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| PREFACE

Tﬁisbwork is a study of rubrene elcctrogeneratcd chem11um1ncsccnce
o

(EGCL). In particular, it is an investigation of the redox processes

and quantum cff1c1ency “of rubrene EGCL. - The 1nformat10n contained herein

is both of fundamental interest in regard to encrgy transfer mcchanlsms

o

and of practical concern to those 1nvest1gat1ng the phenomenon as a

potcnt1al transduccr for v1sual devices.

(1)

(3)

Some of the present work has been reported to’ thc academic communlty
A. Pighin, Can. J. Chem., 51, 3467 (1973). ”Effects of Solvents

on the Quantum EfflClenCY of Rubrenc FICLt1ogcnerated Chemllumlnescenéc.“

!'

" A. Pighin and B.E. Conway. Paper prebented at the Meeting of thc

Llccfrochcmlcal Society of America, San IranClGLO, May 12-17, 1974,

A Correlation Between the Quantum Lff1c1cncy of Llectrogcncratcd

Chemiluminescence and the Redox Pptentials of Rubrene in Various
Solvcnts e

Item (2) has been submltted to the J. Electrochcm, Soc. for publication.
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ABSTRACT
From a review of theAlitcrature on electrogenerated chemiluminesccnec
'(EGCQ), it was concluded that the present state of knowlcdge ‘of thc
phendmenon was 11m1ted by the extent to wh1ch the rcdox proccsscs and
the quantum cff ciency of the EGCL were understood Rubrene was éelected
as a model elec rochemllumlnebccnt compound for 5tudy The choice of
methods,for St dy of the prqblems were crltically examined_and optimum
,ﬁfogcsses selected. The sgubilifics.of the ion-radicals were dctcrmipcd
by means of cyc}ic‘voltammetr i chronoampcrdmetry and electron 5pin
resonance éﬁcctrbscopy whilg, the kinetics éf the redox processes WCre
studied by small-amplitude a.c.'polarqgrdphy.. The quantitative
'applicability ofithc_a.c. polarographic technique was proven by applying
it to a known syétem, the ferro-ferricyqnidc couple. The radical-ions
generated from rubrene were found to be stable under the cénditions of
the prescnt work. The heterogencous rate constants for the redox reactions
of rubrenc wcrc found to be 5evera1 orders of magnltude less than thosc
.predlcxed from theoretical conelderatlonq A unique method for measuring
the elcctrochemlcal quantun eff1c1ency ¢ oul of EGCL was devised which
offered 5uper1or prec1510n and accuracy for evaluation of © P eoul " The
quan tum cff1c1cncy of rubrcne EGCL was found (a) to increase with . ‘
increasing solvation of the ncutral rubrene, (b) to decrcaée with
increaSiﬁg fluorcséor concentration and frequency of the a.c. voltage
uscd to generate the EGCL and (¢) to be independent of the electrolyt?
concentration. it was cbtabllshcd that the mechanism for“thc productlon

~of rubrenc EGCL was dXClu51chy via the "triplet route'.



1.. TECHNOLOGICAL BACKGROUND

Iﬁ clectrogCneruted chemilumipesccncc, a compound ;5 electfoly;ed'
during which process light 1is produced. The procﬁss thus converts
electrical enefgy into visible light. Therefore, the-phenomenon can be
utilized as a transducer. Presently available transdueers for converting
elecdtrical energy ‘into light, ec.g. Ey means of pas dischﬁ;rgcr light
_emlttlng diodes or incandescent f11aments “have limited ﬁpplicatibns
in instrument technology and the need exists in industry for a more
w1dely useful and more cconomical means of producing llght from clectr1c1ty.
'Coﬁscquently, clectrogeneratcd ChcmllumlnCHLCnLC has been investigated
as a potential transducer for visual devices. The prescnt fundamental
work descrchd in this Thesis has resulted froﬁ, and complemented, the
applied research on electrogenerated chemiluminescence carried out at

Bell-Northern Research, Ottawa.



' 2, INTRODUCTION

" A variety of'organic luminescent compoundajcan be made to emit
lighc oy allowiné their oppositely charged ion;radicals to react

with each other. When the ion-radicals are electrochemically gener-
ated, the process is termed "electrogenerated chemiluminescence andi
is abbreviated as ECL. In this work, preference wae given to the

term EGéL as an aobrevietion for the name of the phenomenon becauee
_ECL is also employed as the short form for Emitter*Coupled Logic.

Hercules was the firat to :eport EGCL in 1964 He electrolyzed

'a large number of aromatic hydrocarbons in conducting aprotic solu-
tions with an alternating potential, In each case, the emiseion was
visually identical to the fluorescence of the compound being elec-
trolyzed. )

Since the 1ighc from EGCL characterized the products of the
homogeneous electron transfer reaction, Hercules' work quickly
attracted the interest of those studying such recactions. Their work
revealed that EGCL was not'limited'to the polyacenes. Bard's school
showed that EGCL could be obtained from metal cheletesz, porphyrin33
and mixed syetemsa ’ while Zweig, Metzler, Maurer and Roberts5
obtained EGCL from a large number of isobenzéfurans and ieoindoles.

The more recent.investigatione of EGCL have shown that ‘the
emission can be other than fluores&ence. The metei chelates, for. ~
exampie, produce phospnorescent EGCL, whiie the EGCL from 'some aro-

: _ 6
matic hydrocarbons contains excimer emission .



Not all of £he interest in EGCL has been academic. . Ihé
phenomenon "has been thé'aubject of industriallrgsearch aimed at’
developing a transducér'for visual deyicé§7. This.theéis oriéinatea
f¥§m fundamental evaluation work on EGCL at Bell—Northern.Research,‘
_dttawa, with dev?lopment of display applicationé_as the technolog}cal.

aim.



3. -OBJ'ECTIVESI

~To devise selected technidues for ‘studying the phenomenoﬁ; A

critical review of published methods for gtudying the phenémenon
was made and where inadequécies seemed to be app&fent,‘i;proved,
methods were established | |

To find a stable EGCL gystem. The knowﬁ luminescors, e.g.
rubrene, 9,10-diphenylanthracene, all have unstable ion-radicals,

‘especially their cationuradicals. Congequently, their-EGg} fades

_to extinction within minutes of continuous generation. If guch

unstable systems were to be studied, it would bg'eaay to ﬂg misled
by the effects of sécondary rqactioné on the. results. ?herefore,
the beag of the reported EGCL systems was chosen ;s the model
system. The components Qf the’model syatem were furcher phrified

in the hope of improving their performance. If the more purg system
still exhibited'unacceptable instability, then the cause wai)sought
in order to diminish it. _ ‘ //

To establish the mechanism whereby the model system prodﬁces light
Some EGCL systems produce luminescence which {is more energetic

than the change in en;halpy of the lon-radical charge neutralization

reaction. The thermodynamics of the model system must hence be

. evaluated before its light-producing mechanism can be established.

To investigate the kinetics of the ‘various reactions in the
EGCL mechanism. Only those reactions about which insufficient

information was known were studied. The purpose of this work

-



was to determine the limiting reactions in the EGCL mechanism.

To.study the effect of each component of the EGCL system on

the quantum efficiency of the EGCL. An EGCL system conslsts of:

(a) luminescor, (b) solvent, (c) electrolyte,'(d)'electrodes

and (e) external stimulus (voltage).



4. REVIEW OF THEQRETICAL ASPECTS OF EGCL !

This review of EGCL will be limited to those systems for which
the cmmision strictly corresponds to the fluorescence of the com-
" pound bcing;electrolyzcd. For information on phosphorescent. EGCL or
- ¢

EGCL with excimer cmission, the reader is referred to Tokel and o

2 6 .
Bard” or Grabner and Brauer , respectively. _ . .

4.1 Reaction Mechanism

The first step 1n the.production of EGCL involves the clectro-
lysis of the fluorcécor. Thé electrolysis reactions are the only
reactions in the EGCL mechanism whiﬁh require an external stimulus;
all other reactiohé are spontaneous.‘ In order to observe EGCL, the
positiﬁc and ﬁcgdtivo jon-radicals of the fluorescor must be géncr-M
ated within access of each other. The simplest way of achieving this
.is by employing an alternating potential, the véltage limits of which
correspond tﬁ the ox1dat10n and reduction of the fluorescor. A
square-wave potential is the most efficient a.cl stlmuluq because it
can caUSc'elcctrolysis of the fluorescor for the highest fraction
@f the cycle time and with the minimum amount of neutralization of
‘the ion-radicals during rCVcrsal of polarity.

Fhe a.c. clcctroly51b of the fluorecscor rcsults in alternating
generation ‘of both p051t1ve1y and negatively’ chargcd jon-radicals at
each electrode. The ion- radlcalq which are produced in a given half—

cycle diffuse away from the'clcctrodc while those 0ppos1te1y charged,



»

produced in the prev1ous half- eycle tend to dlfoSB towards the
electrode in the diffusion boundary layer.* The encounter between
the anion- and catlon radlcals in the 1nterphase allows homogeneous
clectron transfer reactions to take place between the- ion-radicals.
Each homogenééus electron transfer reaction produces on the .

average‘3/4 triplets together with 1/4 51ng1ets all in their lowest-

\

.exc1ted state and ‘one neutral molecule (see Equatlon (3) in Table . _

1). The fractions are given by spin statistics assuming that the”
solvent does not preferentiaily enhanée either the formation of
triplets o¥ singletsg. This seems probable fdr simple aromatic.
hydrocarbonsg. It has been assumed that the change in enthalpy of
the charge neutralization reacéion is sufficient to directly promote
some of the products t6 their lowest excited singlet state. The
thermodynamics of EGCL wiil be eiamiﬁed in .Section 4.3.

The excited triplets prodqced by the charge neutralization
reaction can engage'in triplet%triplet annihilation.reactioné to
produce excited quintets, triplets and sinélets. The quiptet state
is, however, usually energy forbiddenf The.qxc;ted triplet state
resulting from £he tripletdtriplet3annihilation'reﬁction will,
dlrectly or 1nd1rectly, be in the lowest excited state (1 e. the
same as the reactant; see Equation (4) in Table 1) With the fore-
going assumptions, spin statistics ‘then predict an averége of 3/4°
- triplets and 1/4 singlet;, all in the lowest exqited-state, and one

neutral molecule for each triplet-triplet annihilation.

e

R 3.'1.' ’



/

The products from the homOgeneous electron transfer and trlplef— l
~triplet ann1h113t1on reactions which have attained the1r 1owest

excited 51nglet -state will promptly return to their ground state

with the emission of 11ght. The electronic transition from the

lowest excited singlei state to the ground statc‘produCeé light

emission by fluorescence, | . |

In general, then, the EGCL mechanism may be represented as

shown in Table 1.

-

TABLE 1

— E General EGCL Mechanism for Systems
: ’ Emitting Fluorescent Light Only

R+R +e B oxidation of fluorescor at (1)
: clectrode
R+e+R - reduction of fluorescor at ’ (2)
' ¢ electrode
foe g L 3'* l'k Co . ‘ . .-
R"+R +3/4 7R + 1/4 'R + R - homogeneous electron transfer (3)
3k 3 3% e . L
R+ °R +3/4°R + 1/4 'R + R triplet-triplet annihilation  (4)-
1 _* . : : ,
R + R+ hv , radiative decay of excited {5)
e singlet
- where
R = fludrescor
3% B . :
R = lowest excited triplet state
. , y
‘IR* = lowest excited singlet state [E“Z;
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4.2 Reaction Kinetics

. ‘ The interest here was to eatab}ish the rate-determining reaction
in the EGCL mechanism and thus to provide a basis for the inter-

pretation of the experimental results:

4.2.1 Heterogeneous Electron Transfer

g fhe oxlidation and reduction of the fluorescdr'at the electrode.
by'an applied potential are examples of heterogeneous electron trans-
fer reactions. ‘A theory on this type of electron transfer has been
?ormplutcd by Mgrcuslo based on the activated complex theory of re~
-action_ratesll . "The rate consfant is givey by thé following well-
known equation in which the Symbolé have thei} usual significance:

k = A exp - %%— . - . , . ' (6)
Marcus developed a treatment for the free energ; of activation' N
whichjcdntained terms for electrolyte, solvent and electrode material
effects. In a subsequent bapérlz , he successfully tested his theory
in relation to some experimental reéults.

Aten, Dieleman-andlﬁuytink, in discussing heteroéeneous electron
transfer to or from aroéktic hydrocarbons, assumed that the activa-
. '~ tion entropy factor TAS*;dominaged the freé energy of-actiVationl3.
Their argument was based on an anéiogy with homogeneous electron
.t?ansfer reactions involving the same ;ompounds. They estimated

the activation entropy to be ca. -~4.5 cal mole'_l °K_l. “According

© to Marcdslo, the pre-exponential term in Equation (6) is of the



o [

o 4 -1 . , .
‘order of 5x10° cm sec . Thus, theory predicts a heterogengous rate

constant of the order of leO4 cm scc:'1

- There are only.a few reports in the literature of actual,‘
a ' ! N
"measured rates of hetcrogenceous electron transfer to or frgﬁ electro-
L] ' ! ' :

chemiluminescent compounds. Dietz and Peovérl4 measured the apparent

‘ratc constant kapp for the fcduction of tctraccng and other compoqus

at mercury in'a conducting, aprotie solution. They used.the

Faradaic impedance mcthodls for defermining kapp and obtaincd‘k op

of ca. 2 cm sec—l. The measufgd rate conétants incfeased with

increasing eiectrolytc conccntration'(tctra-n—buﬁylammonium iodide).

&hcn they corrected their kapp for doublefldyer cffects, they

obtaipcd kcorr of.ca. 20 cm scc—l. Aten,'Bﬁfhker and Hoytinklé,

us;ng the same g;cctrode material and sélutfon s Diectz and Peover

but a different expcrimental mcthod (small-amp1i£ddc axc.; see

Seétion 5;4), c')bta'ullcd kupp Of‘ ca. 0.1 cm .scc"l for tetracene and ‘

othGP\iTomatic hydrocarbons. However, -Aten, Diclemaq‘hnd'ﬂoytinkl3

later réported thét.thcse rate constants were too highrfo be measured
- .

‘and must be in cxcess of 5 cm sec L. - i

It is obvious that further experiments are required in this

area.

-~

4.2.2 Homogencous Electron Transfer

The charge neutralization reaction between oppositely charged .
fluorescor ion-radicals is an example of a homegeneous electren

" 10
transfer reaction. Marcus also formulated a general theory for
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this type of‘electron'transfer whilqﬁﬂoytinkg focussed his apprdach

f

on the behaV1our of s1mp1e aromatic hydrocarbons Both authors
noted the basic 51m11ar1ty between heterogeneous and homogeneous

electron transfer reactions. The essence of Hoytink's treatment was

o

that the coulomblc forces of the reattants e;\pnd out to ca. 80 A so
that whe? they ‘attract each other to within 10 A there must exlst

almost unht probability that the anion-radical will transfer its

surplus electron to the cation-radical. &

A large number of homogeneous electron transfer rates have been

"measured. The method commonly employed is ESR”'18 but. internal

o
reflection 5pectroe1ectrochemlstry has also been successfully used

The rate cfnstants range from 10 -10 ‘1 mole 1sec . These values
are close to the diffusion controlled limit which is givengo by:
8RT_ . ' ‘ '

dc = 3000n ' . _ 7
g | I

where n 1s the solut1on viscosity in- Poises and the remalnlng symbols
have their usual 51gn1f1cance. Typlcally, at 298 °K, the viscosity

of EGCL solutions is 0.9 cp so that
' )
 8(8.31x107) (298) _ 4109 a1, -1

' kdc = ~3000(0.009) 7x10” 1 mole “sec

' For-.a cation- and anion-radical concentration of, say, 1 mM, the

half-life of the diffusion-éontrdlled charge neutralization reaction

would be

= = 1.4x1077 sec | @
dc 7x10° (10 ™) :

+
|
1!
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7 . :
Kowert, Marcoux and Bard1 measured the homogeneous electron

.}‘ansfer rate constants of aromatic hydrocarbons in several solvents.

|

When they used their results to test Marcus' theory in terms of the
dielectric constant parameter, the agreement was very poor but could
" be improved by treatlng the frequency factor as a solvent- dependent

variable.

.

4.2.3  Triplet-Triplet Annihilation o .

The-excited‘triplets resulting from the hbmogg%ebus elcctfon
traﬁsfer reaction are produced in a compact reaction zome . the
diffusidn,bbundary layer near the electrbde surface. The probability
of a tripiet-tripiet encounter wWill, tﬁerefbrc, be very highf Actual
kinefic ihfofmapion on this type of reaction is virtually #oﬁ—

existent. However, it seems reasonable to assume that the process

—

is diffusion controliedzo. 'Tﬁe rate congfﬁnt for. the triplet-triplet
annlhllatlon reaction is consequently g1ven by Equation (7). Com-
peting Wlth this reaction W111 be, of course, the rad1at1on1ess decay .
of the excited triplet and its quenching. ~ A triplet state usually

lasts for 'more tha'n20 1074 sec.

4.2.4 'nccay of the Excited Singlet State

An exc1tpd 51ng1et state normally returns to 1ts ground state
within20 1078 sec. The fraction of energy d1551pated as light is-
defined as the fluorescence efficiency .of - the compound. This re-

action-is clearly 'the fastest in the EGCL mechanism.
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4.3 Theimodynamics

The changé in free energy accompanying an elect:ochemicai redox

process is given by the following well-known equation in which AG® .

and nF have their usual significance and E° ig,the standard rpdox7

potential:

AG"F -n#?" | | | - | @

¥

In EGCL, both the anion- and cation-radicals are neutralized simult-

‘aneously. The free energy liberated in this type of reattidn will

be the sum of the free energies of the two electrochemical half-

reactions: - -
P _
.h+ +-e:‘Rand. - _ . o (1}
R . R+e, i.e. | | | _ @
. - Q : - o . . .
86° =nF(E ppt - Epjp) _‘ .. ao

The free energy can be expanded into its enthelpy and entropy con-

1l

ponents,’ i.e.

AH° - TAS®-= -nF(E°p ps - E°p p-) , (1)

The energy released by the charge neutralization reaction is only
the change in enthalpy of the reaction. There is also an entropy
change but thié is not available fpr external work; since a non-

electrochemical reaction step is involved here, Equation (11) can

N

be re-arranged into a more useful form:

9q



fx)'

‘14r
- [ . _ o . _ o0 = to .
-AHT = nF(E R/R* ” F R/R“)T . TAS (11a)
The change in entropy of the reaction can be calculated from
* the temperature coefficient of the free energy change, i.e.
o . ) - '
AS® = B(E R E /e /¥ | (12)

Visco and'ChandrOSSZITeStimated the change in entropy of the

rubrene anion-cation-radical annihilation reaction to be approximateély

8 cal mole-1°K—1. "An upper limit for this value was estimated to

be ca. 15 cal male_1°K_l by Hoytinkg. Although thé change in
entropy is relatlvely small when compared to the change in free
energy, its magnltude is important in determining the EGCL reaction
mechanism, as will be seen by the f0110w1ng examples.

When the rubrcne anion—radical is reacted with Wurster's blue

(the cation-radical of N,N,N',N'-tetramethyl-p-phenylenediamine),
" the resultant EGCL is spectrally identical with the fluorescence of

: rubrened.‘ The standard reduction potential of rubrene is -1.28 V

1

vs SCE and the standard oxidation potential of Wurster's blue is

+0.24 V vs SCE. It will be assumed approximately that the standard
. * . .
change in-entropy of this apion-cation-radical reaction is 10 cal

‘10 "1

mole "°K . Theréfore, the standa.rcg change in enthalpy of this re-

action is (expressing the terms in the -appropriate units):
amp" S ! J |
' mp- Sec ca
(1) (96,500 =57 e=) (+0.24 - (-1.28)Y) (79 amp 56¢
_10cal _ -
mole K
37.6 Kcal mole™>

- AH®

[}

. 298°K

PR



-15-

The energy of 'the lowest eXeited‘singlet state of tubrene 18

52.9 Kcal moleﬁl. It is thus seen’that a change in-enthalpy of

37 6 Kcal mole actually leads to & 52.9 Kcal mole-1 electronic
transition. In this EGCL gystem, the singlet state is evidently not
 directly accessible from the anion-cation—radical annihilation re-
'action, it must be produced exclusively via triplet-triplet annihi-
lation. Such cases are known -as ' energy deficient" EGCL processes.

The fluorescor 9,10—diphenyianthracene,(DPA) has standard
oxidation and reduction potentials of +1.35 and -1.89 V. ve SCE,
respectively, and its 1owest excited singlet state is 69.0 Kcal mole -1
atove,ground stateh. The standard change in enthalpy of this
\ reaetion is glightly greater than the energy of the emission, viz.
-7L.6 Kcnl mc.le_l compared with 69;0 Kcnl mole_l (again assuming that
AS® = 10 cal mole_¥ °K_l) . The EGCL from DPA is thus referred
to ae “"energy sufficient”. |

Felderberg22 has proposed a non—thermndinamic method for deter-
mining whether the EGCL system is energy deficient or sufficient.

His method involves plotting the intensity of the EGCL vg time using
pulse electrolysis of the fluorescor. He calculated that the EGCL ’
of an energy sufficient system would decay twice as fast as the EGCL
af en energy deficientlsystem.

Faulkner, Tachikawa and Bard23‘have reporteq that_tne application
of an external magnetic fieid enhanced the intensity gf energy
deficient.EGCL'but_han no effect on the intensity of energy sufficilent

EGCL. ' They accounted for this observation by suggesting that the



magnetic‘field inhibited the quenching of tripiete by radical-ions.

. . ‘w : | : . . -

Thus, the magnetic field effect of the intensity of EGCL could also
) . . -~ .

‘be used to determine whether an EGCL system is energy deficient or

gufficient.

4.4 Quantum Efficiency_of EGCL

‘Bard, keezthelyi, Tachikawa and Tokel have recently reviewed
thie topicza. They define the varioue ways of expreesing this
efficiencyrane 1ist all of the published results; The reported
efficiencies vary for 0.1 to 20 Zu"Thgsg results are for different'
types of systems and were measured by different methods with differ-
ent kinds of corrections applied. Unfortunately, there 18 no
agreement in values for the same system (rubrene in tetra-n-butyl-
nmmonium perchlorateubenzonitrile). In fact, most of the original
results have been revised upwards. Bard et al attribute the ecatte}
‘in the eesults to the experimental difficulties (see Sectlon 5.5)
in meking these measurements. |

From the efficiency reeulte in the review of Bard et alz , 1t
is neverthelees possible to conclude that the quantum efficiency of
EGCL is solvent-dependent and, in some cases, alsa a function of
electrolyte concentration, a factor that may originate from jon-
_pairing effects. |

Some of the efficiency results reported in this theeis have
already bheen publishedzs. It will be seen that the method for
meaeuring the EGCL efficiency developed in the present work is simple

and precise. This, together with use of a stable EGCL system, has

-16-
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. allowed reliable efficiency values to be obtained. Consequently, the
. present results permitted further details toncerning the EGCL mechanism 4
to be elucidated. '

It will be of interest here to calculate the maximum, theoretically

, possible quantum efficiencles of EGCL. This will allow comparisons to

:

. be made between the present experimental results and the theoretical

values. The EGCL mechanism for an energy-sufficlent system hts been |
given in Table 1 but it 1g‘usefu1 here to-examine the comsequences of
the mechanism. In this scheme, each hoﬁogeneous"eléctron transfer
rtaction (two clcttrons; one #to producc.the cation—land one to produce - | ;
the anibnaradical)’produces-gn the évcrugc 1/4 cxcited singlets and
3/4 éxcited triplets. The excited triplets reaét via_triplgt-triplet
annihilation to prodUCe‘én average‘pf i/4 excited-singlets ana<3/&
excited triplets per tfiplet-triplet annihilation.‘-lt is'impottant to
note that the triplets prgduced from the triplet-triplet annihilatiot

reaction are actually in the same state as the reactants so that they

will participate in further triplet triplet annihilations. ° This

increases the excited singlet yleld per triplet-triplet annihilation
from 1/4 to 2/5. Thé total excited singlet yleld pet homogeneous
electron transfer -is, thereforé; i/a directly produced together with
1/2 x 3/4 x 2/5 = 6740'§1a triplet-triplet énnihilatign. Thus, two
‘electrons producé "2/5" of a photon. Hence, the'quétthm efficiency
of an energy—sufficient EGCL system has a maximum theoretical value

0f-20 £. In an energy-deficient system, the excited singlets can only
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be produced via the triplet route. . Cohsequently,.fhe maximum theoretical -
quantum efficiency. of an energy deficient EGCL system is only 6/40 + 2 =

1

7.5 %,
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5. CHOICE OF METHODS OF STUDY .

Some of the methods were already established (e.g. electro-
chemical techniques) while an improved method for measuring the

quantum efficiency had to be devised.

5.1 Cyclic Voltammetry (CV)

A cyclic voltammogram2§ is.the'current~voltage trace resulting
from the applieatiOn of a time-dependent ramp potential that is
varied or cycled between two limits (i.e. a triangular wave) ond
applied to an electrode immersed in the solution to be studied.
Fig. 1 illustrates schematically the experimental ahrangement for
a Qv exper1ment In this circuit, the potentiostat maintains the
Tamp potentlal on the working electrode WE, by controlllng the
input voltage signal to the cell between the counter and work1ng )
electrodes, CE aﬁd WE; respectiVBly.

The WE is preferentially fabricated to maintain lineer diffu-
sion. The solution is kept "qoiet” to avoid mass transport‘by
agitation. By performlng the CV at a constant temperature mass
transport by convection is largely e11m1nated An excess of .,

‘supportlng (unreactive) electrolyte in the solutlon prevents electro-
- static migration of 'the species being electrolyzed. Under the pre-
ceding conditiono, the sole remaining mode of mass transport is

via diffusion.

A cyclic voltammogram is illustrated in Fig. 2. The voltammo-

gram has the following characteristics if the heterogeneous electron -

Fl
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Fig. 1. Circuit for cyclic voltammetry..
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- transfer is diffusion-controlled and the ion-radicals are stable:

-1) The peak forward current, ip

77

£ is equa1 to the peak

reverse current, ip r (provided both species have the

same diffusion coefficient) or, more precisely, the net

charge over the complete cycle is zero.

v

ii)' The potential difference.between the peak currents

(E

D, f ) is 58 mV at 25 °C for a one electron process.
The separation increases inversely as the number .of elec-
trons involved in the redox reaction.

iii) The peak current varies according to the Randles-Sev&ik

equation:

. 3/2 1/2 1/2

1p -’kq ACbD {13)
where i_ = peak current in ampéres

k = a constant (theoretical value = 269)

_ n = number of electrons involved in the redox
reaction for one molecule

. ™S L
A = area of the electrode 1in cm2

C, = bulk concentration of substance being
-__electrolyzed in moles cm”

D= dlffu51on coefficient of spec1es underg01ng
electrolysis in cm® sec”

S = scan rate of .ramp potential in V sec™!
The first scan in CV is normally recorded. Subsequent scans

exhibit smaller ﬁ?radaic currents because of the establishmént of

'a time-dependent concentration gradient at the electrode.
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A slow heterogencous clectron transfer reaction tends to increase
the potentidlidiffefence between the.pééks_of the voltammogram2
This separation inereases with'incrcaéing'scan rate, It is there-
fore possible to calculate the.rate constant for the redox process
from the dependence of‘(ép,f-gp’;) on scan rate. A slow chargé-

transﬁé; process also yields less current than that predicted by

S1/2

‘the Randles-Sevcik equation. For slow reactions, ip f/ will

decrease with increasing 'scan rate. It must be recognized that cell

and measuring circuit resistance and weak instrument compliance

will lead to effects similar to thésc geﬁeratedlby a Slow_reaction,
so that instrumental‘and circuit conditions must be chosen‘carcfully.

When tHc primary product of the electrolysis is unstable, the
reverse current will be less. than the forward current since both
currents are directly pfoportional td ic concentration and gquarc
root of %he diffusion ﬁocfficicnt of their respective reactants.

The Randles-Sevcik equation predicts that for a fast charge-
transfer process limited by linear diffusion and in the absence of

?

sccondéry reaction, the peak current is directly proportional to

s, /52

ri is independent of S. By reducing S5, -more time 15

p,f .
allowed for follow-up reactions to occur so that greater irrevers-
ibility can arise. For aromatic hydrocarbons, the products of side

'reacFions are oftcn electroactive at the prevailing potenﬁia}zg.'
Therefore, if the ion—rﬁdicals do participate in side reacﬁiﬁns,

\ .
this would be manifested by an increasing ip.f/Sl/2~with dccreasfﬁg

scan rate,
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5.2 Chronoamperomet_z

When a- constant potent1a1 sufficient to either reduce or ox1d~
ize the electroactive species is app11ed to an electrode that
maintains linear d1ffu51on, a decrease in current with time 1; ob-
served. The decrease 1is caused by the fannlng out of the dlffu510n
layer and can be derived from Fick's second 1aw26. It can be shown:
that uﬁde; these cdndifions

nFAcbD” z

RS- ' o : | a4
" 172172 - |

where,it is the instantaneous current at time t and the remaining
symbols have already been defined. This equation stipulates that

diffusion controlled current-time curves obtained'at cbnstént volt-
. :

age (chronoamperOgrams) are character1zed by constancy of 1t:1/2

The poténtial should be rested at least 100 mV.beyond the peak

potential. If linear diffusion does indeed preva11 at the electrode

1/2

and a positive deviation in it is obtained, this may 1nd1cate
instability in.the electrogengratéd ion-radical with resﬁect to
further oxidation or reduction. The form of the i-t curve;is a very
sensitive indicator of follow-up ;eactioné because a considerable

' quantity of ion-radicals is préduced during its recording. The by-
products will diffuse to the electrﬁde and'uhdergo'further electro-
lysis and be indicated‘py excess current. ///

If an electrode of known area is employed in taking the chrono-

amperogram, ‘it will be.possible to calculate the diffusion coefficient’
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of the spec1es being electrolyzed from the i-t. plot The surface
area can bg determlned by electrolyz1ng a compound of known diffu-

sion coefficient. The pxldatlon of 4 mM fe:rocyanlde in 1 M aqueous

KCl is a useful standard for this purpese. Its diffusion-cpéfficient

" at 25 °C 1526'6.32x10'6 en? sect.

5.3 Electron Spin Resonance (ESR)*

The products from the electrolysis of the fluorescor each con-
tain one unpalred electron ThlS free electron can have a Spln of
.e1ther +1/2 or -1/2. ’Thus, the ion- radlcals are paramagnetlc
When the ion-radicals are subjected to the influence of a magnetlc
field, this can result in spin tran51t10ns from one state to another.
Normally, a spectrum of transitions:is obtained with varying field -
strength because of intramolecular interactions between ;he unpaired
leleétrpn and the nuclei. |

The intensity of the ESR signal is, under normal conditions, . 1
" directly proportional to the ion-radical qoncentration. Consequently[ (
ESR can be used- to study ianradical stabilitiés and rates of elec:
tron transfer. In this inyest;gafion, ESR was _only used to study the
former because the.latter has already been amply investigated (see
Scction 4.2.2). To determine the stability of the ion-radicals,

the fluorescor 'was electroly;ed until ‘a strong ESR signal was

+ NOTE: ESR is also commonly known by another name, electron paré—
magnetic resonance (EPR). . o . Ce
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ﬂevelobed. 'Thgn. the eiectrolysis was stopped aﬁd-the strength of

the ESR 51gna1 was recorded v time. From the decéy of the ESR

51gna1 Wlth tlme, the half-life of the ion-radicals was calculated
For further background ‘information on ESR, the reader is

referred to Pastro and Johnsonzg.

5.4 Small-Amplitude A.C. Polarography
'Small-amplitude a.c. polarography is a very useful .technique

fof‘meaSuuing the kingtic parameters of heterogeneous electrou .
tran§fer reactions; The tgéhnique invulves the measuremenf‘of the
alternating current produced by a small a.c. putential.suberimposed
on the ramp potepfialsoa The alLerna;ing potential must vary con-
siderably faster than the ramp potentiai; Howévex, since high
frequenties tend to create too much capacitive current, ddubie-layer
'charglng can become limited by the RC constant of the .cell at such
frequencies; hence, the frequency should be llmlted to 10-1000Hz.

The lower limit is also determined by the curvature of the spherical
working.electrode At low fréquencies with 2 small diameter elec-
trode, significant departure from linear d1ffus1on can.arlse. The
working electrode in a. c. polarography is purposely made small and

beaded to minimize the cell impedance. Appreclable cell resistance
has, of course, the same effect as slowness in the electron transfer

.

rocess. -
P _ _ g,

\

J

e T -
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Alternating current can only flow when both the oxidized and
reduced species of the compound undergoing électrolysis are present
together. .The alternating current will then éxhibit a peak at the

The shapc of a rcvers1ble a.c. polaro-

1/2_

half-wave potential, E1/2'

Lraphlc wave Cflg 3} is such that a plot .of Ed ve log [(1 /1)

) (i —1)/1 ] has a slopc of 120/n mV at 25 °C where i is the value

of the current at E (the ramp potential}.

The electrochemical process can be rcprcsented by an electrical
impedance with a potcntiql-dependenf conductancc; The impedﬁncc is
tetmcd a Farudaic.impcdance. The Earadaic impedance can, in turn,
be représented by a series combination of a Faradaic'resistance, RF’
and a Faradaic capac1t1ve reactance, xc;F' Ranmdles31 has derived T
mathcmatlcal expr03510ns for both R and X o, F ﬂut the'equations are
restricted to the potential at which the concentration of the re-
duced and oxidized species are equal, i.e. at the half-wave potential.

. 1
The two equations are:

R, = —oi—— (3—) V2o | (15)
Re = 37 WD k
and? [
1/2 :
a1 RT (2” ) _
X e Ao Z (16)
©F W plpfac VL .

o -1 : .
where w = angular frequency in radians sec , C0 is the conccntratlon

of R and R or R at the electrode surfacc and the other symbols

N
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have their usual significancé.
From Equation 15 and 16 and the equation for the a.c. current

through an impedance in the form of Equation 17 below,
I = %— sin 8, ' o . (17)
c ‘ .

it 1s possible to derive an expression for the pecak Faradaic current
~of an a.c. polarogram (scc Appendix I. This derivation is not
given in thc.litcratufc,) The equation is:

1 -3¢ |5

1p,ac - 4RT 2k =

22 172 ] 1/2 o
vV, F AC, (wD) 1 (fn) , (18}
' . ~
where ch = amplitude of the alternating potential superimposed on
top of the rémp potential; volts (peak) and Cb is the bulk concent-
tration of the electroactive species. - - : ' :
‘Application of Equation 18 may be refined by us?ng a phase-

o ' : . ! ) :
sensitive current detector. Since (R, approximately equals Xc F
. ' ,

F
then thc_Faradaic current peaks at slightly less than 45° out of
phagE with the voltage. By measuring the current at 45° witﬁ Tes-
pect_to the voltage, the detection of the Féradaic current 1is
optimized and-thc effect of the cupacitivc current which éharges
the electrode double—iaycr is reduced. The ideal phase-angle for
detection decredses with decreasing rate constant andiincrcasing

- frequency. However, since the gl;ernating current cxhibits.a

broad maximum with phase angle and if k is large relative to wD,

then a phase angle of 35-45° will generally suffice.
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EquationllS'indicates that a plet of i /ml/2

. p,ac
be linear with a slope egual to K(D/2)1/2/2k where

vaé12p2ACb01/2 : .
K = IRT w=0 from which k'can be calculated if D is

v w;/z should

‘known. By determining k at several temperatures, the energy of
activation of the ;edox-pfoéess can be derived from a plot of ldg

k ve 1/T (Arrhenius plot).

5.5 Quantum Efficiean

Although ""quantum efficiency" is, simple to define, e.g.
i

. : . -1 W
s _ no. of photons of EGCL penerated sec
quantum efficiency = electrolytic current (in electrons sec”l)transferred

(19)

its actual measurement is mot trivial. TheVmogg-diffichlf problem
in this measurement is the low light inténsitigs_whiéh-ériginate ‘
f;qm EGCL. Other obstacles to Ee overcome with the light measufements
are the uncertainties inherent in such factors as reflection losses 1
at the eleﬁtrode, absﬁrption'losse;-in the.solutfon,-coliectiop eff-
iciency of the detector and spectral'respﬁnse of the detector;

The electrolytic current consists of Faradaic and capacitive .
components. Only the Faradaic component of the total current pro-
duces light; the capacitive component'is uscd to Chufgc the
double-layer. Consequently, in orderrtb obtain true quantun effic-
iency data, it is necessary to separate the eleﬁtrolytic currént
into its Faradaic and capacitive components. Of the ion-radicals

produced, some will diffuse away from the reaction zone without

being neutralized while others can be lost to side reactions. The
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Faradaic current should not include these losses since they do not
contriﬁgﬁe to the generation of light, |

fhe.presence of a}l of these factors limits the accuracy ;ith
which thé quantum efficiengy of EéCL can be determined.

The light from EGCL has been measured using calibrated photon
detécgorsjz ,'actinometryzb and - integrating spheres3% thle the
current was always assumed to be entirely Faradaic. Previous results
in the literature for the'quantum efficlency of thelsame system
-(rubrgﬁe in tetra—n-buﬁylammonium perchlorate-benzonitrile) range
from a.low vﬁluerof,O.l %, (corréctéd for photon and current 1ésséé)
to a high one of 8.? % {(without any corréction)za. The vérious

méasuring techniques give inconsistent results maﬂnly because of .

tﬁe various forms qf stimuli {d.c., voltage step‘s, a,c., etc.) ‘
that have been used_to generate the EGCL. The ion-radicals are
always, in some measure, unstable. Their degree of instébili;y
ié dependent on the mode by which they are generated. For.
example, with an a.c. stimulus, tﬁe magnitude of fon~radical
instability increases with decreasing frequency because at
the low frequencles the ion—fadicals have more time to participaté
in gecondary rea;tions. From these observations, it is to be
concluded that whatever method is devised and/or employedlfbr
measuring the quanfgm efficiency of EGCL, the EGCL should be gener-—
‘ated with ﬁoderate or high frequency a.c. stimulus. |

When a potential is appiied acrgss two equal-area electrodes
immersed in a conducting solution, each electrode will establish

the same voltage drop across the polarized interphase provided the
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double layer capac1ty is constant with potential. 1For iarge, simple
aromatic hydrocarbons, it is to be expected that the values of the
ionization potential and electron aff1n1ty are almost the same. .
Therefore,-by applying a pofential across two equel—area electeodes‘
jimmersed.in a. conducting solution of the fluorescor, when the pot-
ential is sofficient to.electrolyze the fiuorescor. the same quantity
of opp051tely charged ion- radlcals will be generated at each clec-
trode. With a.c. stlmuldtlon, the same amounts of cation- and anion-
radicals would alternately be Produced at eacn electrode.

The_non—steady electrolysis cufrent.coneiets of -a capacitive and
a Faradaic component The capac1t1ve component is directly propor-
tional to the magnitude of the appl1ed voltage and ' its frequency
However, the Faradaic current is only produced beyond a certain
decomposition potential and then it is voltage and time dependent
1t is these fundamental differences between the two components of
the total a.c. current which makes it possible to devise a wdy to
résolve each combonent:

A square-wave potential was applied to the cqual-area, 2-
electrode cell (Fig. 10) and the everage rectified a.c. current was
measured as a function of the_applied voleage; the average photon
eorrent was also simultaneouslyfrecorded,- The electrolysis current
was converted to a voltage and amplified by a factor of 1000, recti-

fied with a linear rectifier and finally read with an integrating

digital voltmeter. This indicated the average rectified a.c. current.



-33-

Specifically, 1 V d.c. was eqdivalent to 1 mA average rectified a.c,
’ The avefage rectified a.c. cufreﬁt increases lineafly with'
increasing voltage (provided that the double layer capacity i5 constant
with voltdge) up to the potential where the fluorescor begins to Be
electrolyzed. Beyond this, the total current ;5 th§ sum of the
capacitive and Faradaic currents. By extrapoiating the capacitiye
burrent‘line into the potentiél rangé for the -electrolysis of the
fluorescor, it is possible to estimate the capacitive componént of
the total curfénf. Any current above the capacitive current line is
Faradaic (assuming that thelFaradaic proccssesldo no affect the
capacitive current 1iﬁe). Fig. 4. illustrates this technique for
measuring the Faradaic current when elecfrolyzing the fluprescor with
aﬁ altcrnatiﬁg square-wave potential. The frequency:0f~the applied
voltage can be incfeased until the EGCL exhibits complete stability,

i.e. constant intensity on continuous generation. Any EGCL system can

nOrmally be made sufficiently stable'by_increasing-the electrolysis
frequency;

For the quantum efficiency measurement, the electrolysis cell was
stood inside an open box, the sides and bottom of which were made of
1 cmz'silicon Solér.cells.(%ig. 10). The working electrodes inw;he‘
.electrolysis cell were positioned in the middle of the sblar cell box;
In this position, the solar cells collectcd‘s/e of the total light
emitted from the électrolysis cell. Thé sélar cells were connected

in parallel ‘and their total current was measured with an average-

reading picoammeter. From the spectrum of the EGCL and 'the spectral
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'Fig. 4. Method for distinguishihg Faradaic current’ from total

current-produced bj a.c. voltage.



-35-

response of the solar, cells, a correction factor was obtained for

_convert1ng the measured photon current 1nto the actual photon current.
‘A plot of the total cotrected photon current ve the Faradaic

current was then m#ﬁe. The. slope of this plot yields twice the quantum

efficicncy of the EGCL becausg.equal amounts of light.were produced at

each electrode and the total was meésured and plotted against the

Farédaic éurrcnt. The EGCL efficicncy is‘expTGSSed in photons emitted -

out of the cell per sec per total Faradaic electron chargc {in electrons)

passed per sec. The symbol ¢cou will be employed to represent thlS

qhantity in accdrdah#c with the convention establlshed‘by Bard et ql ; 1
The complete apparatus for measuring‘¢éoul is illustratéq in. ;/__\

schematic form in Fig. S. It probably represents the most important

_experimental contribution from this work. By dcvelop1ng an indep-
endent method for measuring the quantum eff1c1ency of EGCL it became
possible to establish more reliable quantum efficiency values. The

.‘ reliability of these values is to be judged by the merits of the method
itself and by virtue of the reaéonable agreement of the results with-

‘some of the previously published results which had, however, been at

variance with other published results.



Function Genarator, Wavetek Modst 130

' Amplifier, HP Harrison 6823A

el

Voltmeter, HP 3400A True RMS

Elsctrolysis Call

)

1 . Solar Cali Box

Picoammetar, Keithly Model 410A

1. Currant 10 Voltage Converter/Amplifier
, 2. Linsar Rectifier

3. Integrating Digital Voltmeter, Data Technology Model 350

Fig. 5. Apparatué for measuring ¢cou1'
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6. EXPERIMENTAL

6.1 Chemicals and Their Purification

.
6.3.1 Acetonitrile '

Acetonitrile is a Qery difficul; solvent to purify.r The impur-
ities in it vary not only from supplier-to-supplier but also from
batch—tp-batchlfrom the'same source. The variable quality of commercial
aéetpnitrire is probably indicated by the numerous reports for its
34,35 ‘

purification The method used to purify acetonitrile for this

work was derived from attempts to purify the acetonitrile by litera-

ture methods. Some of the impurities in the as-recelived acetonitrile’

could be removed by adsorption ontd alumina while others could be
separated by distillation. Foftunately, if w;s possible to.obtain:
commercial acetonitril whicﬁ contained only those impurities tﬂét
could be removed by the dsorftion—ﬂEStillation proéedure.

The coﬁmercial acetonitrile was analyzed by vapour phase chroma-
tography tVPC) on a Porapak Q column. A sample was fhen pd;sed
through a cﬁlumn'packed #ith activéted alumina and the eluant was
analyzed by VPC to determine what impurities, if any, were re@oved
by the alumina.. The alumina was previously thermally activated by
vacuum heating it at 350 °C for 2 days. The eluant from the alumina
column was.thén distilled in Pyrex glasswafe. A packed distillation
cdlumm was‘used to provide greanr fractionation of the distillate.
The distillate was periodically analyzed b; VPC to detefmine its

composition. The middle cut was normally the purest.

&
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Each of the available samples of acetonitrile was, in turn,
subjected to the adsbrption-distillation procedure until a sample
was found whose iﬁpuritiés were all removéd by these purification
methods. Some.acetonitrile from MC§B and ‘Aldrich could be purified
to better than 99.99 % purity by the abové'procedure.
| ‘A new impurityIWas introduced by purifying the‘acétohitrile by
the method descrﬁbed ﬁbové. .(This impurity was not detectable in
the starting material but as much as 6 ppﬁ was found in the purified
acetonitrile.) One fqrm of this impurity was prodﬁced By the alumina

treatment but the distillation converted it into another form.

< i

6.1.2 Benzene

In this investigation, benzene was-added to othér aprotic.sol-
vents to obtain solvent mixtures of varyiﬁg bolarity.

Samples of the purest commercial soﬁrces of benzene were pur-
chésed and then analyzed by VPC on ﬁn Aﬁiezon L column to resolve
non-polar impurities and on a Porapak Q column to resoly; polar
impurities. The:VPC analysis indicated onl} pPpm q;antities of water,
toluene and the three Xxylene isomers. Fisher B—414‘t99.9 Mol %)}
benzene  was consistently found.to be_pufer than other brands.‘ It
typically contained less than 50 ppﬁ total impurities. Only the
waté} in thq benzene was'judged to be détrimeﬁtél. It was removed
by d;ying the benzene-wiph two‘bétthes of pre-dfiéd Linde type 5A
molecular sieves, each for 24 hours. The dried benzene was'décanted

into a vacuum distillation apparatus and distilled at ca. 10 mm Hg.

~




The vacuum distillation was done inside a,ﬁitrogen—filled dry box.

The glassware was vacuum heated just before it was used to dry it of .

adsorbed water.

6.1.3 Benzonitfile

Each of the commercially available, highest.purity grades of this
épfotic solvent éontained a total-of ca. 0.1 % of numerous impuritie;
as indicated by VPC on an Apiezon L columﬁ. After drying the MCGB
material (Spéctroquality grade) with Linde type 5A molécular sieves,
a1 Fonducting soiution'of rubrene was prepared with it and the elcctro-
chemical behaviour of the rubrene was studied via cyﬁlic vditammetry...
Both the oxidafiop and reduction products of rubrene weré'compietely

1/2 ( :
/'), even at very low scanyrates down to 1 mV

stable (constant ip/S
sec” . Further purification of this Fenzonitrile appeared unwarranted.

Mann®® de;cfibes a method for the purification of benzonitrile.

6.1.4 Nitrogen

‘Nitrogen was used to purge the aqueous solutions from oxygen

- and to fill and flush the dry:box. "It was cobtained frog 99.99 % pure

liquid'Nz.

6.1.5 N,N-dimethylformamide (DMF)
. -

Butler>’ and Mann>C each have summarized the procedures required

-

to purify this.aprotic solvent. The methods involve chemical treat-

s’

ment followed by distillation. None of these methods was investigated

because in their previous use, it has been reported that good ion-

%

~
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radical §tabilities could not be obtained.

Fisher D:133 (99;9.M01 %) was ghe purest of thé available
materialg. It wasvanalyzéd by VPC on a Carbowax 20M-KOH column.
The natural impurities in this sqlvent afe forﬁic acid,.formaldehydc,,
dimethylamine, carbon monogide-and{ of coutse, waterss.. Ail of tﬁese
“impurities are relatively small molecules. Attempts.to adsorb‘themi‘
on Linde type 5A molecular Sieves were successful. 3The'dimethylgmine
was only partially removed but the other impurities were almost
Qompletely.removed. The ;3 dried product was vécuum distilled and
.storcd in a nitrogeﬁffilledldrylbox. A troublesome by-product Te-
sulted from prelonged drying, i.e. two months:Awith thesc sieves.

The purified DMF was at least 99.999.% pure.

6.1.6 Potaséium Chloride

This salt was used as one of the supportlng ‘elgctrolytes for
~ the work on aqueous ferro-fcrr1cyan1de as the test system for
validating the small-amplitude a.c. polarographic technique. Fisher

.P-217 (Certified ACS) KC1 was used directly.

6.1.7 Potassium Ferricyanide

The Fisher product (P-232, Certified ACS) was used without further

purification.
Po‘

6.1.8 Pota551um Ferrocyanlde

~and used as rece1ved.
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6.1.9‘ Propylene Chrbonate

A liferature Teport on the purification of this aprotic solvent
is availéblesg.. The conclusion from éhis report WAS that vacuum
disizliation can yield a satisfactory product. |

All of the purchased samples of propylene carbonate (e.g. East-

rJman #7050, MCGB PX 1705) were pale yellow. Upon vacuum distillation,

(‘the yellow substance became concentrated in the pot. The middle 60 %

cut was'collected and tested electrochemically. Its éonducting solu-
tion contained‘electroactive impurities originating-from the solvent.
The vacuum distilled product was therefore further purified by pre-

electrol}zing it. A potential difference of 4 V d.c. was applied between

‘ _ . 5
.a-pair of platinum electrodes (cach 10 ecm™ in arca and made from 0.020"

dia. wire) in 25 ml of 0.1 M TBAP solution. The solution was stirred
and electrolyze@ for two days. The pre-electrolyzed solution was
again vacuum distilled. This product, when used as a solvent for

rubrene electrolysis, offered adequhte ion-radical stability.

6.1.10 Rubrene . : .
. —— , _ .
Rubrene was selected as the sole fluorescor to be used in this
X ' : | .
investigation. A complete literature survey on EGCL quickly revealed

» o

that rubrene was relatively the most stable electrochemiluminescent
compound. Metal chelates aﬁf porphyrins were excluded from consid-
eration because of insufficient background information. Furthermore,

these two classes of compounds were not typical of classical EGCL.

Some of the other, normal, electrochemiluminescent compounds that

L]
1
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were considered were 9,1b-diphehylanthracene, prrene, and 1,3,4,6-
tetraphcnylisobcnzofﬁraﬁ. They were not selected because they either
lacked sufficient ion-radical stabilities or produced too dim an
EGCL, or both. Besides offcring'the'oyerall best ion-radicai
stabilities, rqbrcnc also required the 16we5t botential span for
generation of its ions; also, iﬁs EGCL Qas'the.most intense. ‘

It has been rcported40 that rubrenc can be purified Bylvacuum
sublimation. When this_method‘wa;htried usingrrubrgnc from Aldrich
" (R-220-6), stratifiéation of the products was observed but the pro- .
cess was accompanied by considerable thcémal degradation of the
starting material. The strata were not pure because their melting
points had a range in excess of 50 C°. - ‘

A method reported for the purification of.anthracencgy was
then applied to thc purification of the rubrene. One gram of the
starting material was dissolved in ﬁolml of boiling xylene (Fisher, L :
X-5). The ‘resultant solution was then poured into twice its volume ‘
of cold (cé. 0 °C) methanol (Fisher, A-936). A red-orange gYeciniggg/ !

immediately feil out of the mixed solution. It was given one hour

to digest and then its mother liquor was decanted. The precipitate
was then re-dissolvéd in hot xylene and the solution again poured
into cold methanol. ‘Aftcr again giving the precipitate time.to be-
come digested, its mother liquor was décantcd and the residual ;ol-
vents allowed to evaporate. The dry prccibitate was then vacuum’
heated ét 140-160 °C for at least two hours and stored in a dark

: ' . . . 42°
desiccator. In order to avoid photo-oxidation of the rubrene -, the
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purificﬁtion was carried out in a dark room and nitrogen was contin-
uously passed‘over the soluéion containing the rubrene.

The original material began to melt at 255 °C and, on standing
at 300 °C, it decomposed. The purified rubrene had'a melting point
of 335?5-337.0 °C, and was therﬁally Stabrﬁ;, All of the extra fluor-

escence bands in the starting material were eliminated by this

purification procedure.

6.1.11 Sodium Chloride

The sodium chloride was ﬁurghased from Baker (Analyzed Reagent,

3624) and used without further pgrificétion.

6.1.12 ‘Sodium Perchlorate

This salt was acquired from Fisher (Purified, $-360). It was
recrystallized from a hot, saturated adueous solution once and then
allowed to dry by evaporation. The evaporation was accelerated by

allowing dry nitrogen to pass over the crystals.

6.1.13 lTetra—n-butylammonium Perchlorate (TBAP)

TBAP is the universal électrolyte material employed for work ﬁn
EGCL. Congequently, no other electrolyte material was éonside;ed.

It has been répqrtqd that TBAP can be purified by either
washing it with water until neutrality is reachedé3 or by recrystalle
iziné it from ethanolrwater44, followed by vacuum heating below
100 °C. In this work, it was found that 1 g of TBAP {from South-
western Analytical Chemicals)lcould be dissolved in 3 ml of

“boiling absolute ethanol. On cooling this solytion to 0 °C, over 80 %
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of the material was recoverable. Wﬁter was ;herefore elimingted.ffam
‘the'pﬁrif;cation'précedure. This-was extremely desirable because
water is very detrimental to the stability of the ion-radicalszsz

Two recrystallizétions from ethanol were normally employed in the’
purification of TBAP. While the TBAP was dissolved in the firstlbatch
of ethanol, some activated carbon was added to this solution to remove
the péle—yellow colour from it. The solution containing the'carbon

was separated from the carbon by filtering fhé hot solution.

The TBAP purified by the above method had a melting point of .

214.5-217.0 °C.

6.1.14 HWater

Since this worﬁ was carried §ut at Bell;Northern Researéh, their
”electronit’grade"‘watér was used. Its purification begins witﬁrthe
treatment of.the well water by means of sand and carbon filters.
After being sgftencd, it is égain filtered fhrough sand and carbon,
and a 2 micron Millipore filter. It is then passed through a reve;se
osmosis unit thch reh0;;;~30‘% of dissolved ions. From there, it

is pumped through separate cation- and then anion-exchange resin

beds, and then a mixed ion-exchange bed. Following this treatment,
it is irradiated with UV light and givén.a final filtering withlanother
2 micron Millipore filter.

The purified water had a conductivity of 18 Megohms.®

. :

Y
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6.2 Cleaning of Glassware

‘ Glasswarelthat had not been pfevioﬁsly used was. first scrubbed
withltleansing'powder, then rinsed thoroughly with watef and finally
vacuun dried. Gla#@waré that .had been used for aqueous solutions
was similarly cleaned.

The procedure. for cleaning glassware that had been used for
non-aqueous solutions coﬁsisted'of threc3rin$es with benzénc'to wash
away any flubrescor material and to dissolve thc'grease used to seal
the ground glass‘joints, followed by three rinses with methanol to
remove residuai electrolyte and benzene, Tﬁis glassware was then
cleaned with cleansing powder, .rinsed with water and vacuum heated

to dryness.

6.3 Preparation of Solutions

6.3.1 Aqueous Solutions

The solutes were weighed'direcfly into volumetric flasks and
the solutions were prepared by first dissolving the solutes with a
, smalg amount of added water and then filling the flask to the mark
'wifh more water. Nitrogen was immediately bubbled through the sold-
tions. After ca. 10 min.; nitrogen bubbling was terminéted and
the vblumetric flask was promptly stoppered. The stoppef was taped
to the flask using electrical tape.

| When part of an aqueous solution was transferred from its

volumetric flask to an electrochemic¢al cell for experimentation,

both ‘vessels had nitrogen bubbled through them for ca. 10 min.
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‘ before being stoppered. Any solotion'that had been transferred to

an electrochemdcal cell was used within flve-hours and then discarded.

6.3.2 Non—aqueous Solutions

Non-aqueous solutlons were. prepared 1n51de a nltrogen filled
dry box in which were stored the already purlfled solvents. The
solutes were weighed outside and transferred ditrectly into the voiu-
metric flask in which the solution would be prepared. The charged
volumetric flask was'then placed on a hot plafe %nside the ante-
chamber to the dry box. The antechamber was evacuated to ca.
1 mm Hg using a mechanical pump and with the vacuum continuoosly on,
the hot plate was heated to 140-160 °C. The vacuum line frOm the
pump to the antechamber had a U-bend in it whlch was placed 1n51de a
Dewar flask filled with llquld nitrogen. Afrer heating for two hours,
the hot plate was turned off and the pressure brought to 1 atmosphere
using ﬂitrogen. The contents of.;he antechamber were_then traﬁsferred
to within the dry oox. As soon as the volumetric flasks containing
the dried solutes had cooled to below ca. 50 °C, the solvent(s) were
added in parts first to dissolve tHe solutes and then to dilute the
solutlon to the marks on the flask. o

The solution in the flask was used to charge the cleaned
electrochemical cell previously}placed inside the dry box. Residual
solution was stored inside the dry box while the cell was stoppered
and Brought_out of the dry box for.experimentation.. The electro-

chemical cell was usually brought in with the volumetric flask con-

it
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taining the solutes of the test solution. 'Ohly certain parts of
the cells could be heated to bake off water adsorbed to the glass.’
Fortunately, it was possible to design all of the cells such that.

those parts which came in contact with the solution could be heéated.

6.4 Electrochemical Cells

6.4.1 Aqueous Solutions

The cell used for the aqueous electrochemical work is illustrated
in Fig. 6. JThé main body was constructed from a TS 55/50 Pyrék
,feméle jpint th;e the side compartment far the reference electrode
was made from a TS 24/4) Pyrex female joint. The two compaftﬁeh 5
were interconnected just above their bottoms with an 8 mm tube whic
" extended into the centre of the main compartment and terminated with \\\
a vertical Luggin tip. In Fig. é are also shown details of the two
typeé of working electrodes employea in this investigation. The
working electrode wés'placed ca. 1 mm above the Luggin tip. 'Gold.
and platinum were used as electrode materials; conseqﬁently, soft
"glass tubing had to be used to imbed the electrodes with a hermetic
seal. The éounter electrode consisteé of a 6 mm diameter platinum
helix ;ound centrally and extensively around the Luggin tip-working
electrode aiea. |

The cell was suspended ca. 1" from the bottom of a thermo-
stated water bath. The water bath was stood on top of a ﬁagnetic
stirrer wﬁich fotated a stirring bar in the electrolysis cell. The ..

liquid level of the water bath was kept jusf above the solution
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3

level in the cell.

6.4.2 Non-aqueous Solutions

‘The.cell for the non-aqueous electrochemical Qork had to be
hermetic over its operating temperaturé range, 0 to 50'°C. This was
accomplished with the design illustrated in Fig. 7. The iower section
was built from a TS 55/50 Pyrex male joint. It was designed to con-
tain 100 mi of solution below the side arm. The side arm was
stoppered with'a Rotaflo Pyrex—Téflon stopédck.. It was used in.out-
gagsing the solution because oxygen diffu;ed into the cell during |
prolonged experiments.

The cellltop was built from a TS 55/50 Pyrex female joint and
p:bvided with receptacles for all three electrodes. The counter and
reference eiecfrodes were fittéd into TS410/30 Pyrex female joints.
The male jointé of these two electrodes served as their feedthroughs.
The'platinum-to-Pyrex seals weré nét initially hermetic but were made
so by filling the glass cups ébove tﬁe seals with conductive silver
epoxy (Eﬁoxy Products Inc., EFéolder 3021). The wérking electrode
was positidned Enside the larger diameter tubing on the cell top and
'a seal was made by means of a Teflon union. Detaiis of the two types
of_working electrodes embloyed'with this cell are 'shown iﬁ‘Fig. 6.

All ground-glass joiﬁts were lubricated with'Corning high-vacuum
grease to make these joints vécuuﬁ tight. Since benzene dissolves
this grease,.it was importaﬁt to prevent the benzene fr;m coming in

contact with the grease.

-
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Fig. 7. Electrochemical cell for non-aqueous solutions,
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- The cell top had a Luggin tip attached to it fo providc a
compartment fof the reference electrode which was fqb}icated from a
silvér wire connected to a platinum wire just 5elow the-féedthrough '
~(Silver-to-Pyrex seals were found to be unrcliaﬁie and so platinum
was éﬁbstituted“ap the feedthrough.) The use of a silver wire in
a solutisn that nominally contains no silver ions has no apparent
- merit because the reference electrode cannot bp'as;ociatca with any
" definite thermodynamic equilibriém. Nevcrthélessu silver immersed
in conducting aprotic solutions behéves'wcll, giving a stable potén-
tial elettrodcds. It was necessary po'emplof the silver reference
electrode; i;.is convenient to make and'doeslnbt céntaminaté the.

test solution. If a conventional reference-electrode had been em-

ployed, such as the SCE, it would have required addition of aqueous

u i ', - ’ 0
KC1 to the solution, or an aqueous/non-aquecus junction. .

1,,‘*.‘
6.4.3 Electron Spin|Resonance (ESR)
. | : _
‘The cell was made of non-magnetic materials and was shaped like
a gun (Fig. 8). The "barrel” contained both clectrodes and fitted : _ '

inside the cavity of the ESR spectrometer. The tips pf the electrodes

were maintained ca. 4 cm apart. /This permitted the independent

observation of elther the anode or the cathode.
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Fig. 8. Electrolysis cell for ESR spelctroscppy.‘
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6.4.4 Spectral Measurements of EGCL

A cell with which the EGCL gpectra, with and without self-
absorpéion, coulﬁ be -measured was constructed;frgm a TS 24/40 Pyrex’
male and female joint (Fig. 9). When‘the a.c. potential was appliéd
‘across the platinum'wife.aﬁd helix‘electtodcs deep in the solution,h
the obsérved EGCL fadiation had to travel throﬁgh sufficient solution
that it would be self-absorbed. The two electrodes were purposely'
‘made greatly di%fereﬁt in area so that the EGCL would #e produced at
only oné eiectrode, the smallgr'one. When the EGCL was produced at
a strip of conductive transparent tin oxide on the window of the

. s
game céll, the_obserﬁéd emlssion was.mpstly unabsorbed, It is prac-
tically impqssiblé to obt;in completely unabsorbed EGCL spectra
"because the light producéd radiates in all directions. The light

which travels into the soluticn is abéorbed and then re-emitted in .

all directions. Thus, some absorbed EGCL will always be detected.’

6.4.5" Quantum Efficiency of EGCL

4

This cell (Fig. 10) was made from a TS 10/30 Pyrex joint.

The cell was filled to the dpper soft glass bracing. This bracing,
togeéher with the one at.the end of thé two electrodes, helq_the
electrodés rigidly in place ca. 1 mm ﬁpart and fixed their area ratio
“near.to‘unity. The yérking sections of the electrodes were located
such that when tﬁe cell‘was placed in the solar celi box,.the elec-
.'\QMOdes.were automatiéally situated in the centre of the box. With

the electrodes in this position, the solar cells collected ea. 5/6 of
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Fig. 9. Electrolysis cell for spectral measurements of EGCL.



55—

P

l /ﬂ_“_—‘
. .
) !
N\
T510/30
This Soft Glass Brace Assures
gt P Constant Electrode Areas snd
Ares Ratio= 1
D L : :
Ends of Electirodes Braced
With Bead of Soft Glass ,
T -t
’ { Soler Celt Box &
) : Fig. 10. Electrolysis cell ;o}\ quantum efficiency.
. ) A
measurcments of EGCL. " —
)
4
?




56

- of the total 1ight,cmittcd out of the electrolysis cell.
: : L

. 6,5 Instrumentation

; All of the clcctroéhémical measurements were made with' a Prince-
ron Apﬁ}icd ReScarch PAR 170 Electrocﬂcmistry System. The X-Y
redprder of the PAR 170 was used to record stow traces (below 500 mV
sec ) while a Tektronix 564 Storage Oscilloscogzxﬁas uséd for faster
traces. The display on the oscillescope was phongraphcd with a
Tektronix C-12 camera on Polaroid type 107 film; ~ -

The fluofcsccnéé spectra were recorded with a Farrand Mk 1

spcctrofluorimétgr provided with a 1P28 photomultiplier.

A Cary 14 spectrophotometer was used to record the absorption

v ospectra, -
The EGCL spectra werc measured with a Spex 1702 monochrometer
fitted with an RCA 7326 photomultiplier. .

Vapour-phase chromatégraphy was performed with a Hewlett-

Packard HP 5754B Rescarch Gas Chromatograph. A thermal conductivity
detector was uscd.:o'sensc the non-ﬁombustiblc components and a flame-
ionization detector was used to sense the éombustiblc components.
The.ESR spectra were taken with a Varian E-line instrument at
the National Research Council of Canada.
Solutions were prepared in a Vacuum/Atmosphere Corp. Mode] HE-453-0
Ori-Lab or equivaicnt.filled with nitrogcn‘and fitted with a Pana-

metrics Model 1000 hygrometer. Whenever the moisture in the dry box

rose above 1 ppm, the dry box was flushed with fresh nitrogen.

~
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7. RESULTS AND DISCUSSION

1

The main éolﬁents emplofcd in this investigation of rubrene EGCL .
were DMF and an equivolume'benzene-DMF ﬁixture. They were selected
becauée they have necarly the same viscosities, their bulk_dielectric
constants are very‘different and because.of the hcteropoldr nature.

.

"of the mixed solvent.

7.1 Rufirene Ion-Radical Stability

7.1.1 Cyclic Voltammetry | ﬁ\J'

Fig. 11 illustrates the reproducible form of a rvpctitivc cyelic
voltammogram of the oxidation and reduction of rubrenec in 0.100 M
TBAP in DMF established after a few cycles at 500 mV sec”!. Inspection
of this voltammogram indicates.that both the cation- and anion-
radicals of rubrene resulting from electrolysis are stable at 500 mV
sec'l since the*e@égugate pairs of anodic-cathodic current-voltage
profiles are nearly identical. :

A detailed study of the stability of the ion—radicals of rubrene
in both solvents was made ﬁsing cyclic voltammetry. It consisted of
measuring the peak forward current, under linear diffusion coﬁtrol,
of the first cycle of volfammoéfamsrféf both the éxidation and
reduction over a wide range of scan rates aﬁd.at Selccted temperatures.
A shielded platinum disc electrode was used to provide linear diffu-
siq%,tontrol. The Tesults for DMF sdlutioﬁs ére shqwn in Fig. 12

- Y

while those for benzene-DMF are shown in Fig. 13. The data are pre-

L . } 1/2
sented as plots of ip f/81/2 vs log S. Theory predicts that 1p f/S /
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is constant for a stable system but increases in magnitude with

.
rd

increasing ion-radical instability as the scan rate decreases. 'The

reductioq of rubrene in both solutions e%hibits c:otlstantip’f/slf2 dowﬁ
to S =0.1mV sec-l.' At this low scan rate, the lon-radicals were
geﬁerated for an average of ca. half aﬁ hour: (The scan of potential was
made‘to g0 ca. 100 .mV past the peak potential and.was then reversed,)

: /2 : . . '
In these plots, 1p f/S /2 increases with increasing temperature

because ip is directly proportional to the square root of the diffu-

-sion coefficient of the electro-active species. The diffusion co-

efficlent 1s inversely proportional to the solution viscosity which,

of course, decreases with increasing températurch
Figs. 12 and 13 indicate that the oxidized form of rubrene is

unstable relative to a time scale of 10 sec Vﬁl in the potential

»
.

scan, via. for ess than 100 mV sec-l, at 25 °C. By reducing the

o

temperature to O

’

time scale of 100 sec V-l. The temperature cocfficient of the

, the rubrene cation-radical is stable down to a

cation-radical instabiljty is too great to correspond to a diffusion-

. ) (
controlled reaction protess. A chemical side reaction with the

solvent was fher~ ore suspected. A conducting DMF solution without
fluorescor was prefared, and its anodic background current profiie
examined. The solutiom exhibited a Faradaic current component

corresponding to an oxidgtion at a poténtial almost overlapping that

for rubrene itself. The yariation of the current of this background

Faradaic process with scan rate is also shown in Fig. 12. The back-

ground process was less pr nounced in conducting benzene-DMF solution.

PR
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Therefore, the clccfroqctivo impurity was pré§umed to have originated
from the DMEF despite the fact that it had been purified. The presence
of this impurity does not affect the cyclic voltammetric results at
moderate or higﬁcr scan rates since its_diffusion cffgcts are then
rendered relatively negligible, .
The valucs‘of 1 ,f/ip,r ut.various scun.ratbs for the rcduct}on

" of rubrene in the two main solvents are given in Table 2. ‘These data
imbly that the rubrene énion—radical is completely stable in thesc
solutions. The éduivaleﬁt data for the oxidation of tubrene is not

given because the irreversible background process discussed above

would give misleading results,

| _ TABLE 2 | 7
Constancy of 1 f/ip r with S for the Reduction of 1 mM Rubrenc in-

3

0.100 M TBAP Solutions-at 25 °C

g lp,f/lp,? .
mV sec_1 DME cquivolume benzenc-DMF
1 0.98 1.00
2 0.97 1.00
5 0.96 1.02
10 1.00 1.00
20 0.97 1.02
50 (.99 1.00 : ‘
100 1.00 1.00 3
200 0.99 1.00

Table 3 shows data of the difference between the forward and
reverse peak potentials for the reduction of rubrene and re-oxidation
of .its anion-radical in 0.100 M TBAP solutions. The separations

_épproach the expected theoretical value at 25 °C (58 mV) with
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dccreasing séan rate. These dat# were taken from cyciic foltammograms
thét wére‘rccorded without iR compensation. Therefore, it should

be expected that ‘the separation would iﬁcfease with increasing scan
"rate because the current'increases prﬁportionally to 31/2 for the
liﬁear ﬂiffusion‘controllcd process, so that iR cffecté wiil tend to

increase the separation with increasing scan'rate._

TABLE 3

Variation in (E -Ep r)‘with S for the Reduction of | mM Rubrene in

p.f . .
0.100 M TBAP Solutions at 25 °C

. (Ep,f—Ep,rJ

mv sec t DMF equivolume benzene-DMF
1 62 60
2 - 65 70
5 75 70
1 72 80 .

20 80 90
50 - %0 - 100
100 100 120

200 - 115 - 150

All oflthe results from tﬁe precediﬁg cyclic voltammetric data
-indifate clearly that both the reéuction and oxidation of rubrene in
0.100 M TBAP solutions in either DMF or equivolume benzene-DMF
yiéld.ibn—radicals which are practically stable within time scalées
corresponding to scan rates greater than 100 ﬁy sec-l at room temp-

erature.
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7.1.2 Chronoampercmetry

The potential on a shielded pldtinum disc electrode immersed in
a solution of rubrene in TBAP-DMF was taken in a step to, and main-
tained constant at, eca. 200 mV beyond the reduction potential of '
rubrene and the current was recorded vs time for 750 sec. A plot of
172 ) .. 1/2 ' :
it va t was then made (Fig. 14) and the product it was found

to be constant with time. This indicates that the anion-radicals

did not, engage in follow;up rcactiozé'ﬁgﬂzﬁis would have produced a

{tive deviation (i.e. a current larger than expected) in the plot.
It is assﬁmbd that linear.diffusioﬁ was maintained-ht the electrode.
Unless it were argued that the type of diffusion which prevailed at
the elcctrode,.by chance, comﬁletely compensated the effect of sec-
ondary reactions, then the electrode must, in fact, have maihtained
linear diffusion duriné this relatively long period of time,
Recording of a chronoamperograﬁ of the oxidation of rubreﬁQ\¥a§
not attempted because the oxidizable impurity in the DMF, referred

to previously, would have contributed a current corresponding to an

unstable species.

7.1.3. Electrogenerated Chemiluminescence

A solutlon compesed of 1 mM rubrenc -'in g, 100 M '1“13:"\1’ in ]’V)MF_w."_L‘s
continuously electrolyzed at room temperature at a platinum electrode
with a ramp potential which scanned to 100 mV be;ond the oxidation
and reductiéé;ggfcntials at 500 mV secdl. The eiectrolysis was con-’

tinued for 210 hours. A pulse of dim orange light was obtained at
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O
O o O O )
0 200 400 600 800 1000
Tima, Seconds
. N VA .
Fig. 14, Constancy in it™"." with t for the reduction of

rubrene at a shielded platinum disc electrode in

a ﬁMF solutipn.
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k]

- .
each potenttal limit for oxidation and reduction during the whole

‘experiment. The peak current remained Qirtually unchanged throughout
the experiment (Fig. 15). This .experiment therefdre.clearly‘demonQ ,
- strated the Eomplete stability of rubrene EGCL, even when'generatcd

- with a ramp potential corresponding to a time scale as long as

2 sec V1 (= 500 mV séc_l)'in the periodic oxidatioﬁ ;nd reduction
of rubréne. No significant consumption of rubrene.occurred (as shown

by the resualts in Fig. 15), nor were side reactions significant.

7.1.4 Electron Spin Resonance (ESR)

5

This aspect of the work consisted of producing rubrene ion-

22

radicals in an ESR cavity and monitoring the strength of the observed
signql. The'ion-rndicals Qerg generated with a constant d.c. voltage.
The soluﬁion surrounding the cathode turned deep gréen while_thaf
around the anode turned colourless. A good ESR spcctruﬁ céuld be
- generated from the anion-radicals in both DMF and equivolume benzene-
DMF solutions but the cation-radicals did not generate én ESR gignal
in either solution.: This is presumably due to the well-known greater
stability of the anion- than the cation-radicals. The ESR spectrum
of the rubrene anion-radical in DMF solution Qas qualitatively -
‘identicdl to the corresponding spectrum in‘oq;ivolume benzene-DME
solution -(Fig. 161.
With the anode re@n in the ESR cav_ity, the ;ioltage waé dis-

connected from the cell after a strong ESR signal had been developed

and the spectrum was repeatedly scanned. The ESR signal from the

— =
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Fig. 15. Constancy in the electrolysis current with timé on

repeated electrolysis of rubrene in a DMF solution.
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anion-radicals in both DMF and benzene-DMF decrhﬁsed slightlyﬁdurlng
the filrst hour. The-cells were removed from ﬁhe cavit} gnd allowed
to stand disconnéé;ed from éhe‘véltage. 1t took six hours fog the
Ereen colour a;ouhd the anode of a rubrcne-TBAP—beﬁzene—DMF golution
to fadg away completely. Assuming thqt_thé green colour was from
the union—radicals of the rubrene, then from these fesults, it may
be estimated that thu.half~lLfe-of the fubrene union;radical in
TBAP-beénzene-DMF at room.tcmperafure, ea. 25 °C, is a few hours.
The anion-radicals were sliﬁhtly less ﬁtthlu in TBAP-DME solutioh..
\ o :

The ISR spectrum of the rubrene aniotwgadical has been reported

o . L 46
and discussed qualitatively elsewhere . by Wheeler and Bard.

7.2 Reaction Kinetigs -

7.2.1 Diffusion Coefficicnts - ' J
-

e C . . . S S e
the axidation and reduction of rubrene 1s 4 d1f1u510n—contrn}ied .

process under the conditions employed in the present work on LGCL.
Hience, first, the diffusion cocfficients were determined from chrono-
amperograms of the electro-active species at an electrode gt known

arca, The electrode urbn was determined from the chronoampercgram of

a system of known -diffufion coefficient. The oxidation of 4 mM pot-

assium ferrocyanide in 1.00 M aqueous'l’((ﬁl at 25 °C with +0.400 V s . - "

SCE was used as the reference system. [ts diffusion coefficient is
-6 2 -1 4 -~ . sl

0.32xy0  cm¥ sec  at 25 . The electrode potential was rested -

: - . - ".".-...

ca. 200 mV past the peak pogential of the test system and Ehc E T

current recorded for the ]irst 30 or more seconds. . A plot of 1t
i} ’ - , .
] . .

“ -t . . 3 '
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¢

ve t was made and the diffusion coefficient calculated from the

1/2

extrapolated value of (it using Equation 14.

1/2

_ )t;O ‘
Fig. 17 illustrates a family of it vs t curves for the oxid-
ation of 4.00 mM potassium ferrocyanide in 1.00 M aqueous NaClO4 at

1/2 va- t plot for the reference system

selected tcmperature4;\ The it
at the same electrode is'also included in this Figure. All of the /)

diffusion data are summarized in Table 4.
4

. — " TABLE & —
' ﬂf?;? Diffusion Coefficients at Sclected Temperatures
l),I/2 .
1 1/2
(cm2 5¢C ¥ xlO3
Compound ~ Solvent © 0°c 10°c 25°'C 35°C s0°C
Rubrene OM%OO M TBAP in 1,72 1.92 2,19 2.40 2.79
: DMF :
- ! :
Rubrene 0.100 M TBAP in 1.88  2.05 2.28 2.47 .73 ]
cquivetlume ' /
) berzene-bDMF M\\\//
ol Potassum 7_1;00 M aqueous ©1.76  2.06 2.51%  2.79 R 3.22 -
.LT?Tc;rocyanlde KCl ‘ . - o
Potassium 1.00 M aqueous & 1,55 1.84 . 2.25 2.57 7 *3.09
ferrocyanide NaCl - { :

Potassium 1.00 M aqueous 1.67 1.93  2.32 2.73 309
/ ferrocyanide NaCl0, i

S

! The above data are the average of several determinations made \
1/2

-

" "with different solutions and electrodes. Thé reproducibility of D

- . . . - ~
»  was better than 3 %. The entries in Table 4 have not been corrected
for the temperature dcpehdenéc of the concentration. (Thé volume of

the solution varies with temperature by a rélﬁtively‘negligible amount.)
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A 4,00 mM Ferrocyanida in 1.00 M Aquooui KCI

o 4.00 mM Farrocyanide in 1.00 M Aqueous NaClO4

o A c
‘ A A °25 O
O = o '
O © . ‘
-
. L -]
: 10 °C A
: 0 o
o0
j o°c
- e ©
— . ‘r_— L ~; __Ori
\/
/
| ] l ! | l
2 a . 6 B 10 12 14
et ) . Tima, Scconds )
. . . 1/2 .
Fig. 17. family of it vs t plots used to determine the
d#Bfusion coefficients of potassium ferrocyanide in
jueous NaClO4 solutions,
i .

’
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 The viscosity of each solution at 25 °C was measured using an
Ostwald viscometer previously ‘calibrated with water. The results -_(/)

are cntered in Table 5 together with the corresponding diffusion

coefficients.
-
. TABLE 5
Viscosity and Diffusion Data at 25 °C
n Dx10° Dn
- : 2 - 2 -1
Compound Solvent cp ¢mosec Cm~ sec  cp
/ Rubrene 0.100 M TBAP . 0.89 4.8 4.27
: ' in DMF . ‘
Rubrene 0.100 M TBAP  0.81 5.2 4.21 :
in cquiv%],u-nﬁ '
. benzene=DMF .
Potassium 1.00 M aqueous 0.904 6.32 5.71
ferrocyanide KC1: _
Potassium 1.00 M aqueous 0.564 5.1 4,92
ferrocyanide  NaCl _
Potassium 1.00 M aqueous 0,944 5.9 5.57
ferrocyanide  NaClO4 . / )

4

It is to be noted that the values of the product Dn are essentially

constant for rubrene in the two solutions, a Tesult consistent with

the Stokes-Einstein equationzo. The ¥n values for the potassium o

ferrocyanide are, however, different .because of differences in sol-

vation. For example, the fcrrocyanide arises from dissolved potassium

fTTrocyanidc. In KCl solution, the ferrocyanide will be associated .L
with potassium jons. However, in NaCl solution, there is such a

large amount of Na' ions present .compared with K ions (1000:4), that r

' |

!

r



- the forrocyanide'will tend to be associated-most'likély-with Na® .
ions. The Na® ion has a radius smaller than that of K. Consequently,
not only will Na' ‘be bound morc"stx"ongly with the f?e(cm)é“1 than k¥,
but Na© is also moré strongly solvated by water. Thus,rit can be
the greater golvation by water of the Na* ions a;sociatcd with thé
ferrocyanide fhat may account for the reduction_of the rate of diffu-

sion of the ferrocyanide. L.

7.2.2 The Ferro-Ferricyanide Model System

The. ferro-ferricyanide redox reaction in aqueous KC1 was used as
the model process, for testing the validity of the small-amplitude
a.c. pglarographic method for determining heterogeneous clectron
transfér rate constants. Tanaka.and'Tamamushidicwave madc.a tabula-
tion of regérted heterogeneoﬁs’rate coA:;aﬁEs. Studies of the ferro-

ferricyanide system at platinum in 1 M aqueous KCl at 20-25 °C have

been frequently made in previous work. The reported apparent rate

constants for this redox couple have rangcd from 0.052 to 0.090 <m
séc—l_with an energy of activation of ca. 4 Kcal mole™ !

After having established (see below) the applicability 6f the
small-amplitude a.c. method, the invgstiéation of the model process
was -extended to evalﬁating the kinetics of this couple at ggé?
electrodes in the same KGl solution and then in aqueous NaCl and

\J1?C104 at both platinum and gold electrodes. A study of the kinetics

at’ two g%tctrode matJrials was made in order to cxamine the effect’

of work function on the energy of activation and=tf“ayaluate double™ .
o ]

ot
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‘laycr effects on thg magnitude of the ratc'cbnstants. The electra-
lyte was changed frqm KC1 to NaCl in order to indicate 1f there” was
any cffcct of ion-ppiring on the rates and acttvatlon energy of. the
rcaction. APxnall , since the chloride ion is morclstrongly adsorbed
on platinum than pn gold, while the perchlorate is not strongly
adsorbed on citMer, the change in eiectrol;te from NaCl to NaClO4
enabicd the effept of adsorbed anions on thc'ratc and encrgy of act-
ivation-of the rdaction to be ‘evaluated. | . |
Using Equation; 15 and 16, and the reported values of the ra£e
‘ . X .
constant for the ferro-ferricyanide rcdox couplc, thc phase angle at
wh1ch the Farad11c current would be maximum was calculatcd The

l

ot -1 . X
a phase angle of 35° and a scan rate of 20 mV sec  for the oxidation

maxima varied around 35° in the frequcncy range 20 to 100 Hz Using

of ferrocyanide in 1 M aqueous KCl at 25 °C, preliminary results at

piatinum were obtained. Thc amplitude of the a.c. voltage super-

-

imposed upon the 1 Jmp potcntlal was L0 mV peak-to- peak,7 The working /

clectrodc was spherical in shape and a threc elcé%rode electrochemical,
cell® for aqueous solutions was cmployed. b — ‘
The preliminary experiments with the model system gave lincar plots

. 2 .
p ac/ 1/2 vB wl/". However, the points were scattered and the

_reproducibility was poor Therefore, the effect of electrode prc—
conditioning on the measured rate constant was examlned For this
purpose, the followlng procedurcs were tried:

-a) using the electrode to evolve chlorine from aqueous KC1

IR
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b) -using thc‘clecFrode to evolve hydrogcn from ‘aqueous KCl1

c) immérsing the electrode in hot sulphuric acid; and

d) heating the lelectrode-white hot in the outer part of a

_propane-oxygen flame,
Thq results_ogfainedJ'some of which-arc illustrated in Fig. 18;
clearly demonstrate the importance of electrode prc-conditioning.
The Pt ‘pre-conditioned by chlorine evolution yielded repfoduciblc
resu1t§ which were in ihc rangé of the literature values, provided
the electrode potcntidl was kept above +0.05 V vs SCE. If Lhé
.electfodc was rcstedlat a potential lower than +0.05 V vs SCE, its
behaviour became increasingly irreproducible.

'The results given in"Fig. 18 for hydfogcn pre-tréatmentlwcre
obtained soon after.the conditioning. . On standing, %uch electrodes
gave continuously éecrcésing rate constants. The initial'Qaluc ?f
the rate constant was c&. 0.2 ¢cm sec__I bﬁt'this decreased with time

’ -1 .
to as low as 0.04 cm sec ~, The acid -pre-treatment, method (c)

above, did not stabilize the behaviour of the clectrode during a.c.

experiments. Heated electrodes gave results similar to those obtained

’
A

with the chlotrine-treated clectrodes.

It was reported earlier that the rate,cbnstant of th¢ model

’

system, when studied at Pt pre-conditioned by chloriné cvoldgion,
was dependént on the rest potential of the potential scan for ferro-

cyanide oxidation. The resi.pog;ntial had to be +0.05 V vs SCE or
less ; otherwise, it would be great enough fo cahise oxidation of the
L » : C L

. ferrocyanide. With a rest potential of +0.05V vg SCE prior.to
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- © pra-Conditioned by Evolving Hydrogen

A Pre-Conditionsd by Evolving Chloring

Y

Fig.

18. Effect of platinum electrode pre-conditioning on the small-"
amplitude a.c. cugrent of the'fcfro-ferricyanidé redox couple

in an aqueous KCl -solution.
. .

[

<




-77-

the commenccﬁeqt\pf the potential sean,'thc rate constants.agreed
with:publishqd values but at smaller‘(lcss positive) rest potentials,
_thc,rate‘constants were rclatively smaller and more irreproducible.
Thg behaviour could be cxpiained by the ionization of hydrogcn at
the lower rest potcntialsds. If this were indécd.thc case, then the
association of the proton(s).wiﬁh the ferrocyanide ilon near the clectrode
surfacé resulted in a decreasc in the fatc constant of the eclectrolysis
of thc.ferrocyanide'ion,‘

Platinum pfe-conditioncd by hydrogcn:evofution exhibited a larger

extrapolated value of (1 /mllz)

> i
p,ac =0 than Pt pre-conditioned by

chlorine evolution (Fig. 18); It is likely-thht the latter method
for pre-conditioning the electrode caused chloride to be adsorbed by
\‘\h- . . . . ' . ’ . . .
ﬂhﬁ}ﬂntlnum. The adsorbed chloride can not only block the oxidation
of the ferrocyanide but may also decrecase the electron density on
the metal surfacedg. Each of thesc adsorption effects tends to reduce
. the current for the oxidation of the ferfocyanidé. Thus, this pro-
1/2

vides some account of the smaller (i_* /w ™"} _
: p,ac w=0

exhibited by Pt
'clqctrodcs pre-conditioned by chlorine evolution. |
It should bp noted in Fig. 18 that the frequency of the a.c.

voltage was limited to 20-100 Hz. At lower frequencies, the diffusion-

layer thickness could ha crbecome‘signifiéant relative to the curvature

of the electrode surfagé. - If this occurred, non-linear diffusion -

would prevail and Equation 18, which is based on a process controlled

by linear diffusion, could no longer be used to calculate the rate

~_
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1

conspant.. The freduency was kept bclow.IOO Hz to maintain the
capacitive current relatively small (the capacitivc currenf is
directly proportioﬁal t6 the frequency,whilé the Faradaic current
is directly proportional to w1/2) dnd to_avoid cxccéding the RC
conétant of the cell.

The PAR 170 has both a.c. and d.é. iR compensation cabability.
Howcvér; i£ can'only perform one of the other functien at a given
time, Consequently, since a.c. compensation wa& more important, the
uncompensated d.c. resistahce accounted for mhe.dccreasc of the
measured a.c. current with iﬁcreasing scan raté (Fig.‘19). Fortunqtcly,
this problem was not important if the scan rate was kept below 50 mV
sec . Below 50 mV scc-l, the a.c, current was indcﬁcndent of scan,
rate in accqrgancc with theofy.

Aithqugh iR cqmpeqéation of the a.c. signdl was employed, the
iR compensation in the cénccntratcdlsolutiohs of strbng elecfrolthS'
used here rcsultéd in only a small increasc'ih the measured current.
This suggested that in the aqueoug solutions employed, the electro-
lytic resistance between the.reference and working clectrodes was

) ' L)
quite small. - ‘ !

Bylthis time, Sufficient'éxpericnce had been acquired Qith
the a.c. technique fp} rcliable experiments go be performed. ’ﬂgl*_,;——\
electrodes &botﬁ platinum and gold) wcré conditioned prior to cach
experlment by heating them white hot in a propane- oxygen flamc “In
order to av01d the possible problems discussed earlier when fc;fo—

cyanldc solutions were cmployed (the initial ramp. potential could
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cause ionization of hydrogen), fcrripyanidc solutions were cmployed.

The ramp potential was. varied from‘+0:6QO to +0.050 V vs SCE.at a

rate of 20 ﬁv scc-l. “The ac. yoltage superimposed on the rémp
potential was 10 mV pcqy7to¥pegk. IR compensation was employed and

the current was recorded at 35° out 6£ phase with the a.c. voitugc.

The clectrode was Tested at the initial potential for a fc; minu;es.
pfio% to-each ferricyanide reduction rué. The cell was immersed in

a fhermostatéd water bath which was regulated to :%QZ c*® énd the
solution in the téll-sfirred for eca. half an hour to cnsure-that it

was at the ;ame tcmperature.és the water bath. The order of frequcncies'

studied in each experiment was 100, 20, 80, 40 and 60 Hz while the
\ N .
temperature order was 25, 0, 10, 35,-a?d 50 °C, These og?crs ensured

3 ) . !
- randomization of any systematic effects. .

U.Jl/z v (131/2

A family of i / plots at the selected temperatures

. 5
p,ac

is shown in Fig. 20. It is to be noted how well the points fall in

9

line and how properly spaced the lines are (the extrapolated values

of (ip ac/w”z) are directly proportional to D1/2). The? slope
¥ w:o

~of each line was calculated using linear regression analysis and -/

‘ _ /2 : ) ,
was equal tg K(D/Z)l/ /25: The diffusion coefficients are known,

Thus, once .the slopes were evaluated, calculation of the rate constants

was rudimentary. With this a.c. method for measuring the rate constqnfs,

the measured rate is the apparent rate constant at the half-wave
e~ . , L 15
potentials. The results were not corrected for double-layer effects

which*are only important in'dilufb electrolyte solutiens.
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w K’ "“-K
‘Fig. 20. A family af ip m:/wlf2 ve wllz'plots used to determine t
‘ . . .

. -t
heterogeneous rate c0nstant§50f the ferro-ferricyanidg

reaction at a platinum electrode in an aqueous NaC

/_ S
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The ferrocyanide ion normally has aysmaller diffusion coefficient

-

. than the ferricyanide ion in the same medium and at the same, temperature

because of differences in solvation shells. For example, in 1 M KC1
. ) <

at ‘25 °Cii:he diffusion coefficient of 4.0 mM ferrocyanide is 6.32x10-6

cem® sec TTwhile for 4.0 mM ferricyanide it 1520 F¥.

5 ' - 2
7.63x10 6 cm sec

Conséqucntly, the diffusion coefficient employed in calculating rate

constants was the average of the two sbccies, e.g. (6.32+7.63)x10"6/2

6 cm2 sec-lrin 1M KC1 at 25 °C. Note that the average value

of the diffusion cocfficient is, in this case, 6.98/6.32 = 1.10.that

= 6.98x10

> "

of the ferrocyanide. rgniy the diffusion cocfficients of the ferro-
] v )
cyanide ion were measured and it was assumed that the *average values

+

of the diffusion coefficients were always 1.10 that of the ferrocyanide |
ion in the same solution. Do

'The rate constants for'egch system were measured at five wgll—
spaced temperatures and ;rrhcniﬁs plots were %adc from-whicb-eneréieg
. . ' ‘ ¥ .
.+ of activation could be cal;ulatéd. Aglin, linear regression analysis
: . . . X . N
Faé used to calpulhte'tﬁg slopes of the ArrhéniuS'ﬁlo£§ which are:

r
.

: o : . _
{ sﬁawn fn Figs. ‘21, 22 and 23. The values of these¢ slopes are given

in Table 6. ' R .

~ - . . LT
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Fig. 21. Arthenius plots of the ferro-ferricyanide redox rTeaction

in an aqueous KCl solution. Lo~ " !
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Fig. 22. Arfhenius plots of the ferro-ferricyanide redox reaction

. -
in an aqueous NaCl solution. -
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. Fig. 23. Arrhenius plots of the ferro~ferricyanide redox reaction

in an aqueous NaC10, solution.
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TABLE 6 E
Energles of Activation of the Ferro- -Ferricyanide Redox Couple at
Platinum and Gold Electrodes in Aqueous KCI, NaCl and NaC1i§:)

4

Electroactive species: 4.00 mM potassium ferricyanide

Solutions
' * —
AE C ' .

v-? .

Kcal mole
Solvent ‘ Platinum @' Gold _
1.00 M-aqueous KC1 3.49 2.79
1.00 M aqueous NaCl : 3.85 . - 3.21 .
1.00 M aqueous NaCl0 4.39 4.24 .

2

The uncertainty in each measured energy of activation is ca.
0.2 Kcal mole L. .Thus, a difference of more than 0.4 Kcal mole ™}

between a pair of results is significant

v,

A
The magnltudes of the rate constants and energles of activation

‘for the ferro- ferrlcyanlde couple at platinum in 1.00 M aqueous KCl
agree very well w1th the pub11;hed values47: Therefore, ;he small
amplitude a.cﬂ method for measuring heterogeneous rate constants of
fast processes may b; accepfed as a reliable procedure suitaﬁle for.
use with the rubrene system. In fact, this method offe?s better
precision Fhan other ﬁéthods.

Several important conclusions can usefully be drawn from the

data in Table 6:




‘ion-pair formation. This is-illustrated By comparison of the i'
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The energy of .activation increases with increasing tendency for
B & .

data for KCl with that for NaCl. . The Na* ions form stronger
jon-pairs with-ferro-ferricyanide ions than do X" ions.

The energy of actlvatien increases with adsorption of C1 . At
gold, consistently smaller ene:gies of activation are exhibited
in chloride solutions, while in perchlorate solition, the same

energy of activation is found at gold as at platinum. This is -

because the chloride ion is adsorbed by ﬁlatinum while neither

" electrode material adyorbs perchlorate ions appxeciably. This

_influence of Cl~ adforption may originate from a bridging effect

in electron-transfer similar to that kmown in homogeneaus

' : 50 ' .
electron-transfer processes .
. -r

The double-layer effect increases the energy of activation with
increasing radius of the supporting electrolyte anion. In

changing the electrolyte anion from chloride to perchlofate,

. ¥
both electrode materials exhibited an increase in the energy of

i 4

v

activation for ferro-ferric¢yanide electron-transfer.

There is no work-function effect on the energy of act{¥1@ion.

% - :
A

In aquéoﬁé NaC104, both electrodes gave the same energy of

‘acFivation. Neither electrode material adsorbs any spe¢ies

‘-
+

from this solution. -



7.2.3 The RubrenS”System . ' -

P

. -

It has’ been shown above how the reliability of the small:hmp11-
tude a.c. polarographic method for study1ng the kinetics of -

" N r : - - ) 1] * ) - - . 4 ’
heterogeneous electron-transfer reactions was verified by using it

to study a known system, the ferro—fefricyanide redox couple. In
: . -]

applying the same technique to the rubrene system, an important
.

dlfference between the two systems should be noted. The work .on the

‘.

ferro- ferrlcyanlde redox couple was performed in aqueous solutlons

containing 1 M concentration of a strong electrolyte while work on

-

the rubrene system was: carried out in aprotic solutions containing

"only 0.1 M TBAP supporting electrolyte. The TBAP concentration was

limited by the low solubility of this salt in the aprotic solvents
employed.

The specific conductance of one of the aqueous solutions

11 -1 -1

studie&, 1.00 M KC1 in hater,'is 0.112 ohm ~ cm = at 25 °C while
‘ . . - .
for one gi/fﬁe aprotic solutions, 0.100 M TBAP in equivolume benzene-
. f .
1 -1

- DMF, it is 0.00234 ohm =~ cm = at 25 °C. The Aorductance of the

aprotic solution was measured with an a.c. impedance bridge at 50 mV

rms. The £ell constant of the conductivity cell was determined

using a 0. 00 M KC1 solution -in water at 25 °C and the known11

’

specific conductance of the KC1 solutlon.‘ It is seen that the test

solution is almost 50 pimes more resistive than the—sﬁi;tion.for the

¥

model system. Uncompensated cell resistance effects wil tend to

decrease the measufga\éate constants. It was thereforeln%cégsary to
\ r

" estimate the effect of the greater cell resistance on the fesults for

RN
Tubrene.. Ct ' N )

1
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The importanceﬂof qmplqying‘iR cohpens#ted a.c. in non-ﬁqueousJ
solutions is clearly evident from Fig; 24.° In this cése, fhg'measured
aéparent ra;e constant is ﬁlmost doubled bi the iR compensatiqn
(the rate constant, is invgrscly proportional to the sloﬁe of this

plot). The electrolytic resistance between the Luégin tip and working

electrode.can be estimated from an equation developed by Ngmecs1 for
. : - )
~this purpose, i.e. ’

1 1 | o | :
R—4an(1 m) _ i (20} .
where r is.the'radius_of the electrode, K is the specific éqnductance
" of the solution, and d is the distance between the Luggin fip and
working‘electrode.' The'splution'used to obtain the data in Fig. 24
had a specific conductance of 0.00391 ohm_llcm'1 (at 25 °C); the

radius of the working electrode was 0.05 cm and it was positioned ca.

R . o
0.1 c¢m from the Luggin tip. Therefore,

. 1 (1___1__)
© 4w (0.1)(0.80391) 0.1/0.05 | \

102 ohms

i

;
©, Assuming 95 % iR comPens;tiahgz, the residual; uncompensated zesist-
" ance for the ”iR'coqpbnsatedf'plot in Fig. 24 was ca. 5 oﬁms.' |
From the slope of the iR cogpensated plot in Fié. 24, a rate
'Eopstént of ca. 0.1 cnm sec™! is obﬁainéd. Using this measured rate
constant and Equafioq 15, it is now possible to calcﬁla;e the Fara-

daic resistance R, of this system. The R

F
\ e

e

F will be palculated for




e

. % %
ipadw ks

1.2

O ~ With IR Compansation
I ' A\ Without iR Compansation

L ——

24, Importance of fl_fi"c'ompensa'ted a.c. voltage in the small-amplitude

‘ r) . .
a.ct polarog;aphic determination of the heterogeneous rate

o . < .
const “of rubrene in aprotic (DMF) solutions.

»




.91~
w = 628.radians :;ec:-f1 (100 Hz). .
' : | . 1/2
R = (8.31)(298) . 2 + 1.
F 2 ) : 6 . o1
{1)“ (96500) “(0.001) (0.1) A\ (628) (4.8x10 )

95 ohms

If k is very large, then 1/k = 0 and R, = 68 ohms. Therefore, the

resistance which caused ip

wl/z,is {95-68) = 27 ohms. Of these 27 ohms, $ can be attributed. to

,ac7m1/2 to decrease linearly with increasing
residual, uncompensated resistance, Thus, the rate constant only
adds (27-5) = 22 ohms to £hd apparent Faradaic resistance. This
corrésp to a rate constant of eq. 0.12 cm seé_l. Appafcntly.
althoﬂgh iR compensation was gﬁploxed, the measured rate constants were
stiil ca. 20 % less than the actual values dué to residual; uncompeﬁ;
sated resigtahcc effeg£§. |

The feedback circuit which provided the:iR compensation probably .
becomes unstable below a certain minimum résistance. Conseduently, 
the residual, uncompensated fesistance probably remained constant

regardless of the amount of compensation, Experimentally, the rate

w

" constant increased with temperature so that its "resistance' decreased

with temperature, With a constant, residual uncompensated resistance
the measured (épparent) rate constants Aence had a smaller‘apparent_

temperature, coefficient than the actual rate.constants. Thus, the .
: S s
measured rate constants will all be low, typically 20 % less than the true

3

'™ -.
\ .

N



" oxidation of rubrenc at a Pt clestrode in a TBAP-DMF solution. This

plot indicates that i

values, while the energies of activation are low, - ca. 120 %.' &

of the actual values. It should be noted that despite these

_ inherent errors in the measurements, the comparison of values of

different systems‘will be largely unaffected 'by these errors.

Fig. 25. shows a plot of the peak a.c. current vs the amplitude

’ 1

of the a.c. voltage at constant phase angle and frequency for the

. is direttly proportionalito V__ in accordance

3

with theory. The point to be noted is that with this technique the

\

iR effects cannot bcidiminished'by passing smaller currents with, .
smaller a.c. ;qltnges. If the vo}tagé were Fo be, éay, reduced By_ - ’&\N\
half, ihe current would aisb be halved, i.e. the resistance is can- |

stant. Thus; half the gﬁrrent.will cause half the iR drdp. However,

the ratio iR:V would remain the sﬁme. | | -

The variation in a.c. current with phase angle at constéﬁi a.c.

voltag%'?nd frequency is shown in Fig. 26. It is clear from these

plots that a phase angle '6f 35° in the experimental measurements will
- e

~ be acceptable for all frequencies employed (20-100 Hz) without

incurring significant errors.

The kinetics of the oxidatioﬁjlnd_reductién of rubrene weréd

invéstigatqd in two solvents, 0.100 M TBAP in DME and 0.100 M TBAP

in equivoluﬁe benzene-DMF mixture, at both platinum and gold elect-

rodes. The results are presented in the foim of Arrhenius plots in
Figs. 27 and 28. From these plots, energies of activation of the

processes were obtained. ‘The values are given in Table 7. The



_ , >~ . .
. . o L -93“ . ﬂH'
. . L .
l‘.l.
o, .
‘\.\____/'
10
— | P ETTTr 1 I T 1117
"R . 3
4
v 1 |— |
q — —
.—n' o ]
0.1 BN EEEET L4 rrran ' ‘
o ' 1 . 10 ‘

A.C. Voltage, mV (pk-pk)

A ~ ) . ' ,|'
~Fig, 25. The a.c. current is directly proportional to the a.c. voltage



. ip'.:.uA

0 20 o . 60 8O 100
8 Degress '

Fig. 26. variation in ip ac with phase angle for the rubrene

¥

_system in a DMF solution. - ' .



Log k

-1.0

-1.1

-1.3

Fig. 27. Arrhenius plots for the rubrene redox processes in a DMF

-05.

L

~
A v, pm-

O », rm*

AN

=

w?

34

10,000/K, °k"!

ke

solution.



Log k

-0.8

-1.2 -

-1.3

. i\”

Fig. 28. Arrhenius_plots for the rubrene redox processes

in an equivolume benzene-DMF solution.

37



-97-

rcsults 1n Flgs, 27 and 28 and Table 7, are the directly measured
values and thus have not been corrected, e.g., for reéidual,

uncompensated iR'cffcctst

[l

T TABLE 7
Energies of Activation for the Oxidation 'and Reduction of Rubrene at
Platinum and Gold Electrodes in @.100 M TBAP in DMF and Equlvqlume

Benzene-DMF Solutions %
* ' :
AE t
‘ - ' -1
K Kcal mole
Solvent. ‘ . "~ Platinum Gold
’ ) N . . oa F - P
R/R': R/R CRART O R/R
DMF ' 2,46 -7 0 - 2.81 2,97
equivolume’ benzene-DMF 2.50 - 3.32 3.32

The reduction of rubrene at.platinum electrodes in both solu-
tions gave a.c. currents that we;e only ca. 1/3 of the normal values,

compared to the oxidation at Pt and both th¢ oxidation and reductien

at Au electrodes. . It has been shown53 that the adsorption of

» : .
aromatic hyd:géarbons and their radical-anions does not occur to &
'an'appreciable'éxtent for low concentrations fH aprotic SOlveﬁts.
It thus appears thaf the anomalously small a.c. currents for the )
reduction of rubrene at platinum electrodes in both aprotic solu-

. tions cannot be explained by invbking adsorption’ effects.

'.‘u :
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The addition of 100 ppﬁ of water or formic acid to the
aprotic solutions did not affect the reduction behaviour of the
}ubrane'gfstem at platiﬁum electrodes but the addition of-100 ppm

of formaldchydeAhprmﬁli;ed its heﬁaviour ﬁt tﬁis'electrodc material.
(A1l three additives are R tural impurities of DMF.) The reproduci-
bility of the small reduction a.c. waves was poor while that fo;lthél
processes which exhibited normal currents it was good (£5 %). The ‘
small a.c. reduction waves could be accoﬁnted for by suggesting that
. the rubréne and/or its anion-radicals wére‘iﬁdeed adsorbed by the
platinum (in contradiétion'to‘the literature.reporfsT. ‘The adsorbate,
being ;ery iargé, could exhibit ; blocking actioﬁ against further
electrolysis of the rubrene from the polarized interphase and this
would account for the smaIlér—than-ekpected_expgrimental currents.
The addition of formaldehydesto the solutions restored normal reduc-
tion currents probably because it wag prefcréntially adsorbed by the
plafinum. This preferential adsorption of the fofmaldehyde ﬁould‘
_diﬁinish adsorption of rubrene. The'formaldchfde molecule is rela-
tively much sﬁaller in size than rubrene so tﬁat'adsorbed formalde-
hyde might be expected t; exhibit a’'smaller blocking action 'to
‘rubrene reduction than adsorbed rubrene itself.

The energies of activation at gold e;ecffqdes are the same
whetherﬂthe rubrene was reduced. or oxidized in both solutions. This
ié;fo %é §xpéc;ed for a_structure such as that of rub;gne wiéh-é

..

large delocalized electron system. However, gold shows an increase

in energy of activation for the redox prockss in going from TBAP in

.



_'DMF to TBAP, in equivolume bedzene-DMF miiture while platinum does,
not. .Furtheerre,‘the energies of activation for the oxidation at
platinum in both. solutions are significantly:lessﬂthan for the same
process at gold in both.solutionsl Despite the preatefr énergies of
~activation at gold, the rhye constaﬁts for the redox processes are
greater at gold. ‘Apparentlyf relatively higher activation lnergies
at gold are more than compcnéatcd for'by grea;er frequehcy or
exp.AS*/R factors. Perhaps adsorption or double-layer'cffeéts cause
an orientation of Tubrene at tﬁe'electrode favourable to electron-

transfer.

i

7.3 Thermodynamics of the Rubrené Redox Systeh_

Fig. 29 5hdws the variation with temperature of the differeﬁce
‘between the peak’oxidation and'reduction pﬁtentials fﬁr rubrene in
i Eheftﬁo solvents stﬁdiéd. - These data were derived from cyclic volt-’
ammogfams of both the oxidatioﬁ and reduction at a scan rate of
100 mV sec_Al with iR compensated d.c. It has been previously noted

(Section 7.1.1) that at this scan rate both the cation- and the anion-

rddiéals of rubréne are practically stable in both of .these solutions.

" The absolute value of the peak potential is 1.108RT/nF volts

greater than the aﬁsolute value of the half-wave potentialzT. Thus,
2(1.109RT/nF} volts were subtracted from each potential difference
shown in Fig. 29 tolexpress the potential differences in terms of

"halffwave_potéhtials. These data are entered in Table 8.
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TABLE 8 -
Variation in the Difference Between the Half-Wave Oxidation
: and Reduction Potentials of Rubrene with Temperature

/

E12,0x°E1/2,veds VOLtS &
Temperature 0.100 M TBAP in. 0.100 M TBAP in
°C , DMF . _equivolume benzene-
DMF S

- 0 , o 2.355 2.425
10 ' o 2.365 2.435

25 . 2.365. ' 2.445

35 2.375 2.460

© 450 2.385 2,470

The iR drops_in the recordings of the cyclic voltammograms were

. )
estimated to determine the accuracy of the potential difference

.t

measurémen;s; A platinum bead wbrking electrode was used En the
cyclic'véltammetry. . Consequently, the electrolytic résistance be-
“tween the Luggin tip and the working electrode can Be calculatgd
usiqg.Equation 20. For the DMF solution, the cell resistance was
lcalﬁulgtéd ea;lier (p. 89) to be 102 dhms at 25 °C. - The peak %grrents
of the cyclic Vqltammograms were ca. 20 pA at 25 °C: Thus, in the.
absénce_of iR comﬁensation, the iR drobs in the DMF'solutioné made

6

the peak oxidation potential (20x10 °x102) = 2 mV more positive than

" the true value and the peak reduction potential was also made more
. - :

- negative by 2 mV. In calcufating'(Ep the iR losses become

‘ ,ox_Ep,red)’
additive, i.e. 2 + 2mV =4 mV. Assuming that the iR compensation

. o " was 95 % effective, it is seen that the residual, uncompensated iR’

A

is less than 1 mV - a negligible amount. The benzene-DMF solution
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a

is apprpximately'twicg as Tesistive dé the DMF'solution but even in
the more resistive‘miXed'solvent solution'the iR effects are neglig-
ibly small when iR,cémpensation is employed. - The temperature
‘coefficient of theJconductanﬁp is negative and greater in magnitude
fhan the positivé temperagure‘coefficient of the peak currént. Con-
sequently, iR effecfg, if they Wefe iméortant, would increase.inA

.

- magnitude with decreasing temperature.

From the femperatﬁre_coefficient of the'ﬁifferend& between the .
half-wave oxidation and reduction potentials (Table 8), the standard
change in entropy of tﬁe'homogeneous electron~tran;fér reaction in
each solution was calculated using.Equation 12. The temperature cb-_
efficien.t was assumed to be constant Iovér the temperature range
coﬁgred énd the slopgs werelcalculated'using linear regression ana1~

" ysis., The results of these calculations are liséed'in Table 9,

together with other relevant thermodynamic and spectroscopic data

of rubrene in both solvents. ‘ ‘

. TABLE 9
Thermodynamic and Spectroscopic Data of Rubrene -
' AS° AH. E Relative
: 1 . 25 Cl g _, Fluorescence
Solvent cal mole =~ °K™ " Keal mole = Kcal mole = Efficiency
0.100 M TBAP in DMF 13 50.6 - 52.9 1.0

0.100 M TBAP in 21 ~ 50.0 . 52.9 1.0
equivolume '
benzene-DMF




The changes in .enthalpies in Table 9 are for the homogeneousy
electron-transfer reactions between the monoanion- ‘and monocation-
ra&iceis of rubrene and were calculated ﬁsing Equetien ila.

Thelenergy efrthe lowest excited‘singlet state of rubrene was
determined from the crossover point (Fig. 30) between the absofption
'and fluorescence spectra of rubrehe in each type of conductlng solu-
tion. The absorption and fluorescence spectra were each the same
in both solutions aﬁd are shown in. Flg 30. The solutions had to be
diluted t0110 M in rubrene in order to conpletely eliminate self-
absorptlon effects. The spectra of rubrene EGCL with and without

self -absorption are shown in Flg 31 These spectra were the same
whether the EGCL was generated in DMF, benzonitrile and mixtures of
DMF, benzonitrile, aceton1tr11e and propylene carbonate with benzene
i.e. the emiSsion spectrum was independent of solvent.
Th'e-fluoresceﬁce _and EGCL speetra were recorded with different | ‘
photomultipiier tubes and the spectra have not been corrected for
any specific epectrel responses of the detectors.. Nevertheless, it
is possiﬁle to see the siﬁifarity between the unabserbed rubrene
EGCL specteum’and the flubrescehce spectfum of rubrene. Thus, the
only L.pecms which emits 11ghth rubrenc EGCL is the Iowesr, _cxcifed
singlet .state. |
 The relative fluorescence efficiencies were obtainedjby eompering
the intensieies of the fluorescences of _10-S M rubrene in each
conducting solution. The fluorescences were excited with 4500 A

radiation. Neither solvent absorbs at this wavelength, so that the
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4&& . f;uorespenée_ip;énsificshdié not ﬁavé'to Le correﬁ?éd for différences
in absorption,'but only for the ratio of thc_squares of the refrac-
tife'indices of ;heir solutibnssa. ’ \.

A most iﬁporfant conclusion’can now be;drawn‘ffom the data ‘in
Table 9. The change in enthalpy bf the homogeneous electron-
transfer reaction in both solutions-is c;eprly‘lgig fhan the energy
‘of the emitting singlet state. 'Thus, theré is no doubt_that rubrene
EGCL is "energy défiti;nt" and is hence produced via the "triplet
route", The mechanism for rubrene EGCL- is thercfore as given in ) _ '
Table 1 but with the following imporfant modification: the singlet
state is not directly produced; it is only‘produceq vi tri?let-

»

' . |
triplet annihilation. Therefore, Equation 3 for the rubiene energy

‘ .

deficient EGCL must be written a$ follows:J;/‘”

. . - § % ‘ ;
RY + R+ 374 R+ 5/4R (3a)

+* -

7.4. Quantum Efficiency of Rubrene EGCL

.The experimental set-up for measufing the coulombic efficiency,

.¢cou1’ of EBCL was illustrated in Fig. 5. . The method consisted of

measuring'ihe average rectified a.c..cﬁrrent and average phdton -
. current ve applied voltage.
Tﬁe reproducibility of the ¢c6u1 data was such that the results
for the same s}stem; us&ng splutions'prepared ﬁine months apart,

were within 10 % of each other. A number of equivalent solutions

prepared simultaneously yielded ¢c0u1 values which had a standard
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deviﬂ;ion of ca. 5 %.

Fig. 32 shows a typica; current-voltagelcurve'for processes
occurring in the electrolysis cell. 'Prio; to the appearance of
EGCF, the currg%t increases linearly with applied voltage and at g#?
constant,vo;tage-this current was almost directly propﬁrtional to
the freqpéncy. Singe this behaviour is charactéristic of a capaci- -
tive current, then this current must be the currént that is used to
polarize the electrbde-so}ution interphase and charge (or dischargei
‘ipe double-layer Eapacitance.' The abrupt rise in current at ca.

2.3 V (peak) coiﬁcides with the‘appearance of detéctable EGCL. If
it is assumed that the iR drop between thé two electr;des is neg-
ligibly small, then the-"critical"lpotential for onset ofJEGCL
approximately corresponds to the free energy change of -the ipn-
radical charge neutralization reaction. | ‘ -

In Fig..32, the capacitive current line has been extrapolated
into the potential region where EGCL occurs. For this.extrﬁpola—
tion, the usu&%igisumption was made that the Faradaic processes do-
not alter the double-layer capacity and that the doubie—layer
_capacity is const;ﬁt with potential. The effect of iR drop on the
eitrapolatioﬁ‘Was evaluated and foukd to be insignificant.

Subtracting the capacitive currént from the total at the same

" voltage then yields the Faradaic current at that voltage. This is

an important quantity to evaluate, since the total current at high
frequencies is dominated by the double-layer charging current which

thus obscures tLe'Faradaic current corresponding to EGCL. It is
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. Fig. 32. Typical current-voltage plot used to calculate the Faradiac
component of the total electrolysis current. Solution:’

1.00'mM rubrene in 0.100 M TBAP .in equivolume benzene-DMF.
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this Faradaic currcnt,-howavcr; that is required for evaluation of

}
the EGCL qiqntum eff1c1ency ¢ coul”

The measured photon current had to be corrected for the
collection efficiency {5/6) of the sdlqr cell box and the spectral
response Bf the solar cellg with respect to the rubfeﬂe EGCL spec-l
trum (0.7 e/photon). The correction facLor employed was therefork
the reciprocal of (5/6 x 0.7), i.e. 1. ; The measured photon currents
were consequeﬁtly multiplied by 1.7 te obtain the correct(ed) ghoton

currents. * S S

‘.".;I "
. oF

~,  Fig. 33 illustrates a typical plot of corrected photon current

v8 Faradaic current.. This and all similar plots were linear. The

4
~

. . siope of this plpot yields twice ¢cou1 becausé equal intenbities of

EGCL were produced at both electrodes and the total light output was

\ 3 ’ ‘ ' 1 .

- the quantity measured. The electrodes are, of course, connected in
series and thus the measured electrolysis current was the same as
that exchanged at each- electrode.

The linearity of the plots of photon current vs Faradaic current

indicates that the loss of triplets via triplet decay (Equation 21)
gy ' .

o ' (21)"

is insignificant. This conclusion is arrived at from studying the
. 4 .

¢ . .
SR 4 R

equation for the triplet'concentrationssz .
-

dR"Y/dt = 6 - K PR] - K, [%R)% o - (22)
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Fig. 33. Typical plot of photon current vs Faradaic current from whose

[

slope ¢ can be calculated. Solution: 1.05 mM rubrene in
P coul :

0.160 M TBAP in equivolume-benzene-acetonitrile.
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whére‘G is the ;riplet generationirate (directly‘proportional to

‘the Fatradaic currcnf),.the second terﬁ is the rafe of triplet

decay and thc last term is the. rate of triplet:triplef annihiiution.-
The ihtehsity of the EGCL is directly proportionai to, the rate of
tfipletrtriblet annihilation. Under steady.gtate conditions,

d[’R }/dt = 0 so that the EGCL intensity is given by
' 3

. * ' * .
R L L (23
At'{gy;tntensities e - S

I's kz(%l‘) _ B ' | (24)

i.e. the intensity is.directly proportional to the square of the

Faradaic current, while at high intensities, the linear result

o . g ’ ’&
oG K o . (25)

follows, i.e.'the'intensity-is directly proportional to the Faradaic
current because the loss of triplets via triplet decay is relatively
small.

Although Fig. 33 indicates that the quantum efficiency is

3 inde.penden'g of the. inten.f;ity,, when the iptensity was inc_rta'ased by ‘
increasing the fluorescor conceniration, the quantum efficiency de-

creaged (Fig. 34). : This observationvcan be explained by assuming

that notlall of the emitted light which is absorbed by the rubrené.
is're-emitteﬁ. Under these conditions, Beer's laﬁ would. predict that

the apparent ¢cou1 should d?crease.llnearly with increasing log
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Fig. 34. Decrease id-¢coul with incredﬁ&ng rubrene contentration in

0.100 M TBAP in equivolume benzene-DMF (For the 16 mM rubrene

solution, a 2:1 benzene:DMF solvent containing 0.200 M TBAP .

was used.).
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A
]

\
\ .- L
[rubrene concentrati ]. This trend is apparent in.Fig. 34.
The frequency dépendence of ¢ is illustrated in Fig. 35.
The ¢eou1 for all three solutions decreases with increasing fre-

, quéncy. If a quencher wére present in the bulk of %heSe solutions,
the fractional probagility'bf queﬁching would decrease with increa-
sing frequency because-the tfiplet concentrationfwoﬁld inérease
within a steadily more compact reaction zonme. With a bulk quéncher.
‘preéent,_¢c0ui would increase with increasing frequency. Itlis
possible to account for the measured trend by suggesting that the -
electrode itself can quench the triplets. As.the frequency is in-

creased, the reaction layer becomes more compact and moves‘closerl f -
to the electrode. The increasing pfoximity of the tfiplets to the
electrode éends to alloﬁ the degree of trip1e£ quenching by the

“electrode to increase.

In diécussing tﬁe-coﬂcentration and frequency dependence of
¢ , it was assumed fhat the‘fractign of ion-radicals neutralized

_cou ul.

1by the reversal of the polarity of the electrode was constant. This ‘

r

" fractidn has been calculated to be & % by Bezman and Faulkner32 apd <
17 % by Schwarfz, Blékely‘and Robinsonss. Both of their mathematical
simulations of the a.c..electrolysis were cqnsisteﬁt with respect
:’wio the.independence of the'fraction,on concentration and frequency.
When the TBAP concentration in DMF was reduced from:0.100 M to
0.020 M, it wds found that $oouy ¥as mot affected (F:Lg 35) It
appears, therefore, that ion-pairing is not 1mportant in rubrene

EGCL. Such a conclusion is not surprising because Tubrene is a
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A 1.01 MM Rubrens in 0.100 M TBAP in Equivolume Bonrene: DMF
‘ ' v 8.00 mM Rubrene in 0.700 M TBAP. in Equivolume .Bnnn_nl: DMF

O 1.00 mM Rubrene in 0.700 M TBAP in DMF

B 1.00 mM Rubrene in 0.020 M TBAP in DMF

|

L [

Fig. 35. Decrecase in ¢cou1
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with increasing frequency of the a.c.

voltage used to generate the EGCL.

¢



-115--

-

large molécule whose active centres for electron—fransfer are
blocked by phenyl groups. For 9,1O—dimcthylanthfnceno-tri~p4
tolylamminium perchlorate EGCL it has-béen reported that an in-
créusc-ln ¢cou1/;E:ercd w1th decrcasing elcctrolytc (IBAP) concen-
trationg4. The solvent used for tﬂat system was tetrahydrofurap
(THF), a medium that has a_much lower dielectric constant fhan DMF
(e = 7.456 va 3738).- Thus, ion-pairirg tends to be more imp&rtant
in THF,than in DMF. |

In Table 10 are shown the valueé‘of ¢;0ui_of rubreqé EGCL_iﬁ
the various'solventé studied. These ;esults are the average of

several determinations using the same and equivalent solutions.

The Faradaié current used to calculate ¢cou1 was not corrected for

. TABLE 10
b of 1 mM Rubrene EGCL in the 0.100 M TBAP Solutions Studied
coul .
at 25 C
Solvent . ¢coul, %
* . '
1:1 benzene:ACN 0.91
PhCN B 0 R0
1:1 benzene:PhCN 1702
DMF 0.65
1:99 benzene:DMF 0.70
1:19 benzene:DMF D.69
1:4 benzene:DMF 0.80
1:1 benzene:BMF - 0.96
3:1 benzene:DMF 1.01
1:1 benzene:PC _ - '0.68
DMF (0.020 M TBAP) ‘ 0.64

* For the mixed solvents, volume ratios are shown.
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the fraction of ion-radicals which were neutralized at the electrode
‘ o ‘
surface by the alternating potential. Since these data have a
precision of #*5 %, it is clearly evident from the Aata in Table 10
that‘(bcou1 of rubrenc EGCL is dependent on the‘soivcnt. Various
attempts were made to cdfrelate.the data in Table 10 with some pro-

perty of the solution and the procedures used are reported below.

It is already known from earlier work that the changes in

enthalpy of the anion-cation-radical charge neutralization re-

actions in DMF and equivolume benzene-DMF arc ncﬁriy the same and
are significantly léss than the energy of the emiiting state, i.c.
the lowest excited singlet state of rubrene. The emitting state has .
the same energy in'boyh of tﬁese solutions and the fluorescgncc
efficiencies arce also-the same 1n.both 501utions; 'Despité the simi-

1ar thermodynamlc and spectroscopic propert1es of rubrene in thcse.
solutions, the ¢c0d of rubrene in the mlxed solvent solutlon is,
However, qéarly_ 50 ‘% greater than that in the purely polar solvent.
Theréfore, the solven# dependence’ of ¢éoul‘0f rubrene EGCL canno;
be‘explained by significant solvent effecté on cither the type éf'

!

EGCL mechanism or on the fluorescence efficiency of the rubrene /}

e
The tr1p1et trlplet annihilation reaction. and both the homo-

and heterogencous clectron-transfer reactions are ‘essentially

‘s - 56 '
diffusion-controlled. Addition of benzeme {n = 0.61 cp ) to DMF
(n = 0.80 cp38j decreased the solution viscosity and, in this case,

¢cou1 increased with decreasing solution viscosity. However, the
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L

viscosity of benzonitrile (n'$;HJ24 cp56) is much gréater'than that |

.of DﬂF and yet ¢cou1 is much greater in the more viscous solution.

Thus, the ¢cou1 data in Table 10 do not show 4 consistent trend with

solution viscosity.
" Although the exact dielectric constiynts of the solutions uscd
in the ¢coﬁ1.StUdy are not known, it is nevertheless possible to

cqnclude’thqt ¢coul increcases with decreasing dielectric constant

the solution, As the fraction of benzene (¢ = 256) added to DMF

.38, L. . - - - -
(e = 3777) is increased, ¢c0u1 increases. Similarly, addition of benzene

‘s ‘ : L : D ., 9 :
to benzonitrile also results in an increase 1n ¢c lloytink ~ has

oul’

shown from thcorctical considerations that the rate of transfer of an’

' clectron ﬁrom an anion- to a cation-radical should increase with

dccrcasing diclcctrlc constant of the solution. A larger homogencoux
rate constant in a medium of lowgr dieclectric. constant could affect
the extent of guenching of the excited triplefs by the parent ion- -

radicals. However, the effective diclectric constant at a molecular
- ' \

level. apout the tubrene molecule in solution can be éignificantly

different from the bulk dielectric constant so that the former should

preferably be employed in estab11sh1ng a correlation with: wcoul

Since, however, the blgﬂlflCdnCC of the term d1clcctr1c constdut at

L.

the moleécular level is difficult to define, it was hencé dec1ded

to attempt to correlate ¢c with a more teadily determinable

oul
property of the solution, the change of solvation eﬁcrgy, which
was reclated to this dielectric.canstant and will be discusted below.

It was not poss1blc to dlssolvc the rubrene in either conductlng

ACN or PC to the extent of 1 mM and only sllghtly more than 1 mM
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rubrerie could be dissol;ed in cenducting DMF; The soiubility of rubrene
in conducting.benzonitrile solutian was ca. 2mM. By adding benzene to
.all of the polar, aprotic solvents, the solubility}of rubrene in the
resultant mixed soivent solutidn§ was, in cdch case, mucﬁ greater than
in the polar solvent alone; For example, 8 mM rubrene could bé dissolved
in conducting equivolume benzene-DMF.

| Inspection of the ¢__ . data in Table ld reveals that addition
of benzene tf both PhCN and DMF caused an.incréase in ¢

_ coul’
Furthermore, with reference to the DMF data, it is noted that ¢c0u1
increases as the benzene fraction of the mixed solvent solution is
increased. Thus, Fhe addition of an aromatic solvent to the pblar
solvents not only inc;eased.the solubility of the fluorescor but it
also increased ¢__ .- o ‘ ' ‘ “_?
The solvation of rubrene must fﬁllow its saturation solubility :
in the‘various solvents. It thequorc became apparent tha£ ¢cou1
increases with~increasing solvation of the neutral fubreﬁe. In
order to establish this cbrrelation, it was necessary to determine ‘
differences in the solvation energy of rubrene in the.various solutions.

The half-wave potential of a redox process is given by the

L Ce e 57
following cquation in which the symbols have the usual significance

P N U '
£ - g . RL g0 red , RT ln( red) .(7)

1/2 nF f . F D ‘

0ox

For an oxidation




_‘1]_.9..

o = I+ 8G] ) - AG C : (8)

Q
sol R sol,R * .
‘and for a rsﬂﬁ}pion
a _ 9 _ ° ) . . N
E = A AGsol,R AGsol,R‘ +C _ 3

red

yhe%g I and A ar; the gas phase ionization potential and electron
'affinity respectively, of the substance being electro]yzed, AGgol
are free energies of solvation, and C is a constant. Since the
solvation terms are the 6nly contributiens to the glectrochemical
potentials which afq dependent on the solvent, thcnlthe electro-
chemical pptentials of rubrene in the various solutions can be uscd
as a measure of fhe relative energieé of.solvatiOn of the rubrene.
It'is knowﬁ'from‘the rubrenc solubility data in these solutions
that the soléation of rubrene increases with increasing benzene
~ fraction in all mixed solvent solutions. The solutions actually_t

studicd each contained «a. 1 mM of rubrene. Since benzene is a

: N~ :
non-polar solvent while the aprotic solvents are all polar, then . ‘

the addition of benzene to the aprotic solvent lowers the dielectric
constant of the Tesulting solution, Thc-Born'theor'yS7 predicts
'that the ‘solvation of the ion-radicals would become more difficult
(less negative) with decr;asing dieléctric constant. Thus, the
addition of.benzene to an aprotic solvent would normally tend to

i : @ AG® Con-
;nc;ease AGsol,R and decgrease both AGsol Rt and

s sol,ﬁ"

sequently, since the changes in solvation energies of the neutral.
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and charged specles OE the redox couple are reinforcing, E;x will
become ﬁore positive anq E;ed more negative,

When benzenc was addeq‘to_an apfotic solvent, there alQays
remained aniarge excess of polar component in fhe_solvent relative
. to the rubrene éoncentration. H;ncc,'the prbbability that the
radical-ions are, in fact, preferentially solvafcd by the polar_

component of the mixed solvent must be recognized; then, the solva-

.

tion energy of the ion-radicalslwould not be expected to éignificanﬁly
change relative to the change in solvation energy éf the neutral
‘rubrene, when benzene was addéd to the apiotic*solvgnt. This leaves
changes of AG;ol,R as the main contribution tg'chanécs of E° which

are found to be solycnt'dcpcnﬁcnt‘(i.c. for a given polar solvent
with various amounts of benzene), as éhown by the abscissae values
for the points in Fig. 36.

The peak oxidation and reduction potenFlals (EPAOX and-Ep,red’

respectively) of rubrene in varous solutions were determined by

means of c¢cyclic voltammetry. Fig. 36 shows the plot of ¢cou1 vs

the corresponding value of (E ). The variation in the .

p,ox-Ep,red

difference between the redox potentials of rubrene with change in
solvent is twice the magnitude of the change in solvation energy

of the neutral rubrene for reasons previously discussed. A clear

correlation betwegn ¢C0 d ( Ep,red) is obtained, ¢

ul Ep,ox- coul

being found to increase with increasing (E }. Since the

p,ox_Ep,red

g -1 - S 1) ti reater seolvation
_increases in (Ep,ox Ep,red) result from ?cla 1vcly g
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Oz

2. 1.05mM rubrena in 0.100M TBAP-1:1benzane:acotonitrile
3. 1.01mM rubrend in 0.100M TBAP-benzanitrile
4, 1.14mM rubreno In 0.100M TBAP-1:1 benzene:benzonitrile
5. 1.13mM rubrens in 0.100M TBAP-OMF
6. 1.04mM rubrene in 0.100M TBAP-1:9% benzeno: DMF
7. 1.14mM rutirono in 0.100M TBAP-1:19 benzone:DMF
8. 1.13mM rubren in 0,100M TBAP-1:4 benzone:DMF
9. 1.00mM rubrane in 0.700M TBAP-1:1 banzenc:DMF
10. 1.01mM rubrene in 0,100M TBAP-3:1 benzena:OMF
11, 1.01mM rubrone in 0.100M TBAP-1:1 bonzene:PC
12. 1,04mM rubrena in 0.020M TBAP—DMF“

. ‘Ep,ox-Ep,r‘nd,’ Volts

Fig. 36 Correlation between ¢cou,1 of EGCL and (Ep,ox-Ep,red)'

of rubrene in various solvents.

2.6
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of the neutral rubrene than of the cqnjuga£e~ion-radicalé, then the
corrglat%on betwcenﬁicoﬁl-and (Ep;ox"Ep,red) can be inte}preted as
an indication that the iﬁtreasc.of ¢hou1'is mainly due to increasing
solvation of the neutral Tubrene. f\\\ﬁ““'-

The excited triplets which lecad to the cmission of lightlarc
also neutral species of-rubrene; It is thus rcasonable to assume
that the solvation of the excited triplets also-increases with in-
creasing (Ep,ox-Ep,rcd)“ The excited triplets are suscept;ble to
. quénchiﬁg by tﬁe parent ion-radica1542. /A more strongly solvated
triplet is, however, less likely to be quenched by the rdbreﬁe“ion—
radicals becduse the solvation cage will tend to sﬁield (kineticallyj.
~the triplets from energy exchange with the rﬁdicalfions. In a
solvent of mixed polarity, it is assumed thatithe triplets will be
preferentially solvated by the less polar component, i.e. benzene,
and the ion-radicals by the moré polar éomponent, the dprotic.sol-
vent, thereby further reducing %he efficiency of the quenching
mechanism.

The rate of increase in ¢c6u1 with increasing (Eb,ox-Ep,red
decreases with inéreasing (Ep,oxJEp,red)' Thiélis to be expected
. because solvents with relatively highl(Ep,ox_ép,réd) wil}'qlSO tend
to solvaté the radical-ions. When both the rubrene in its excited
triplef'state and the ion-radigals aré similarly solvated, the
identical.solvation shells will tend to offer lcéé rcsisténcé to

4

the quenching process than if they were different.
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The four aprotic solvents employed, viz. DME, PhCN, ACN and PC,
-are physically very diffdrént and. yét ¢c0u1 of rubrene EGCL in their
solutions cprreldtcs very well with (E -E ). It is there-
. . p,ox p,red’
fore corcluded that the degree of solvation of the ncutral rubrene

is the dominant factor in determining the’¢ of its EGCL. -

' ‘ . -
- .'
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8. CLAIMS TO ORIGINAL RESEARCH

This work has produced the followiﬁg original contributions to

the field:

1. A method for measuring the quantum efficiéncy of EGCL

ﬁhown methods for'meuquring the quantum efficiency ,0f EGCL
lacked both precision and accuracy. A unique method for this

measurement was developed which offered significantly better repro-

gducibility and the values are believed to be also more correct.

. R <4
‘The key feature of this methed- 1s its ability to distinquish the
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Faradaic current.from the double~iayer charging current produced by

high-frequency, square-wave eleétfolysis voltages. The high fre-

quencies ofthe driving volﬁago used to generate the EGCL ensured

that the fluorescor ion-radicals would produce. constant EGCL with

time and without the build-up of by*pfoducts.

2. The quéﬁfhm efficiency of rubrené EGCL inereases with,increasing ’

FRE I

solvation of the neutral rubrene.

.

Previous EGCL quantum efficienty data pontgined indications
that the efficiency ;ariéd ;ith-the solvent employed for the EGCL.
The apparent coﬁlombi; efficie;cy, ¢c;ul’ of rub;ene EGCL was measu
in ;arious‘solutions. fE"G;;\Bbserved that ¢cbulé {(A) yafied with
solvent, (B) was ipdépendent of electrolyge concentration, (C)
decreased with increasing fluorescor concenkggtion and (D) also
decreased with increasing frequency of tﬁe driving voltage. From

mﬁésetgesults; it was concluded that: (A) ¢éoul increases with

;ed
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increasing solvation of the neutral rubrene because this regults in
less quenching of the excited triplet intermediates by the ion-radicals,

(B) ion-pairing was unimportant to ¢C in the solutions.studied,

oul’
(C) self-absorption of the EGCL decreased'¢coul because only a fraction
of the absorbed photons’ are-re—emiﬁted as lower energ} photons and

the balance is lost as heat, (D) the electrede is a quencher of

excited rubrene triplets.

. 3. Rubrene EGCL is produced exclusively via the triplet route.

The mechanism for rubreme EGCL was not known previously with
certainty. Careful measurements of the redox potentials over a wide
tempefature range permitted the caleulation of accurate entropy apd

“enthalpy data. It was found that in both solutions.studied,'the

change in enthalpy of the cation-anion-radical charge neutralization
reaction was significan;ly'less than the energy of the emitting
lspecieé, the 1owe§t excited singlet state. It was therefore

cohcluded that the excited singleﬁ state was being'produqed exclusively

-

viﬁ triplet—triplet annihilation.

4! The small amplitude a.c, polarographic method is a valid (\_ﬂ‘ﬁ;

method for measuring heterogeneous electfon transfer rate

constants.

The instrumentation for this method becane availaﬁle recently,l
'bpt iny at u-high.cosﬁ. The appiicability of this technique waé

verified by using this method to study a previously investigated

ﬂ'l
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system, the ferro-ferficyanidq redax reaction in aquéous KCllat:
platinum electrodes. The work in aqueous solution wgs éktcnded
to ?nclﬁde goId,electrodeé and NaCl and N:iClO4 as elebtrolyte.
.materials. From the résults_of this work, it Qas concluded
{a) that thé.energy of aétivation increases with increasing:
tendency for ion-pair formation, (b) that adsorption %ncreases.
the energy of activation , (c) that increase of the radius of

the supporting electrolyte anion increases the energy of activation

and (d) that there is no work-function effect.on the energy of

activation. .
5. The heterogeneous rate constant for the redox reaction of
- L ) -1 ‘
‘rubrene is ca. 0.1 cm sec ., d

Theoretical considerations of the rubrene redox processes
pfedict rate constanté of the order of 104 cm Secfl. Tﬁe rate
constants méasurcd were fouhd to be ca. 0.1 cm sec~l at.25l°C and )

‘the enprgies of activation were ca. 3 Kcé; méle_l. In pure. DMF
solution‘s,‘ the rubrene’ was adédrbed on platinum at negative potentials.. ‘

This adsorﬁtion"drastically decreased the exchange current of the

reduction process at platinum electrodes.
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APPENDIX I
e . 7
Derivation of Equation 18 (peak current of a.c. polarogram)

-

A vector diagram of the Faradaic impedance is shown below.

.. : <.
23]
[¢]

When a voltage Vac is épplied across ZF, the resulting current

1. 15 given by the folldwing basic electrical equation:

Va
I = oo¢

ac 3 sin © 7 ( 7 (i)
c,F - : o

where X o is defined by Equation 16 in the text and
, :

| ,
sin g = §°’Fz 172 ' : ' ‘ (i1)
(xc,F +RF ) .

The expression for sin 8 can be simplified by squaring the above

equation, inverting it and then dividing the numerator by the
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—

denominator. The result is:
1

sin @ = - '
: k\ 2 : ' v

This equation for sin, 0 can be,Simpiified further. 'TyPical values

{iii)

for k; w and D are 0.1 cm Séc_l, 377 rad sec—1 (60 Hz) and

' 5x10l‘6-cm2 scc_1 respectively. Employing these values,

1/2
wn)1/2 B (377(5x10‘6)) 0507

0.1 2

2

-

| -
o

L wD 12 is
k 2

~the prevailing ekperiwental conditions,

i.e. u
significantly smaller than 1. Recalling that
: - , .
(1e8)2611Y2 = [1928+0%0171/2 (iv)
= 21/2(1+A)1/2

]

(242012 = (26100012 -

d : ' _ ' '
an - | \—\ | [v)

A
(1+A)1/? * 1o+ 3
also

1 . Y .
' ‘ L. 2 b3 - (vi)
k__zdﬂhf::>t> 2

’ Then, e
. 1 (uD 1/2
: 2k \ 2
sin g = - 21/2 ' {vii)
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Substituting Equation vii into Equation i yields

. 1 fwD 1/2
Vac -5k \z : ..
ac ° X 21/2 ‘ (viii)

[
I

L

: L 1/2 C and i wi ‘at its maxim heref
At EI/Z’ Co 1/2 Cb ind . will be at its maximum. Thercfore,
v afrtac wny'/? [ N1/2
R —— e (18)
p.,ac 4RT 2k \ 2/ .

/2

The above equation is valid provided k\> wajl This was the
only assumptipn made in deriving ﬁhg equation. Experimentally, k
was measured to be ca. 0.1 cm sec"1 using frequencies in the range
20 to'100 Hz. For rub?éne in the solutions studied,'D'is fele
5x10°% cm? sec”!. Thérefore, for w-= 377 rad sec (60 Hz)

?
* - i
0.1 > [377(5x10 6)]1/“ = 0.043

Since k is significantly larger than wD, then Equation 18 can be
" applied to measure rate constants in the order of 0.1 cm sec:_1

or greater.
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