electrodes

d = 7.3 mm.

. V=20 Volts

. Scani: prior'to second voltage reversal

s
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SECOND VOLTAGE REVERSAL

Anode (Al)
+

Cathode {Al)
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hFIGURE 5.21 - TRANSMISSION PROFILE |
Sample: | [TCNE] = 0.04 M
aluminum electrodes
d= 7.3 mnm.

V = 20 Volts

—
-~

Scan 4 15 minutes after voltage reversal

"



INCREASING TRANSMISSION

- 174b

CONTINUATION OF SECOND VOLTAGE REVERSAL

Anode (Al ' Cathode (Al)

+

concentration bump

~

~7mm.
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TCNE/DCE/Al. The first diagram shows the effect of initial voltage
application on sample transmission. An increase in optical tfonsfnission at
- the anode corresponds to depletion of PCP™. The decrease in PCP~
| concentration spreads across the ce'll until a level optical response is\/
observed at steady state. The decrease in overall ion concentration is

accompanied by currentrdecag.

After voltage reversal, decreasing trahsmiséion near the cathode indicates
 growth in the concentration of PCP™ (Figure 5.18 ). As the current peak is
approached, the effective ion concentration increases and distributes fairly
evenly across the cell . Beyond the current peak the overall ion-
concentration decreases to approach a steady state level (Figure 5.19). The
second voltage reversal qualitatively reproduces the behaviour observed

-after the first polarity reversal (Figures 5.20 and 5.21). - b\

The sequence of transmission profi ies for TCNE/BCE with In electrodes are
quolitqt'ivelg similiar to those with Al electrodes (Figure 5.22 and 5.23).
The initial transmission profile is uneven but relptive cho_nges in PCP™
concentration ot a given position are still observable. Simi larities of the
concentration response with Al and In electrodes reflect simﬁan‘ties in

injection/discharge processes for the two metels in DCE. Both metals
belong to the Boron group and form surface oxide layers. The log | /1 vs.

time, and current vs. time responses for 8 TCNE/DCE/In sample are similar

to those observed using Al electrodes.
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FIGURE 5.22 - TRANSMISSION PROFILE

Sample: - [TCNE]=0.04M
indium electrodes
d= 73 mm.

V = 20 Volts

Scan 1: prior to voltage application
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FIGURE 5.23 - TRANS_MISSION PROFILE
Sample: [TCNE] = 0.04 M
. 254
indium electrodes
d=73mm.
V =20 Voits

¥

Scan 5: 10 minutes after voltage reversai
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FIRST VOLTAGE REVERSAL

Cafhode (In)

Anode (In)

concentration bump

d=7mm.
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fon concentration behaviour in TCNE/DCE/Pt is different from tbat observed
using Al or In electrodes, although the current reponse of the Pt system
resembles qualitati?elg that of the other electrode systems. Sequences of
transmission vs. positian profiles are shown in Figures 5.24 to 5.26. Initial
application of voltage decreases the transmission near }be cathode.
Instabilities in the concentration profiles follow a deidg time during which
ion concentration builds up at the cathode. l(n thia sampl‘é g_oncentration

- fluctuations yere too rapid to be continuously moni{ored with‘the apparatus
available. The increasing magnitude of concentration fluctuations with
applied voltage {Figure 5.27) suggest that electrohydrodynemic effects play
an important role in the sgstem.; It is also p_oésible thet the size Of
concentration gradients near the cathode increases &s a function of-voltage,

and 13 therefore accompanied by larger drag forces (See Section 5.2.2).

After voltage reversal, a build-up in ion concentration is qgain observed
near the Pt cathode and concentration instabilities persist. Higher ion
concentratiori‘ is maintained near the cathode in spite of the turbulent
behaviour in the rest of the solution. TCNE~, from the reduction of TCNE,
could have contributed to the lower transmission observed-near the Pt
cathode. TCNE™ and PCP™ both absorb light at the monitored vavelength of
415 nm.- '

The data demonstrate that injection/discharge processes at a Pt surface ore
substantially different from those at Al and In surfaces. The absence of o

surface oxide layer on Pt distinguisbes its electrochemical behaviour from



FIGURE 5.24 - TRANSMISSION PROFILE

Sample: [TCNE]} = 0.04M
. oy
platinum electrodes
d=6 mm.
V=10 Voits

L}

Scan |: prior to voltage application
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" INITIAL VOLTAGE APPLICATION

Cathode (Pt)

Anode (Pt)
_____________________________________ / difficult
ST N T to resolve

INCREASING TRANSMISSION

~6mm.
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FIGURE 5.25 - TRANSMISSION PROFILE
Sample.  [TCNE] = 0.04M
platinum electrodes

d=6mm.

V =10 Voits

"
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CONTINUATION OF FIRST VOLTAGE APPLICATION

" INCREASING TRANSMISSION

«
Anode (Pt) Cathode (Pt)
+ e -
AN
concentration 'bumpé
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r I N N

\ /_\
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FIGURE 5.26 - TRANSMISSION PROFILE
Sample.  [TCNE]=0.04M
platinum electrodes )
d= 76 mm.
V = 20 Volts
» -
!
.
—_—
0 \;
- \_/-‘\\ L . : .
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_INCREASING TRANSMISSION
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VOLTAGE REVERSAL

Cathode (P) - - | Anode (Pt)
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“'FIGURE 5.27 - LOG I'O/l FLUCTUATIQ&ALDI@NT VOLTAGES

Sample: [TCNE} = 0.02 M. in DCE

-~

¢ platinum <ectrodes '

d-6mm."/\® | %sg\ .
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_that of In and Al. Another distinguishing feature of Pt metal is the

possibility of d-orbital interactions with surface adsorbed molecules. For
example, TCNE-Pt complexes are known which involve interaction of fillep

Pt d—orbitals irith the empty 17* orbital of TCNE 4.

~

ad

"Electrode materials have a strong influence on concentration respo’nse and

theaopp’earonce of hydrodynamic instabilities in the organic solutions under

study. The importance of understanding électrode injection processes when

- studying low conductivity dielectric liquids is also discussed in the

literature °.

5.2.2 - CONCENTRATION GRADIENT 5-AND HYDRODYNAMIC INSTABILITIES
The observations just discussed have implications regarding ion
concentration gradients and hgdrodgnomic instabilities in the liquid. A
model correlotmg concentration grodlents space charge and convective

mstoblhtles mll be discussed in Section 5.3. Accordlng to this model,

- unbalanced drag forces and pressure gradients in electrolyte solutions are

ossocmted with ion ceﬁc’éntrotwn gradlents and space chgrge. The
unbolonced force alwags points from high to low ion concentration regions.
in solution. The larger the concentration gradlent, ,the.]arger the force on

the liquid. Large enough forces lead to laminar or turbulent flow in the .

solution. The diffusion induced drag force per unit volume of liquid (F 4 can.

be estimated from concentration gradients in solution using
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Fy = -KT (2c, /2% )

where | k = Boltzmann constant {J/K)
T = temperature (K) ® o
¢/ "ty = total ion concentration

3 ¢, /9x = concentration gradient (*/m*)

A typical ion concentration gradient in the bulk of TCNE/DCE solutions
during non-steady state current conditions can be estimated uéing
Figure 5.17. A PCP concentration difference of 2.8 x 10~ M. is

observed over about 6 mm. This gives a concentration gradient of

1% 107" M/mm
6x 102 /m* A

‘ln"F igure 5.18 and 5.24, larger concentration gradients of about 6 x 1077

(2ac, /A% =2 (3% 10°7 M}/ 6 mm.

M/mm or 3.6 x 1023 /m* are observed. Concentration gradients of this size
produce a force of 1.5 x 10™3 Newton per unit cm® of solution. This is
equivalent to the weight of a 0.15 gm mass being applied as an unbalanced

force to a 1.2 gm. portion of DCE. : J

Evidence of turbulent flow is observed in the TCNE/DCE/Pt system and
preceded by growth in ion concentration near the cathdde (Figure 5.24, 5.25).

‘ A net drag force on the liquid points from the cathode to the region of lower

~ ion concentration in the bulk of the solution. Liquid flowing.from the ﬁ

- B Y

kY
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cathode into the center of the cell in response to the unbalance_d force *

re@Q::es the build-up of ion concentration near the cathode.

In the TCNE/DCE/AI{ sample, the evolution of concentration profiles in time
~ shows very smooth behd,viour after the initial application of voltage.
Concentratlon gradients were smaller than those observed after the initial
voltage apphcotwn inPt. The obsence of turbulence does not ehmmote the
possibility of laminar fluid flow in the system. Laminar flow would be
expected to decrease the magnitude of concentration grodient}s ina smooth

A

fashion.

After voltage reversal and the build up of ion concentroti’Or; rieor the Al
cathode, a temporary instability in the solution is marked by a bump in the
concentration (Scan1, Figure 5.219). Concentration bumps are also observed
after the next voltage réver_sol, and under similiar conditions in the
TCNE/DCE/In system (Scan 4, Figure 5.23). | ~ \/
" The temporary nature of fluid instabilities in TCNE/DCE/AI somples is in
contrast to the contlnuous turbulent behovlour monitored in the

- TCNE/DCE/Pt sgstem in the Pt system a hlgher ion concentration is
maintained at the cathode with respect to the bulk, whereas in the Al
system the build-up of ion concentration is only temporary. At steady
state conditions in'TCNE/DCE/AI samples, concentration gradients\disappear
end ﬂuciuotidns in concentration at a given position reach a minimum. This

behaviour ihdicotes the absence of turbulent flow.
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Table 5.4 lists experimentally observed conc,entrotio"n‘ grodients and

. diffusion induced drag forces per unit volume of liqdid. The drag force is
compored to solvent weight per unit volum'e. fﬁe drag force is a significant
f’roction of the solvent weight for the larger of the two concentration
gradients considered. This corresponds to a situation in which |
hydrodynamic iﬁstobilities are observed in soluti on. when the drag force is
only about 2% cjf the liquid weight, there is no evidence of hydrodynamic

instabilities.

This behaviour supports a model in which ion cohcentrotion grodie‘nts"ore
responsible for initiating fl’uid flow in weak electrolyte solutions. Steady
‘ﬁstate turbulent flow requires a mechanism f or’sustaining ion concentration
| gradien'}s. Transient fluid instabilities indicate temporary establishment of

concentration gradients in the bulk of the solution. The contribution of

space charge effects to hydrodynamir instabilities will be considered in the

next section. _ @X/ . . \



TABLE -4
. CONCENTRATION GRADIENTS AND
DIFFUSION-INDUCED DRAG FORCES

/xRy Fp/ g  Fluid Flow

M/mm */m? (N/m3)
1%x107  6x102 24x102 002 stationary
_— : or laminar

6x107 36x10% 15x10% 012 § turbulence

FD‘ / b, g is the ratio of the diffusive drag force
) to the weight of the liquid

. [\,_, . . ) o
~ py = DCE mass density® = 1.2351 x 10 Kg/m®

pg=121% 10 (Nmd) .
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v | : ,
}"5.3 - ELECTROHYDRODYNAMIC iNSTABILITlES IN r/ )
LOW CONDUCTIVITY ELECTROLYTE SOLUTIUNS

Electrohydrodynamic instabilities are a general phenomenon in low
conductivity solutions. However, the sour& of these instabilities in
electrolyte soluiions is still not well understood é. In this chapter a model
is proposed that predicis the:existence of pressure gradients in electrolyte
solutions with concentration gradients. The contribution of space charge

and diffusion to pressure gradients is considered.

‘Fluid flow cen be initiated via ﬁnbolonced forc ociing on a liquid. The
presence of any space charge in solution will result in a drag force per unit

volume of liquid if an electric field is applied

F, = peE = pf, .

F, = space chdrge dreg force per unit volume (N/m®)

p = * unbalanced charges per unit volume (#/m?)
e = unit electronic charge = 1.6 x 1079 C
E = electric field (J/C)

f, = force per unit electronic charge (N)

In the strictest definition of on electrolyte solution, no space charge exists
. .
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in the bulk of the liquid and so no pressure gradients are expected in an

. applied fit}l&\ Howéver, in the case of even sme!l violations of charge
neutrality in the bulk of the solution the space charge drag force must be
considered. ' |

A diffusion field will also result in an unbaldnce‘d-drog force per unit

% volume of liquid with or without thx benefit of an applied electric field.

v e

Fd = cTeEd = C.rfd =-KkT (3 c.,/ax)

where  F, = diffusion drag force per unft volume (Nt/m)
¢; = concentration of particles (‘/m"')
3 ¢,/3x = concentration gradient (*/m*)
E, = diffusion ﬂeﬁ! (J/C) = (KT/( c,€)) 3 ¢ /0%

l | f, = diffusion force per particle = (KT/ ¢;) 3 ¢, /3x
N o

B

There is no fundemental difference in the way forces from space charge or -
& diffusion are transferred to the liquid. ln both cases the‘drog force exerted

by the liquid on the moving parlicle is accompanied by an equal force in the
opposite direction on the liguid {i.e. in the direction of particle motion).

o
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Another source of unbalanced forces in chemical systems is the existence of-
. mass density gradients (sometimes referred to as natural convection). Mass
density gradients can arise from temperature gradients (Bénord convection
is a special case) or large enough concentration gradients. In the orgenic
solutions under study, toncentration differences of the order of 1076 N.are
not expectéd to result in significant mass densitg gradients. Significant ‘
temperoiure gro&ients would have been present only in the photocurrent
measurements. Themforg, the contribution of density gradients to

convection will be ignored.

The pressure developed-across a liquid can be written in terms of the
contributions from space charge and diffusion following the reasoning of
Pickard 7 as

P= 0Fdx = [ (F,+F)dx

The contribution from gra#itational ef fects is assumed to be negligible and
the liquid is incompressible and without rotational motion. It is not the aim
of this model to predict the details of hydrodynamic flow witvtgiven
pressure gradients. The aim of this model is to suggest o general \r::echomsm
bg which pressure gradients are established in an electmlgte liquid with

applisi voltage. | | )

\w



191

e
Under the influence of an applied field space charge and concentration -
grodients are not independent parameters. This can be shown using o few

[

physical assumptions:

1. The current flux is approximately independent of poeition at e

given time:
dp(x)/ot = <3j/ax = 0

2. Charge neutrality is approximately maintained at all

_ positions in the solution:

~ C,=C_= c{x)

Ao

= p{x) « ¢(x) P

3. The Poisson equaﬁon in one dimension reletes electnc*ﬁeld

gradients and spece charge density in solution

OE/dx = pe/(ee.)

:\.

\
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> J = 2pc(x)E(x) = constant -
~ therefore
c{x)E(x) = constant
Since the product of electric ﬁyeld and concentration is constant with
respect to position we have )
"~ Ac(r)E(x)/a% = 0 ‘
c(x) OE(x)/9x = - E(x) dc(x)/oK S |
Using {he Poisson equation tcl;‘rewritéuaE(ﬁ}/ dx and rearranging gives -
-{ee)Edc = p (1)
ec oJx
Equatlon (I)r’relflt'ps the concentratlon gra;hent present ata gwen posntion g
in solutlon to the space charge density at the same position. Using -
conditions applicable to the organic- solutlons under study, the space charge i o

densng, p, can be shown to be much less than the wn concentratlon

-

P

Using dc/ax = 3.6 x 1023 /m* DR
€ =7x107M=42x 102 /mP
e =10

i
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E =V/d= 20¥/(73% 103 m) =28 x 10° v/m
gives )
p=13210/md «c .
or p=22x1012pn

plc=3x107

. rﬁf For a posjtive concentration gradient ’pnd pesitive'oppiied f'ield the space
.chorge is negative. The space charge for posntwe and negative
concent:,gtlon gradients is sketched in dlfferent fields in Figure 5 28. ln
each case the space charge enhances the electric field in the region of low -
in concentmtion omldirﬁinishes the electric-field in the region of h_igh ion
| concehtrotion. Thie allows o constent current flux to be meintained on

either side of the concentration gradient.

(

—~
Given the transient nature of concentratlon gradients and current flux in tl&

5‘
Lok
Il .

,soluuons under sthdg, it IS reosonoble to question whether o well deffﬁéd

space chorge distribution cen be associated with a concentrotlon gradient in
~solution at a given time. In order to estimate a characteristic time for
establishing the space charge distribution required to maintain constant
current flux as a function of po?’tion imagine the following situation: A

. portion of a concentration gradient with a positive slope exists in a solution
‘without applied electric field (Figure 5.29). No space charge is agsaciated
with the ion distribution under these conditions. With the oppiicotion of a0

electric field in the positive direction, some szoreti on of charge results in
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. ' ) 3 . P", ’
'FIGURE 5.28 - SPACE CHARGE ASSOCIATED WITH
ION CONCENTRATION GRADIENTS TO MAINTAIN
‘ A CONSTANT CURRENT FLUX - .
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the degidn vith the gradient lnlthi‘:' exdmple negotiveb‘chorge md(res from, é

the high ion concentration region'%‘o the low lon concentratlon reglon The

result is an unboionced negotive spoce cherge in the reglon ofthe - =~ .-
concentrotion gradient Once the conditions for constant current fluxare ”* )

met the spoce chorge is defined in terms of the concentratlon grodlent

(Equation 1).

The chor’acte‘ristic'time (t,,) for meetfhg the condmor‘l of constant current
flux for a given concentratron gmdwnt depends on how qunckly the negotive
_and positwe cherge prof iles seporote to form the desired spoce chorge

,distnbutron Negdtive‘and ‘posntwe cherges lmtiolly sepordte ata speed Vup |

whichis the sum of thé individual ion velocities.

b

Vsep = WE+pE-= 2].1[

The thickness of the space charge layer (b) at constant current ﬂux is given

by the product of Veep 0N the time, t_. ' Y !

The characteristic time, t_, can be rewritten in terms of p, pc/3x, y, odd E

using the similiar triangles in Figure 5.29. From the triangies



. Pl L) = Ac/Ax or dc/dx

.hen‘cé\, e o
t, =p /((ac/ax) v) = p /{(dc/dx)uE)
. N :
Substitution of Equat\l’bn (1) into the previous equatipn gives

"4‘?\ )

t, = (ee /(e (2) -

L : g

Note that t.. is independent-of the magnitude of the concentration gradient,

4 %

as well as of the electric field. t_ increases with'decreasing ion

concentration. A choracterj'sti'c time for establishing constant current flux :
for a solution of given concentration cen be estimated using physical

coﬁr]vs‘tants applicable to the organic solutions in this study.

Using p=3x108myvis?!
= 102 /m3
tsc

,.:re§ultsin -=d.18 ms <<« d/vmz'45—2253

‘ ) _ |
Since t” is muc(h smaller than typical times for chgnges in concentration

gradients, it is reasonable 10 associatle_ a well defined space charge density
‘ﬁa - ¥ . P )

R ) ) N ?»
S . i .
5 % Es-Y
E23 -
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h with o given concentrotion grodient in s"o'liu"tipn." It is also reasonable to

~ assume that current flux is constont as a function of position in the cell.

The relative contributions of diffusion and space charge to liquid drog
forces might be expected to varg mth electnc field and concentration. The

ratw of space charge and dif fusion f orces per unit volume can be written

 E - geE - peE ?
v Fd KT(dc,/3x) kT(20c/dx)

| ‘U\eing equation (1 for 0 gives -

E, (51).&2 | . ‘
F, 2(kT) c (3)
This ratio determines the concentration and electric field conditions for
which space charge effects can be expected to dominete diffusion effects
Al high f ields end low ionic concentratlpns space charge of fects ore
expected to dominate. This is conmstent with theﬁpeerance of |
electroconvective phenomena in low rather th }h?éh conductivitg liquids. .
- The range of this ratio under experimentallg observed conditions in this
. study is from about 107 to 10! (Table 5.5). |

_Equation (3) obviously has some consequences for experimental work on



TABLE 5.5

TYPICAL F,/F, VALUES

199 e

' FOR EXPERIMENTAL CONDITIONS

C oM c(em®d. Ecwm  F /Fg

108 6x10®  68x10° B85x1072
107 6x10%  27x10®° 14x1073
10 6x102%  13x102 3.1x107

N
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- &

“*electrohgdrodgnamlc lnstabllltles in liquids. In order to select a sample for -
%&udgmg the contribution of space charge effects to hydrodynamic
mstobilltles in DCE, the ratio of E2/¢ must be much larger than 9.1 x 107!

/m5 = (2kT/ee- ) at 293°K. Table 5.6 lists values of fields and

concentrn(twns for which space charge and diffusion contnbutlons to the

~ liquid drag force n/ce;equul.' Even exceedingly pure solvents with ion
" cancentrations of the order of: ,LO"2 M would-have diffusion drag forces
’contnbutlng to hgdmdgnumlc lnstubﬂlties at low enough electric-fields. /

,ﬁ* ,;*5 , %“#’
4

%‘ - & . =
"a’“A 7 g £ %

As a rule, the inclusion of diffuslon drag forces has been lgnored in.
electmhgdrodynamlc studles This approach is wamnted in systems mth

umpolor injection as the only source of charge carriers. However,/mf fusion-

drog forces must be considered in industrial dielectric liquidg stch as fuels, .

mineral oil, and solvents according to our model. /

sz
e
:\I‘WIH

i
. -
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A ;/CGNDITION FCIR,F../FD =1

£ .
N N

CF/Fy =(1.1%10'0) F2/¢
{en(*/m® En(v/im)}

c ™ c (*m> - E (v/m)
10712 6x10'*  23x10?
10 6102 23x10°
Sy
41 6x10% 23% 108

N

Ngtg: The potential 1imits for a DCE solution with
0.1 M of n-Bu,NC10, of supporting electrolyte are

anode : 2.13 to 2.48 Volts
cathode: -2.07 to -2.32 Yolts

from T. Osa, T. Kuvana, Journal of Electroanalytical
Chemistry 1969, 22, 389-406.
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CHAPTER 6 - SOME CYANOCARBONCHEMISTRY

e

=
v

Chemical and electroch,emii:nl processes contﬁbuting to the production of

charge carriers in the orgahic solutions under study are considered in this )
chapter. The chemistry of the 1,1,2,3,3 pentacyanopropenide anion (PCP™),

and the tricyanovinylalcoholate anion (TCV") are discussed. The o

electrochemical generatiOn of TCNE™ in solution is also considered.
6.0 - EXPERIMENTAL o N

The tetraethylammonium sait of pentacgﬁnopropenide ( TEA*PCP™ ) was
prepared according ;d the method of Middleton et. al.! except that TEA*CI™
was used as a reactent instead of TEA'Br™. The TEA*PCP™ salt dissolves
easily in a variety of solvents. Spectra w;? recorded with the CARY 210

speqtropho.tometer.

. Acetonitrile (CH,CN) was twice dist%lled under nitrogen,.using P,0, as Pt

>

* drying agent. Spectroscopic grade DCE was distilled once under (the same
condtions. Tetrahydrofuran end 2-Methgl’:&\hhgdrof uran were distilled
under nitrogen and sodium metal was used aa}\a drying agent. If solvents
were not used immediately, they were stored‘under nitrogen. |

3

. . .

The sample preparation used to siudg the reaction of TCNE and weter in DCE /‘*
and CH;CN will now be described. Water is vérg soluble in CH,CN, but i\ﬂ
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oﬁrlg soluble in DC’E (0 16% by weight at 20 C) <. 2 Micropipettes were used
% introduce distilled water directly into CH;CN solutions of TCNE. The

samples were then vigorqysly shaken, transferred to a 1.000 cm.
spectroscopic cell (Hellma), and cerefully sealed with parafilm and teflon
tape. Water was added to TCNE/DCE samples hyvfirst saturating & portion of

the solvent with water. By adding different fractions of :H20 sotufate_d DCE
to the sample, the concentration of water could be varied. Changes in the
visible spectrum of TCNE/solvent samples were monitored vﬁtﬁ the CARY
210. - | |

A -

- The preperation of voltage treated samples of TCNE/CH30N was cdrried out
using the Al electrode cell shown in Figure 6.1. Voltage was applied for |
about an hour untf] steady state had been reached. After voltage treatment,
the solution was removed from this cell and sealed in a 1.000 cm.
‘spectroscdpic cell using parafilm and a teflon tape wrapping. Again, the
CARY 210 was.used to record the chemical changes in the cell

X

spectroscopically.
6.1 - RESULTS AND DISCUSSION

Absorption spectroscopy can be used to monitor the chemistry of
cganocarbon‘ fons in solution. Each of the anions, PCP™, TCV™ and TCNE™, has
an Intense'ultmviolet or visible SDGCIN;TI with peak molar absorption
coefficients from 7100 to 22,4oo/rd cm"' (Figures 623,63 4). PCP” in

-
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FIGURE 6.1 - (.,ELL FIJR PREPARATION OF TCNE™
FROMTCNE/CH.CN
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a) Aluminum foil electrode

Area=6.3 cm‘.'2

b) Teflon spacer

Teflon cap
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FIGURE 6.2 - ABSORPTION SPECTRUM OF TCNE. TCNE™
| IN METHYLTETRAHYDROFURAN 3

&+
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PCP™ in water, TCV™ in water

————— PCP~ in acetone/CCl, €=10.31
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DCE is characterized by o‘ band with two peoks at 414 and 398 nm. Table

V. 6.1 lists the peak positions of PCP™ in sever&l solvents. Figure 6.4 shows
the spectrum of PCP™ in DCE with peaks at 417 and 3968 nm. TCV™ has a |

single peak at 295 nm in water (F igﬁ 6.3). The TCNE™ spectrum chas a

number of vibronic peaks and a maximum absorbance at 425 and 435 nm. in

CI-ISCN. The TCNE™ peaks in CH,CN are compared with those reported in the

literature 3 in Table 6.2.

Figure 6.5 4 shows the structure of the cyanocarbon anions PCP™, TCV™.
PCP”and TCV™ have conjugate acids which also have intense spectra in the

UV/VIS region (Figure 6.6 ©). The protonated forms of PCP™ and TCV™ have

pK, values of <-8.5 and -5.3 respectively-’.

\ \ | .
C=L «<--> CsC + H' pK,=-5.3
/A N » ’
t(N oH N of
. y
CN CN CN CN
v\ A / -
"C=C-C-H «-> C=C-c® + W pk <85
C \ / \

CN CN CN CN
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TABLE 6.1

* PCP™ PEAKS IN DIFFERENT SOLVENTS

Sol#en% Ay (M) Ay (nm)
HO 39511 4141
Eogo = 78.5

CHCN 39551 414

€Ereo = 27.5 | -

= | — ™
2-MTHF 30621 41621
bcE < 398%1 417t

JCo* 3952 420%2

Eﬁoz 2.23 '

* TEA* PCP™ was insoluble in CCl, .
These peaks were measured in a sémple of reagent grade
CC1, saturated with TCNE. The undissociated form of PCP™

may contribute to the spectrum.
\ .
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FIGURE 6.4 - PCP™ ABSORPTION SPECTRUM IN DCE
((5.6:0.2)x IO{I‘!)M\

i
Vi

s
/’
.

/
B (418 nm.) = 21,300 + 600 M'cm’™

B (398 nm.) = 22,400 ¢ 600 M 'cm™



1.4

1.2-

0.4+

210b

@

340 360 380 400 420 440 460 480
A(nm) |



211
TABLE 6.2

SPECTRUM OF TCNE™ IN CH,CN

A measured (¥ 1nm) A (literature)® B (titerature) °
a8 466 4400
458 457 5670
446 445 6520
435 435 7100
425 45 7100
a7 416 66890
407 407 . 6200
399 398 5460
30 ¥ 390 4660
382 382 3810
374 374 3070

366 - 366 2440
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FIGURE 6.5 - PCP™, TCV™-STRUCTURES *

-
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The strength of these cyanocarbon acids, which rivals that of HCI (pK,

-7), is related to the resonance stabilization ene}gg of the anions L8
Resonance forms of PCP™ are shown in Figure 6.5. The spéctrum of the

" conjugate acid of TCVY~ (275 nm) is shifted to shorter waveiengths than the
anion (295 nm.}e. Much the sahe effect is observed for the PCP~ cdnjugate |
acid except some dissociated PCP™ contributes to the‘ shifted speétru'm

shown in Figure 6.6 6.

6.1.1 - REACTIONS OF WATER AND TCNE IN SOLUTION

Both PCP™ and TCV™ are possible products of the reaction of water with

TENE '. Neutral to acidic conditions favour formation of |
tricyanovinylalcohol {or tricyanoethanol). The presence of a bese favours

the formation of PCP™. The following reactions are representative of

chemistry involving TCNE and water:

CN CN neutral or CN CN

N/ -acidic scidtion N/
C=C +H0 ------------—- » C=C  +HCN, 2
/N ‘ PN N '
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CN CN ~ CN CN CN 2
N/ . U PR X
2 C=C +2H0+B -—----—- > C=C-CO@H") +CO, g+ HONG,)
/N / ' |

CN  CN CN CN

B = pyridipe, quinoline
BH' = pyridinium, quinolinium

Quater—ary ammonidm salts of PCP™ can be prepared bg dissolving TCNE in &
sodium bicarbonate solution (aqueous) and adding-quotemorg ammenium

- chloride or bromide salts. The mechanism for feactiqns pro‘duEing PCP™ is
not well understood.VTricyan'oethanol is not a likely reaction intermediate
18 e

Conditions leoding to PCP™ generation in solution?/or%rDCE and CH,CN relate

to the conductivity studies. PCP™ is the dominant negative charge carrier in
TCNE/DCE and TEA*PCP™/DCE solutions. Addition of water to TCNE/DCE and

TCNE/CH,CN samples results in the growth of PCP™ concentration. The set
of 'spectra in Fi’g@? shows the ‘chonge in the sample absorbancé in time
after the addition of 40 ul of water to 3 ml. of 0.04M TCNE/CH3CN. A plot of
[PCP”] vs. time is shown in Figure 6.8 for three TCNE/CHal;N samples with

duferent water concentrations. In each sample a rapid increase inPCP™ .
anion concentration is initiated by the addition of water and is followed by \
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FIGURE 6.7 - TCNE/CH,CN SPECTRA AFTER ADDITI0N oF’ % ATER

Sample: 3 ml. of 0.04 M TCNE/DCE
- 40 pl vater

Time after water addition

Scan 1: 3 min

Scan 2: 27 min

Scan 3: 55 min

Scan 4: 92 min | .
Scan S: 151 min - ' '
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FIGURE 6.8 - LOG 1,/1 VS. TIME AFTER WATER ADDITION

Sample:  0.04 M TCNE/DCE

A=414nm.
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a slower increase of [PCP~] which is independent of [H,0]. InFigure 6.9, a

‘graph of [PCP7] versus added [H,0] ‘demonstrates a linear relationship
between the two. The slope of the line is independént of the time after
sample preparation. The startirig amount of water in the acetonitrile

sample can be estimated at 0.5 M.

%

P

Figure 6.10 shows the effect of water addition on the growttiof PCP™
concentration in a 0.013 M TCNE/DCE oiution_. A plot of [PCP™] versus

added H,0 concentration demonstrates a linear relationship. Two sets of

data are plotted for different times after sampie preparation. The slope of
the lines are the same within the experimental uncertainty. In this case the
starting concentration of water in DCE (0.008 M) is much less than that

observed in the CH,CN sample.

The concentration ratio {[PCP”]/[TCNEN(H,0] corresponds to a possible
equilibrium constant for the systems just considered. Yalues of this ratio
are calculated in Table 6.3 for DCE and CH,CN. ]’he ratios for the two

- solvents are of the same order ¢f magnitude.. Further studies would be |

required to measure the equilibrium constant aoveming [PCP7], [TCNE] and

i

[H,0] in solution.

The slow rate of PCP™~ growth in DCE and CH,CN is tabulsted in Table 6.4.

Rates were independent of water concentration in both solvénts. The

\
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FIGURE 6.9 - [PCP"] vs. [H,0]

Sample:

0.04 M. TCNE/ CH,CN
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 FIGURE 6.10 - [PCP™] vs. [H,0}

™

Sample: _0.013 M. TCNE/DCE

-
. [H,01=0.11M. in saturated DCE
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TABLE 6.3 _

" FORMATION OF PCP™ FROM TCNE + Hy0
_ iN DICHLORGETHANE AND ACETONITRILE

[Prac

JsoLven TNl (Pee” A H,0 1~ [ PCP™ VITCNEI H,01

DCE 0013M (68%03)x107 (52204 x 1074M™!

e

[}

CHCN  0040M (95203)x 10 (24202)x 107

TABLE 6.4

SLOW FORMATION OF PCP‘ IN TCNE/SOLVENT
(INDEPENDENT OF WATER CONCENTRATION)

SOLVENT [TCNEl  dl PCP™ 1/dt {d PCP™ 1/dt)
: ‘ M) * [TCNE] G M)

DCE 0013M (15%03)x 107 (1.1202)x 1079

CHCN  0040M (25%02)x107 (63%06)x 107
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. S
reactant producing this increase in [PCP”] is probably present in the -
atmosphere. The prelirhni‘narg data are insufficient to establish the chemical

identity of the reactant. Reaction ratéconstants (normoijzed to TCNE

concentration) are of the same order of magnitude in DCE anq CHSCN. The
equilibrium ratios and normalized rate constants in DCE s ‘ ples are about

twice as large as in CH,CN.

The addition of water to TCNE/CH,CN s’oluti\ons also increases the spectral

absorbance at shorter wavelengths and this is probably the result of TCVY™
produced in solution. Again, the presence of the intense TCNE band made it
difficult to make detailed measurements in the region of the TCV™ peak
(295 nm.). Figure 6.11 shows the growth in absorbance at 332 nm as a
function of time. The rate of growth increases with water concentration.

Determining the factors influencing the balance of RCP™.and TCV™ fons in
DCE requires more experimental work than is presented in this preliminary
study. In-aqueous solution, pH, or the presence of Lewis bases, dramatically
influences whether PCP™ rather than TCY™ is a favoured product of the
reaction of TCNE with water. Similiar considerations need to be applied to

DCE and CHSCN solutions.

Eprsure to water and air can influence charge carriers in solution at
different stages of the TCNE/DCE sample preparation. The effect of solvent
distillation on a TCNE/DCE spectrum is shown in Figure 6.12. The effect of
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- Sample: 3 ml. of 0.04 M TCNE/CH,CN
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.
FIGURE 6.12 - TCNE/DCE SPECTRA WITH
_AND WITHOUT DISTILLED SOLVENT

Sample: [TCNE] = 0.04 M



224b

. (wu)

095 Ovs 0gs 005 08y 09y Owb ozv OOV oge 09 ove

llﬂj J9l .
| 10°
: 20"
. , o
~ JuaAjos:al rvo’

- (F0°d 1310 pajusip) 3040 @
luaAjos:-jal

(Palusipun) 39 @ SO
90"

1/°| Boj



succesive subhmotlons of TCNE crystals on\the PCP™ peak intensity in 0. 04
M. TCNE in DCE samples is shown in Figure 6.13. The first sublimation
dramatically reduces the PCP~ concentration observed in solution. The
residual PCP™ concentration observed after the f irst sublimation could be
ihe m§ult of water in the solvent, water absorbed during 3 days of sample
. agi toiion to dissolve TCNE, water absorbed duri ng refrigerator storage of
‘so]uticin‘s; or water introduced from the surface of pipettes used to tranfer
splutions. The'elimi nation of ‘water from the samples would have required
tiiet all spéctmscopic and electrical measurements, as well as sample -

preparation ﬁroc;;ddr‘e& bé"c;}m'ed— out m a dry box. oy

“The effect of water on TCNE/DCE solutions turns out to be useful sin@e
production of PCP™ allows direct correlation of ion concentration and

- current characteristics. The PCP™ ion concentration in extremely pur;e

TNCE/DCE samples would have been too lév; to monitor using the CARY 210

or CARY 17 spectrophotometers.

© 6.1.2- TCNE™ INJECTION IN TCNE/CH,CN AND TCNE/DCE

TCNE™ is easily produced in TCNE/CH,CN by passing a DC current through the

sample. The cell arrangement used to prepare TCNE™ in acetonitrile

solutions is shown in Figure 6.1.

A spectrum of TCNE/CH30N before voltage applicatio-n is shown in Figure
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FIGURE 6.13 - LOG I/1 (420 nm) VS. *TCNE SUBLIMATIONS

Sample: [TCNE] = 0.04 M. in DCE

ATr“ial 1 and Trial 2 were carried out on two consecutive days.

[TCNE] = 2%10°7 M afth one sublimation.
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6.14 (scon 1). The resulting profile arises from superimposed spectra of

TCNE™ and PCP' in CF|3CN. Note the TCNE™ peaks at 457 and 468 nm. During
“voltage application, the PCP" peak disappears and is replaced by TCNE™

(Figure 6.14 scan 2). The generation of TCNE™ in solution is accompanied by
the sample turning gellow near the cathode. The gellow colour results from '
the absorption band of TCNE (Flgure 6 2). After a. few mlriutes of voltage '

. application, the yellow colour of the TCNE/CHsl:N solution appears to N'

ifoirldbevenlg distributed across the cell. About 30 minutes is required for
the current and optical absorption to settle to steady state values. The dota .
in Table 6.5 inciude the concentrations of TCNE™ producéd at different
voltages and TCNE concentmtlons The -amount of TCNE generated increases
with [TCNE]. The retio of [TCNE™]/(V) [TCNE] for a few different tnals agree
within the experimental uncertainty and give an average value of 2.1 X 10"6

v ' L
™

- -

-

In CH4CN the conversion from TCNE™ to PCP™ can be observed

spectroscopically after setting the voltage to zero. TCNE™ converted back
to PCP™ over 3 to 4 hours. Figure 6.15 shows a series of spectra
demonstrating the conversion of TCNE™ to PCP™. Notei the isobestic poiﬁt at
428 nm. resulting from one to oné conversion of TCNE™ to PCP™. The
decrease in TCNE™ concentration is equal to the increase in PCP™
concentration ( (6.8+0.5) x 107 M). Probably oxygen, rather than water, in Y
solution reacted with TCNE™ to produce the obéerved conversion 5. Not only |

1s TCNE™ more likely to react with oxygen than water, but the reaction with
(S
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X

FIGURE 6.14 - TCNE/CH.CN BEFORE AND AFTER
: VOLTAGE TREATMENT

-Sample: * 0.04 TCNE/CH,CN

o
Scan 1: prior to vultage application 7

~ Scan 2: after 27 minutes of voltage application
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TABLE 6.5

[TCNE™] INJECTED INTO ACETONITRILE

&
[TCNE™] VOLTAGE  [TCNE’] JTCNE'L
*0_ v o - (VITCNEl oM
0.008 20 (39202)x 10X (24203)% 1073,
0.040 10 (75%05)x10%  (19%02)x107°
0.040 10 (?.o“! 0.5)% 10 (20202)x10°
0.040 10 (84 OS)HQ\ 202)x 107
0.10 10 (2.|e—o.os)xlo'6 (21%o0p)x 1070
~
—~
/
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FIGURE 6.15 - CONVERSION OF TCNE™ T0 PCP™

" Sample: 0.04 M TCNE/CH,CN :

| Xs  Timeafter volta}e removal
~Scan 1:

10 min.
can2: 1 hr. -
Scan 3: 1 hr. 50 min..
Scan 4;< 3 hr. 40 min.

[}

i
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water produces TCY™ and PCP™. Conversion of TCNE~ to both XCV™ and PCP~

would undermine the 1:1 conversion supported by the data. . I

‘The TCNE~ absorbance decayed exponentially in time (Figqfe 6.16).

Log 1,/1 = [TCNE], /( B1)

_In(ITCNE]/B1) = -k t + In([TCNE] /B1)

where B = molar absorption coefficient (M 'em™)
1 = optical path length (cm)

k. = rate constant (s™')

therefore
[TCNE™], = [TCNE™] ekt -

Measured rate constants are in the range (0.5-7) x 1074 s™! for 0.008 to 0.1M

TCNE/DCE solutions. The rate constant is very sensitive to solvent or

solution aging. ‘ ‘j;

The growth of a Spqctrul peak at about 520 nm is also observed in the
TCNE/CI-I;CN sample with the lowest initial TCNE™ concentration (Figure

6.17). This peak remains unidentified aithough its location is comparable
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FIGURE 6.16 - In (ITCNE"},/B1) vs. Time
Sample: 0.04 M. TCNE/CH,CN

k_is the rate constant of the reaction.
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FIGURE 6.17 - CONVERSION OF TCNE™ TO PCP~_AND ANQTHER
SPECI TH A= 320 nm.

Sample: 0.008 M. TCNE/CH,CN

Time after voltage removal
- =

Scan 1: 10 min.

Scan 2: 1 hr. 20 min.
Scan 3: 2 hr. 55 min.
Scan 4: 4 hr. 35 min.

_/
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with that of the (TCNE™), dimer at 77 K in MTHF  (Figure 6.18). The

(appearance‘ of a dimer peak at low TCNE™ concentrations and st room

temperature is unlikely. ’

The chemistry observed in TCNE/CH,CN solutions is different from that in

TCNE/DCE solutions. The injection of TCNE™ into solution was favoured in

CH_,.CN rather than DCE. A comparison of two spectra of voltage tréated
TE&IE/DCE and'TCNE/CH_,’CN demonstrates this. The 520 nm. peak observed

in éome TCNE/CHZCN solutions is not obseived in DCE solutions. The two

jons common to both acetonitrile and DCI—f solutions were TCY™ and PCP™,
- L ;

and TCV~ was present in TCNE/DCE solutions only with special sgmple

preparation (See next section}. , k

" 6.1.3 - IONS IN CONDUCTIVITY STUDIES

The ion of greatest importance in the TCNE/DCE Eonductivitg studies is
PCP™. PCP™ is produced in TCNE/DCE solutions by the reaction of TCNE with
water. The presence or absence of TCV™ could not be spectroscopically
monitored in these sampllesﬁ because of the strorig TCNE absorption in the
ultraviblet. Theré was, however, no evidence of any contribution of TCV™ to
qonduction in TCNE/DCE samples prepared using the standard procedures

* gutlined in Chapter 1. -

A DCE solution with a mixture of PCP~ and TCV™ ions was prepared by first
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iDMTHF AT 77K °

FIGURE 6.18 - SPECTRUM OF Na*(TCN

2 TCNE™ f---%ﬁcng‘ )




235b

CNa*TCNE‘ at 77K
15 000 -
".‘E ,
-© 10 000 A
2
Q.
5000 -
T T T T T T T T
300 400 | 500 600



236

reacting TCNE with deionized water (15 MQ/cm) and then introducing the
aqueous solution:into DCE'. The spectrum of this semple is shown in Figure
5.11 and the TCV; peak is not hidden by the absorption band of TCNE in the ‘
ultreviolet. The conduction of this sample could‘}be accounted for by <
%ﬂg the effects of TCV~ and PCP™ in solution (Section 5.1.4).

t

‘ ‘TEA‘,‘ PCP™ djss_olves easily in DCE to produce TEAY ﬁnd PCP” ions. No trace
of TCY™ is observed in DCE samples containing the tetraethylammoniun salt
of PCP™ {i.e. PCP™ did not decompose into TCY™ with time) The conduction
of this sample could be accounted for strictly on the basis of PCP~

concentration.

-
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CHAPTER 7 - CONCLUSIONS

This chapter includes a summary of the main conclusions of the thesis as

well as suggestions for further work

7

7.1 - SUMMARY OF THESIS RESEARCH

In the previous chapters a variety of data have been presented Q conduction
in organic solutions of TCNE/DCE and TEA*PCP™/DCE. Photoconduction
effects in solutions of TCNE/Mesi tylene/DCE were a8lso reported.

~ The photocurrent response ;f TCNE CT solutions hod been interpreted

previously in terms of a model of photoionic dissociation of CT complexes.
An alternative interpretotiqn,,o,f,,ﬂthe photosignal as resulting from the
interruption of convective patterns in Solution by absorption of light was
proposéd to account /or the observations reporied in this thesis. |
Further work on the current characteristics of.TCNE/bCE solutions
demonstrated the importance of convective transitions, electrical boundary
logeré, and spatial and temporal /ph concentration changés. The dominant
negative charge carrier in TENE/DCE and TEA*PCP~/DCE solutions wes

identified osVVPCP'. CNEv-H20/DCE solutions contained both PCP™ and TCV .

~lon concentrations were typically in the range of 107 - 1076 M.

~VThe initial current reponse of these solutions to a step voltage V across a
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distance d betu(een the electrodes was accounted for by terms proportional
to jon concentratidh and velocity, cv (with v = u¥/d where p is an bﬁ%live ‘
, mobili‘tg). _The‘eﬁective mobilities of ioné in TCNE/DCE, TCNE~H20/DC and
TEA™ PCP™/DCE were (3+1x10°8 m2v sl (4+1)x108 m2v's™!, and
(4.0+0.9)%108 m2yTg™! respectively. Transient current behaviour followed
changes in the ion concentration with time. The transient drift velocities
differed from uv/d becauée of electrical boundarg layer boten\tﬁis and

convective flow in the solution.

An investigation of the time evelution of spatial ion concentraiion profiles
demonstrated the presence of hydrodynamic instabilities in solution.
Instability in fluid flow was a;sociated with a concentration gradient of
about 6x1077. M/mm. This gradient was sufficient to generate a diffusion |
‘drég forte in the liquid which was 12 % of the weight of the fluid DCE. |

g

A model descﬁ'bing the contributions of the diffusion drag force (FE/) and the

space charge drag force (F,) in eiectrolgte solutions was P sented. Both

forces were shown to increase with the magnitude of concentration

gradients. The relative contribution of Fgand F_was rgiated to the io

concentration and electric field :

Eo- Lgﬁo)—é,
Fyq 2T c
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The contribution of diffusion drag forces should be considered over a wide |
range of ion concentrations and electric fields, buﬁt has been largely
ignored in studies of cof;duction in dielectric liquids. This study is the first
to examine the importance of diffusion generated convection in solutions in

the absence of gravitationally driven fluid flow.

7.2 - SUGGESTIONS FOR FURTHER WORK

The study of conduction and convection in%rganic soiutions with
cyanocarbon anions éhou'l,d be extended to include a \;ider range of ion
concentratiohs and applied electric fields. n%'e effects of different
solvents, electrode materials and electrolytes also warrant further study.

£
Diffusion driven convection is a general mechanism for generating fluid
flow and should be considered in corrosion studies, and electrochemical
work. Electrohydrodynamics and diffusion driven convection are likely to be
of importance in biolégityl systems too: The concentration gradients and
electric fields existing near cell membranes may be sufficient to generate
fluid flow under some circumstances. Fluid flow could in turn influence the

transport of life-supporting.substances to and from the cell wall..

Hydrodynamic flow from the presence of concentration gradients is
expected to occur in t[le absence of a gravitational field. This prediction

could be tested in 1ow or zero gravity conditions. Understonding the

s
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_mechanisms for convection under conditions of zero growtg is of

‘technological lmportonce for meterials science in spoce'

»
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