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’cat1ons. A model was proposed to accougt for the current

, culated d1ffus1on contro]ledvrate. The experiment31 rate

_ meta] cat1ons an

[ oL .

S ;“AB;TBACI’ ,‘~ \S\Qvtbﬂ

-

. . . . S . . ’ ) I - ) . .

The e]ectroreduct1on of the po]ycyc11c aromat1c hydro-
L 2

carbons anthracene f]uoranthene and the n= ac1ds tetracyano---

v

'ethy]ene and 7 7 8 8- tetracyanoqu1nod1methane in .non- aqueous

aprot1c med1a was exam1ned In part1cu}ar the 1nteract1ons

L

f‘;between the eT?ctrogenerated organ1c negat1ve jofis wlth

general the‘dlan\ons formed 1on pa1rs w1th a]ka11 meta]

_ cat1ons but the d1an1on rad1ca1s did not._f S 5 ”'" ‘Jh

e
Polarbgraph1c reduct1on waves for m1xtures of aromat1c

Nv
",... B

;1f' hydrocarbon a]ka11 metal catlons showed unusuaJ current depres-

2z

. sions.: It was found that. these current deprqugons were not

k
-due to adsorpt1on ‘or fllm format1on processes but to the effect

- : ) Q . \

. of. the 1nteract1ons between the oggan1c d1an1ons w1th metal

depre551ons and the sto1ch10metr1es of the d1an1on metal cat1dn

*tcomp1exes were determtned., However the format1on constants
- for the Comp1exes Cou1d¢not be ca]cu]ated due to the. unstableﬁ“i

s N nature of the d1anlons. K1net1c s‘.h1es showed that the rate -

L8

’”vof ion- pa1r comp]ex format1on was, very fast c]ose to. the ca]- .¥f’

' constants were determ1ned based on’ the compet1t1on between

- ater for the d1an1ons.

-

In the case of ‘the n- ac1ds cyclic voitammetr1c stud]es ‘fﬂli

_:&_
5

4y ‘

BT N

".-counterci:1on5vwere 1nvest1gated It was’ found‘that “n _‘{ f‘\wﬁit .

B -
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L 3 - -
showed that the e]ectrochem1ca1 reduct1on of the»an1on rad1ca1s L

I

.;g’.
;to the d1an10ns was h1gh]y dependent on the countercat1ons of

‘*vthe support1ng electro]yte. ‘The reductwon of the tetracyano-

_‘strong jon pa1rﬁng of.

¥

_iethy1ene an1on radicals to Ehe d1an1ons was found to be either'

,.quas1 reyers1b1e or 1n§evers1b1e depend1ng on. the e1ectro1yte

P

'used Heterogeneous rate cgnstants were determ1ned from the

'“f"var1at1on of de]E( ¥ values w1th’scan rate'— Large shifts 1n

“3‘ ¢

Q_Eh va]ues~for the. second reduct1on waves of tetracyanoethy]ene

~and 7 7 8 8 tetracyanoqu1nod1methane were found when d1fferent

& L7 . “’l

"support1ng~e]ectro]»tes were used po1nt1ng to the ex1stence of

«the dlannons. For tetracyanoethy]ene

j the use of mwxed e]ectrolytes gave r1se to strong adsorpt1on
RN
effects. THas 1on pa1r1ng constants cou]d not be- determ1ned

r AHowever, for 7 7 8 8—tetracyanoqu1nod1methane»/two types of ion

pa1rs were found w1th‘%to1ch1ometr1es of 1 1 and 1:2 (d1an1on

'cat1on) : The format1on constants for these ion pair complexes

~4;;were ca]cu]ated Further evidence for the ex1stence of

d1an1on—-cat1on 1nteract1ons was. prov1ded by the sh1fts in IR

"adsorpt1on bands with d1fferent Support1ng e]ectrolytes
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1.1 Objective S
-The main goal Qf‘thisfthesis research is to in-

-vestigate the interactidns &ﬁ)fhe‘e1éctr0chemi-‘

EaY Cs
. D]

cally generated negative ipns of polycyclic aromatic
%y :

hydrocarbons, and ‘the n-acids Fet§§cyanoethy1enérand'
— .7,7,8,8—tetracyanoqu1nodimetﬁane thhtcations present
/ \)(\ ‘ g v‘ : -

NS . #
in solution.” The electrochemistry is investigated in
»”

N
S

fonaqueous, aprotic media (N,N,dimethylformamide (DMF)
) ' . o\.&'\:\\’\. | |
and acetonitrile (ACN)). It is envision@djthat through -

2
O

Ty
i

these studies the e]ectrochemical behavior'of the

, 4 . I .
organic substrates could be established, as we}1¢as

*a

the dependence of this behavior on various counter-"

cations and also the role played by the solveht
medium. In particular, the nggpr of interactions of

electrogenerated organic negative ions with cations,
. - l )

\‘. |



b

their Stoichiometries and the mechanism of these
jnteractipns are examined. Althodgh many polycyclic

arométfcfhydrocarbons-are studied, a deta?]ed report

is confined to two of them; namely, anthracene and

fluoranthene. The cations considered are alkali metal

[N

Aandﬂtetraalky1ammon1um. The justfficafion for these

-

 types of studies is well-established. Electrochemical

hargcteristics can give insight into the'mole¢u1ar

ure of reactants'and products (1-3). Reduction

)

str
pdtentia]s can be correlated to e]ectroQ affinities -

and molbcu]ar’orbital energy (4-8). Electrochemical

’\\ ’

behavior can be dépendeht on the naturé of‘electrolytg’
cation (9-11), _The aniohs df organ1c mélecules are
known to be reactive épecies. UThe reactivity of these
speqies 1svgrgat1y affeéted by fhe presenée and type
of ionic ingfrgct%ons in solution (12;16); 'Ip gome

cases_the reaction pathway can be altered (17,18).



\’/

of these areas of chemistry.

~

“Solvation plays ‘a major role in all these processes
"and must be considered. It is intended that the

“results of thése investigations add to the knowledge

1.2 Historical Background

In the following seétions, a historical survey of

the areas pertaining to the present research will be

, summariied._ . -

-~ -

1.2.1 Electrochemical Reduction of Aromatic Hydrocarbons
.In Non-aqueous Media

Thg,earliest studies on the electroreducfion qf aro-
matic hydrocarbons were done by Laitinen and Wawzonek
(19-20), and Wawzonek and Fan (21). These jnvestigé-

tions were not carried out in fully non-aqueous media

but rather in.75% dioxane-water mixture. Polycyclic

M



aromatic hydrocarBons e.qg. anthfaceﬁe were fouﬁd'to 3
. . .

give a two-electron po]arographié:wave. Anthracene .;///
P ) _

gave a .small second wave in thi's medium but it was

ignored. A mechanism involving the transfer of one
electron from the electrode to the organic molecule to

L}

form an anion radical was postulated. This was an
important step at this time and Austen et al (31)
later proved that the intermediate in the first

reduction stéﬁ was indeed a free radical ion by

”

electron spin resonance (esr) studies. Chopard-

dit-Jean and Heilbronner (22), from their studies

[ )

of réduction of azulenes, deduced the genera1 rule
that a]iirnantahydrocarbons always give a two-

electron polarographic wave whereas non-alternant

<

hydrocarbons may give either a one- or two-electron

wave. Hoijtink et al (23) recognized that the

mechanism proposed earlier (19-20) was inconsistent



S

iwfth'the results; namely, the egistence of fhe. '
'secbhd W%Ve. They found“that in 96% dioxane-water
mixture'(a "morgfaprotic" sé]Qent than'75% dioxane-
Qater), anthracene éxhibited twaﬂéuéceﬁsive on;-
e]ét;ron waves of.approximately'equa1:héight: If
~ the watér COhtent was increaiéd,.xﬁe first wave
changed from a 6ne5e1ectron to an;@vera]] two;
e]egfron wave yith the_digappearancevof the second'
wave. fhe same effect ggif; belﬁfought about by
the addition 6? hydrogen iodidé as a‘broton.source
1nstéad of water. Thus, the genefalfru]e derivéd
by Chopard-dit;desn and Hei]bron&er was shown tg

| i
be incorrect. Sub§equent1y, the reduction of
arométic hydrocarpons was carried out‘in acetqni-
trj1e4and‘dimethylformamfde (24)‘and similar results

were obtained. Hoijtink et al extended their studies

to dimethylformamide solvent and found that for all .



. . R
the aromatic hydrocarbons studied, the rate constants

. for the first electron transfer were practically the

3

ﬂ-sameﬁand_haq the value 0.1 cm/s. However, it is
now knéwn that rate constants for electron transfer

‘to'aromaticﬁhydrocarbpns are very much faster (28).

Aten et al (29) determined a value of 5 cm/s

for the first electron trapsfer and about one ordér
lower for the se;ond stép.~ Kojima and Bard (30)
fbgnd a va]ﬁé of 5 ém/g fér the first electron ,k. ‘
transfer of ahthraéene and!ﬁeqy}ene.in DMF. Further,
it was found that adqiiioﬁ .of wéter up to 5% did
not affect fhe*braﬁesses in the first wave.

The meﬁhanism currently acce;ted for the electro-
reduction of aromatic hydrocarbons, as was estab]ished by
Hoijtink et al and 1§térvcoﬁfjrmed by Given and Peovér

(26,27), is discussed below. In a totally aprotic

environment, the reduction of the aromatic hydrocarbon R



occurs ‘in two successive one-electron steps .

3

‘R+e - = R: El

“where E2 is more negafive than El.

anég‘thé rate constants for electron transfer of both

= ) . Lo .
protesses are large, the Nernst equation'wi]]ibe obeyed
and the processes are feyersib]e. However, a totally
aprotic ‘environment is difficult to achieve for even the
» most carefully purified solvent contains traces of water.
The dinegative ion is more reactive than the anion

radical, and while small amounts of proton donors may not

react with the anion radical, thgy‘cou1d cause the pro-

-
-~

tonation of the dianion. -

Then R= + "HX =. RH- + X- , and



The rate of protonation is dependent on the proton |
" affinity of the dianion and on the strength_and,amount

of the prdton'donor{ 'The~product3offpfdtona£ibn;-RH2,
éould further be reduced to give rise to additional s

wave(s) at more negative potentials. It has bee -
reported that dianion-protonation c°“]d,beﬁprQVEﬁfed by
R -t N . N v\'.‘, ! . w

adding neutral alumthd to the soﬁdtjdn to remove the last

‘trsceg of proton donors (32). -
- . ',_ . A ) . . p q . -
If sufficiént proton donors are present, the stability

¥ ~

of the anion radical cou]d be af?écppd:



’ 41n’theAcase of a]ternanchyd;ocarbth, the radical
RH® is aiways reduced at a potential less negative than
the parent R and therefore will be reduced as soon as it

s formed (23). -In_this case only one wave will be

‘observed involving the overall transfer of two electrons.

In the jhggrmediétéléase Where the fdte of protonation of
5: 1sﬂpot‘too\qutﬁ two.wayes will be observed, the girét
of thch (1hvoTving m;ré thén one electron) will bé
greater 1ﬁ‘heigﬁt’than'thé second. Détailedﬁdiscgssions
regarding this mechgnism'are discussed»in the references

RN

~¢ﬁted. A review was given by]Hoijtihk in 1970 (4).



1.2.2 E]ectrochem1ca1 Reduct1on of A1ka11 Meta1 Cat1ons
‘ N Nonaqueous Medla. . :

‘Thé‘firsf reported e]ecfroaepogitioh Qf'é]kéii
metallin]nonaqueous,solvent was {6.1895 by Lészézynski
(331;-’Up to the 1920's a number-of studies on the electro-
1'chémistry of alkali metaj ca;fons had been made, most of
which were rather qua]itative in napyre; AﬁfeviEW was .
.xmadebby Brenner iﬁ 1967. (34). Observations of the
electrochemical réduction of alkali metal cationsnﬁn
nonadueous solvents are‘?mportanf in the understanding
of:so]ute;;o1vent and'solute-solute 1Hféractionlih
solution. AIEO they have a direct‘impact on the field of
high‘énergy densi£y batteries (35,36).

The e]ect}ochemical deéosition of alkali metals on
ejectrodes of the same metal or on inert materials such

ds vitreous carbon or pyrolitic graphite (37), platinum,

etc. in nonaqueous solvents is complicated by the extréme

)



rééét;ifty of these meta1§. Thg deposited‘méial c;uld
~react.with the solvent or}Qith'traCe imburities.(watef,“
oxygen) .present. Such reactions lead to highly 1%répro-°v
ducible re;u1ts (38-40) and possib]y,:{s the'ektréme
case, to the_passivation 5f the electrode towards further
electrolysis. 'Further, where the e]ectrqde:mater1a1 is
djfferent from the deposited metal, implantation of the g
deposited metal into the electrode qften occur§‘£41—43).
Such probf@ms are essentially absent where mercury
s fhe e]ectroﬂeiméteria] since the alkali meta]lis‘
dissolved in mercury and forms'an amafgam which greatly
lowers the reactivity of'ghé méfa]. Thus, at the
' mefcury cathode, reduction of the a]kajj metal cations
can conveniently be pefformed even in aﬁueous-media (445
_48)? T;é a.c.,pq1arographic behébior of aika]i metal
cétj?hs has been studied in such ‘nonaqueous solvents as

acetic acid anhydride (49), propionitrile, Hénzonitrilg,

o>



£

. f%}phenylacetonitrile:(50); jsobutyrdnjtrf1e (51), diméthy1;

12

1

sulfoxide (52,53) and a hos£ of othe} solvents (54-57)." e "
A]ka]i metal cations, in general, give‘we11fdefjned,

diffusion-contro]led_po]arographic waves i; nonaqﬁeous .

solvents. In aéetonjtrile (58) the reduction of sodium,

potassium and rubidium jodides, with tetraalkylamhonium

salts as sypbort%hglélectrolyte, shqureéersib1e char-

acter. Similar behavior was obtained in dimethylform-

amide (59). However, the nature of the reduction of

~Tithium cation is somewhat more contradictory, as can be

A

seen from literature results. For example, Brown and
Urfali (59) found lithium reduction to be d.c. Jeversib1e
in dimethylformamide whereas McMasters et al (60)

observed irreversible behavior in the same solvent.

Diggle et al (61) pointed out the results obta%ined by

the above workers  are not-comparable becausé Brown and -

Urfa1{'uéed 16dide_sa1ts whereas McMasters et al uséd



» . . \’I
L
N

,
/

perchlora?e sa]ts."Théyfdétefmined Ja]des‘of ;tanda}d
heterbgenequs raté constants ks for the cations at the
hapgiﬁg me}cuéy drop e]ectfode, in dimethy]fﬁrmamide,-by
cyclic vo]tammefry. It was foupd that ks increased in-
the order Li+ (L.2 e-3 cm/s) < K+ (4.3 e-3 cm/s)

< Nat (7.2 e-3 cm/s) < Cs+ (9.4 e-3 cm/s) .

Although the authors found that lithium reduction was d.c.

reversible, they reborted that in general, lithium réduction'

is less reversible than the other alkali metal cations.

The ease of alkali cation reduction has been
correlated to their solvation energies, where more nega-
tive values of solvation energies are associated with
smaller values of ks. 'The trend gbove is in agreement
with thfﬁ since “lithium is the most'strong1y solvated
and caesium the least. This type of argument has /
frequent]y been ysed fo e*h]aih trends {n ks Qa]ues fqr

i

alkali metal cations (61,62).

2 .
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In dimethylacetamide, d.c. Qo]arogfaphic;énd
oscillopolarographic studfeé again,éhowed that'sodium,
otgssium, rubidium and caesium qa;ions)are reduced .
reversibly (63).‘ However, 1ithium Wa; not reduced in
_ stfiéf]y ahhydfoﬁg dimgthy]%cetamide in the potential
rénge available. With the additjon.of wate}, a wave
aPpeared which shifted more positivé with'%ncreasing
water content. Also, the wave height increased with
‘ incrgasing watef content up to 3% water, then remaining
constant up to 7%'watér; Logarithmic analysis showed that
the wave (3% watef) was partially 1rreygrsib1¢ with a
66 mV s1ope.  However, oscillopolarographic resu]tg'
indicated that the reduction was revefsibie. The above
results @ere explained in termsiof strong solvation. of the
Tithium ions forming a stab]g symmetrical doﬁp1ex with a
high polarographic overvoltége. Addition of wate;

\\/ﬂ\\fistorted_the symmetry of the complex and decreased this

"fi'.’ll‘i:

o



0vérvojtage7  A]so, the d.c. jrréversibi1ity was- attributed

_to slow deactivation of the primary reduction product which.

under oscillopolarographic conditions was not given enough

time to occur, thus explaining.the réversibi]ity'under

. ; :
these conditions. Besette and Harwood (64) studied

3

the same system usiag cyclic voltammetry. They found

agreement with the above results. A series of periodic

oxidation waves was obtained on the reverse scan in cyclic

voltammetry. Thése oscillations were attributed fo

: réaction of the {1thium amalgam with water, giving rise.:

to a film of_]ithium'hydroxjde and hydrogej gas gyo]utionh
More recently, Fawcett and.co-workers, in a series of

' studies'(65—67), investigated the effec£ ofksolvehts, 

solution composition and e]eCtFode composition on the

electroreduction of alkali metal cations. They found that

the kinetic parameters, namely, ks and a, the apparent

transfer coeffitient, depend strongly on the above fattors.v



fvj Changes in so]vat10n of reactants and products and the
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'gjﬁcpngg;aticdghyirqnment yére considered to be the main

."c’ontr'-ibutingfféc’t'o‘rs;f T

u

;T1-253-" The InteraCt1on between Aromati¢ Hydrocarbon

Negat1ve Tons and Alkali Meta] Cations "~

. NQUaCCQuht of the interactions between aromatic

‘hydrocarbon negative ions and alkali metal catidns is

‘complete without mentioning the early attempts in trying’

’

to react hydrocarbons with alkali metals. Berthelot (68),

“in 1867, reacted potassium directly with naphthalene ‘at

‘ é1evated'tembéra£Uré and obtained the dipotassium products.
‘-“.‘nu PR . : o o . L . ..

‘More intensive sﬁudies_were made by Schlenk et al in

diethyl. ether as solyent;1595J0)w¢%Thenreaction of .sodium, -, .

- AL e e

Ty B e 7.

with anfhrédéné.WaS qbservedidnd 1j£hium feacted_withf o

naphthalene to éive_thé di]ithium proddct, thdugﬂ'only to

P ; O

a limited extent. A solution of sodium in liquid ammonia

was reported to bring about the addition of sodium to

]
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",g;ggphfhalene“(71),'a 4:1 ratio of sodium to naphthalene

y

befng observed. However, g;her_was hot’é very'Success%JTi
solvent for these reactions because oh]y é 1im{£ed number
of aromatic hydrocarbons ¢0q1d be coaxed to react.and'evéﬁ%;'
then reaction rate was.often slow. Liquid ammonia was not
satisfactory because rapid ammonolysis of'the reéctioh
product occurred (7;). Sjgnjijcant progress was made whén
Scbtt gt a1'(72)ldiscovéred than certain efhér§ like

. methy!l etﬁer~qnd 1,2-d5methoxyethane coQ]d prbmote the
>réactioh:of alkali metals with arématic hydrocarbons.
Jeannés ahd Adams. (73) investigated the addition of
,'ﬂ»so&iumFWith;phgﬁaﬁthﬁené;and progqseq‘a,mechanjﬁm_§§'1 ,

7

:.giygn Be]ow‘
[ _¢&H
| > Na* + |CpHe—" | -
’//,()kizéf’g;? 12Mg » ]
2NG+C12H8\H ‘ .

1 C}1§§§§=. - | CHjﬂ

2Na* + | C,2H8/|




M

It appears that this is the first instance where

some sort of anion radical intermediate was proposed.

. oo . —‘

HoweVer, the authors erroneously thoﬁght~that the green.
color of the so]ﬁtion was due to tﬁe diaﬁion which was .
also thought to be the major product. frdm thesé
Eioneering studies,_itIWQS :ea1izéd*fhat'thé sqiubig
alkali meta];ﬁydrocarbon éqmp]exes are highly ;olofeq;
vefy reactfve and ionic in nature (as.evidenced by the

: eléctrica] ;onductivify of the solutions (74)5.

However, the mechanism of the reactions and the type ofV

bfbdths formed-was not.well. understood sFor‘e%émpféf ;1.9"'"“' -

it was - thought that the reaction of naphthalene with sodium

invq]Qedngﬁéﬁgfaqsfér'ofiéné6;V;Q6”e1ecffoh§>frém’sod}um.
atoms to one haﬁﬁthaiéhg moleécule aﬁd'a'comp1ex of the'
fo;ﬁ NaCKﬁBNa was broposed (;4). Also, stoichiomgtries
such as 1:1, 2:1,'4:1 for’a1kéji hetai—hydrocérbon

»

- complexes have

“ o,

been proposed (see previous references). .. . -

18



THeVnext important step was made by prkin et af (75)
wﬁo first established the free raaiCa1 nature;of the
'pfédﬁtt o%-thése reacthﬁs;f They réacted sdafumjﬁggb‘
naéhthaTeae,lanthcaCeng, phenanthreng epp.;{ﬁgI,é-d{mééh—

oxyeﬁhane'and tetrahydrofuran and1fognd that the product

a

éxhibitédd{nfgnsqwbafamagqe;jc absorptions and all

: proqucts wereé f0und_to-have a free\giectron-val@efof'one.
They. deduced that the reactions involved the transfer of

~one electron from Sodium to the hydrocarbohsﬁib_fdkm free -

radical ions. However, it was ndt thought that dianions

could be formed_as well, .The}equi]ibrﬁym‘qatqre_of g}kaTﬁ

-

. . H
. Com e . v
Y. = T

“metal-hydrocarbon reactions was known (72) and these

_authqrs‘suggested*th§t°thé bfincipaT*factor‘thch determings ‘- -

the ability of high oxygenvéontent-ethers such as dimethy]
ether and 1,2-dimethoxyethane to promote reaction was due
to the favorab]e’energy of solvation of the metal jon

(and possibly the hydrocarbbn anion) thus shifting the-

.. S e e e e ]

19



.« formed- as -well as anion radicals.

e
/
/

equilibrium to the anion side. They a1so'suggésted that |
the solvation ofvtﬁe metal ion involves chelate structures

with unhindered ethers as was'propo§ed'ear1ier (37). At

~ about the 'same time, Weissman et al (89) reported the

first puinshed‘hyperfineﬁSp]ittings ﬁﬁjthe.paramagnetic

resonance spectrum of .the-naphthalene anion radical in "

' - ’ pov.
4

P

tetrahydrofurah which exhibited njneteeh compdnents. 'Cﬁui_

RS

'Bﬁdeu“(76)'s£bdﬁed the.magnetﬁé‘suscéﬁfib?ﬁif?es,of 'h |

sodium with anthraéene, biphenyl, naphthalene,'phenanthreﬁe,
N Y
P

and m-terphenyl-in tetrahydrofuran. They reported that

in the case of anthracene and phenanthrene, dianions are

- Further studies in this area were made by-Hoijtink

(77,78, 81-87) and co-workers. Comparison was made

‘between chemica1:and e]ectrochémjca],redutt?ons, both of

which yielded the same products, namely, the anion radicals
) ] _

"Aand‘diah{gyg. ‘However, 'in ‘the case of chemital reduction, -

d/'

20.
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whether or not the dianions are formed depends on the

- N LR )
~electron affinities of the hydrocarbons. Potentiometric~
'(77,78) and spectrophotometric (80) techniques were used
to establish a relative electron affinity séale for the-

_hydrocarbons. In the potentiometric studies, standard
N o , C

e

réduction'poténtiéiérreferenced to the reduction poteftial

- of biphehy1 were_ in good. agreement with polarographic
.values. However the results obtained from the two

techniques did not agree. Jagur-Gradzinski et al (88)

made careful studies in. tetrahydrofuran using both
"technfques in order to reso]ye the différences obtained

in the twg studies‘abbve. They assumed that the ions

are mainly undissociated jn fetrah&drofoan, énd cpﬁpared

‘}.fthé<tWthe@hnidues&. Thgip~ngsq}t§jyerggig_gqalitatiﬁé; T

agrdement with those of Hoijtink et al (78).

7 In most of these studies, it was implicitly assumed

. that the hydrocarbon negative jons exist as free ions in



W . . 1

solution. The roTe"p]ayed by the counterions 1hAso1Ven§-'-

was not well understood. . However, the pioneéring~worﬁ of

Winstein et al 490) and Grunwald (91) has established the

~existence of different types of ion associates. Szwarc
and his ‘school egtablished the presenée of an equilibrium.
between contaétAan&'solventheparated ion pairs (92).

v '.\'v—"""'A-'
There has been tremendous interest. in the reactivitieg of

organic anions since they take ﬁdrt,in nhmerdjg:important
proce§$es. For exampie, radicé] anions act as‘initiators

in anibniei§o1ymerizatibn'(93). These reativities are;
greatly affected by counter cationé,&solvent¢ and'iemperaﬁ'
ture. It is. interesting ﬁo note that ear]& interest in \
kel neial-hadrocarbon reactions 1eg noturally o Tater
studies. of ionic interactions and discbvery.thatiﬁﬂgse__ﬂ -
“.‘Yegttionsgéctuf’soﬂhéii'ihfskoenté.of Jow. dielectric

constant” such as tetrahydrofuran, Z-methyltetrahydrofufan;j}

1,2-dimethoxyethane and dioxane. If'f611ows that chemical

<
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~reduction-is the pfedominant method;of generation of

o

., _ e ]
. C ) Wiy g"ﬁ — )
been 'paid to anion radicals than dianions. There are:. - -

\

several reasons for this. First, chemical reductions do -

~
Iy

‘nOt-produce dianions in_ all aromatic.hydrocarbons. Second,

‘ thgldiahions, even if,they are produced} are much more

reactive than -anions, and require special techniques for

their preservétiop. 'Third, one of the most péwerfu]
methods for studying 1onvassoc1afes is e{ecfron spin
resénanée whiéhicén only be applied to free raéical jons. .
E]ectrochemica]igeneration of . aqions has been‘emp1oyed ih;
nuﬁerous such studies }3i; 94, 95).

'Many te@hanugé have been'used.in thé étudy.of'ion
pairing. . Conductance methods were used to deteﬁf the

[

presence of ion paifs o? polycyclic aromatic derocérbon\
0 \ . . . . . .
anions with alkali metal cations (96). Spectroscopic

methods include UV-VIS (93,96-98), and infrared (99-101).

'hydrqcarbon anions in later studies.' More attention has

—1

Y
e
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~ . .However, by far ‘the most -powerful, and_popular techniques”

® . e

L N

e

)

o _spih. ’Thesé-methods;yj§1d detaiTed”infdrmgtidhJéboutAthe_

" 2 ¢ ’ . ) .
structural and dynami¢ properties of the various ion pairs.

-Several. reviews have heen written concerning the develop-
cviews have 1tte cerning the, develop:
ot R ' )

ment of the concept of ion paifing‘and i£S'1mbortance,in
g | ) - - g .
dHfferent fields of chemical research (14,15,102).

-

' 1.2.4;é #et?atyanoethy]ene,(fCﬁE)

There is tremendous inte?eét in tetrécyaho- “
:kéthyTehe and its related faﬁ{1; mehbers dug to,.their
unusuéj prppertieQQ"TCNE was the fi}St‘pf a new class

of compounds (known as percyano oJefins) to be syhthe-

sized (103). _Prior to this, the only known cyanocarbons
. - . / !

/."
f

were dicyanoacetylene and”dicyanobutaq1ene (104). QTCNE.'

is exceptionally reactive aqd-undergoes addjtion ahd

Ll

substitution readily. Thgse-réactions have been

¥

"“employed are magnetic resonance, both nuclégr>and-electpon

v
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) comp]exes‘(110-112). The absolute electron affinity was -

_ found_to be 2.3(20.3) eV by the
& *;. R PIEEE. S . e —_

x -

discussed (105-109).

e T

' been e*tensjﬁél}%sﬁﬁﬁiéQ} “Relative electron affinities

R S o
EIES roene w e e
-

were obtained from studies .of molecular charge transfer =

I T P ree .
> o~ T PR -

fque of photor

& e

feéhn

Lo
B Ly

~ detachment of electrons from negative ions (113) . which

is.about 0.5 eV less than the value obtained by the
maghetﬁod surface ionization technique (114). The

e

- theoﬁeﬁl¢a1]¥_qalcu1ated value is 3.06 eV (115).

i, .
et P A e & Ry e s
.

'Vibrational spectra.of TCNE has been studied in detail.

. Raman and iR spectra,vboth in-the solid state and in

| so]gtién have been published (116-122). Electronic
absorption spectra in solvents such as 2—methy1tétrq—
hydrofhraﬁ (123) and acetdnitri]e (124) are avai]ablé.
Theoretical aBsorption energies (125) and simulated

'spectra (126) have been calculated.

-

~f" Thg physical -and electronic properties of TCNE have
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' Thelm05£fw{dé1yf%fhﬁied?property'o¥ TCNE results

" “from’the presence of ifs four cyano groups.  These four -

e]ettkon"WithdréWidg groups make TCNE a very strong =-

acid.. It forms.molécular n-complexes with- w-bases.such. . . .

és.aromatic hydrogargoﬁs. fhé f;rmétioﬁ cdnsfants‘of
tﬁésé‘cbmp1éxes have beéﬁ obtainéd from sﬁéctroséopic
¢127) éha po]qfoéfaphip‘étua{és”(iZé,IéQ); tdeéchd;
orbital cafcu]ations of fhese cpmp]exes_haQe beén made

(130).

fTCNE can be'easi1yﬁredﬁced in a number of different -

- > N N -

wayg. Chemica11y,'1t cgn be }educed by 1od1des,jthidls,
mercéptan; and hydrogen.on pa]]éaium (106),}and FYen
cyanide ion (124). TCNE is'fquna to react.with metals
suﬁp as K, Na,.A1,-Mg; éu, Pb etc. at roomvtempératdre R
to gige thevt6frespond1ng.meta1Nsa1ts'(124,131). The

existence of these.metal tetracyanoethylenides was first
e . e : R \ .

recognized. by Weissman (132). These meta] salts are

» <

"

4
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W?fY'§téﬁ1é,inlthéhsd]jd:stateﬂi'For‘example, Kf%?NE:
. has been known to remain unchanged even after heating for
.three hours at*150°C-in aninert datmosphere, gnd also
after exposuré.to the atmééphere for one month (124).

The anion radical of TCNE (TCNE®) can also be pro-

duced byiirrgqiation‘wjth_dﬁljghi pulse from an Argon flash ™~

L.

Tamp (133). In solution, the .anion radical, in cortrast
to the so]iq sg&t, is sensitive to oxygen and less so,
# :

to water (124). It has been reported that TCNE* is produCed

P~ - o

~ spontaneously in solvents such as dimethyisu]foxide,

f

dimethylformamide and dimethylacetamide, the rate of

'production being accelerated in the presence of light.
4 E A} .

The anion radical pfoductjon was explained in terms of the

13

‘thermal jonic dissociation of the electron donor-acceptor
. complexes (EDA) formed with these solvents (134-137):
. However, Butler et al studied the dimethylsu]foxide-TCNE

system and came to the conclusion that the presence of TCNE™

'.l
LYY ~., .
- £l

oy 0 @ s

27



was the result of complex chemical reactions taking place

between the components’of the system and not due to fhé%mal -

dissociatjoh of the EDA complex (137).

TCNE* has been studied by IR and Raman spectrostopy

(121,138-141) and UV-VIS spectroscopy (123,142).

Electron spin resonance studies were undertaken (143-145)

. T -

o study the effect of counterions on the, reactions of

f \ 2}

TCNE*. Theoretical stu&des on the electron spin distri-

bution of TCNE™ have also been made: (146).

. . 0‘ .
. The anion ragical and dianjion of TCNE can also be,
I » A E S AR "..n_' w o .Y @ tratt WMo, '-‘" Se s et

prepared by electrochemical methods. Peover studied the

of

dfmethylformamﬁde, chloroform and methylene chloride.

In acetonitrile and dimethylformamide using tetra-

'reversib1e‘and‘involved the transfer of one electron.

Further reduction was not carried out. 1In chloroform,

LT

polarographic reduction of TCNE to TCNE™ in acetonitrile, |

- ethy1ammoniim perchtotate, the reduction waS"ﬁquﬁd*tb be ' - - .
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" Veduction to the-dianion was-carried out (0.5M tetra-.. .

Lr o & e~ CodPee e . < 4, i
s L e ad e e e e v e e e g e

buty]ammohfﬁm bérchﬂbhaﬁé)y*;Bﬁt51Waié§i{hioLng;ohe#;;M¥¥.;htw =

electron transfer and were révefsible. .Van Duyne et al .

‘)

(138) reduced TCNEgaﬁthatiﬁum_é]éétradefjh3acétonjtrf1é;Q~ bf-~-J.“ﬂ

“ . using ‘tetrabutylammonium perchlorate as solvent.

ar -

oo
~

e

Empioying cyclic voltammetry they: foundfthe'firsf4Wave.to

be a reversible one-electron wave and the anion radical

\ Lo - cee

S o .

" as ~found o be - stable over at.least 40 minutesw -However . . .

oo,

the second wave was irreversible. The irreversibility of

[ERY
A

the second reduction was attributed to the change in . -

A

geometry in éofﬁg from TCNE*,tb*TCNE=~.‘Pons et al (139)

smor wwe P

L R )

" obtained similar results, but showed that the irrever-

e
<

sibility was due to other causes. Kaplan-et al plotted the’ e

[

redUcfidh(pbténtiﬁ]s”%gé?nsf the: cakcul atied "energy. of the

lowest unoccupied molecular orbitals for‘a series of

- RN e o
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‘1d???déibﬁ*cbéff?e1entsﬁwene@aiso,gb;éjhga:(148;149);

C1.2.5  .7,7,8w8-Tetracyan6QQihodiméthéné‘(TCNQ)

g

" tion‘of-its exceptional properties, there was increased

‘electrode paterials and in different sofventd’ The '~ ="'t

[

e
: : - ) Rt O e, .
-
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Sinqé]the di§povery of TCNE, .and the demenstra-

effort to_explore new members of the percyano class of

R -
¢ . . L] £ - a0

P

g ) T - - - - N
compounds. Particular interest was paid to structures

. where the ethylene bond was replaced by a conjugated
. VU Ce . o o

system. One' outstanding member which surfaced was

~7,7,8,8-tetracyanoquinodimethane (TCNQ).

TCNQ was prepared for the first time in 1961 (150)
but‘det@ils of its preparation were only published in

1962 (151). Although many properties“of TCNQ parallel

W ey cTe R T e g e e U e

; “t_f‘é&ahbéarbphé;Bﬁf;éﬁdld’fﬁh@;ﬁ@:qgrré]htion (187): Hetero- -

have been determined: by tyclic voltammetry at-different. . .

s BV
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sogent those-of TENE, there are a

P

}“ovsomeufmpd?faﬁt'Piffefences.v
Ty ST

T

’ [ ffﬁbFfé§3mbTé,=TCNQ=uﬁqéfgqeﬁfd{§p1§ceménfiqf'ftﬁ”cybhb‘; o

A N o ey T - y
group-on the same tarbon atom as does TCNE.. However,

o - A

Tw e e L] . R
S ”
. -
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" TCNQ does not form the DiglssAlder.adduct with dienes and =~

ri'7f¥éddﬁfjohaocnur$;aifhpe-Jgﬁépégifﬂqns,in-cgnpras;;to the .. o

1,4-positions for TCNE.

-~ (ws SCE) and TCNE = +0.152 V (vs SCE). However,

¥

FEEIEIP RPN

" TCNQ, like TCNE, is a strong’ w-acid. "It has been T

+

repbrtéﬁ (152), béséd'bn'pblérégfaphic'ha1f-WaVe“pqteﬁtfélé;
that TCNE has the stronger acidity of the two. The Eh

'va]ues, obtained in acetonitrile, are TCNQ = +0.127 V.

< S e . . - P

experimental (115) and theoretical (113)”Hetefminat16ﬁs'

-~ both showed_that TCNQ has slightly-higher absolute

electron affinity. The experimental values were 2.4 and

-

2.3 eV for TCNQ and TCNE respectively and the theoretical

values were 3.42 dnd 3.06 eV respective]yf

Like TCNE, TCNQ forms 1:1 w-complexes with many

e e P



~35organ$cfdondrs;ﬂ,1hgéé complexes can b® isolated in the

Ae vl & e g e

rd

Lera

[
ARV

have beehhtheTSUBJetf df,intensive_reseaﬁch. The eTeétrica]

e w o im

- properties of the moét famous of Iheﬁ. tﬁe"tEthathiofquaQ

..7t11‘:Cfeﬁglgefkaéyﬁﬁdqu1ﬂodimethane’TTTF-TCNQ) complex was -

- , o, .. . - .
S - ST - [ . [
P .. Lo =Y e L e L e EONNEN

e
. -

T e

- at'-rgom temperature, TTF-TCNQ has an gTépﬁriéﬁ]uépﬁﬁug: .

tivfty comparable to that of graphite (about 1000/q Cm).

~ The conductivity increased dramatically at -lower tempera-

"tures, reaching a maximum value of slightly over 11000/2  °

cm at 60 K before decreasing again. Due to this high

conductivity-and -its chain-l1ike structure, it has been

referred to as a quasi—one-diménsiona] metal (154,155).
The duPent group;, who discovered TGNQ (as well as
TCNE) (147), has published an extensive series of studies

of the chemical and physical properties of TCNQ and its

derivatives (151,152,156). TCNQ can be easily reduced to

"

- 32

" sp1id_form;‘-Many.of‘jhem«ahefeiettfﬁéélij ﬁgﬁduétjvéiéndff  I

_ First discovered by Heeger et-al {153); - 1t.was found that; -
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" its anion radical by iodides and metals such as copper,

éi]ver, etc. to form simp1eAsé1ts...Nith tetraalkyl- |

ammonium cations[;complex’Safgg7of formula M+:(TCNG™)TCNQ -

| . Y

are obtained. “Peover (128,129) has studied TCNQ-aromatic: . -°

hydrocarbon complexes po]arographiéallyiénd has R

- b vLL - ~ »

fﬁeiefhined‘théi?vﬁfabinty'coﬁsténtsf‘ Heats of formation

| D
-and-electron affinities have also been derived from

-thermoChéﬁﬁCé]"étddiéﬁL; As forvTCNE,irgfétivé é]ectron
affinﬁt{es héve Beéﬁ‘d;termined (110-112) -and absolute
electron éffiniﬁies obtained both experimentally and

.theoret1;a11y (1134115). Various spectroscopic methods
have ‘been EmpToyédufo étudy‘TéﬁQfaﬁdf;ts aﬁiong.

Jeanmaire and Van Duyne obtained the electronic and

Raman resonance spectra of TCNQ and its anion radical in.

acetonitrile. The anion radical, TCNQ™, was generated

electrochemically (157). Infrared spectroscopy has been '

applied to the study of its anion radical in solution

33



(158,159) and.in the solid state (160,161)." Khatkalé
. S - . S - £

and Devlin studied the vibrational and electronic
N 1\( . k PR , ] )
‘ épettfafof,fhe'mond—,'di-, and trianion salts. of TCNQ

.

dsing)a'vapor.deposition,methddf(IGZ); The resonance -

Raman spectroelectrochemistry of the dianion and jts
' oxygenfdepéy'prodgct'was SfUdieq_bxiSuchanski and. Van
' R . o - ‘N ) ’ '.X'i |
“"Duyne (163). Theoretical calculations of the spectro-
'scopic properties of TCNQ, TCNQ™, and TCNQ= have been

performed. The jonization and reduction potentials :and

dipole moment has also been calculated theoretically

(l26). Electron spin resonance has been applied to tﬁe
§tgdy of,TCﬁQ*,.ang 1£s reactions (165-16%). Theoreticé]
spibudensi§y distribution calculatons have é];o.Sgen
made (146,147).

E]ectfochemicé] étudies have shown that thg reduc-
tion of TCNQ in homdgenéogs solvents involve two well-

~

defined oné-electron steps, with the formation of the

3L



anion radical and then the dianion. Peover found that
‘ bothisféﬁédQéré”pdla}oéﬁébhica11y reversible in chléroform

“and methylene chldride. - In acetonifhfWe‘éndeﬁi,:where

‘o

only the first reduction step‘wés‘sﬁudiea, the éamql

reSUJt”was‘Obtaihed (128,129). - Suchanski and Van Duyne

a1solf0und,reversfbility_fpr both electron transfers {nf--‘

g
~ PO

acetqni;ri]e-pn a Vo]tamme?ric time scale (0.2 to 2.0s -
(163). Sharp obtained the heterogeneous rate
£ .

constants for the first reduction steps in various *
dipo]ar aprotic soivents and at different electrode
materials. Diffusion coefficient values were also
obtained (148,149).

Due to its additiona1‘conjugétion; the an1§n§ of-TCNQ _
are’expected to-bé more stable thaﬁ those -of TC&E (148).

However the stability of the anion radical and dianion are

still affected by oxygen and water. ‘In deaerated aceto-

hd

nitrile, TCNQ® isvreported to be stable for 3 hours whereas

N

-

35
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TCNQ¥ at leagt for 40 m.\ The oxygen c;ecay of TCNQ= ¢
has a.1's;o been’ stud-iéd (i63,). Th; rate -_Qf prdtonation of

TCNQ.*-'%‘n metbanio] . et:h_an'ol,r ‘a?etorlitrﬂe_ an_d wajter has al'so
.been‘determined (169,176). TCN05 is known also to dimerize

in water_(171).



R 4 _ .
Chapter:2  Electrochemical Techniques

2.1 Introduction
In fhis chapter the electrochemical techniques
lemp]oyedlin”this reasearch are described. As far és
possible, detailed mathematical derivations'afe aQéiq?d.
‘ Since most of\them are estab]jshed £9chnigUe§, the<
~detdi1s are presentedvin‘most"textboékk and review

.,‘$eries (L72<176). 'Hoﬁever, pertinent equations wf]] be

i
e

given heré.
2.2. General Considerations
The modern e]ectrochemica]'experiment employs a
three electrbde system. This consists of the working
(8]

electrode, where the electrode reaction of interest is

monitored, the counter electrode which completes the

37
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. current path through the solution, and the reference
. : q':‘. # ‘.Aq ) . -. | | ."\ ' .
S et T g R
«electiode. T}'me’yence electrode draws extgemely o
‘sma11‘qurent§"and its potential' remains eséentially
. ' l‘. I“’:@ ' L] ’- LI
constant. Tﬁe‘app]iéd"potential is;gonf$6i1ed'with

BT
K] 7,:1 .

. . A ut,‘-g’n" . . . )
respect to the reference ‘elettrode by a potentjostat.
. : . : ?. :-"z. ) - ! .
Also, depéndfng‘upon thelpechnidug used, a potential

progrém (e.g. ramp, puTse‘%té.) ‘can be applied from _
‘some source such as a waveform generator.

In earlier two electrode systems, problems of

‘vo]tagé loss (iR\oss) due to high SQTQthn resistante

(especially fn nonaqueous media) arose. 'HoweVef, with
a‘,

the use of the‘ﬁqfentjostat employing operatiOHaf

~ . h ¥,

amplifier citpuitry in a three electrode configﬂration,i

can be reduced to veryfsma11.ya1hes by

r

the iR loss

employing a‘'positive feedback circuitry and proper blace-
. . . .

ment of the referenCe electrode close t0 the working
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electrode.

" Consider the electrode reduction process

0 + ne = R : (2.1)

where n is ‘the number of electrons tfansferred; 0-and R-

are the oxidized and reduced species‘of the redox couplé,

"and k(1) and k(-1) are the forward and reverse heterogeneous

AJ

rate constants respectﬁve1y. At equilibrium where no net
6 -

current is flowing the Nernst equation app]ieé

"E(eq) = E(0) + RT/r& 1n{a(0)/a(R)) (2.2)

where E(eq) is the equlibrium potential, E(0) is the standard
potential, a(0) is the bulk activity of 0, a(R) is the g
‘bulk activity of R. A1l the activity coefficients can

be incorporated into E(0) to give the formal potential E(0)'



-

where the C's refer to concentration. Also, if the

.

electrode kinetics are very.fast (i.e. the standard

heterogeneous rate constant ks Qs large), equation (2.3) can

-

be applied to.concentrations at the surface of the electrode

‘and the reaction is said to be electrochemically reversib]e

E‘= E(0)' + RT/nf Tn(C(0)"'/C(R)") 'v. (2.4)

¢

s
-

where C(0)' and C(R)' are concentrations of 0 and R

respéctively at the surface of the electrode.

The total current i, which flows in the electro-

chemical experiment comes primarily from two sources

io=i(c) +i(f) ' . . (2.5)

E(eq) = £(0)" + ﬁ{/nF In(C(0)/C(R)) . = (2.3),

40



The charging current i(c), is the current

-

required to‘Charge the electrical double layer at the

. N .
electrode-solution interphase. The faradaic current i(f),

is the current which flows as a result of the system's -

R

e

~response-to an applied potential, in‘-order that equation

(2.4) could be obeyed. If the résponse of the system is
A ] . >

slow with respect to a changing potential (i.e. small ks)

W,

‘then equatibn (2.3) cannot be established at the electrode

surface and the reaction is said to be electrochemically
“irreversible. (It is assumed that\spgcies 0 and R are
otherwise stable so that homogeneous kinetics do not have
to be considered.) If the electrode kinetics are fast,
the current is only governed by the rate at which 0 can
be transported to the electrode. The electrode reaction
- is then said to be mass-transfer controlled.

There are three methods of mass transport, namely,

convection, migration and diffusion. Therefore

41



i(f) = i(conv) + i(m) + i(d) - (2.6)

‘where i(conv) is the conVeCtioh current, i(m) the migration
N " .

~and i(d) the diffusion current. In electrochemical

experiments, the migration current is suppressed by using

.a large excess (ca 100 times substrate) of the .supporting

electrolyte which conducts the current through the bulk

Uy

* . solution as well. “Then, depending upon the eleéf}aéﬁémﬂﬂiL

technique, either convection or diffusion C@UWd be the
[N - ’

-

method of choice for mass transport. In the case of
diffusionvtontrol, Fick's laws of diffusion apply and for

linear diffusion to a plane electrode

AC(0) (x,t)/8t = D(0)A2C(0)(x,t)/Ex2 ©(2.8)

At this point, one or two words should be said about

~3(0)(x,t) = 1/nFA = D(0)(SC(0) (x,t)/5x) C(2.7)

Lo
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.o ) v L
“electrochemical reversibility or irreversibility." Any
process is said to be.thermddynamicaliy'reversible it an
infinitesimal change in the direction of the driving force
changes the direction of the process. However, all

electrode processes oécdr at&§rfinite rate and therefore -

cannot be thefmodynamica]]y revers1b1e. The'definition
' \ _
. of electrochemical reversibility is thus one of practical

value rather than thermodynamic rigor. In the practical

L) .

sense, therefore, an electrochemical process is reversible

if the deviations from the Nernst equation are too small

<2

to be measured; Also, reversibility would depend on the
technique used. If the time scale of the experiment is

N

short, and the ‘Kinetics of electron transfer are not fast -~
enough so that the Nernst équatibn cannot be established

at thejéTECtrode surface, the process will be irreversible.



2.3 Chronoamperometry

Chronoamperometry; as the name imp1ies, is a

technique whereby the current is monitored as a function
of time. In common practice, the potential of the working
electrode, which is initially set at a value where/no

/
electrode reaction is occurring, is stepped to a value
large enough so that the~e1ectrodé:process is limited only-
ffusive transport of material to the electrode

\.

surface.” Since the experiment is carried out in a

by the'q1
conductive_quiescent solution, this\is the only mode of
mass transpért. Therefore, assuming semi-infinite lipear
diffusion to a p]éné, Fick's laws can be apb]ied (equa--

| tibns.(2.7) and 2.8)) together with soie initial énd
boundary conditions:

A B
C(0)(x,0) = C* _ (2.9)

6(65(1arge X,t) = C* | ' | - {2.10)

Li



"

C(0)(0,1)

Equations (2.7) and (2.8) together with the conditions
above, can be solved by making use of the Laplace

» .
transformation. The current time function is given by

q"
i = nFA D(O)i’c*/(ut)% - (2.12)
where i = current (uA)}
D= diffusion coefficient cn?/s)

C* = bulk concentration (mM)

p-3
"

area of electrode ,cm™
n = number of electrons transferrea
t = time (s)
F =j96487 coulombs.

Equation (2.12) is known as the Cottrell equation (177),

o (2.11)
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It should be noted that in the Cottrell equation the.
current is independent of potential since the potential
is stepped to a value large enough so that the rate of

the electrode process is essentially infinite. Therefore,

L4

L4

if there are no coupled chemical reactions, the Cottrell

equation will hold whether or not the e]ectrochemita]

procéss is reversible or irreversible.

T O
e, LN AN
N T

Z,A-ftjgffc:Voltammetry

© Linear swedp cyclic voltammetry is one,of. the
- iy s : - o STENS # H
¥ e - LN

’

been employed in many applications 'such as determination
.iu#

of reversjbi]ity andvstandard heterogeneoUsurate‘consténts;A
elucidation of reaction mechanisms, determination of . (i
hombgehebus kinetié parameters, etc.. It is a]ﬁoét §1w5¥§

used in initial inQestigatiqns of hew sy;tems. For the‘.

electrode prodess without coupled chemical reactions, the



- .

e

' fhéoriés for the reversib]e'(178-183),‘quasi—féversib]e

1

(180,183,f84) and the1rreversib1e{pa;esv(186) héve ?eéa
given; Many cases of charge transfer coupled with chemi-
cal reactions have also been studied (18751%0). Later,
Nicholson and'Shain (191), in a classic paper, reported
‘the analytical derivations for the theory for various
éases? both with and without coupled chemi;é1.reéctions.
A]though sbherica1,,cy1indr?cal and p1anar»e1e£trodes
have all been uﬁed in cyclic vo]tahmétry,‘thé following
discussion assumes planar diffusion. In the cyclic vojtam—
metric expeéihent, if we consider'thé reduction’process
as given by equation (2.1), the potential ot fﬁe working
electrode is varied linearly in time from an 1nit1;]

‘'value where no electrode reactfon is occurring to a more
" £
negative value where the elect®pde reaction is governéd. by

diffusion. On reaching this value, known as the switching

potential, the linear potential sweep is reversed. The

7



sweeﬁ.raté is ‘'usually, the same for the forwafd and reverse
$cans but need nof be so. It can vai;\:f;:}ykfrom a few
\vmV/s to over 1000 V/s.- To describe the process
OCCUfrihg at tHe e]ectroqelwe consider the forward scan. Aa
the potential is scanngd negative from the initial
i potgnpiai, faradaic current will begin to f]owzas
.&prescnjbed by the Butler;Vo]mer equation. The surfag;///
con;;nfratfo;of;the Substfate 0 will thus bggin to
decrease. The curren; increéses expohential1y with the
potential, and the concentration of 0 is inevitably

)
driven to zero at the surface. At this point it is:

;mpossible for the flux fb continue increasfng at such a

rate. As a result, the concentfatibn of O near fhe

electrode continues ;o fall causing a decrease in tﬁe

gradient of Olin'the vicinity‘bf the electrode. Since the
. . \

current is simply related to this gradient by Fick's -

first law, it is observed that the current begins to fall,

b3
v
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capsing a peak to éppear in the current—vo1tage
characteristic. At more negative potentials, the current

is still diffusion limited, and the characteristic is

the same as that of a -ghronoamperogram,-i.e. the current

e -
concgntratior* .

S

falls as root t.’Simu1taneon1y, the

profile of the e]é%trogenerated species R has been
increasing near the surface of the electrode. It is found,
that if the potential sweep is now reversed, a similar

inverted response ‘is observed. A peak in the opposite

R

signed direction is formed which corresponds to the

oxidation of R. Similar arguments are in effect for the

_observed behavior. . %

. For the reversible case the current is given by

nFAC(0)*(raD(0))¥ X (at) (2.13)

-
i

whefe . a = (nFv /RT) oy .‘ ‘ (2.18)

v= scan rate (V/s)



-

el

and X(at) is the current function which can be numerically -

calculated (191). The peak current is given by

A N
(X(at) =.0.4463).
i(p) = 0.4263 nFAC(O)*kanD(O)/RTﬁé (2.15)
At 25°C “
i(p)= (269000)m° A (D(O)vf5C(0)* ' " (2.16)

where i(p)A= amperes, A = cm2, D(0)= cm2/s,

C(O)*=mo]/c?n3 and v = V/s. Equétion (2.16) is known as the

nandles- Sevcik equation. . ' -

For the reversible case the peak potential E(p) i¥

related to the polarographic half-wave potential Eh by

E(p)- Eh = -1.109(RT/nF) - - ‘ (2.17)

N

T
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Also the potential at 1/2 i(p), E(p/2) is

E(p/2) - Eh = i.OéI(RI/nF) =.(28.0/n) myv - (2.15)

at 25°C
and E(p)- E(p/2) = 2.20 (RT/nF) = (56.5/n)mV_(2.19)
at 25°C. : : | A

Considering both the forward and reverse waves

(cyclic voltammogram), for a Nernstian Wave with stable R

(i(pa)/i(pc)) = 1 if the switching potential (2.20)

Ex is at bteast 35/n mV past
o *

-the 'peak

z
5
o
=S
™
-
——
o
&
Si”
"

peaktanodic current measured from the
asymptotic limit of the decaying~ca{hodiCA

o - ~  current as baseline

1

_‘4
P
o

o ..
Nt

"

peak cathodic current.
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A]so .de]E(p)=lE(b)(9x)-E(red)]=(59/n)mv at 25°C | (2.21)

- .
For the totally irreversible case ¥

.

PR

—
it

NFAC(OY* (an'FD(0)va/RT) X(bt) (2.22)

~

(an'VF/RT) '

where b

and ' is the number of electrons transferred up to and ¥

including the rate determining step.
i(p) = (299000) n(an') AC(0)* (D(0)v) (2.23)

where n is the total number of electrons transferred.
When the current is at its peak

£(p)= E(0)'~(RT/an'F)[0.780+1n(D(0) 7ks)+In(an'Fy/RT). ]
’ | - | (2.24)
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and | E(p)-E(p/2)]| =.(1.857RT/un'F) - (47.7/an;) mo (2.28)
at 25°C.

Thus, ‘or the.reversible case, E(p) is independent of scan
rate whereas for the 1rrever§1b1e'case E(p) shif;s
(1.15vRT/an'F)= (30/an' )mv moée neéative at 25°C‘f0r each
decade 1ncre§se in scan rate: Also it is ndticed that

for the Nernstian case, no kinetic information can be

[ 4

obtained, whereas the kinetic.parameters, namely the

)
L-,‘,x

trahsferqdoefficient a and tﬁe standard heterogeneous
rate congtant ks, appe?r“in the equaﬁions déscri;iﬁg the
irreversible electron transfer.

" Nicholson (184), has also derived the cyclic
- vo]tammetric<behavior-for the quasi-reversible case.lt was
found that, if E(A) is at least (90/n)mV past

the cathodic peak, the current—potentia1‘curvés arg -

dependent on the dimensionless parameter o and A where



v

e ((D(O)I/D(R))%ks)/[-(D(O)nV(nF/RT)J% (2.26)

Also for 0.3 < o < 0.7, delE(p) values are essentially
independent of o« and dépend only on a. Delk(p) values
together with their corresponding.A values have heen
calculated (assuming a = 0.5). From these va]ues; a
working curvé can be plotted from which ks vglues for
4qﬁasi;reversible electrode reactions can be obtained by
observing the.variation of delE(p) with sweep‘rape V.

. For more.details conéerning the equations introduced

‘1n’thﬁs section references (172, 191) should be consulted.

A

~

2.5 No}mal Pulse Po]arography

The dropping mercury electrode (dme) was initially
introduced by Heyrovsky (206). The technique which its
use generated is called pq]érogrgpbyiQ?na“has since

-~ v

‘gained widespread use. '(Thg'term'po1arogra§:;7;sed‘ T

[y

Sk
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hgré is distinguishéd from voltammetry in that the former
abpﬁf;s solely to the_hse of the dropping mercury
e]ectrode.)‘ Over the years, the\polarographié‘technique
f has undergone so much transtﬁmation'and impfovemént that
[the c]éssica] method commonly called d.c. polérography is
nowadays seldom Qsed. This is because related techniques
whiéh arose suéh asAa.c. polarography, ngrmal‘pu1se
polarography,_dif?erenfia] pulse polarography, ¢urrent-
sampled po]arography, etc. offer large advantages in terms
of diagnostics, sensitivity, resolution, recording etc.. °
Although normal ‘pulse polarography is the method of

theory. -

choice in this work, the general polarographic
: ‘ 4 X

must be briefly described with reference to the closely
related d.c. polarography. In the polarographic experi-
'—'ment, the mercury issues from a capillary and grows

as-spherica]vdrops until the weight exceeds the surface

tension, when it drops. A new drop then emerges. Mean-
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while theApotentié1 applied to the'e]ectrode is']inearly_:
varied (ﬁidwly) so that the potenti&] change per drop is.
not more.than 5 mV (174). This'is required to satisfy the
condition of essentially constant potentf%] and thus
electrochemical equi]ibrigm. During the gkowth of each
drop, a curfeﬁt f1ows and the e]eétroacfive species in
thé vicinity,é} thg#drop will b? dep?ete&. As the drop
falls, it stirs the sb]ution and carries most of the
diffusion layer away so tﬁat each new drob is again born
1nt6 an éssentia]]y (not completely) fresh solutioﬁ. "The

periodic growth and fall of the mertury drops 1is

w

rgf]ected in d.c..po1arogréms (currenf Vs vo]tége plots)
which exéibit current oscillations.,
For the reversible d.c. polarographic process as'
given‘by equation_(2.1),4equations (2,3) and (2.4) hold.. "Eﬁﬁi
The 1nstant§neohs current ;t the diffusion limit has

been ifrived by Ilkovic (207,208)

e



i(d) = 708 n C(0)* (D(0))EnP/3 1;1/6 (2.27)

'

where m = mass flow rate of mercury in .-mg/sec

A1l the other terms have their usual méaning.

At the end of drop life t = t(max), and

i(d max) = 708 n C(0)*D(0)® (t max)"/® 12/3  (2.28)

3
13

" Also, it can be easily shown that the current-potential

curve is given by (174)

£ = £(0)' + (RT/nF) In((i(d) -1)/1)(D(R)/D(0))2  (2.29)

E'= £(0)" + (RT/nf) In (‘D(R)/D(VO)‘)‘% +

(RT/nF)Tn (i(d)-i)/1) (2.30)

L)

5
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In_the pulse polarographic expériment, the potential

o . f
program is different from the continuous 1inear.change

of d.c. po]arog;aphy.‘ Here, the potential is glways

kept atvaﬁ 1n1tiql:va1ue'where the reduction process doés
not' occur. Towards the end of each drep 1ife, a pétenfia]
pu]s; is applied, the amplitude of which 1n;reases
mOnotonTca]]y wffﬁ eachlapp1ication, This program is illus-

trated in Figﬁre 1. Thus, if the potential is.at the diffusion

controlled limit the current is given by the Cottrell equation

&"

i = (ara(oN® o)/ (r(t(2)-t1E (2.31)
‘Equation (2.31) is based on the same assﬁmptions of
linear diffusion as the Ilkovic equation (équation (2.27))
except_that in the latter, the expansion of'the'mercury'
drpp $s¢$§kén into account. Since in pulse polarography

the potential pulse is applied at the end of drop life,’
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Figure 1. Normal pulse polarographic potential program.
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'the drbp~area is not éhanging'very much. Thué the form.

of the pulse polarogram con;ists of steps rather than

the current osﬁi]]ations encountered in d.c. polarograms.
The currept pptenfia] curve can also be shdwn‘toH’

A .
have the same form as equation (2.30) i.e.

E = E(0)' + (RT)BF)ln (D(R)/D(0) )% + (RT/ﬁF)1n((1(d)-i)/i)

(2.32)

At i = i(d)/2

Eh= E(0)' + (RT/nF)In (D(R)/D(0))% (2.33)

Where Eh is the half-wave potential..In many cases D(R) =

D(0) so that Eh is usually -taken to be the same as E(0)'.

Therefore for a reversible reaction, a plot.of E vs
\‘\

log (i(d)-i/1) should give an intercept equal to Eh and a



s

slope equal to (2.303 RT)/(nF) which has the va1ué 5§/n
mV at ZSfQ/%The aBove'equafions apply edua]]y well t§ d.c.
polarggraphye A1§o, iiicaﬁ be shown‘that Qnder the usual
operating condit%ons; nbrma] pu1se poTérography is about
6 to 7 times more sensitivevthan d.c. po]arography‘(see

reference (174), p. 244).

2.6 Modulated Specular Reflectance Spectroscopy (MSRS)

Spectroscopy was successfully combined to electro-

’ »

chemistry in the 1960's (192,193). with this combination,
an extra selectivity dimehsion was added to the electro-
chemical experiment.. Thus wave]ength apd potential Became
the controllable experimental variables. Thiﬁihéw
addition to the electrochemical afsehé}.ig aptly called
spectroe]ectrochemistry,

Spectroe1ectrochémistry has been applied to the

studies of adsorption (194,195), double layer structure

61



0L

®

(196,197), jdentification of intermediates anq e]pciaatign
of reactiov mechanisms (198-200). The_spectfa]’regions
used héve included IR and Raman (139,157,201), and UV-

VI§ (198,202); Recently, the spectroscopic responﬁe o'
the a;c. voitamnetric gxperiment has been studied (203).
It has been noted that thé'spectroe]ectrochemica1
techhiques have the advantage in that the de]eterious
effects of charging current which affect current measuring
methods have been e]im#nated.

~In the spectroelectrochepical experiment both trans

| b
~mission (192,203,204) and reflectance (198,202,205)

~~

methods have been used. However, reflectance has some
advantages over transmission in that due to its setup,

the counter electrode in the transmissioﬁ method cannot

LN

be positioned in such a way that every point in the
~

‘working electrode is equidistant from it. Thus uneven -

current distribution arises. Also, the fact that the

F -

B 27
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optﬁcélentranspareﬁF electrode 1S'a*thjn conductive film
déposited on a transpérent insuTating’matéria] gives rise
té high resistance. Further discussion will be restricted
to the ﬁo&u]ated spe¢uiar reflectance téchnique (MSRS)
§1though the equations which arise are, in principle,
applicable t? the transmiésion tecﬁnique.

As used invthebauthqr's 1ab§ratory, the UV-VIS MSRS

‘ < .

experimeht can be at£a1ned in two ways. For the éTectrode
process given in equétion (2.1),_the potential is modu-
lated such that, periodically, eitheédO Of R is present
in thé diffusion layer. Meanwhile, the wa?e]ength of the
incident radiatiqn'is scanned. Light passing through
the soiptibn hité the'éggétrode at an angle and is
reflected. 1In doing so, it passes twice through the 1ayer_
where the absorbing species are present with the periodic

formation and removal of R in the diffusion layer. The

resulting light signal/is a difference spectrum of R since
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.the background con@ition is that witH‘O in;tia11y present.
The iight:signal {;-detected by a photomuitiplier and :
extracted.out of backgr0und noise using‘a.1ock-1n amplifier
referenced to the same freqdency as the modulation.

.. In obtaining the spectrhm, tﬁe sigqa1 s fed into
éﬁ1ock;gn amplifier. Iﬁfdﬁing sb, time 1nfdrmation'1s com:
" plicated. To obtain kinetic information after obtaining the
spectrum, the wavelength of the*incident rédiation is
fixed, usually at the absorption malimum. Thfé time,

_ ?
the modulated light signal after detection at the phofo—
‘multip1ig£ is.prdcessed by a signal averager. Héfe;'the
signg]s fqr the formation and disappearanée of R fdr.a
= . L\

sing]e cyéié:are_siéﬁal averaged over a chosgp.numbef

of cytles to incfease the signal-to-noise ratio. The
re;u]f is a reflectance-time transient from which kinetir

information is available.

In the single beam MSRS experiments discuésedJabbve,



the parameter which is actually measured is the nor- ’

‘malized reflectance -

(deTR/R) = [R(t)-R(0)1/R(0) . | (2.34)
where R(0) = reflectance at time t=0 :

R(t) = reflectance at time t )

delR/R = tR(t)/R(O)]—l ‘ | | (2.35)

R(t)/R(0) = 1+[delR/R] ‘ (2.36)

e
,

It has been shown that for any electrdde process where only
R may absorb, the time-dependent absorbance for the
optical transmission electrode (OTE) experiment is given

‘by4(199)_
. -t . -
Alt) = (2(R)mFR) [i(t)dt B (2.37)
; N .
J
, : o L
_ . /-
.where 2(R) is the absorptivity of R and &il the other

" symbols have the uéuaT‘meanihg. The integral of the

65
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current with respect to time is related to the number of -

)

absorbing species in the light path']ength; For the

. MSRS experiment, as mentioned earlier, light passes

through the path length twice at an angle 6 as shown in

F 3

Figure 2. In the figure,
q/2 = x/cos(8)

q ='2x/cos(6)
o
Therefore,‘fhe patﬁ length in the MSRS experiment {s
enhanced by 2/cos(8) times that iﬁ the transmission experi-

A4

ment.

- )
A(t) = (22(R)/nFA cos(8)) l;i(t)dt  (2.38)

o]

But the absorbance



Incident - ' Reflected
Radiation o Radiation

Electrode Interface

yd
\\\X\\\Y\\\\\\\

Figure 2. The coordinate system used in modulated
specular reflectance spectroscopy.
q is the pathlength of light beam
8 is the angle of incidence
x is the'solution layer conta1h1ng absorb1hg
species of interest
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A(t) = Tog(I1(0)/1(t)) o (2.39)
7.
* T
A(t) = Tog(R(0)/R(t)) or
A(t) = -Tog(R(t)/R(0)) _ (2.40)
Thus
Tog(R(t)/R(0)) = Tog (1+ delR/R) (2.41)

L

Tog(1+(delR/R)) = (-22(R)/nFA cos(e))jgi(t)dt (2.82) -

1

_and In(1+(delR/R)) = (-4.6062(R)/nFA cos(8)) oi(t)dt. (2.43)

For small delR/R (experimental values of delR/R are seldom

greater than 1.0e-3 equation (2.43) can be approximated'by

| /i ~

-iils/ﬁ = 4.6z(R)/nFAcbs(e)'£:f(t)dt | (2.44)



Chapter 3 The Electrochemical Reduction of Alkali Metal
Cations, Anthracene and Fluoranthene in
Acetonitrile and Dimethylformamide.

3.1 Introduction

In this thesis research, I have undertaken to observe

? .
the electrochemical behavior of alkali metal cations,

anthracene‘(An), and fluoranthene (Fa) in aprofic solvents
acetonitrile énd‘diméthy1f0rmam1de at the mercury elec-

* trode. The eleﬁfrOﬁeduction bf anthracene and f1uorén—
thene was also carried out in the presence bf;a1ka11 metal
catiqns. ObserQations wereifocussed on fhe effect of the
cations on the anion radicals and dianions‘of'the poly-
cyclic aromatic hydrocarbohs.

As was mentioned in Chapter 1, in mpst of.the previous

3ig. hydrocarbon negative jons-alkali metal.

studies of arge
‘ : . B .

cation ipteractions, the reaction was a chemical

69
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70
reductio; with alkali metals in ethereal solvents. of low
dielectric constants; The powerful eér technique has been
'frequenfly appiied to the study of the anioﬁ radicals. The
fact that the dianions are very regctive means that tﬁese
spec?es are difficult to study without extreme experimenta],
precautio;s. Bus;hoy et al (96) measured the electrical
conductance of solutions of alkg1{~arom§£1c Kydrocarbon
‘ 4 ‘r

salts in 2-methx1tetrahydrofuran} tetrahydrofuran and
1,2-dimethoxyethaﬁe. Information was obtained fOr condi-
tions under which the hydrocaﬁbon negative ions are free

or associated with a1ka1itcountér jons. It was found that
.?F room temperatﬁre.a 0.1.mM’sq]ution of the @ono]ithiww
sa]tsvof anthracene,.tétrdggne,‘pentacene'1n 2-methyl-
tétrahydrofura; are completely dissoﬁiated_whéreas‘soQium
and pofassium sa1t§ are assétiated.i.Thé &inegative iqns
i‘show@d'much strongeriassocigtiohwané two cou}tercationé

- : : » | . . .

-were thopght Fq be'iﬁvo1ved. The fendgréy of hxdrOFarbon

4
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idn to associate with cations was found to increase with

o

(i) smaller size of the hydrocarbbn ion, (ii) qu§er

radius of the cation, and (ii{) increasing temperature.
.. . . \
Solvation was thought to play a very important role.
Disbroportionation of solution phase radical anions is
/’ A.

affected by countercations as well as solvents. The

presence of jon pairing substantially increased the

equilibrium constants for the disproportionation espec-

ially if contact ion pairs are formed between the dianions

and fhe cations. .

.2 R*, Cat «--» R + R= ,2 Cat k(disp) (3.1)

L

o
R

There have been many studies of the disproportionation

reactions of aromatic hydrocarbon anion radicals (223-225).

However, the k(disp) values have been found to be smaTJ;

ranging from 1.0e-7 to 1.0e-12.

71
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Electrochemical techniques such as polarography and
cyclic voltammetry have been applied to the studies of ion
pairing of negative ions o% organic mo]ch]éS with .alkali—

metal cations. In the cases where ‘ion pairing occurs,

_shifts in half-wave potentials or peak potentials toward
more positive values are observed. In the study of

polycyclic aromatic hydrocarbon dianion-alkali metal

cation interactions by electrochemical means, one problem

arises. This is because in most cases, .the reductions

1

of the alkali cations are in the same potential region‘as
those of the aromatic hydrocarbon dianions. Therefore,

if solid electrodes of inert materials $uch as

platinum, carbon, gold etc. are used, deposition of

alkali metals occurs. Various complications could

then arise due to the rkactivity of these alkali metals,

as mentioned in Chapter 1. Thefgfore, if solid electrodes

are to’be used, the reduction potentials of the dianions

72



. *
of the organic spécies under 1nvestigi§10n have to be

positive to fhosg of the.alké]i.cations. However,

this problem could be easily solved, as noted earlier,
with the use qf the.mercury electrode. Thié material also
has the advantagé of ﬁigh surfacebreprodu;{bility. Also
the use of e]ectrqéhemica] methqu affords a very impor-
tant advantage over chemical rgduction. The production. of

. ) .
the desired anions to be studied can be easily controlled

L

by controlling the potential. In chemical reduction, .

species control is not easily accomplished.
3.2 Experimental

'3.2.1. Instrumentation
The instrument used in the polarographic analyses
was the PAR 174A Polarographic Analyser which was operated in

the normal pulse mode. - For this particular instrument in

73



— | o ' | CTh

the normal pulse mode, the duration of each pulse was
57 ms, the pulse being applied towards the end of drop

g

’11fe.b However, the current was only samp]ed during the
last 16.7 ms of the pulse length in order to minihize
the.cont;ibution of Eharging current_to the topa] curreht.

. l -«

Figure 1 illustrates the potential program and Fhe current
sampling timé interval. The scan rate used in all
experiment; wasvlo mV/s. Polarograms Qerelrecorded, o
thhout'smoothjng, with a Housfon Instruments Omnigraphic

2000 XfY récorder. Thé capj]jary usédﬂfof the dropping |
mercur e]ectréde was of Tength 18.4 cm and internal

diameter 0403 mm. The mercury drop time was controlled by

an é]ectromechaniéa] drop timér set at 0.5 s. The use

of the drop timer avoids the probiem of thg variation of

surface tension and therefore drop time with potential. The

polarographic cell was a single compartment type with an

/

. ° . : ‘/'~ -
outer jacket for temperature control purposes. (Figure 3).

-
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Figure 3. Polarographic cell arrangement..



3.2.2 Pur;@ication of Chemicals. '

The mercury. gsed was triply distilled and filtered
through a pin_ho1e made in a filter paper to remove any
particulates,of surface oxides. Reagent grade lithium,
sédium, pofassiuﬁ and rubﬁdidm perth]oratés were re-
crystallized twice from triply distilled water. .The
purified produéﬁs were dried ih vacuo at 110°C for a
~minimum of 48 hours and stored in a vacuum dessicator
over calcium chloride. Anthracene (Aldrich Go]dlLabel

o . :
99.9%) was used as received. Fluoranthene (Aldrich 98%)
was recrysta]]ized once from ethanol.” Tetra-n-butyfanmonium
tetraflgorOborate (TBAF) was prepared accqrding to a
method similar to that of Lund.apd IVerson (213). This

vl

was done as follows: equal numbers of moles of tetra-ny

\
!
J ’

_butylammonium hydrogen sulfate and sodium tetrafiuoro-
borate were dissolved sébarate]y in a minimum amount of

distilled water.  The solutions were mixed in a separating “ﬁ'
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funnel whereby the TBAF precipitated out. Methylene
chloride was added to the sépafatjng funnel to dissolve

the TBAF. After shaking, the méthy]ene chloride layer

< .

was allowed to settle and drained out. It was then
added to' ice-cooled anhydrous gther‘with'stirring,

‘Whereupon the TBAF crystallized and was recovered.
: 2

The product was redis;o]ved 1n'methy1ene chloride, miXed
with distilled water in the separating"funné1 and the
Crystallization step repeated. The final product was
_dried in vacuo at 80°C for a minimum of 48 hours and then

stored in a vacuum dessicator over calcium chloride.

Dimethy]formamide‘(Fisher regent grade) was allowed to

5 3

.stand over anhydrous barium oxide for 24 hours with

occasional 'shaking. It.was then distilled from the

&

barium oxide'under'reduced pressure (trapped aspirator)

through a 1 m Vigreaux column (214). The freshly

™

distilled solvent was always used immediately since

i



>

‘dimethylforﬁamide decomgbses fo form dimethylamine on
standing. Purification of acetonitrile has been des-.
cribed elsewhere (202). Howeyer, it was found that
Caldeon HPLC gfade acetonitriﬁg (wafer content nominally
>0.005%) after drying over Nbe]m neutral alumina (Super-
grade I)Igavé e*§e11ent results and was usgd in the

T

“present work.

3.2.3. Procedure

In all experiments the supporting electrolyte -

i

" used was tetra-n-butylammonium tetrafluoroborate at a

’ «

" concentration of 0.10 M.. The cpuntér electrode was a
large piece 6f~pTatinum wire and the reference electrode
"(See-FigureI3)'eﬁployed was Ag/Ag+(O.61TM Ag+, 0.10 M,
TBAF, acetonftri]e or dimethylformamiye) dissd]ved‘infthe

same so]vént as that for the experiment. In the case of

v

dimethylfdrmamide the reference so1ut1on was also a]ways'

1

-~
v
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- prepared fresﬁ for each experiment. The cell temperature

was controlled by tirch]ating'water through the outer
. ~ ° \ ..4: f .

N

Jjacket from a temperature regulated bath controlied at .

25.0 + 0.1°C. The cell setup is shown in Figure.3. The

\,\mércufy head was set‘at eithér 57.0 cm or 40.0 cm from

v~

’j the tip of the electrode. The Mercury mass flow rate in

~air at 57.0 cm was l.2§img/§\abd at‘4610»cm was 0.91

mg/s. ' S
Calibratfon curves were set up for anthracene (Anﬁ

-and quoraqthene (Fa)_in_dimethy]formamide aﬁﬁ,éceto-

nitrile. This was also done for the alkali cations

! . : . ' ~
_ 1ithium (Li*#), sodium (Na+), potassium (K+) and rubidium

(Rb+) in diméthnyOrmamide{ "HQWEVer, in acetonitrile,

‘only. Li+ and Na+ were studiedwdue'tb Tow solubilities of -

Ubdtassiumgqu,kubidium perch]oratESOin this solvent.

'Thg'célibratiOn.curves were obtaiﬁed by employing the.

N R ‘ N ) [ .
method of standard addition. 25 ml of the background



“solution (i.e. solvent ‘containing only TBAF at 0.10 M)

which had been pre-equilibrated at 25°C was pipetted into

N -
-

the po]drographic‘ce11. Portions of a stock solution

x

(usua]1y-abou§‘9-13.mM,fO.lO,M TBAF) of the é]ecgroactive
species of interest'which'a1§%\had been equilibrated at

25°C was then -added to the cell using a micropipette. Soévqnt
. . N
, . 1 .

saturated argon was bubbled through the cell sd1ution. An
| ' PR X,
argon atmosphere was kept above the so}utioﬁﬁat all times.
. l
This deaeration procedure was used in a]bfexperiménts.
A i :
e . o : -ﬁ*f
To investigate the effect of a1qui metal catiors,on
the reduction of anthrgcene and fluoranthene, the standard
-/ ; !
\ :

- addition method was again used. /25 ml of a solution
, _ =
containing 1.00 mM of the hxprocarbon (0.10 M TBAF) kept

at 25°C was pipetted into the cell. After each po]argl'~

AAY

graphic run, a known volume of a stock so]upion of the

" alkali metal cation (10 mM, 0.10'M TBAF) which was a1s7/

1.00 mM iﬁ the hydrocarbon dnd which has been controlied



N ”
S“”\A
_ at 25°C was added to the cell with aTmicropipette.
AU — . |

"For ‘the anthracene:1ithium ‘and the anthkacene:sodium7

syskems in DMF, eXpeFiments were also perfp}méﬁ where
_éhe‘meiai cation concentration was kept constant and the
hydrocarbon concentration varied. ‘In the case of An:Li+, 
the L1+k;concentration was ffxe& ét 1.59 mM whereas fpr

-

the An:Nat+ system, ;he'Na+ Concentration was fixed at

IR

\ . . \ : ; . .
2.00 mM. The procedure used.in these instances was the -

L) \

same as that above, the bn]y'chahges being that the -

additions ian]ved,the hydrocarbon and not the metal
_ . . "
: !
cations.

3.3 -Results

The background solution contéining only the

” '’ B

. “solvent and supporting electrolyte was always obfained'

N \
for a new batch of solvent or supporting electrolyte to

2 : .
" check for' purity. If the background breakdown occurred

81



~ of mercury to increase the natural drop

~ :
T 82

..

" more’positive than -3.10V for ACN or -3.20 V (vs' the

ré§?ecfjv¢'referehcefeléctrdng) for-ﬁMF,”€%e so1vent
wa?.red5§fil1ed or the e]eéﬁfo1yﬁ§ recrystalliz;dl, A;soyb
fhé cufrent sﬁdpldabe,leésbﬁhéh 1 uA‘at'these potentials
fér the pd]arographic condftiéns ﬁggg.‘:}igu;e A'Shbwél R
typical péckgrOund pg]afog;amﬁ for the two sq]vents.

o

e

It was mentioned earlier in the-procedure s

that the mercury head used was either 57.0 cm 0654§1§ cm.
. N . Vs

In all experiments in DMF the mercury height used was 57.0

-

~ cm. However, it was found that, especially in aceto-

—

nitrile at high negative pdtentia]s,»}QQSabi1ity of | .
the mercury due to low surfacé tension at the electrode/

solution interface (66,67) gave rise to "missed drops."

L .

This/;¥hb1em was largely alleviated by lowering the height

life of the dme.

Therefore in some experiments with ACN, the mercury head

w‘ —\\\ v

was Towered, to 40.0 cm.

3 o
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T S \\\‘ o e STy
I . N | | \!“* o g
/ . ! ' . . . . H- - )

»
1 e

R v Co .
‘$Iﬁe~§ﬁga1iimgta1 cations showed single well-defined

v
: &L
ST

Lo

g

'_n‘polafoérébhicikaVesnjn’bo;h s6Tvents.  Logarithmic

~* analysis ‘revealed that, excepts‘for [N cation, all the'

" 66 mvj(fﬁZimViwwe?é oQtaig;d in“both sb1vent§,'indicatjng

R S I BT ) ' L
‘Jbothfsolm%%;g.¢uHowever, in the case of Li+, slopes of

" than the others. The ;others were c1ose1yégrouped,iwith 0

C.n o Lo - v

.. &atlons gave ‘'slopes for plots of £ vs Tog ((i(d)-i)/i) of
R . U b ' :

! . .

: ‘59‘ﬁyf11_2 mV)hfof a one-electron ;evérsibie wave in’

9 3 . . . o . e

v o . .
4

quasiyreversible behavior. Some examplés of plots of E
LN e . e ' B

¢ s

~vs log (i(d)-i)/1) are_given in Figure 5a. In DMF, the Eh -

Lo

_value for Li+ fwas‘%arked1y.more negative,-by'about‘3007hv:'

na

i Iy

; | T . "J . : . .
- separating them. The Eh value ‘for Lifiin DMF

.

about” 30 mV

N2

* ™ . . ~ v > ', ) : k3 . -
was 506 mV more negative than in ACN whereas for Nax, this *

Ubihviin:DﬁF; bTheseth va1ues-pré

'bnégative of Na#, this time only' by 104 mV compared to- 308

4
* ’

" value was only 304 mV. Again, in ACN, Li+ has an Eh?@a}ue

PR !
. ¢

. e

-abu1at§d.%n Taﬁje 1.

s were obtained for the alkali

] L.

Linear&éalibration-Di'

i



Lo Tébléil. Ro]arographic.Parameter§ ** |

R N L

o SRRV T i) uamm
Reaction =~ vS Ag/Ag+ h=57.0 cm h=40.0 cm*
Ane An:  m3BLC . 58 -
'A.n @ ‘_An=-."_ | : 2.989 N T e . g
Faefa: 2193 0 s T .

o e ’ R R g
Fadfa= =~ © 2.819 o 5.7 s |

Li+eLi(Hg) 2.1 Ko -

B

Tar

NaterNa(Hg) =~ 2.463 49 -

(remk(Hg) 2492 5. R

-
i
1

‘Rbwe2Rb(Hg) - 2.481 s

M
[3

- *At high negative potentials, espﬂ.ia11yaianCN solutions,
~ the instability of the mercury drop gave rise to "missed"
“drops. After normal precautions were made, it was found -
.that increasing the natural drop time a)leviated most of =
the problem.: 1' * u & o :
. **Continued next page. :

Lt .
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T o Table'l .

Contihued

i L e e

g

Re_’action\'ﬂ*" S AglAg+ . W

 Anean: 4 2319

 AnTeAns
fu 3.

| FaféFﬁi : ﬁg

2

o Liseli(hg) - 2.265°

.7 NateNa(Hg)® T 2189

A .
i

SokeK(H) -

. .Rb+eRD(Hg) -

8.8

7.1 e

7.8

N i(d)/uA/mM
h=57.0 cm -

86

" h=40.0 cm*
6.7" |
f7;2
6.3
6.6
5.4

5.9



- cations for'COncentratiOﬁs hp to about 4.00 mM.ih both
DMF'énd ACN. These: plots are. stown in Figures5-7. It |

_can be seen_that in DMF, the slope of the Li+ is signifi-

. : . . 1 - 1
cantly/smaller than the others having a value of 4.0 uA/mM.

In acetonitrile, where only Li+ and Na+\Weré studied, Li+
\ , _ | i _

has a smaller slope than Na+.

The values of ‘these sldpés

are given in Table 1. At concentrations about about 3.00°
“mM, it was observed that polarograms for the alkali metal
cations,'eépecia11y Rb+, showed polarographic maxima.

¢

_These maxima were not réproducib1e-ang did not always =

appear, even for the same conditions. They did not pose

i

any seriotis problems in these investigations.

§

~ Anthracene and fluoranthene both gave two well-
\ : : :

defined waves in ACN and DMF. The first wave in all
: ‘ : _‘

cases showed.one-electron reversible béhavior, giving
slopes of 59 mV (& 2mV) for E VS']pg‘((i(d)-i)/i))'p]ots.
In DMF, both hydroca?bons géve second waves c]ose §Q }

-
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- 2404

-08 00 08 -08  -o0u . = 07

-2.!7.

~-2.13

B R T R

o igi
Figure'SafT Plots of E vs log —

(i) Na© in DMF e
(ii) Na' in ACN
(1ii)Li" in DMF o

(iv) Li* in ACN
Mercury column 57.0 cm. 25 C.
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reversible behavior. For example, from these determina-

- . tions, anthracene gave slopes of 63, 61 and 64 mV.

»

However’, in ACN}-theSe\s]opés-héve much larger va]ueé with

-

an average of 76 mV for anthracene and 67 mV for fluor-
| | ° |

anthene. Cyclic vthammgtr%c.data'showed that the first

‘waves of anthracene and “fluoranthene were reversible but

g

the second waves did not show any oxidation. current on:

the reverse scan for the second waves “in both solvents, =

E U

[y

_The scan. rate used was lod"hV[s. For both-anthracene

AN

"and fluoranthene, the first and second polarographic

e - L
“

waves were abbrdxjmétg]y'equaTvin hefght. Further,

11neagﬁcalibfétion curves of approximately equal slopes

al . : .

JERANS

-were obtained in both waves for-concentrations up to

1<}

about 4.00 mM. The values of these slopes aréjgiyen_ih

Table 1. It was observed that -at concentrations-gkeatér

e CRE -

T g T . »
<F . U

than about:Z.OO ﬁﬁ;’bdfh'anthfacene and,flu&?antheng;gave .

R

<

~ ‘polarographic maxima in ‘their second wave. There were no

% e .

92,
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maxima in the first waves. The calibration plots are
. o ‘ , ‘ :
given in Figures 8 and 9. For thebsecdnd waves, currents

-measured at the top of the maxima and also-at the p]a;éau

o N & '
are given. The half-wave potentials are listed in Table 1.
”'-ThesehEh,'s are_againfhore/positive~in acetohitri]e than

in dimethylformamide and further, fluoranthene is reduced

more positive of anthracene by about 190 mV.
Figures 10-21 show‘pqlarograms of mixtures of Ahiand

?a yith a]ka]i.Metél_caﬁions. Iﬁ DMF; An;Li+ (Figure 10)
éxhibited three we]]-défined wayés egkfésponding té
anthracene reduction, Li¥ reduction and_thé anthracene
anion radica]ireduétion-respe;tivelx. Gn thevofher(
haﬁd, An:Né+, An;K+ and An:Rb+ sé]ﬁt{ons exhibited on]y“
two Qaves (Figures 11-13) since the'regyc#th of .anthra-

cene and the alkali metal cations were’ not pdlarographj?

R

cg1ly resolved.. With fluoranthene, the converse is true:

Fa:Li+ solutions have two waves (Figure 14),;this,time

¢
$

P . N N
y L . 3
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Figure 10.

270 290 3.0 —-£/v

Polarograms of anthracene-]ifhium cation
mixtures in DMF at 25°C.
Anthracene concentration is fixed at 1.00 mM.

Lithium cation concentrations are (in mM):
(1) 0.00, (2) 0.38, (3) 0.73, (4) 1.06,

(5) 1.36, (6) 1.65, (7) 2.16, (8) 2.54,
(9) 3.02, (10) 3.47.. 5
Mercury column 57.0 <m.
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Figure 14. Polarograms of ,fluoranthene-1ithium cation

mixtures in DMF at 259C. ,
Fluoranthene concentration fixed at 1.00 mM.
Lithium cation concentrations are (in mM):
(1) 0.00, (2) 1.36, (3) 1.50, (4) 1.78,

(5) 1.91, (6) 2.05, (7) 2.61, (8) 3.10
(9)3.69. ‘

Mercury column 57.0 cm.
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Figure 18.

230 250 270 290 310
o —E[v

Polarograms of anthracene-1ithium cation
mixtures in ACN-at 25°C.

Anthracene concentration fixed at 1.00 mM.
Lithium cation concentrations are (in mM):
(1) 0.00, (2) 0.38, (3) 0.57, (4) 0.74,
(5) 0.91, (6) 1.07, (7) 1.23, (8)1.38,

(9) 1.67, (10) 1.94, (11) 2.19, (k2) 2.65,
(13) 3.59, (14) 3.90. ” -
Mercury column 57.0 cm.

~
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SN

f—ﬁ%ﬁce théiLi+ and the‘anion.radical reduction occurred
conComiEant]y. Fa solutions wﬁth-the other iﬁree catioﬁs
o k

exhibited three resolved waves (Figure 15—17).'

As mentioﬁeq ear]ief, in aceton1£(i1e,fstu35es Wefe
limited to Li+ and Na+, since”fhe solﬁbi]ities of K+ and
Rb+ were too low. iIn acetonitrile, in all cases, the
’hydrocarbon reduction wave and that'of the metal cation &
Qere’not resolved (ngures 18-21).

It is obvious .from F{gureS‘lo—Zl, except in the case
-~ of Fa:Li+ in DMF (E—'ié.ur'e‘gwl4), that ﬁhe_additjohn of alkali
metal cations caused the réduction wave of the anion radi-
cal of the hydrocarbon to diLnidn to decrease ih height. :
The-amount_of height reduction is a fdnctipn>of metal
cat{oh concentration, genefa11¥ increasing with incregsing
céncentratfd%. ‘In“some instances, especially whgre Lit

and Na+ were concerned, the current depressions were so

severe that the polarographic wave was reversed (i.e. the
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'Curfeht as measured from tBeVplatéau'of the pfev10u§ wave
is negative). it is believed these are the first reported
éxampfes of "1ﬁverteq" diffusion controlled po]arogram;.
There have been examples of current depression in polaro-
graphicvwaves'due to adsorption processesi Two such ‘
reports 1nv01ved-thefBo]arographic reductfon,of hexaamine

" cobalt (EI?S ion (215) and cqbper (Ii)’acetqte (216) in
the pregence of alkali metal éations in ACN. In the first
case, a deérease.in the current was noted as the hexgémjne
toba]t (111) céncentrétion was increasé& to 5 mM and above.
The décnéase was attributed to the formation of a film 6f

'Lébbaltous hydroxide'at'the ﬁercury sﬁrfacé. The intensity
of the current decrease was 1ndependgnt'bf‘depo1arizer

concentration. In the second case, a decrease in the
‘ : ¥

amount of the setond po]arographic wave of copper (II) in

the presence of Li+ and Nat+ was attributed to the forma-

tion of an insoluble film of alkali metal acetate at fhe."



e1eétrode'surface.‘ Fi]ﬁd;gkmation was also implicated
by the abndfﬁa]ﬂbéhavior of the current time transienté‘in
the potential region exhibiting the decrease.

’Howévé;3 inAthis»work, the current-time tranéients
exhibited-hormaT diffusion control characteristics at
potentials on the diffusion p]ategu and the current depres-
éfon region. For‘examp1e, in the case of anthracene in
’thé presence of Li+ in ACN, (Figure 22), current-time
trénsients_at the diffusion plateau (potentials -2.500 and

) _ .
-Z.BOO‘V) and at the*currgnt deprg§$ion (potential -3.100
VS showed diffusion cdntro]]eJ behavior (Figure 22).v
Further, by employing reverse_pu]se polarography, (i.e.
setting the.init1a1 pqtentia] at negativg potentials
(-3.200 V) and scanning to more positive potentia]s) on a
solution of 1.00 mn\antﬁraeéne ;nd 5.83 mM L%+ fn DMF, it
was nbtedvthaf no deﬁorbtjonbor film destruction cdrrénts.

,

. were observed.. What was obseryed Qas the 1nteresti%g cht

Cew B PRIy T w

.
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f (A)

o

= |

_ cﬂr: IZ.SJJA
o
| B
Qi)
! 0.4 " 38

TIME/[S

t

Figure 22. A. Polarogram of a solution mixture containing
' ™. 1.00 mM anthracene and 3.53 mM lithfum cation
in ACN (0.10 M TBAF) at 25°C. :
B. Current-time transients for the same
solution at 25°C: (i) -2.5 Vv, (ii).-2.8 V,
(iii) -3.10 V.
In both cases, the mercury column was 40.0 cm.



CURRENT

figuré 23.

-E/v

Normal pulse (NP) and reverse pulse (RP)
polarograms of a solution mixture containing
1.00 mM anthracene and 3.83 mM lithium cat1on
in DMF (0.10 M TBAF). at 25°C.

For NP, the initial potential was -2.1 V
whereas for RP the initial potential was -3.2 V.
Mercury column was 57. 0 cm.
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G qxgg o > ¥ "é~
h mﬁgA '%%Héﬁ*%ﬁé:bu?réﬁf:"?ﬁpfheVﬁotentialwregjqnfoprhe}Li+. R "i -
;ﬁeduct{;n P]afé;u_sﬁst Dbgiff;é éfﬁfhe sec6n& reduét{on B
. - ﬁave.Of anthraceﬁe,“mqvgd to ;athodic‘951ués; thus a
_ i:éaﬁhqdié ¢drr;g;_wés observeq-on;é“pdsiffve poﬁeﬁtia]
s Figure By e
The case'of:Fa:;if‘in;DME;waslalrgqﬁer spegiaJ oné jh;.

_— ;hq£ this>wa$tHe Qﬁiy §y§tem studiéd whére:the reduction
‘_Wave_qf\gif__pd_the'ijbranthehe:anion“raaical'(Fa‘f to
'j_iﬁg;&jaﬁj§h (ﬁé%):wgfeinﬁfJFESETVédf':The%éfo;évoh1y:tw6 .
y,rgdpétion}wavesﬂg?fe.égg?r?égffékighgs:éyggém‘_ Heré £héfé

: was no cﬁaﬁée in'tﬁerhejght of the second_wave with additioﬁ
']fibf?iiﬁ7”p”£¢ia'#°ﬁ;?H£T;€{;6:9%fijégiéng??¥té}1;6{%%3££;,ﬁé;é?ti
increased in 'v'r‘j'é'i.ghtj with fubther Li+ ‘addition ( F igure 14). - ¢
It Qa; noted in'FiQUres 10 and li (An:Li+, Nat;:sysfems)‘ :

O

that a small peak appeared at the beginning of.the wave

corresponding to the reductjon'of the anion radical of

anthracene (An‘), prior to current depression. This peak
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"Qé;véﬁgéﬁf’gh”ACN"FTQQres iSQIQ).

The magnitude of the decrease of the.an1on radicai
reductionbwaves of the hydrdcarbons in the presgnce of
“alkali cations is a airect measure of the sfrength of the

a

interaction be£ween metai cations and aromatic hydrdcarbon
dianions (Fa=, An=). To facilitate furthef djscussions,
the following notatidn will be used: in system; where
. there were"three reso]v;;,ﬁaves (An;Li+_in DMF, Fa:Na+,
“k+, Rb+ in DME), the,]imiting currents due to the aromatic
hydrocqrboﬁs reduction are denoted by il and i2 while that
of;the metaﬂ catién; reduction by im (m=Li+, Na+, K+, Rb+)f
Nhére'the;réqdctiOns bf.£hé hydfoEarbon'ahd"thatjééfibhé'

A : ) -
“were not well resolved (An:Na+, K+, Rb+ in DMF, An:Li+,
Na+, Fa:Li+,~Né+.in ACN), the limiting currents are:
combined as il + im. Finally, in the case-of Fa:Li+ in
DMF, WAéré40n1y two waves were observed, the’]imiting current

o

of the combined Li+ reduction and An= reduction was denoted'



bxvjm + i2 3 Tﬁe p]ots of these'currentijqr the various .
systems are given inTFigures 24-26.

'Forvthe system An:Lif in EMF (Figures 24—25),‘the
value of il was unaffected by the additioﬁ of metal
“cations. The Eh Qa]ues for these reduction‘wayes of
the hydrocarbons were ‘also unchanged in thé presenée of
cations. ;n addition, the im vs méfa] ﬁon.ébncentféti?q
| plots aré 11néér and the slopes (Figﬁres 24-25) are
' Qirtua]]y 1denti;a1 to.thdse of the calibration curves
“for the metal cations (compqre values in Figures 24-25
with;those in T_ab]eli)AT  fh§AEh‘va]yes for the mefai
».Faﬁibﬁ waves we(é @Tsé gn;&éﬁgééf'fﬁﬁléiiffﬁg—étaér;flh'
ﬂ;syéﬁéﬁﬁi,whgﬁg“théfé.wéfe.oniy:twoimeésgfés?e'1im%t{ng_"
rcgrrents, 1jnean plots éf 11‘+ im vs metal cation concen-
‘trations wereAqbservéqéithé_sippés of“whicﬁ égrengell
.with £he calibration curves for the metal cations.

Further, the intercepts of these plots with the current

>

»
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] . i|+“im
. ﬂ s S =52 N 5,
< \“. a 5=4.9
244 Co .
| i .
’ ! o . .
] . S e o O LITHIUM
16 : . . . .
1 . e $-a3 sopiu
< 2 A POTASSIUM
A . .
— i . . & RUBIDIUM . -
— 84 - I . ! .
) SR S .sLoPE
0
-8 ,
[o
~
LT > “ -~ ':.) " -
Figure 24. Plots of limiting currents versus concentration

of metal cations. for anthracene metal cat1on
mixtures in-DMF at 25° C

pr -~ -

The anthracene concentration was¢f1xed at 1. 00

" mM.
il:
i2:

im:

Mercury column 57.0 cm.

limiting current. of anthracene reduct1on
_Vimiting current of anthracene anion
radical reduction

limiting current of cation reduction

il + im: " combined limiting current of

anthracene and c3i1on reductions
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O AN:LITHIUM
& AN:SOTTUM

® FAILITHIUM
A FA:SODIUM

S SLOPE

Figure 26.

Plots of limiting currents versus concentration N
of metal cations for anthracene-metal cations =

... and fluoranthene meta] cat1ons m1xtures 1n ACN R LA
- at’289C.. . Te e :

The anthracene and f]uoranthene concentrat]ons

 were fixed at 1.00 mM. The mercury column for

anthracene-cation systems was 57.0 cm while
that for the f]uoranthene cat1on systems was

| ;-:740 0.cm. - - .-

il + im is the c0mb1ned 11m1t1ng current for

;__the first reduction wave: of-the hydrocarbon and *

the cations. 12 is the limiting current for

the second reduct1on wave.
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axis corresponded close]&(witﬁ'thé Timiting current value

\ v o . . | o
for the reduction of the hydrocarbon for the particular * .
e <

system; However, it should be noted that both the im and

r
P .

'ﬁl+im-p1ots.gave significant positive deviations of the
points from linearity at the high end of the metal concen- - "

tration range. In thé speéial QaSe of'FafLi+_ih DMF system

ra Ld

il was again independeht of Li+ concentration and the Eh

13
values remained constant (Figure 25). Further, im + i2
remained constant at a value equal to that of i2 for’
fluoranthene in the absence of Li+, for Li+ concentnatioﬁs
up to about 1.31 mM. At higher concentrations of Li+, - .
im + i2 increased and the slope of this increase was 4.2
uA/mM, close to that for Li+ calibration (4.0 uA/mM, see

CTablenl)en e i e e o T

Figures 24-26 also showed that the valug.of iz-ish
U o o :

“function of the‘syétem considered. For the Fa:K+, Rb+ in

. DMF systems, only a slight decrease-in the Vardelbf‘i2>W$é‘j" o

7
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observed even at high metal catfon-concentkations. At the

other extreme, large negative values of i2-were,observed .
o — ) 48];?‘"' . '-f',;-,_‘.' e | .
. Rt e,

' ) h‘ : PRRIEN
for the An:Li+, Na+ systems'in DMF‘ahd ACN, indicating

] :

¢

strong interactions of the dianionvwith“Li+ and Na+ to form
" species which were not reddcib]eyat these potentials. In
these latter systems, the élopes of the i2 vs'meta] con-

centration plots correspond closely to those of the‘im

G :
-

or il + jm p]dts_for Ehejresbéctivg-systems. These
résults are éummafi;ed in Tgb]e 2.

A clear Qéy tp graphfcé]]y‘demonstra£e tﬁe extent of
interaction‘dianion wfth metal cation M+'is‘to plot thé'
nQﬁbgf of ‘mmol of M+‘rea§tgd as a function of ﬁhe copcen- :
tration of M. The ordinate fdrlguch a plot 659 be

obtéined'for each po]arogram*(whiéh represents one point)

fnomlthe relation

’
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;”  Tab]e 2. Summary'of~the behavior of the var1ous Timiting

N curYents<(uh0** @ d e ow ‘
‘ i - . N : ‘~D:‘M’F° -'A \— oLty P ,._'; - ’r. .‘. . .. . .:‘ j“ bl »:..
;Systaw ﬁuﬂbe:'df f}i;%ﬁa@r ¢ e e Q,A ;;ﬁg:;f’ i : S
“waves: il +'|m » - . . C e Ry o s e
| 5 - ~ s - ] | B N .
An{L1+ R T constant at 5.6.  i2 aecreasing to‘negaz ’
T im linear w1th slope . tive values with-slope -
4, 34 LEme T —4 4 o
An:Nat. 2 ”1"1 +im linear with 12 aécr'eas"ea £6. . .o
‘ -slope 5.0 : negative wvalues with
g I “s1ope -4.6 -
An:K+ 2 il + im linear with ‘siow‘decFeéSé did not- ~. ~ s
‘ slope 5.2 reach negative values
An:Rb+ 2 .. il + im linear with _ slow decrease did not
i ., .slope 5.3 ©. " reach negative values
: » " until high Rb+ concen-
“tration
Fa:Li+ . 2 il constant at 5.4 ' =
' S *im + i2 constant until :
[Li+]=1.20 mM, then linear
1ncrease.w1th slope 4.2
G\ ) N | ) B . M v .
Fa:Nat 3 il constant‘at 5.4. decreased but did not-
- : im linear with slope réach negative values
5.1 ' : .
Fa:K+ . 3" 11 constant at 5.4. ~ very small decrease
: im linear with slope o
5. 2
Fa:Rb+ 3 j1 constant at 5.4. very'sma11 dedrgase _ V,
im linear w1th s1ope .
5.3 ,

**Continued next page. s



System

Fa:Li+

'Fa:Na+

Fa:K+

Fa:Rb+

" ‘waves

Table 2 Continued

Number of . ﬂ'ii, im or

[

.slope 7.8 .

[ e TS

.
e

2 i1 + im linear’
slope 5.9

-

2 il 4 im linear
siope 6.1

Coilt dime

. -+ %1 +~im-.}inear -
Sty soslope 7.4 .

il + im linear

i2

with . - decreased-to.negative.
decrease to negative
values with sTope -8.0 ~

decreased to negative
values with slope -5.2

with

with decreased to negative

values with slope -5.2

" values with.slope.~-7.3 . .



123.

- bt 1 um D) : """" e YR o h. - ~ B .;
.mmoi M+7reacted~=-[(1(absénce of ihfekéction) -

i(observed)) 1(M+ mmol)]/im o (3.2)
" These results ‘are shown in Figures 27-30. It is observed ‘.-

. that m DMF that the plots for the An:Li+ and An:Na+
" (Figure '27) have slopes qf unityionlthe-1inear‘portfons of .
the p]ofs; For the Aﬁ:Na# system,"the curye hag a p]atééu
at 2 mM metaTiion concenérétion wﬁeféas'An:Fi+ has a

plateau close to.3 mM Li+. In the An:K+ and An:Li+

solutions, the curves increase continuousty up tocthe -~ = - -

highest concentration used. .
'Y

Figure 28 show§ the-resu1ts for the Fa:M+ So]ut%dns

in DMF. Léke the anthracene systems, the Fa:Li+ and

Fa:Na+ pTéts show-an initial slope of 1 but the Fa:Na+

3

- curve levels at 1 mewhereésvthe”?é?[f¥-curve levels at

4 - N - ) -{,‘e

less than 2 mM. Similar trends are observed in the
. : . L

~acetonitrile solutions of both An:M+

n

and‘Fa:M+'(Figuré 29
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v*'Experiménfs'WEEelalsoME§rfiéa out where the hydro-.

- -

carbon concentratjohmwaS-%aried-whiTe;that'of“the"CatTOW"‘
, .pemajnéd,fixéﬁ;f.Tﬁié'Wéé“gohe as-a.further check to ensure

' that “the current depression obéervéd @aé fﬁdeédtdﬁeifd;thé R .

Ty o

Tnteraction.hetngn thexméta1~cationwand the djanfon.»-1f~ R I RIS

4

this was so, a similar behavior shou1d~be'bbseﬁved~by'-»
performing the experiments in reverse, i.e. varying the

concentrations of the hydrocarbon. Figure 31 shows the

. result of the experiment where the Li+ concentration Qas' 

!

kept fixed at 1.50 mM andithe.éhth}aééné toﬁéeﬁtrafion was

_»yqtieq“in DMF. As cén be seen, at low concentrations of'
An, i2 was.neéétiVé'buf‘thi§ was increased 1inearly with k
jncreased An concentration. Thé_sTope of this increase
was approximately equal to tha# for il. Here, the Li+

“reduction wave (im ) remained constant in height. Figure

31 also shows the plot of mmol Li+ reacted vs An concen-

128
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. fration. It can be seen that, at 1ow'concentration of

An, a 1inéar pQrt1on_Qithﬂa'S}bpe of 3.0 was obtained and

. the plot leveled out’ at 1.50 mM Li+. It should also be-

T ﬁbinted opf’that the curve begins to level out whén ;hé__q

: - - -
« -

cohdeﬁtfﬁtﬁbn‘Of Ahrfs‘abon O.SO;mM. e e
- s ... ... .
Figure 32 shows a'sim11ar_experiment where the Na+
copcentration was kept constant at 2.00 mM and the anthra-
- cene concentration varied in DMF. As mentiohed earlier,

in the system only two waves were obsérved,corresponding

to 11“+ im and i2. Again, i2 was negative at low con-

centratjdhszOf”An'aﬁd starts to increase linearly with a
slope equal to that for the il +im plot. It is signifi-
cant that the intercept for the il +im cuts the current
axis at the current value for 2.00 mM Na+ in the absence
of any anthracene. Again the mmol Na+ vs An concentration

plot starts with a linear portign with a s]obé of 1.9 and

then starts to Tevel at about 1.00 mM An. The leveling
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Figure 32. Plots of Timiting currents and amount of sodium
: “cation reacted versus anthracene concentrat1on

in DMF at 259C. o

Sodium cation concentration was fixed at ’

2.00 mM.

Mercury column 57.0 cm.

il + im:. combined limiting current of
anthracene and sodium cation
reduction

i2: limiting current of anthracene anion

radical reduction

-
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- occurs at Na+ concentration of 2.00 mM.

Q?Z,

It was observegviﬁ Figures 31 and 32 that for the
second wave of the hydrocarbon, 12,'that po]arographicf

maxima were obtained. It was stated ear]iérhthat for-
- } . ’

dnthracene and fluoranthene, -maxima appeared at concen- ;

-

trations- of the hydrocarbon above about 2.00 mM.

_ | _
However, as can be observed in Figures 31 and 32, current

0

measured at the diffusion plateau following .the maxima

gave good results.

3.4 Discussion

The electrochemical behavior of the alkali metal

R :
cations observed in aprotic solvents such as acetonitrile

and dimethylformamide were found to be in agreement with
those of many previous workers. Previous studies have

found that Na+, K+, and Rb+ were po]arogﬁaphica]]y

-

reversible (59,60,63). Polarographic maxima have also
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o ¢
. been obServed previously (59) for Li+ and Na+ at concen- .

" trations greater than 3 mM and for Rb+ at even lower

+

_ concgntrations._‘However 1q‘this work , oh]yhgmall maxjma'
were obsefved at higher conqentrétionsbfor all catiOns;,'

- {greater than-3 mM) and -did not pose:any serious prob]ems.
From the s]opes of the‘ca11bration plots (Table 1), it
_can be seen that Li+ has a much 1owér vaéug than the other

cations. This is due to the higher solvation of Li+.

For example, Li+ has higher solvation numbers than those .

~
~

of the other -cations in DMF:

-

~'Cation Solvation number Slope of calibration plot
in OMF (217) 7 (UA/mmol) in DMF
S Li+ 5.0 4.0
Na+ 3.0 4.9
K+ 2.6 . 5.0
Rb+ 2.5 5.2 )

" Also, it has been found that the Stokes radii of the

alkali metal cations in most so]vents follows the order

B ]
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Li+ > Na+ > K+ > Rb+ (217). Brown and Urfali (59) have: found

that diffusion-current constants for the alkali metal

l_catipns in DMF are 60% to 70% of the values obtained in

acetoﬁitrj]e; Table 1’sh6ws that tﬁis can é]so be said

'for the presernt study. The diffusion coefficién;s of the

jons are affected mainly bymtwo’factors; name]y, soTVétjgn

and viscosity. Within the same solvent, it can be,séen

’

that solvation determined the size of the ions and there-

©

fore the diffusion coefficients. However comparison in

e

different solvents has to involve viscosities. Certainly,

the soTvation of the cations'iﬁ'DMF (Gutmann donor number

26.5) is higher Fhan‘that in ACNA(Gutmann donor number
14l1)._ Howevef;ithe viscosity of QMF(O:BOZ, 25°C) is élso
larger than,ghag oflkéN (0.345°25°C). Therefore, these two
factors cqnfributg to.téé'much'sma1lér diffuéion currgnts

observed in DMF than, in ACN. Eh va]ues:in Table 1 also

reflect the greatér solvation of Li+ cdmpared to the

134



other h]kaliJ@eté]'catiohs and also the more basic cha%—j:,

-~
)

| acﬁér of pME'asﬁco

Eh values cannaf, p

mpared. to ACN.

ewébso1ute where

;

electrodes are useq,';eiative;épfe
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/
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different reference |
. . _\"1___.' e

" L 54T

remces can be drawn. -
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" Therefore, the relative stéﬁéﬁ reduction of the alkali

»

cations ‘in this work wasﬁﬁn.aCEOrd

/

‘with the results of

4 ) o
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[T e
Brown and Urfali in DMF.
Cation ‘ This work Browh‘ahdAUrfé11(S9)
w , V vs Ag/Ag+ Vi v&Hg pool,.
Li+ 211 - -1.81
Nat - o -2.4863 -1.53
ke - _2.492 -1.55
" Rb+ . - -2.481 -1.52
, A N

The electroreduction of anthracene and fluoranthene

" .
\

- gave two waves of approximately equal height. _This idp]ies_

that .the djfquiqnfcqgfficienté for the hydrocarbon:and

1ts.anion‘radical are not great]y different. In tétrahydrb-
| | : | o

furan, it was found ‘that the diffusion coefficients of theé

A
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anion rad{pais.of bipheh&] and anthraqgﬁe'are equal to
those of the uncharged hydrocarbons (218). These results
are expected since the sing]e negative charge in these
'Conjugated systems: is we]]_diépersed and solvation does not

increase. The reversibility of the first reduction waves

of anthracene and fluoranthene, in both aprotic so1venf

are in agreement with results obtained for aromqtic
carbons as discussed in the introducfion of“Chapter 1.

Also cygli% vé]tammeigiﬁhqﬁﬁa (not given hére) have shown
that the-anioﬁ radica]s-of.both hydrocarbéﬁs'are stable in
DMF and ACN for at least the time s;g]e of the cyclic
voltammetric experimen;s (about 10 s). Cyclic voltam-
metry also showed the dianions'to be unstaple since no
reoxidation current yas observed on the reversed scan.
Thefefore the po]qrograbhic irreversibility as evidenced

by the slope of the E vs 1og((i(d)-%)/i) p]ots results from

chemicat instability rather than slow rate of electron
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e

transfer. The rate constant fof¢g1éctron transfer to the
anion radical of anthracené has been estimated to be 0.5 ’
cm/s, which is fast and,;herefbrg~e]ectrochemica]
réversibi]ityvshould result if there were ;o chemical
complications (29).. in-pMF, the slopes for the secénd
waves of anthra;ené and fluoranthene were close to
"reVersjbilgty (61-64 mV). Alﬁﬁough the cyclic voltam-
metric data showed no reoxidation current, the pulse
' po]arogaphitktime s6a1e‘ig much shgrpef, 57 %s compared
‘;6 séVera] seépnds; Therefore,\ﬁrotégation of thefdiqnions
in DMF, possibly was only bartia}. .quthef, DMF is a more
"aprotic" solventvthan ACN with respect to the presence of
small aﬁounts of water. This arises ouf of the ability\
of aﬁide type solvents to form complexes with water (219).-
As will be discussed 1aﬁer, the present work,lapd previous

investigations have shown that addition of water (< 5%

vo]ume/vb]ume) to DMF did not seem to affect the stability
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of the anion radicals of the hydrocarbons (25). . 1In"
~constrast, the s]ope'of.E VS 109((1(d)-i)/15 plots for
the second waves in acetonitrile showed a higher degree of

L 2

‘1r(eversibi1ity; 67 mV for fluoranthene and 76 for anthré-

cene. Acetonitrile does not have as good an ability as
. ? . ' .

DMF to complex water and therefore water activity is much
e T

higher in the solvent. Also since the wave heights were |
approximately equal for both waves of the hydrocarbons, -~

“the protonation. products of the dianion are not reducible

£l

at the potentiais of the second wave.

The Eh values showed that fluoranthene is more

easily reduced than anthracene.L This is expected because

the electron affinity of fluoranthene is 0.840 eV whereés
7

/7

Lo+
that for anthracene is 0.653 eV but the energies of

solvation of .the hydrocarbon anion radical ére'not much
different (4,220). This argument follows from the

relation between the half-wave potential and ‘electron



: affinity as given by -

. Eh = EA + i* - de]Gso1v {m=*) " (3.3)
where "EA ="electron affinity
i* = electric work function of'the mercury

‘g1ecfrode
dé]G%o]v (m=) = free‘energy ofigoivétion of the anion
'radic;]._ . f' ' -
From theﬁexﬁerimgnta] évidehce presented so farlAn
thig,work, the.mechanism fof ﬁhe e]ectréreduttion of
aromatic hydrocarbons in aprqtic medfa follows that of.
Hofjtjnk et al (23). Therefore, %f'R is the hydﬁbéarbon

~

R+e = R* El

R®+e = R= E2 (E2<E1) -
R= + HX = RH- + X-

)
T

t
L
>
0
x
b o

N
<+
>

)
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In the case of anthracene and ‘fluoranthene "in DMF and ACN,

1£ appears that RHé is not re@ucib]e aﬁikheipotenﬁiéjg.
vinQéstfga£ed;

Before starfjng.the actual.investigations 1ﬁto the
1ntéra¢tions of the énions gf §E;hracene and‘flyoranthene
with a]gali met61 cations, it was decided hg cﬁeck'ﬁhether

N

the addition of Woelm supergrade neutral alumina to the

solutions could improve the s£ab111ty of the dianions. by
removing the trace water. However, it was found that
add{tion of alumina fffectgd_the réduction(of tﬁe

a]kgl{ meta1‘c§t{on§. 'FQr examp1e, L1+‘reduc§10n waves -
were found to be drastically reduced in the presence of
alumina, and even disappearéd completely if enough
a]uminé waé added. It'is cgnjectured that Li+ 10ns are
adsqrbéé @nto:the actfvé alumina surface sites although

no further work was done to confirm this.

Also, 1n‘the early phase of these studies, the results

’
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were found to be 1rréproduc1b1e;and seem to vary with the

deaeration time. This Was.attributed to the presence of

e
-~

bxyéen due to 1psufficient‘deaeration‘time. At thg

negétiyg_poteﬁtiq]s used,”qugén is reduced to the super-

’oxidelanion radical in aprotic meqié'(221). Thelstgg4;

ﬁxide 6as been reported to tie ub-a]ka]j metal 106;,

causing low resu]féiquﬁthe e]ectfo]ysis ofA;hese jons

' (222). waever% this problem was sjmply overcome By

Tonger deéeration times (at least 15 minutés) to reduce

.the oxygen concentration to neg]iéib]e values.
Prior §tudies in solvents of low dielectric COnsfants

(223-225) have shown that ion pairs were‘fqrmed between

anion'radicals of polycyclic arbmaticehydrdcarbohs'and

aikéli metal'éatfons.v fhe anion réﬁiéé1s.cou]d disprop0r-’

~ tionate to give thé diaﬁfonsAwhich were also paired witﬁ

the cations. In this work no evidence of any®ion paifﬁng :

.~ ! v . ) " ——
1'nteraction%‘between An*, Fa*®, and the alkali metal cations
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_’was'observed; This 1s‘notA$u;pris%Hg‘sihce the qielectrig'
tonsfant§_of aCetbnitfi]e (36.0)‘and dimethy]formamidé (37.0)
(é26) are muqh higher than those.of ethérea] so]venfs and
also, thelsiﬁglé negative charge in the ébnjugéted hydro-
carbons is well disperse&.

L3

Thus, the equilibrium .

lies far to the left. The constancy of Eh values for the
first hydrocarbon wave with increasing cation concentration
provides the evidence for the 1agk of anyAsign{ficant

ion ﬁairing._ Further, il values were unchanged by

catipns in ;11 systems studied.as obposed to’iZ where

«

clearly dianion-cation interaction occurs. . linearity

of the im vs cation concentration plots is further proof

that no complications arise from any reaction between the

. 1
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anion radicals and the cations. The slopes of these Tines .
coincidéd well with the calibration plots for the
individual metal cations. Where the wave of the metal

cation is not resolved from that of the hydrocarboﬁ, the

linearity, slopes and intercepts of the il + im vs metal

‘concentration plots imply that these combined waves are

<

ey
Pl i

slggleadditiye with no chemical comp]iéations. The fact

that the slopes agree well with those for the calibration

p1qt3’0%°%héfmeta1'Cétions and the intercepts are close to

: R ; ;,’ ;‘;1; ‘ ) 13 . . . . .. . .

- the wave height of~the hydrocarbon reduction:strongi¥ceg "~ .
- 5 B D > £ LI

. oA

A R .
% - oo ! L :

support this deduction. Positive deviations from.ligednigy

: N

of the i1 and il + im plots at high metal conéentrations

. ' P

are probably due to maxima obsérved.at these high goncen;
trations; However, these deviationé are s@al] and do;not
detraét from the results. Tt

It is prbpbsed thgt the ggrreﬁt:dgpresﬁﬁﬁh”of the

.dianion waves, i2, is due to the interaction between the
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dianioﬁ and the metal~cations. -All the résuffs observed “
point in this direction. Adsorption and film formation

effects have been rQ]ed out frém the normal diffusion

©
controlled behavior of the current-time transiénts at the
potentials where current depresgion occurs. lThese effects
do not nprma]]y show the concentration dependence which
has been observed in these experiments. Reverse ‘pulse
polarography does not show any aZsofption or film
destruction currents which will suppbrt the presence of
adsorption or film formation. ' Another poséible explanation
for thelcur;ent depression ch]d be due to the pfesenge
of trace water. Under the careful purification proceduré
used 1n‘thi§ work, the water concentration is brobab]y
‘muéh less than 5 mM. '~ However, in the'presence of water,

)
)

the following reactions could ¢8nceivably occur:

R + H,0, = RH- + OH-

2

@

144
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0

" RH- +_'H2

RH, + OH- ~

MOH

]

M+ + OH-

If this were the case, the addition of water should
. increase the magnitude of the current depression. This
ot _ R .ot -

could-happen if the presence of OH- results in the removal
. of metal cations. However, alkali metal hydroxides avé//i
rélatively soluble in these §o1vents, and it is doubtful
that at such low concentration the so]ubi]ity product's
could be exceeded. However, what is more fmportant is

) )

that further experiments invo1&1ng the additjon of water)'
which will Se.discussed in’a later chapfer; lifted the
depression of current i2 rather than'reinforcing it.
Thérefore, from the above discgssion, the only
pogsible exp]anafion for depression 6f current i2 is the
. :

interaction of dianions with metal cations. The course of

events leading to the decrease in the magnitude of i2 is
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viewed as follows: at-the diffusion current plateau fbr
the metal ion reduction, the concentration of the metal

ion at the surface of the electrode is zero and a vir-

. o -{;::-' _ "

tually linear metal concentration gradient has been
3 . = e
, o

we s ‘

established in the &1ffusjon 1ayer. As the potentidT_SEan
progeeds to more negative va]hes, reduction of_thé hydrog N
carbon anion radical to the dianion begins. vThe.dianions
which are formed start to diffdse'through-the diffusion
Tayer out into solution. 1In this layer, encounters
between the dianions énd the metal cations result in
interaétion between the two. Interaction}with the cations
&
efféctsltheir removal and thus reduces-the number. of
cations which can arrive at the electrode to be reduced.
Thié means thagvthe diffusionhcurrent of the metal cation
which hasvbeén established prior to.the fofmatié;‘of the

dianions can no lTonger be maintained. Since this phenome-

non occurs at the potential region of the reduction of the
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anion radicals, it manifests itself as a drop in i2. The
: | -
reason for the observed cathodic current on an anodic scan

. for the An:Li+ in DMF system is now clear (Figure 23). As

J

the potential is scanned positive, a potential is reached
where dianions are no longer formed and Li+ is no Ionger
being removed in-the diffusiOn‘1ayer. Thus the arrival of

the Li+ to the eléctrode surface results in a cathodic -

current, -

It is theFefore logical that the strength of inter-
action between the dianions and the metal cations is

reflected in the magnitude of‘the current depression.

Li+ and Na+ ‘react strongly with An= in both ACN and DMF. *
Tn Figures 24 and 26, the slopes for the i2 plots are
ecsentially equal to the slopes for the il and il + im

plots. This means that almost complete removal of Li+

4
xr

and Na+ igleff§qted. It is interesting to note, in the

An:Li+ system in-DMF for example, that the point where
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the 12 plot crosses the concentration axis occurs at

-

1.45 mM. Ifhcomplete removal ' of Li+ is the caSe,'ihe
. : ’ _ )
removal of 1.45 mM of Li+ woy]d result in a loss 1in

current of 1.45 x 4.0 = 5.8 uA. .§ince the current depres-

sion occurs at the i2 wave for anthracene and the diffusion

-~

curreht for this wave for 1.00 mM An~js 6.1 uA, this

would .mean thaf £hé'actua1’observeduiZ‘{s én]y 6;1-5.% =
0.3 uA which is very close to 2ero. The very strong
intéractioh of Li+“and Na+ with An;:i§ obviods-if Fidﬁre
27 'is copsidergd..ilt can be seen that up to-a coneeatra-
tion of 2.00 mM of'Li;‘édded, the amount of Li+ reacted is
also 2;60 mM, resﬁ]fingrin a slope of 1 fq;lfhé}curve

¢

- given’'in Figure .27. Theramg can be said for Na+ up to

1.00 mM. With Na+,'the,durve Tevels off at 2.00 mM

whereas with Li+ it approaches 3 mM.-" The interpretation
is therefore thatfé 1:3 stoichiometry of An:Li+ is
obtained in DMF whereas An:Na+ gives a 1:2 stoichiometry.

iy
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The same result is true for An: with Li+ and Na+ in ACN.

The formation of the 1:3 complex An,3Li+ is very inter-
, ~ : ’ ) ,

esting from charge considerations since it gives rise to

/

~an overall positive charge. .However, this is not without

o

al

N
precedent since the same stoichiometry was found for the

1nteractioh of anthraquinone dianion with Li+ (227).

In the case of K+ and Rb+, i2 did not reach large

~

negative values as can be seen from Figure 24. Figure

“ .
27 also shows that reactions between An= and these cations

are not as strong-as for Li+ aﬁj}ﬁa+. The plots in
Figure 27‘show continuous increase in the mmol of cation

reacted with increasing metal concentration. Reaction

»

for Rb+ appears to be slightly greafer than K+. It is

proposed thét for these two cations, both 1:1 and 1:2

.~ complexes are-ﬁresent’and\these have small formation -

constants.

. "

Li+ with Fa= -reacts strongly on a 1:1 basis in DMF.

@



There is some‘1:2 complex formed but this does not appear
to be strong. This can be observed from Figure 25 where
the il + im p]dt‘rémains constant up to about 1.2 mM Li+
aﬁd then increases }ineér]y with -a. slope of 4.2 which is
approximately equal to that fqr Li¥ ca]ibrat{ég of 4.0
uA/mM.” This is supported by Figure 28 where a slope o%‘
1 was obtaineq and the mmol Li+ reacted starts to Tevef
out at 1.2 mM Li+. In acetonifri]e, similar results are
obtained (Figure 265 exceggﬁthatlmore of the 1:2 compex
Fa=f2Li+ is formed and the mmol Li+ rgacted approaches
2.0 mM (Figure 30).

Na+ reacts very strongly with Fa= both‘in DMF and

ACN as can be seen from Figufes 28 and 30 where slopes of

1 were obtafﬁéd. However, only a 1:1 complex(Fa=,Na+) appears.

The reaction did not proceed to the 1:2 complex Fa=,2Na+

since the curves ieve]ed off exactly at l'mM of Nﬁf- K+

3

/ : ' :
and Rb+ reacted only very weakly with Fa= and from what

o

150
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has been said for Li+ and Na+ with Fa=, it can be deduced

that only 1:1 complexes are formed wi;h very small férma-
tion constants (Figure 28);

The results obtéined from the experjments where the
»hydrbcarbon concentrations were varied confirm the
conclusions which were reached in the above discuésion.v
In the An:Li+ in DMF system (F{gure 31), where the L1+
concentration Waé fixed at 1.50 mM, the constancy of fhe
Li;‘reduction current with added anthracene concéhpratibn
And thé»cht that Eh values for the first anthraceng
wave and theva+ wgVes did not Eh;qge significantly imply
that no interaction occurs between An™ and Li+. The il
vs An concentration b]ot was linear. The 'i2 plot which
was linearly 1ncrea§ing beyond a concentration of 0.51 mM
for An, has the same s1op¢ as” the il plot. This @eqns
‘that>n04Furthef redubtion in ¥hg iZ?éug;;:£boccgff§3 after o

0.51 mM of anthracene ﬁad_been added. The mmol Li+
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L ]

reacted vs An concentration plots is most informative.

The initial 11near_portjdn~has a slope of 3.0 and it starts
;to 1éve1 off at an anthracene conﬁentration ofVO.S. In
the level portfoﬁ the mmol Li+ireactgd was 1.50 mM. _Al1
_ithis suppor£s the argument that Li+ reacté very strongly
-with An= to form the 1:3 complex An=,3Li+. {Note:

Current values in this expekiment (Figure 31).sth1d not
be compared with calibration plots of other ekperiment;
becau§é'for-this particular experimenﬁ,the Hg hegd was
changed to 50.0 cm instead of the usual 57.0 cm fﬁ DMF
throughout this work.)

The resu}ts for the experiment where the Na+.Fonéen-,'

!

~tration was fixed at 2.00 mM (Figure 32) again confirmed
7

earlier conclusions for this system. The il + in(p]ot
has a slope of 6.6 which agrees with the calibration
plots for An in DMF. The i2 plot increased linearly with

An concentration beyond 1.00 mM and has a slope of 6.0.
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Theimmo1 Na+‘reacted vs_An‘concentration'has a slope of.
1.9 and 1evef$ at 2.00 mM Na+. Thérefore Na+ forms a
strong 1:2 complex with An= in DMF.
From the above discussion, ite is clear thatvintek-.

action 6f dianions with aika]i meta]_éatﬁohs increases '

1) with.deé}easing size of the Cation; :

2) with déckeasing size of’the hydrocarbon; ahd

3) from dimethylformamide to acetonitrile.

~.The nature. of the interaction between the dianion

-

~and the alkali metal cation needs to be discussed. In

the chemical reduction of aromatic hydrocarbons with,

a]kaii metals in etherea] solvents it is assumed thdt the

dianions form ion pairs with the a]ka]i metal cations.
Here, the dianion-alkali metal cation interactions are
also believed to be ion pairing., Since the extent of

ion pairing increases with decreasing radius of the

cations, contact'ion pairs are formed. This is reason-



}

able since the larger the charge/radius ratio for the =

cations (Li+ > Nat > K+ > Rb+), the greater the strength of

interaction. The ionic radii of Li+, Né+,»K+, and Rb+ are

. ) ! o ‘
0.68, 0.97, 1.33 and 1.47 A respective]y.. Contact .on pairs

-

have also been found in 1nferéctiohs of ketone anions with
‘alkali metal cations (227). This trend is observed in this
work except for K+ and Rb+ withlAﬁ in.DMF where the twé;are
reversed (Figureﬁ27); For thése two cations, §6lvént sepa-
‘rated ion pairs-may exist since é}abj]i;at&on‘by contact ion

pair formation may not be large'enOUQh ta COmpensate for the

’ {
destabilization arising from desolvation. 1% is known that

o

increase in radius of countercation favors the solvent

»
separated ion pair because-the gain in coulombic energy on - .

collapse %o“the contact ion pair is decreased (reference ],

p. 356). The situation can arise, where both the solvent

separated and contact ion pair‘eXist in equilibrium. Forfthé

K+ and Rb+ case then, the solvent separated ion pair should

154



be more favored resulting in the reversal in trend as.observea
above. " This study however, does not provide enough informa-

, ) 4 '
tion to test this situation.

The dianions of the aromatic hydrocarbons had half-wave

. . ) {
potentials more negative than the alkali meta] cations
(Table I). (Note: The hydrocarbon -anion radicals reductions
to.the dianions were not reversible, therefore the Eh values
do not have any thermodynahfc significance. However,
for the sake of argument here, they will be assumed to be
. . ' 7
reversible £Eh values.) Examination of Table 1 shows that in
DMFE, the second reduction wavé of anthracene has the most
negative Eh, this value being -2;989 V and Na+ the most posi-
tive Eh, with value -2.463 V. _The difference between these
two values is 526 mV. In acetonitrile, where K+ and Rb+ were
not studied, again the most neégative and positive Eh values
belong tggépthracéne second wave (-2.904 V) and sodium cation
*E .

°

(-2.159 V). respectively, the difference being 745 mV. In
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0

genefa1: ngVation effects in going from'DMF to ACN are much
larger for the cations thaé for the hydrdcarbons ahdrthereforé,
in terms of electron transfer;‘the'cations are more acidic in
Aa;etonitri]e. Therefore,considering the anthracene-cation

4systems in ACN, it seems that the An= is a much stronger base
4
\

compared ﬁo the cations. As mentionéd above, the difference.in
Eh'bétween*thguAn‘YAn= coup]evand Na+ is 745 mV._ The differ;
ence,bepWegn the_same coupte and Li+ is 639 mV. From these
views therefore, the argument can be made thaf‘the current
depression pbserved is due to electron transfer féom An= to
the metal cations in the diffusion layer which would prevent
these cations from reaching the e]ectrode;

However, careful’examination shows that the above argu-
ment, cénnot be truet This is because po]afbgraphic ha]f—wéve
~potentials obtained for alkali metaa cafions are not applica-

ble since reduction at the mercury electrode results in

' ama]gém fofmation whereas reduction by An=, if it were to
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' occur, would result in formation of the alkali metal in the
solution. This means that E(0) values for the alkali metal
cations must be USed._,The standard reduction potentiaTs for

Na+ and Li+ in ACN are given below (see reference 172, p.400).

-.Cation E(0) (vs Standard Hydrogen Electrode (SHE))

Li+  -2.645 V
Na+ -2.421 v

Since the Eh vg]ue for”the AanAn= coup]é was obtained
with reference to the Ag/Agf (OfOI,M) rgference electrode,
this één be Eonverted to the-hjdfogen‘sca1e.. The Ag/Ag+
electrode is +0.3 vs aqueéus SCE-which‘in turn is +0.246 vs
SHE and thereforebthe Eh.va1Ue'for An“/An= is -2.358 V vs
SHE which means that the solution reduction of the cations
without gma]gam %Qrmafiqn is negative of fhe‘An‘/An=
couple. Charge-fransfer complexes (EDA type) have been ‘\
observed for contact‘ioﬁ pairs in solvents of low dié]ectric

constant (reference 217, p. 410). However, in yview of the

/
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above discussion and frqm the fact that no colored species.
Qere observed at theAQUrfacélof‘a hénging mercury ‘drop
e]ectrode; this'type of complex is not thought toA§ccur‘to
any éitent-in this case.

'The increase 1n.;on pairing in going'from anthracene
to f]uoranthene can be exp]éined in terms of the larger

K

éize of the fluoranthene mq]ecu]e due to more fused'fihgs.
Therefore, the‘two/negative cha;ges in fluoranthene
dianion are hore diffuse coppared to anth}acene. This is
evident from the hore‘positive redu;£idn potential of
fluoranthene.

It is obvious that solvation must p1éy an important
part in the dianion-cation %nteractioﬁs;; fhe results of
thé An:Li+ sygtem in ACN and DMF serve to demoﬁstréte this

.point. A distinét‘péék appears at the beginning of the
Y

dianion wave before depression occurs“in DMF (Figure 10).

This peak is absent in ACN (Figure 18). It is well known



that Li+ is much more strongly solvated 1n“6MF thaﬁ'in ACN.
It is expected that both the kinetics and the equil{brium
of ion paif formation is more favorab1e.1h ACN thqn in DMF.
The appearance of the peaks in DMF could megn that a small
amount of dianion has to be present before interaction Q
begomes favorable. The slopes af fhe calibration plots for
Na+, K+ and Rb+ are closely grouped in DMF. This meahs
thatlthe solvated radii of thésé 1ons‘}n DMF are not very
much different. However{-Na+ interacts much more Stfong1y
than K+ or Rb+ with dianions. This gs another indication
“of contact type of ion pairing in the case of Na+. Unfor-. ]
tunately, ﬁojstudies could be médeifor K+ and Rb+ in ACN S0
“that no comparison?60u1d be made for these two ions in
different solvents.

The observation of different stoichiometries for

different systems in this study is very interesting. In

many previous studies in ethereal solvents, not much
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atténtfon has been péid to these variations in stoichi-

ométries. In most cases, 1t.has been imp]icif]y assumed
tﬁat anion radicals pair with one cation whereas dianions
pair with two catiQns; Howevér, electrochemical studies

of ion pairs of negative ions of ketones with alkali metal

4

!

cations in DMF and ACN have revealed that these different

<

stoichiometries exist-(209-212). It is not very clear to
the author at this point why these different stoichi-

ometries occur for the aromatic hydrocsrbons. Clearly

charge conéiderations alone are not enough since Li+ and
An= forms a 1:3 complex An,3Li+. Obviously, structural

factors and solvation of the ion pairs play important

roles in these interactions. Fast spectroscopic tech-

niques could provide valuable information on these aspects.

SpeCtroeiectrochemi;a] methods would be relevant in these
areas. However, difficulties arise in electrode fabrica-

tion. Mercury thin film electrodes have so far not been
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very successfq]. Further research in th{s area in,these
laboratories is in progress. ,

Temperature stQéjgs have .also peen_made. . Experiments
Qefe ﬁa%ried oﬁt at SAC and 45°C besides 25°Q: .However,
pver this temperature rangé,'no measuréb]e chan§e§ in tﬁe
fjnteracfions were detected. -So far, the diécuésion has
been qua]itétive in nature. .It is necesséry to perform
some calculations to obtain the équi]ibr?um constants
for the ion pairs. However, the value qf these calcula-
tions would be véfy doﬁbtfu] due'to the unstable nature

‘ ‘

of ‘the dianions. However, it is felt that this present
f@udy PfoVTdes én:impoftéht starting pqint for.foﬁhgr,
in&estigatioh. VTo the best-of the author's kndw]edge,
this is one of the:few, if not.thg on]y,'Stﬁdj o%’the
interactidns between-érohatic hydrécarbbn‘diaqﬁons and

alkali metal cations in dipolar aprotic solvents.. ’

From the results and discussion presented so far,

-
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o

the de]owing sUmméry concerning thé interaction of the

negative ions of-anthracene and %luoranfhene with alkali
. 4

metél»catiohs in ACN and DMF can be made:
i) No interaction of the anion radicals with alkali

metal cations occurs in either solvent.

w
o

ii) Ion pairs are formed between the dianions and alkali
A . - \ S0

metal cations. These ion pairs are of the—contact

‘ Iype except qu K+ and Rb+ with An=in DMF where
N
so]vent‘separated'ion pairs may exist.
, ; | .
i1i) The strength of interaction f011ows the trend

et

Li+ > Na+ > Kt > Rb+.

Pl

iv) Interactions are strdnger in ACN compared to DMF.

ov) The stoichiometries of interéctions-do‘not depend on

charge considerations alone. f
Thé’fd]lowing scheme fog/the'feactions‘are postulated
. I . \ g
where R represents. the aromatic hydrocarbon and M+ the

~alkali metal tation:"
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R* + M+ = R*,M+ (1) equilibrium Ties very
‘ far to the left
- R=+ Mt = R= M+ (11)
R=,M+ + M+ = R=,2M+ (111)
R=,2M+ + M+

"
ol
1l
-

w
=
F
-~
—
<
o

Step Il occcurs very strongly for An:Li+,Na+, and
Fa:Li+,Na+ in both solvents, but only weakly for

- .
. An:K+,Rb+ and Fa:K+,Rb+-1n'DMF. Step III occurs very
strongly for An:Li+ in both so1vents: An:Na+ in ACN but not
quite as strong for An:Na+ in DMF. It is of moderate
strength for Fa:Lf# in ACN but -weak for Fa:Li+ in DMF
and An:K+,Rb+ in DMF. :Step IV occurs strongly in An:Li#,

A4

in both solvents.

2



Chapter 4. The Effect of Water on the Ihteractions
between Aromatic Negative lons and Alkali
Metal Cations

4.1 Introduction
In Chapter 3, it was found that the second reduction

wave of anthracene and fluoranthene was irreversible due to /
r o

the reactive nature of the dﬂgnion~with respect to protona-

~

tion by proton dbnors (such as water) present in the solvents

even after purification. However, it has been established

14
t

that Li+ and Na+ interact strongly with the dianions.
Hence, under the eXperimenta1 conditions described éarlier,
the dianions-cation interactions take precedence over pro-

7tonation in the diffusion 1ayer.‘ Also, the possib]e A
Y

4

presence of the hydroxide‘ions‘was not‘thought to be the *

©

\
cause for the observed current depression of the dianion N
~

3 wave.. In this chapter,Aevidégée_will be presented that

~shows this is indeed so.
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- performed to test the above éséﬁmption. -

From what has been discussed, it is reasonable to
: R Y

expect that there is a competition between the metal

cations and the proton donors for the available dianions

'q1ose to the electrode surface. If this is true, then

g
s

conditions could be altered so that the protonation
reaction proceeds faster compared to the dianion-cation

reaction. One such aTteration is then to drastically

‘reduce the concentrations of the electroactive species

and determine the effect on the 1imﬁting currents.

Another is to have controlled addition of water to the

systh; The addition of water would also substantiate the

proposal that hydroxyl ians are not the cause of curr?nt
debression since if this were so, current depression

will be increased or in the limit remain constant.

The fo]]owi%g sections describe the experiments

—_—

165



166"

4.2 Experimental
4.2.1 Instrumentation

The equipment used is exactly the same as that

described in Chapter 3.

: {;2.2 Purification of Chemicals

The pur{qugtion of anthracene, f]uoranthene; alkali
metal perchlorates and the solvents écetonitri]e and
dimethylformamide has a]rgady bégn described. The water
used here Qas tap distf]]éd water which had beeh deiqnizedf
It was then.made a}ka]ine by adding éodium‘hydroxide;
Pptassidm permanganate was then added. This mi*ture was
djstiT]edlqnd the distillate was taken through

-

another distillation stage.

4.2.3 pro"céautégg

'i'fn'a1] ekpériments, the supporting e]ectro]jte used



S ey

~ 'was tetra-n-butylammonium tetrafluoroborate (TBAF) at

0.10 M. The deaerétion procedure was the same as that -
described in Chapter,3; Temperature was controlled at
25.0.% 0.1°C.

In the dilution experimént, 25 ml of a solution

. 3 : -
containing 2.00 mM anthracene and 3.00 mM 1ithium per-

chlorate in DMF ‘was pipetted info the polarographic cell.
'Info each solution, measured volumes of the background

u

solution (solvent-at 0.10- M TBAF) equlibrated at 25°C was

¢
transferred .

In water addition experiments, water was addéd to

separaﬁe so]utfohs:of the metal«cétions and the hydro-
carbpns in DMFf Thgn water Was added to mixtures of
’so1utioﬁézof the metal qatjons'and the'hyérocarson. For
examp]e; in the firft'cgse wéter'was éddgdvsebarately ta
1;00.mﬁ“a;th?aceneland_algolfé‘g,éé;meLj4:Sé1utj0ns in
_DMF.xfoen a mixture cdptainingji.bq mM ant?rﬁcenéénd

Pd
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3.83va Li+ was used to which water addition was performed.

Finally, a water concentration was chosen to be used in

kinetic studies. In the case of the An:Li+ system this

.

concentration was 2.14.M in water. 25 ml of a 1.00 mM

solution of anthracene in DMF(0.10 M TBAF) which was

also 2.14 M in water was -pipetted into the pd]arograpﬁic

\ cell. After each run a known volume of a stock solution

L

of Li+ which Was also 1.00 mM in anthracene and 2.14 M in
_ | -
water was transferred intovthe cell. '

Similar experiments were also carried out.for the

An:Na¥Asystém.in'DMF. 'Invtﬁis case water was.adde;\gp a
miktureiconﬁaihing 1;00 mM anthfacene‘and 3.92 mM Na+ 1n»
DME. Fr&%’%his.experiment a water Cdncéntration of 0.22 M
was chosen for further studies.

For fluoranthene, water was also added,"using a micro-

~syringe, to a 1.00' mM solution of fluoranthene in DMF.

\

Similar experiments as for anthracene were carried out with

L ]
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water addition to Fa:Li+ and Fa:Na+ solution mixturés in

DMF. In the case of Li+, the concentration of fluoran-
thene was 1.00 mM and Li+ was 1.02 mM whereas for N§+, the
con?entration of fluoranthene was 1.00 mM and Na+ was 2.45
mM. .From these eXperiment§'a fixéd water'concentration of
1.72‘M was chosgn for kjneticbstudies-Of the Fa:L1+‘system.

The 1imitin§ currents were corrected for dilution effects

t

due to the addition of water.

5

4.3 Results.

Figure 33 shows the effect of dilution on a mixture

)

of 2.00 mM anthracene and 3.00 mM Li+ in DMF. It can be

[

" * seen that at the High concentration end, current depres-

sior of the third wave is obvious. As the solution was made ‘
=y .

moré_and more dilute, the‘magnitude of the depression

Kbecame Tess until at a concentration of 0.09 mM anthra-

cene and 0.15 mM Li+, thé‘current_depﬁessioh was completely



CURRENT

Figure 33.
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D11ut1on experiments: po]arograms showing the
effect of dilution oh mixtures of anthracene:
Tithium cation in the concentration rat1o 1:1.5
in DMF at 25°C, :
" Anthracene:Li+ concentrations.are (in
- (1) 0.07:0.11, (2) 0.09:0. 15, (3) 0.13: O 21

(4) 0.24:0.37, (5) 0.34:0.52, (6) 0.44:0.66,
(7) 0.62:0.93, (8) 0.79:1.19, (9) 1.11:1.67,
(10) 1.25:1. 88 (11)1.43:2.14, (12)1.67:2. 50
(13) 2.00:3. 00. _
Mercury column 57.0 cm.



lifted.. At this concentration, the height of the third
wave which was due Fo the reduq£1on of the apthracene anion
radical to the dianion, was gsual tQ that of the first.
wave, which is the expeéted result in the tota]_absence of
any inperaction between. the dianion and Li+. :F{éure 34

A

 shows the plots of the hejghts of the anthracene and
Tithium reduction waves against concentration. It can be
seen that these plots are linear and the s]bﬁes agree well
with tﬁosé of tﬁewca1ibration plots givgn in Table 1.

Further, the plot of percentage of Li+ reacted vs concen-

~tration\of Li+ shows that below about 0.90 mM Li+, the

An: A5+ interaction begins to be affeéted as the percen-

“tage of Li+ reacted starts to decrease sharply from 100%.

’

It shOu]dia]so/be pointed out that polarographic behavior
remained essentially unchanged with dilution within the
limits ofbexperimenta1 error. For examp]é, the Eh values

. ]
of the anthracene and Li+ reduction waves remained con-
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Figure 34. ‘Dilution experiment: . plots of limiting

- currents and percentage of Tithium cation
reacted versus lithium cation concentration
in DMF at 25°C. ' - '
An:Li+ concentration ratios kept at 1:1.5

Mercury column 57.0 cm.
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Before the effectlof water on mixtures of antﬁra—
cene and L%+ solutionhwas examined, it was decided to
investigate the effect of Wate} on separate solutions of
anthracene and Li+ in DMF. Figure 35 shows the'qffect of
water, up‘to 5.00 M, on the limiting cufrents of a 1.00 mM
solution of anthracene and a 3.83 mM solution.of Li+ iﬁ
DMF . In the case of anthracene, bothjthe ljmiting
currents of the first (il) and second (i2).reduction
waves decreased linearly with water concentration. The
limiting currents were corrected for dilution effects due
to‘the addition of watér. The decreases were approxi-
mately equal for both waves and amounted to abogt 17% at a
water concentrz*ion of 5.20 M. The Eh values for‘thé

-]

first wave were shifted negative by about 20 mV, but

those for the second wave were shifted positive by about

55 mv af 5.05 M water as cbmpared to the dry solution.

K}
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Plots of E vs 199((11 ~1)/1) - showed that for the fjrst ;
wave the slope was'60 mV for a heversib]e one-é]e;tron
transfer. Thas bghavior did not change even up to addi— .
tion of about 4.31 M water. For the sefond wave, the
slope was 66 mV in the»absencg of water but increased to
71 mV at 4.31 M water.

In the case of the 3.83 mM Li+ solution in DMF,

the limiting cufrent decreases from 15.2 uA in thefabsence’

of water to 12.6 uA in the presence of 5.05 M water,
again a decrease of 17% {see Figure 35). The Eh values
remained essentially constant( within 10 mV). Plots of

E vs log ((jA'-i)/i) showed that the slopes did not change
N |
very much, decreasing slightly from 65 mV with no water

to 63 mV at 4.31_M yater.

The results of the addition of water to a-mixture

of 1.00 mM anthracene and 3.83 mM Li+ in DMF are shown in

Figure 36. ' It can be seen that at low water concentra-
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Figure 35. A. Effect of water on the 1imiting current of
, a 3.83 mM lithium cation solution in DMF
at 25°C. : . |
B. Effect of water on the Timiting current$ of
a.1.00 mM solution of anthracene in DMF
at 25 C. v _
Horizontal axis show concentration of water.
Mercury column '57.0 cm. , B
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" Figure 36. Polarograms showing the effect of water
ST ©addition on a mixture of '1.00 mM anthracene
and -3.83 mM 1ithium cation in DMF at 25 cC.

-Water concentrations are (in M):
(1) 0.00, (2) 0.11, (3) 0.44, (4) 1.72,
(5) 2.34, (6) 2.75, (7) 3.14, (8).3.73,
(9) 4.31.. L N
* Mercury column 57.0 cm.
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tiens (up to about 0.11 M), there was not much effect on

~

the current depression of the third wave. 'As the concen-
tration of water was increased, the magnitude of the current

-

depression decreased until, at about 3.73 M water, there

- [l

was no depression and the height of the third wave became

“~-

equal to'the first. Figure 37 shows the plots. of the "(

limiting currents vs water concentration. The currents
P | '%
have been corrected for the dilution effects due to

water addition.  The plots of anthracene (il) and Li+

o “ y L ey’
(im} reduction currents vs water concentration, show the |

samé trend as those of Figure 35. They decreased Tinearly

with increasing water concentration. However, the limiting

current for Li+ appeared to be slightly highér'hé%e; For

the anthracene and Li+ reduction waves, the same results

-

were obtained here concerning the Eh values and the E vs

Tog ((11;1)/1)Aas for the séparate:soTutions with respect b)

to waier addition. Tite current ‘due to the reduction of
| 8

~
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and then increased at higher water éqnéentrationsﬁ“ Above’

o | | 179
the-anthracehe‘anion radical (i2) remained approximately
constant qtfiis depressed va]ue‘up to about 1.0 M water . —
) ‘ EN .
3.4 M water, the height of the dianion wave became equal
to that for the first wave. The plot of mM Li+ reacted-
vs water concentration is also shown in Figure 37.

When no water was added, the ambunt of Li+ feacted was

exactly 3.00 mM. Increasing the water concentration

about 1.70 M did: not change this value much. However, at
higher water ‘concentrations, the amount of Li+ reacted

decreased and approached'zero at 3.35 M water. Figure 38

\ . .
,. ~ ~ !
shows the results of the experiment where the water

-

. concentration was fixed at 2.14 M and the concentration of

)

Li+ in a l<?0 mM anthracene  solution was increased. As
la

remained constant while the Li+ wave (im) showed a

Tinear increase with @?Uﬁe*of*?lQ UA/;W, slightly lower
o P
< A =y . -

» t
'S



180

!

T - . . v IR ~ SRR N
B el g *uoLonpad _[eaLped
u o :ow:m.mcmumfzucm 403 Jud4dnd chMPEFP 2L
T - uorydnpsa v
S TE e o ‘ :oﬁpmu EzpsuFP.Lom quauuand-buLiLwL ] twi
e : ; - aUdORAYIUR UOF Jusuund-Butrwiy L T . ¢
N R WD Q* /G uwnyad Aandudy =
J O S oo T pm paxLl) :oppmgucmw:oo aupoRYUY " e
. - *0o52 3®
T 4Was cp“gmumz W v1°2 mcpcpcucou suoL3e WNEYIL | .
. : pue_duasedayilie jo s¥injxiw 404 :oFMmLucmuzou
g - 001309 E:ncpﬁ_ SNSJ3A pajoeau :opu¢u uniyyLt
. : mo p::osm Y b:m S3U3UUNI m:FuFEPF 40 s10|d
e r A . -... L ) - i '
e GIOWR/[O
. B v.x R ve ) e ; ) z3 e . L
o . 3.1 i
:, R 2 o o
. . -2 - i
N_ ..\ cD._ B . .. B
Lol T S N S 3
N
E_ O B Wn._ e.ow R . N
F A=t i
omko<mm oz % -
L WNIHLIT= . & . el
" . S ANNOWY ‘¥, ~ Z ol \xo - "
" v

v



e

"‘" fFigUr?‘§8;;was1¥ery much‘]gsqus cbﬁparéthoifhat in the

'fqb§en§é;Qf;water;’ The,plot‘Qf mM‘Li+ reacted ;hdwed an

. DMF. Thevfirst wave corresponding to the unresolved

IR L . -

oy %

" to-that of the Li¥ ta]iprgtigniéﬁope_df:‘- uA/mm. The

2

4

. 'ﬂdepression pﬁ,§hé'third wavéf(izf:‘as'canibe_seén from

B, L2

-
A [N

S s,

L

'ihductipnfrégibn torresponding tg-ébdut 0.40 mM:L?f;before S

v 4
o

~ dny, reaction occurred betweeq An= and Li+. . .

¢ ) . s r;‘\)f .
',Figyre 39 shows the efféctbof_Wafer éﬁditfon on a
S N , 8. -u . L . ", | R

solution cohtaihing 3.92 mM Na+ and 1.00'mM anthracene in

Lo

% ¢ ‘ R
Ad ‘ : R AR
'Y ',

“ reduction of anthraceneiand sodium Y(i1+im), decreased

EES
‘

11near1y with increased water concentration. The - L ;
I . B M . . :

. . . . » T - ‘.\ T
magnitude of the currentfdepressjon (iZ),decreasedfuhEETf:?m
l ’\ ¥ c ’ W =N ,' “_3 '

B

at cencehfrations of water above about 1%0 M, thezva1ue: :

of j2‘was appfoximate1y equai to fheefirSt.reduétiOn of

) 3 o . ‘ . N
! e ' . . : . . : B

;ﬁthraCeqe. Figure 39 shows that in1t1a]]y'whenzh9vw er

@ sl

decreased- quite sharply with wagér‘addition as
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‘Figure 39. ‘Effect of. water add1t1on on the 11m1t1ng
. .. currents and the :amount of sodium cation -
reacted for a mixture of 1.00-mM anthracene =
and 3.92 mM sodium catioh in DMF at 25°C. . .
Horizontal axis show water- ce&ntration.
-Mercury column 57.0 cm. Y. .
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W ’i1+1m;plot'yas linear with slope of. 5.1 uA/mM and interceﬁt
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compdred. to the ‘case of Li+ (Figure:37) and approached
X _z?:_,f" . - + . . N o ) . . .
zero.at 1.0 M water- concentration. Figure 40 shows the
' 5 CER . w . ' -
S .8 . A A
results -of the experiment where the water concentration
SR CaE : .

- R P “ D :
- “ was” fixed at 0.22 M and the Na+ cohcentration in a

kP
. AT

- 1.00 mM anthracenéVSOIUfion-ﬁnszF was increased.l_The

2 o . M

-

—_— -
b

of 5.7 UA;:Tﬁeée&yaﬂuespgggfin accord-wi¢h;the calibration '

~slopes of Na+ andvjhé wé;g height fo 1,00 mM anthracene.

R,

“« ... Again, the current depression of the i2-wave was much

-

o e

less as compamed?ﬁﬁ that' in the absence of water. “As in the
' . . " . . . Dy P
.case of An,Li+ system; the mM Na+ reacted vs Na+ concen-

R

. ) A
‘ "[tration'pTOt showed. an fhitia] induction region, this ’
- time up to about 0.20 mM Na+. -
Figure? 41 shows the effect of water on'fhe first (i1)

andgsecond.(iZ) reduction wave§ of~fiuofanthene. Similar

T results were obtained for fluoranthene as for anthracene.
. . . . i } . .

e

The limiting currents for both waves decreased linearly
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Figure.4dl Plots: of 11m1t1ng currents and amount of

sod1um cation reacted versus sodiufm cation ¢
contentration for mixtures’ of anthracene and
sod1um_cat1on conta1n1ng 0.22 M water in DMF
at 25°C.>
Anthracene concentration fixed at 1.00 mM.
Mercury column, 57.0 cm.
il + im: combined limiting current for
anthracene and sodium cathon
reductions °

i2: Tlimiting current for anthracene anion
radical reduction

e
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Figure 41. Effect of water addition on the 11m1t1ng

’ currents of a 1.00 mM'flyoranthene so]ut1on
in DNF at 25°C. :
Horizontal axis show water ‘concentration.
Mercury column 57.0%m.
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by‘about 10% at 4.1 M water. Eh values for. the fifSp wave
were approximately constant Shifting”ih.magnftude by about

18 mV for the water concentration range studied whereaé’ >

‘A [}
P
’

the Eh values for the second wave shiffed.positive by
about 90 mV. Slope of the E vs log ((id-1)/1) plots for

the first wave was unchanged and cprreéponded}tOVGO mv for

a one-electron reversible-wave whereas for the second wave

.-
o .

the slope-increased slightly from 63_mV‘t6_68 mV -for thﬁzh e
highest concentration of water used. ,
The results of water addition to a solution con-

‘_jtaining'l.OO mM fluoranthene and 1.02 mM Li+ in DMF are

presented in Figure 42. The limiting current for the I

first wave (il), a expetted;-décreased 1inearfy‘with
1] A »

water concentration increase as was observed for the
addition of water to fluoranthene. . The second wave

corresponding'to im + i2, which was not resolved,

remained approximately constant until about 1.0 M water s
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Figure 42. Effect of water addition on theﬂlimiting
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O imtis
" @ AMOUNT

LiITHIUM
‘REAC TED

currents and amount of lithium cation reacted
for a mixture of 1.00 mM fluoranthene and 1.02
mM lithium cation concentration. in DMF at 25°C.
Horizontal axis show water concentration.

Mercury column 57.0 cm.
il: limiting current for fluoranthene
reduction ' . '

im + i2:  combined limiting current for lithium
cation and fluoranthene anioniradicat\

reduction :
A ,
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) ,and,thehvincreased'before’1eye1ﬁng.ouffat a water con-

[ .

o ) ‘ v
centration of 2.34.M.. The value of im + i2 at the

g

fihavaater.eoneehtration of 3.14 M was 8.6 uA. From
FiQUre'41,vthe Tﬁmit{nd'curnent i2 ‘for the second wave
of f]uoranthene at 3.14 M water was 5.3 uA. Also, ffom:

____Figure 35, it can be calculated that at 3.14 M water, the

o

limiting current for 1,02 mM Li+ is.3.6 uA. The sum of

SN

these two waves.at 3.14 M @ater therefore 15'8i8 uA which

-vis;elose tpfihe vé]he‘of 8:6 uA' for the mixture. wThe=ﬁM f'
) : N : ' Y
Li+ reacted plot (Figure 42) shows that in the absence of

4

water, a value of 1.0 was obtained which decreased and
'.approached zero at high water concentrations.

‘.Fjgure'43 shows the result for the experiment where
)

)

the water concentration was fixed at §.72'M'and Li+ was .
added ta a solution of 1.00 mM fluoranthene in DMF. The

" value of the first wave (il) was constant whereas the

im + 12 1imitiqg current showed more complex behavior.
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‘Thi< result is best.pfesented as the p]of of mM Li+
. ‘reacted ys Li+’c66centration. Since the Li+ réduction

wave and the dianion wave were not resolved, to perform-

. o
[+

the calculations on the mM Li+'reacted, a calibrationg

plot for Li+ reduction at.1,72'mM"wafer was- obtained.

%Hel1imiting currents ffom this plot (Figure’43) were '
o | P
then used in subsequent calculations. As in all the

]
ol
oy

" other cases, there 'was an initial indu¢t16h‘region
corresponding to about 0.20 mM Li+, before there was’ any
“reaction between the fTuoranthene'diahﬁonaand Li+. After
* the inductjon reﬁion, the mM Li+ reacted increased as

can be observed from FigUre 43.
l/ ',.‘ . t N . ° :

In Figure 44, the resg]tg'of water addition to a
solution containing 1.00 mM fluoranthene and-2.45 mM

Na+ are presented. The limiting currents for the first

‘

<

(11)_and,second (1m)'wbves again show sma]1 decreases

due to water addition. In the absgnté:of water, thg'

’
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A. Effect of water addition oh the amount of
"sodium cation reacted for a mixture of
1.00 mM fluoranthene and 2.45 M sodium
cation in DMF at 25¢C.

~ B. Effect of water on the 11m1t1ng currents

for the same mixture above..

Horizontal "axis show water concentrat1on.~-

Mercury column 57.0 cm. ‘
il: limiting current for f]uoranthene
reduction
im: J}imiting current for sodium cation
'~ reduction
i2: limiting current for f]uoranthene anion
_radical reduction
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. N\ i . ’ . )
dianion wave gave a depressed current corresponding to

b .
only 0.8 mM Na+ reacted. This is slightly lower than the °

Fe

. value of 1.0 mM expected with addition of water. Current

y s . e

depression was again Ti¥ted with water addition.

4.4 Discussion

~

For the An,Li+ system in DMF at 2.00 mM anthracene

v

i

and 3.00 mM Li+ (Figure 34), it is again confirmed that

’

theré_is"a{stfong interaction between An= and Li+. The data

§how?thét at concentrations abeve 0.60 mM An and 0.90. mM i’

i
i

Li+ the amount of Li+ reacted with An= is 100%. A 100% react

-

tion is expected since it*has been shown that An,Li+ reacts

in the ratio 1:3 whereas in this case thefAn,Li+ ratio is

» ) »

fon]y'1:1.5. The proposal that there is a competition bet-

ween trace proton donors and metal cations for An= was veri-
fied by the results obtained at low concentrations in the - -

dilution experiment. ~ Obviously, at ‘concentrations below *

3



0.09 mM anthracene and 0.15'mM-Li+t the rate of protona:

tion df An= is faster than An,Li+ interaction so that
. ‘ .

the former predominates. At concentrations in between
" .

[ o

a .
those mentioned, both processes occur to a varying degree.

b
" The addition ofywéter does not seem to affect the

electrochemical behavior of the aromatic hydrocarbons and

the alkali metal cations very much.’ The stability of the

anion radicals is evidenced by the slopes of tﬁe E vs ‘
{og ((id-i)/1) plots. These plots show ihat.there~is no
deviation-frém one-efectron reversible reductiof behavior.
'The small changes in Eh values of the firsf reduction wave

of the hydrocarbons and the decrease in the limiting

/ .
currents are attributed to changes in dielectric properties

P

of the solvent and diffusion constants of the species. The
1im1iing current of the second wave is -affected to the same:

extent as the first wave, and Qpproximate equality of the

wave heights at a?} water concentrations used ‘are main-
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o ’
S -
-
(oI
.
£

tained. However, the Eh values are affected more, shifting
positive by about 50 mV- for-anthracene and 90 mV for

fluoranthene. Further, the slopes of the E vs 109((id—1)/i)_
plots tend to incredse in the presence of water, indicating
the increasing irreversibility of the second wave arising -

from increasing proton addition to the dianions. These - !

» ©
.
i

effects have been discussed in previous studies (4,25).

At concentrations® of water in DMF in the region of 5% or

N ]

1éss, water is effective]y solvated and is thus unabie to
, .
react with the anion radicals of both anthracene and

fluoranthene. Similar results have been obtained for-aromatic
hydrocarbdns in DMF and dioxane (4,25). Therefoﬁe, in the

AY

concehtration range used, the addition of water does not

!
|

affect the mechanism of reduction of anthr

cene and fluor-
-anthene in DMF which involve two successiye one-electron.

\*f transfefs, the first of which forms a st'b1e°anion radical

-

'and the second the unstable dianion.

L
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EY

The samé can not:@ibsaid of acetonitrile. Results |
L A .
" obtained for thé‘nédutti§n of anthracene and fluoranthene
_ . = )
in the presence of water Qg etonitrile have indicated
that there is a changé in thé‘mecﬁanism of hydrocarbo§ o

o

reduction. As a.-result no fufthgr studies were condhcted

e
kel

in this solvent and the results were not presented in the

previous section. However, it was observed that in the

-y,
7'm

“presence of water, the stabj]ity’of tﬁ%fanion radicals is
affected.. The first wave was observed .to %ncrease in height

t the expense of the second wave which sdffers a reduction

in ‘wave height. The same results have been%§§§erved in

- 3
)

dioxane-water mixtures with increasing water cdhtentrg;ion

(23). Therefore the mechanism now becomes »

"RH + OH- (11)

el
|
<+
NE
o
n

RH* + e = RH- 2 (II1)
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CORH- o+ 0 = RH 40N (V) o
R— + e ":: R= E3 (V)
. - i ? . v - .
. R= + HQ = RH- + OH- (viy
, RH- +H0 = RH, 4 OK- W)

5

For alternant hydrocarbons e;g; anthracene, it is known
that £E2 is positive of El. At sufficiently high water

concentrations, the second wave is nonexistent and the

first wave doubled in onding - to a two-

electron wave. It is apparentvthat the ability of DMF to

complex water causes the water activity to be lower in DMF

4

than in acetonitrile, which has very low acidic and basic

properties. ;

!

The results obtained for the addition of water to the .
< ' ' o
14

An:Li+,Na+ and FaiLi+,Né+ systéms in DMF further substan-

A
[

tiates the conclusion made in Chapter 3 and the discussion at-

“the beginnigg of this chapter. For the solution mixture



”

studied, namely 1.00 mM An‘and 3.83 mM Li+, 1.06 mM An and

3.92 mM Na+, 1.00-mM Fa and 1.02 mM Li+, and 1.00 mM Fa and

.2.45:mM Na+2‘thé results (Figures 37, 39, 42, 44) in the

1n1£1a1 absence of water confirmed the stoichiometriés of the’

L}
’

dianion-cation interaction obtained in Chapter 3. It is
o o

important to note that in all the experiments with so many

variations in mixing, the stoichiometries have always remained

the same. Here, the An,Li+ Stoicﬁiometry was’again‘found to .

‘be 1:3, {Be An,Na+ gave 1:2 and both the Fa,lLi+ anq Fa,Na+

systems gave 1:1 §toichiomef?}.
The limiting currents of the dianion wave in all

cases behaved as expected in the presence of water. The

highly depressed values for An:Li+ and An,Na+ in the '

absence of water began to increase on addition of water, .

this indicative of decreased dianion-cation interaction.

_ At high enough water concentrations, the limiting cufrents

approached a value equal to that for the reduction of 1.00

197

;)
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y .
mM.AnAa1one. This means that the protonation reaction | <

¢

. dminates the dianion-cation interaction. The same can be
s ' R
said of the Fa,Na+ system except that the inté}action.inl’“

1

the EBSence of water leads to a smaller depressed value for

the Fa,Li+ system.‘ The ta1cu1ation in the previous section

)

agaiﬁ_shpwed that in the presence of enough water, the im +

i2 1imiting current gave a value expected in the total

4

absence of Fa,Li+ reaction.
Ciear]y, the di;appearanee of éurﬁeﬁt depresi%on
in the presence of water gives evidence that hydfoxy]
ions are not responsible for currehf depressjqn. Fdr£her,

the results complement that obtained ‘in the dilution

N |
experimentﬁiﬁln the dilution experiment, the concentration

of the hydrocarbon and. the metal ions are brought down to
a level where the trace proton donors can compete favorably

for the dianions whereas the addition of water brings the
concentration of proton donors up to a level for the same
N .



_effect.

BN

A

For tﬁé’above-cases (Figures 37, 39, 42; 44) little

’

need be said concerninglthe variations of the il,

i1+im and -im limiting currents with the additionm of

v o

‘water because the values and the slopes found.in all

cases were in agreement with what has been said in

Chapter 3 except for small differences due to changes in

- diffusion cdnstants arising fromltﬁe'addition of water.

However,'the p]gts of amoynt of metal cation“reacted yé.
water"concentration show a very interesting difference
between Li+ and Na+. From Figures 37, 39, 42 and 44, it
can be seen that in the ﬁase of Li+ with:both An and Fa,
the amount of Li+ reacted decreased only slowly at lower
concentrations of water whereas Na+ with both the aro-

matic hyd?ocarbons decreased sharply witH the addition of *

water. This points strongly to a faster dianion-Li+

‘reaction as compared to the dianion-Na+ reaction.

199
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The establishment of a competitive reaction between

3

- water and metal cations for dianions provides the basis
. for kinetic studies of dianioh-cation reaction. This

can be done ff conditions are contré]]éd so that both

.

interactiqnhand protonation reactions can proceed. These
conditions can be fulfilled with the proper choice of water

concentration so that the-protonation reaction does not

far outrun the dianion-cation reactions for the range-of

a

' -

metal cation concentrations used (up to 4 mM). Thus,

from the results of water addition experiments (Figures 37,

.~

39, 42, 44) the1Wétéf concentration chosen for the An:Li+

system was 1.72'M'and for the An:Na+ system was 2.14 M.
~ The results for these experiments where the water concen-

tration is fixed has been reported in the previous section

Y

(Figudes 38, 40, 43). Again, the variation of the limiting

currents il, il+im and im with metal concentration shows

(except for sméil decreases in values due to changes in

200
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difquionfconstants as a result of the'presehce of water)

NS
[

" essentially the same behavior. The depression of the dianion

wave for the An,Li+ and An,Na+ systems, as expected,
“was smaller as compared to the situation where no water was
added (Figures 38, 40). In the An,Li+ case, the current had
only small negative values at high Li+ concentrations.

« ) .‘. | . .
In the An,Na+ system, Ab negative values were ‘obtained at
" all Na+ concentrations. However, the fact that current dep-

» i ' :

ression was observed shows that dianion-cation interaction
~occurréd.

Complex behavior was seen for the second wave of.the
Fa,Li+ System in DMF. In the absence of water, this wave,
which corresponds to the combined Fa*® and Li+ reductiens,
remained constant with the addition of;Li+ slight]y past
1.00 mM Li+. However, in the presence of water, at small

. Li+ concentration the im + i2 limiting current increased as

the protonation reaction is more favorable under these

*

201
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T conditions. = At higher cdnqentrafioné’of Li+,“theICurnent o

detreased since the Fa,Li+ reaction beCame more effective
and could compete favorably (Figure 43).°
Induction regions were observed 1n;él] casés‘fqr’A'

the amount of cation reaction vs cation concentration

‘p1qts (Figures‘38,j40,'43)a The explanation for these is

.quite simple. Since considerable amounts of water are

present initially, protonation of the dianionb?prdceeds

-

very fast. Introduction of small amounts of the metal

cations initia]]y'have negligible effeéts.‘ However, with

continued addition of metal cations, a concentration of

the cations is reached where the dianion-cation reattion,,

. . _ )
is initiated, ajfd at increasing metal cation.concentra-

. : - ‘
tion, the rate increases and becomes competitive with °

protdnation.

The kinéti¢4freatment for the competitive reactions

#% based on the following model and assumptions:

™

202
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T -M+ M+ By M+

—IR= M ————3R= M > ... -

I3

where R=_represents;thé'aromatic hydfocarbon dian19n§,4

: M+\the metal cations, and k1, k2 the rate cohstahtsffor .

the‘djéﬁibﬁléétioqueaciioh and the protonation reaction
- respectively. B _ S -&
It is assumed that the R= which are formed are rapidly

+ ‘-
Lo

. ahd completely destroyed through reaction with M+ and
water. This is reagqnab]e because of.the very reactivé

‘nature of the dianions and the well known fact that the

Wianions are rapidly protonated even in ap(otic solvents

. N L
without the addition of water. 'Further, it is assumed
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that the R:M+ réaétions are'strong;and:folloy fixe&
s{dehiometries.? IhesétstoichiometrieéﬁhaYefbéén )
. establigﬁed to be 1:3 for An,Li+, 1:2 for Aﬁ?Na+,’

" 1:1 for»Fa;Lifahd Fa,Na+. ;Therefore, eQen though

the B}ﬂ+'r¢acfibns may be stepwise, after the'}nitiaT'
reaction of oné M+, the.COmpTgxéﬁign contihﬂé;ﬂuv@i]_the
stoichiometries are satisfied. ‘For this Eeason, no
'>k1netic»studies have beep'que fo? K+ and Rb+ since
results have shown ‘that R:K+,Rb+ ;éécfions"are'ﬁot

strong reactionsvgnd theﬁefore the above assumpﬁions wi]}

not be true for those cations.

From the above discussion, it follows that

[R=]total = [R=]reactéd’with M+ + [Rﬁ]reaéted with water
: ; . (4.1)

Also,

y= [R=reacted with M+ = _ _ KI[M+][R=1_ (4.2)
" [Rejtotal . RITF+ILR=1 + k2L, 0JCR=] ‘
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»:_anda

~

x= [R=]reacted with H . Q =

k2[ (Hp 0)[R=] (a.3)

[R=Ttotal < kITM+J[R=T + k2[H , 0I[RZ=]
Rearrangement gives
. y= [R=]reacted with-Mt = [M+] " (4.4)
~[R=Jtotal IM+T + (k2/k1)LH, 0]
and
x= [R=Jreacted with Ha 0 = ___ [H00] (4.5)
[R=]total o (k1/k2)[M+] + [H, 0]

R & - ""‘ . 'v ) s
The above approach is similar to.the common method of detgr—
mining re1étive,féte$ of competing reactions from ana]yéis of

K]

-reaction pfoducts. Both the values of x and y are experimen-

tally avai]ab]e. For the;present burpose thé%equation above

-

involving y is used. Thus the parameter of y is calc¢ulated

from the values of amount of cation reacted which were plotted-

1

in'Fiéures 38, 40, and 43. For'examp]e, in the



St

casefdf An,Li+ system, yuis’obtained.by dividing the amount -

of Li+'réacted4by‘3 and then'diviaiﬁg_by the bulk concen-
/tratidn of anthracene, which is 1.00 mM. Similarly, for
the.An,Na4 system, the amount of Na+ reacted is.dividquby
é and. the Fa,Li+.systém.by 1. It should be pointed out

&

that these‘divisors are merely the étoichiometries of the .
dianipn-cation qomp1exesvandvfoi]ow_from the assumptions

madg earlier. The y values so oBtained are plotted agaiést
metal concentration iﬁ Figures 45-47. From these plots,

it can be seén that the initial induction regions occur in
all cases. These are ekpectqd beéauée the data are
calculated from those of Figues 38, 40 and 43 where the
induction region exists. From equation (4.4), it can be’

seen that when (k2/k1)[H,0] >> [M+], then equation (4.4)

reduces to

y = EM+-1:

(k2/k1) 0] - o (4.6

206
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O o '« INITIAL SLOPE = 1.72
| —
0.8 _ CD\E‘XP-TE\‘;\.\
/ - N
b | A CALC. _
‘0.4.-4_
Y 1
0 12 .
C/MMOL

Figure 47. Plot of Y versus lithium cation concentration
for mixtures of fluoranthene and lithium cation
containing 1.72 M water in DMF at 25°C.
Fluoranthene fixed at 1.00 mM. Mercury column
57.0 cm. Y= [Fa=]reacted/[Fa=]total.



©m aminerefore, at loy cation concentrations, ‘the plots

a first approximation, this is found to'bejso as can be

TrenX,

‘seen from Figures~45-47. The values of the slopes thus

: ~ .obtajnéd:éée;fabﬁféféd”Tﬁ]TbB}e‘3: From these slopes, the

ratios)of the rate constant% k1/k2 are calculated: These
ratios are 1.0e3, 80 and 2.8e3 for the An,Li+, "

An,Na+ and Fa,Li+'3ystems reSpeCtive1y. If the rate

"c0nstahts'k2_for,theipkotonaﬁiop"pf_;he qianiOns‘dré'khdwn'"

_ “then théiféﬁélébn§tént§lki”¥orithe3dﬁanion4cation inter- -

v -e

actions can be-cq}cu]ated} ‘There have beeh mény‘§tud1é§ -

of the protonation:of-phezggjpngrggigals"qj1qromatig A

S AL e e

o .'_hydrocérb§n§55y Such;protqnldondhs.as a]cthls‘aﬁd'wétéf

4

(228—230). Herver, the prdtonatidn of dianions has not .
been thorough]y studied. Values ranging from 1.0e8 to
1.0e10 /M s have been given (231,232). No dita for the

protonation of fluoranthene dianion is available. Here

]

r_ shbu1d'be approximatelyfTinEaf wi;h_s]opé (ki/kZ)[HZQ]u-;To; S

L
L on .
b
o e
-
-
- =l
-



T ";iablé,B,h>Es;fﬁgtéd fRéte Constantg**

System [H>0]
) : M

©

An:Li+ in DMF  2.14.

An:Na+ in DMF» 0.22

4

Fa:Li+ in DMF  1.72

Fa:Na+ in DMF -

**Continued next page.

k1/k2[H,0]
0.48
0.35

- 1.62

KI/k2

1.0e3
80

. 2.8e3

kg ...
/Mf%s'q

1.0e9

_1.0e9

Kl |
M

1.0e12
0.8el0
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~ Table 3 Continued

.
system . [Dp0] Kk1/k2[Dp0]  ki/k2 K k1
_ /M | _ /MTs=1 0 /m=1s
) .
An:Li+ in DMF  2.14 0.45  0.9e3  1.1e9  1.0el2
An:Na+ in DMF  0.22  0.338 80  1.0e9  0.8el0 .
<L ) i . . . . o -
Fa:Li+ in DMF .- - -
Fa:Na+ in DMF - - :
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;the ratg\ﬁ?nstant for the protonation of anthracené
djaﬁion w1}1 be taken to be 1.0e9 /M‘;. The ;ate«cpnapqnts |
fo% thevAﬁ=;M;'%ntéFééfioh-are'ILOeIZ and-8.0e10‘/MAs B
for:Lf+ and Na¥ respéqtiye]y,;-
SThéLrate~coﬁstanfs-TOF:the“difoSfOn controlled
' reacfions“béfweeﬁ t@p fqﬁétjs gjven by ;he_Debye extension
j»vqf.tfeme%iUChbwﬁk%jeégatiOﬁ K2§3ﬁ234)'.A‘ o .
k(d) = [(8RT/3600A")] [0/(e -1)] - - o wn
L x\. :
where 0= Z(A)Z(B) EZ/%kTa_' | (4.8)
. ,;a;distahcéJQF’ch§é§t'ﬁpbrbédh"bf'fohé'““ '-f“‘ - 5

‘g=dielectric constant of solvent

..

n"=viscosity
. e=electronic charge
Z(A),Z(B) are the charge numbers bf the ions.

The other terms have their usual meaning.

For DMF the viscosity is 0.802 c.p.(25°C). and.at 25°C the

e '



- term 8RT/3000n" has the Va]ue 1.0el0 /M s. Since the

dianions and metal cations havevcharges -2 and +1

»

respectively and éssuming that the distancé of closest

“éépfoahhfis‘ébhf@ximﬁtéﬁ} 2.8;3'(u§ing‘2.1 R fo;‘the An=,
estjmated from éév;ient bqu lengths’, and 0;7-K'f6r ibn{é
radiu;‘of'riphjum).

e Lo Kl PR,

Then

, :Ti;éj(+1)(4.8é—10)-‘"~ o
(3.77(1.38e-16)(296)(2.8e-8)

=
o

-109

. Therefore k(d) = 1.1el2/M s.

_ Based~on a simi!ar approagh, k{d) fpr Na+, K+ and Rp+ (ionic
radii 1.0, 1.3, and-1.5 z Eespective]y) can be calculated to
be. 9.8ell, 9.0ell;-and 8.5311/M S. Tﬁe éxpe;;mént;1 value

~‘05£;{hed oy the An:Li+ sygiemﬂin‘nhﬁ'waé 1 0e12/M s which j

is"in very good agreement with the caloulated value above.

214



215
.

TFﬁs value is over. an order of ﬁqéhitude larger than for Na+

which has.an experimentally determined ra£e'o€78.0eld/M S.
Therefore, the rate of ion pair fqrmation‘obtained for

An=:Li+ in DMF is very close to the diffusion controlled

“Timit and that for An=:Na+ about 10 times less than diffusion

AN

‘ cont;611ed. These aréQHOt £00 surprising because jon paiw’
~'férmatf06;:have beénjéonsiétgntly found fo bé very fast reac-
tiops. For eg;mp]e, in'tetrahydrofuran; the association of
_benzophenone anion radical *has a rate constant of 1.1e11 and
in c;rbon tgt?échi6fiée-ﬁi£;obénz;né mixture, tetra-n-butyl-
.ammonium'bromidé has an asgociétibn rate constant_oﬁ,1.3ell/
‘M s (see reference 217’,P' 443). It.was noted thaf these
| rate gonstaﬁts arelwithin a facfor.of 4 of the computed values
- for diffusion control. ~ 5".f:' .TJ}Q;T5H"Mf57 ff~7‘”
' Thq‘exper{héntally detérmihed<rate'cdnstants are

»f jQ,yeXpeCtEd*tOfbe%é'bitvhigh'becaUSe.theiéétual-activityvof‘Watér N

in DMF is in all probability lower than the added value. This
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is because DMF mo]écu]éé-hévé‘the abi]ity to complex water .
and fherefore decrease its activity. Further, very

accgrgte value; foﬁ‘the‘rate»constant for protonation of
anthraégne were not'available. Thé value of 1.0e§/M S

uéed in fhis study was an estimafed figuré,fiTHerefore an

error range of about half an order of magnitude is to be

_ . |
expected for the determined rate constants, which would-

occur on the high side from the discussion above: Even so,

considering the approximate nature of the reactions, the

\

exper{menté1Ty determined values are good esijmates
considering what is known about the rate constants for jon

pair formation and taking the other factors into account.

.

The computed values for the rate con;fqntsg based on -

R N - o

the distance of closest .approach being'theAsum of the

radius

~of the anthracene molecule and the ionic radius of the

4 tatfon, shows that the An=:Li+ system should be about 10

timesﬂfaSterﬂ;han'the An=:Na+ system. However, eXperimentai]y,

s



An=iLi{ was found 'to bé‘lqo times faster. For contact ion -

pair formafion,fthe solvent sheath has. first tbjbe removed.

217

- The solvation of Li+ cation by DMF mo1e%3Jés,iswmuéh*sironger”

e
W

&

than that of Na+. 'The fact that the formation of An=:Li+ ion

c -

pair being 100 times faster than the An=:Na+ ion pair does
not reflect the differences iﬁ'solvation. -Thévpossible
explanation is that the initial An:M+ reaction involves a

- solvent separated ion pair which on formation expels the

.so1vent'molecu1esvt0fgive‘the contact ion pair which is the

thermbdynamicajly favored species.

¢

| Since'nO'datalfor the rate constaﬁf for the protona-
t{anof Fa= 1§ a%aiTabie; tﬁe‘ratébcoﬁstant for Fa:Li+
reaction cannot be ég]Culated.h Po]aroéraphic data point |
io the fact that Fa= is less basiclfhan.Ané since the EH‘
value for the Fa= wave'is poSitivé to that of the An= wave
bx 1?6 mv. The%efore, it %s exbéct¢¢ that protonation of

14

Za= is slower. ‘The'higher‘va1ue of 2.8e3 obtained

—1

;

S
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“for k1/k2 for this system as compared to 1.0e3 for

o "
£ R

R . PN . a F- RS > o
P . . N o . A S
. -for the,An,yi+.system is" 1ikely -due, in.major part, to

.,E}’,'w @ . 5 . . R S
- P a2 T W N . . . . .

s . a' . . K ’ . S T - ‘ '
this- lower basicity. : S B

< e

T : - , R
Figures 45-47 also show the plots of- the computed

- ‘ S T i
values.of.the vy paraméierfin.équapien-(4,ﬂ),_,1n order to

B

".obtain these computed values, “the experimenta1's1Qp§s‘: o
RN L ™ ; : ’

wh{ch’corre;ponded to (kl/ﬁZ)[HZOJ,aEe\subéfifuted“1nto o

L4

equation ‘(4.4). This équation is then transformed finto

3

‘yeale = __([M] =a). R sy

STope + (] -a)

where the constant a refers to the concentration of M+
L - ti X )

[

- corresponding.to the induction region. As can:'be seen

frdm(the figures, the agreement at low M+ concentrations

{s goodVbut’at higher M+ concentratiphﬁ the computed values

t ~ .

are lower than the experimental values. However, since

’ . .
. v, . !

the other constants are derived ffom data at the Tow



o

o

o

concentration end, these deviations are not of too much

concern.

*

- - PR |

-~ 1.

o A$;a'furthefféhecK of the modeTJ experiments were

®

* preated-similarty.-

©

ca'*’;.v:‘w"-*:,’.

B > LR S Y e T T P
also.carried.out for the An:Li+. and An:Na+.systems. .-

employing heavy water instead of ‘water.  The same concen-

trations- of D0, as-Ho0 were used and the results were . . |,

g &y, N e P s

k1/k2 for the An:Li+ and An:Naf systems are 9.0ed4 and

80 respectively: Sincevfhe rate constants for

“'assbciation of the dianiom and cations are independent of

e o
P RN mrany % R g EEd

. . . Xl ',ﬂ‘ “‘ 33 : [N - @
whethér Ho0 or Do0 are used and therefore should remain

R s
P .
. 4

unchanged, the_va]ues;bf k2 are calculated to be 1.1e9/

M's for the An:Li+ system and 1.0e9 for the Ap:Na+ system.

TheSe values are essentially the same as the assumed value

of 1.0e9‘/M s for the protonation of An=. Therefore, it is

conclﬁded that the pkotonation of An= does not show any

kinetic isotope effect. Rainis and.Szwarc(éBl) have observed,

R I = T VRV - v v -

m - _; o L w e L e u' .
Tabte 3 shows-that-the ratios.of- .. ..~

219 -

(
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cete iy - Pitd

‘state of its protonation .resembles the final state and
~ therefore significant kinetic. isotope effect is not

expected. The present resylts »_s;uppovr't’ ,t_hfs:__'obsér‘vauti‘br].w_,

4 > *
DL e

=3 “ e_.;,.’ ;;;9 L« D M . RECETRY RS - s 3 L, . . . < -
that due to -the-high:basicity -of An=, the transition® "~ - T



- Ehapter-5 -Electrochemical Studies of Tetraéyanoethy]ene (TCNE)
X - and 7,7,8,8-Tetracyanoquinodimethane (TCNQ).
The Effect of Countercations.

s

‘5.1 Introduction

R Y ) Lo " o

PR

- 'As”alréady mentioned in Chapter 1; there has‘been‘greqp

r

interest in TCNE and TCNQ since their discovéry. These

substances have exceptional properties. In particular,

)

-intense inéerest is generated in the organic conducting

salts and high conducting charge-transfer ‘complexes formed

, N
by those compounds (153,155).

"~ The” presence of the Four electron-withdrawing cyano. ... .

groups means that the olefinic and'quinoié'functionalities

| A S ~ N

of TCNE and TCNQ respectively are electron deficient. The
; :

ease’ with which these molecules are reddcgd is quite

13

remarkable. For example, tﬁey have;been reported to

S v

. undergo a,onefefectron transfer to form the anion radicals

by metals (124,152}, by UV light irradiation (133), by

CN- jon (124) and even by certain basic solvents such as :

221
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dimethylsulfoxide and dimethy]formamide;_LFQnmatjgn Of,a:%%j;.
anion radicals in these so]&ents dppears to be faster in

“the presence ofilfghﬁ (135-137). The anion radicals are
stable in so]u?ion in the absence of oxygen and water
(124,163).

Relatively few electrochemical studies .have been made. .

SN

“The determination of fundamental e]éptkbchémica]'pariTeters
such as the reduction potentials and standard rate con-

stants are useful fqn‘testing.Qf:thegriesgandJiﬁ?many-4 ~
O SO PO R

D > v ‘}..»»‘ e e e o v d o w -\‘n 30w o ©.% .8 tatt Wb T et
-"-appTications. For example, electrode potentials can be

correlated to molecular orbital energies and electron, affi-

nities. The conducting salts and complexes formed by TCNE

and TCNQ have been employed in bqtteriés (235), photocells

(236, electrochromic syétemé (237) and potentiometric ion .

et SRR

se]ective'sénsorS'(238).‘ Knowledge of electrochemical
parameters'in.generdﬂ is necessary for‘better understanding

"

of these'systems.



i ——

) & 223
I In deneral thé eduction of TONE_and TCNQ 1 their
_‘anion‘radicals-has been found to be electrochemically =~ T
I T i e T e e e

reversibles. Peoyer:GIZB@%ZBJxﬁoundathis%{e,bewsa-pQTardw- R
S Y I T e

_graphically in dimetby]formqmideg_a¢éﬁonitr1}eg chloroform,

and methylene chloride. He ‘also found this to be so for -~

. the reduction of TCNE* td TCNE="in methylene chioride and =~ -t

~TCNQ™ to TCNQ= 1n:chloroformgandJmethy]ene chloride,‘ Thé

Lo a e

C T L S e G e ©

'supporting electrolyte used Was tetfa—n-bhtyTammoniﬁm

perch]ofate.i Shafb stddiédvthe first reduction of TCNE =~

[ Z BRI SR O > . " N
- B . N - : R s £

< . . B .
” o 'Y et v MR

and TCNQ at different electrodes and in different solvents

(148,149). In acetonitrile, the standard rate constants

LY
- a

. cm/s at_gold and 0.0019 cm/s at graphite. For TCNQ, the

values we

)

a 25 o -

re Q.ZGQ;fO.ZDB‘anq40¢0035‘fdrprétinum,f§o1gﬁ'

and graphite respectively. Rate constants were also

Aot G

determined in dimethy1formamide, dimethylsulfokide and -

propytene, carbonate at platinum and gold Q]eCtPOQES.; 

' f§- | ﬁﬁ;f :.{5' fE

PR

for TCNE were found to be 0.159 cm/s at p1at1hum,¥033§0_“;"'v
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. Diffusion toetricients for TONE were found to be 1.61ess .7

Nen e
. e

and 2.8e-6cm/% in acetonitrile and propylene carbon-

ate réspectively: In-the. case. of. TCNQ, these values were

& s o« bt
DRI VIS0 S A

o 1a85e=5-cm/s 1n acetonitril@ 6.7ez6 emfs, AN s e e o

. ‘dimethylformamide, 2.7e-6 cm/s-in dimethylsuTfoxide and .- -

<

. . o, P o e
o~ e . P, >

72w8e:6;Cm/§-iPtPf6PYTené'CafbdﬁéiE:T'f7 -’

RN

B Y

i a S

R R P oo R T
..Although these studies invariably-found the -first. .. =
reduction to be reversible, there seems to be some
T s
:1nconSJstency‘1n_;hejreduct1on of TCNE* to TCNE=. For .-
_ example, Mulvaney et al (239) reported this reduction to-- - -

i X
S .

C. B A LI SR - :
3 Bce e . . 4 = R T e e
. -

Bl

be reversible at 100 mV/s scan rate, using Tithium -

perchlorate as supporting electrolyte in acetonitrile at

.

A~ 8 » .
a platifum e1ec§ﬁbdé; Sharp noted that this wave was
1ﬁrever§ibié in acetonitrile at a graphite electrode using
1ithiuﬁ perchlorate as 5upp0rtingAe]ecffoTyté dhder“similar

conditions (148). Jeanmaire et al (138) found this wave to

be quasireversible in acetonitriTé'using a platinum elec-

I T P I

Lo » B
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[y . B EN .
RIS BE S R A :
j~:v;prpdg.;;ﬂgye!gf@itheﬁsqpporting~eLetito]yte”usedlwgsAlétk54ff"" o

. n-butylammonium perchorate. They:proposed a change in/

geometry in going. from guplanarmICNfeltb a‘ﬁdnﬁfanar" T

. TCNE= as a possible “explanatian. - Pons et al

1?9} reported -
_,sf@ifén:késulstgéihg pqplégihum éiééﬁfqdéfih a¢e#qnjfrop;: {‘:gfi
.'Wifh'tétrgzgggdtyigﬁﬁ;ﬁfum tetﬁa%fﬁpfpﬁé%éte.as'éyépdfffhgjii° 1”j;
o S h ey |
: e1ect%dlyte_"Afcording-toithem ihj§‘5ghayigr coq]d>béidue‘l

to one of several caﬁses such as cqmplexation of the anign.

ra&%ca] by the electroiyte, distortjon of the;TCNE‘ or
B FQSPrpgion of e]ectro]yéié.pfoductgivaTIR:sPectrQelgcpfq{ .
chemistry éonfirhed.tﬁé ekisteﬁpe;oﬁ adsorption.- - !

~ The causes of the discrepancies could be the result of

e]ectrodeAmatér{éfior.sdpporting~e]ectrp1yte;fvTo_date; no,
study of the»countergation effect ha; been undertaken.
In Chaﬁter 3, tHe eleétrochemica] behavior of aromatic

hydrocarbons has been found to be‘dependent on the counter-

cations used. It should be interesting to examine these

4+
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R T

©veffects on a'different clads of compounds. - The presence

-
‘© e . - [ U

of the four tyano groups in TCNE and TCNQ imparts high

" eléctron Sffiniij5§6 theselmo]?cUleS and also hjgher;; -

N - ey -

. .Stability to the negative ions’as édmpareq;tévthe‘hydro-

T e

. .garbors.. " Theérefore, ‘the dianions are not as reactive as |

.

N T ,,/ » - :‘ ». .n ) .:_ia_‘b._i__ﬂ_. e e A e ‘
w:utheip~anomajjpwhydrotérbon;_counterparts._ As a.result, - -*

tﬁey are fédﬁted'at_mqre poéftive éoteﬁﬁia]g‘Whicﬁbmeaﬁs
- tha£ the use of solid é]ectrodes_doesvnot present.any
ﬁrob]ems;.

This chépter describes the use of cyclic voltamhnetry
aha’chronoampefpmetry to studylthe redgs?iqn of TCNE and
TCNQ to their anioh‘;adiﬁéjs énd diéniéns‘at glassy carbon‘

ﬁand*pLatipym_?1ectrodesl The.ef%gctﬂof‘Qiﬁfgren; counter-.
cations is also stqdied. The species formed during

electrolysis_ are identified using modulated specular

reflectance spectroscopy.



5.2';Experimenta1

5.2.1 -Instrumentation |

.. The modulated specular reflectance (MSRS) tech-

-,

= ‘nidue was described-in Chapter 1." A schematic. . ¢

[

diagram of the'instruméhﬁatﬁonwig.given~ﬁjfﬁgure 48
The lamp source was a 200 watt Hg-Xe arc. lamp: Light

from the source passed through® a GCA MacPherson 201
' y

monochromator. - The light reflected from the electrode

was detected by meaps of a RCA 31000M photomultiplier

(PMT). The sfgnal from the PMT was-taker through a'

1
Kronheit filter operated in the band pass mode to pass the

modulation frequency of interest. "The output was taken

_into the lock-in-amplifier (LIA, Bentham 223). The output

¢

from the LIA, after goihg through a current-to-vp]tage
© conversion and amplifiéation stage, yielded the spectrum

of inferest.

227
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N - . ) : R ’
N .
N - .,

\\ L.AMP - R ) v .o s

LAMP __J§S> I ‘

POWER N GRATING T :
SUPPLY ‘ - ,

. 5scl : r l
: R 1. e T

_ : &
Figure 43. Instrumentation for MSRS.
"POTST: Potentiostat
PSD: Phase Sensitive Detector

SIG AVG:  Signal'Averager

_PMT SUP: ~ Photomultiplier Supply
0SC TRIG: Oscillator Trigger

SIG GEN: Signal Generator

REC: : Recorder
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The_working e]ecirode'was,a 7 mm diamgtef'po]jiped.
' . , N

platinum'buttbn atﬂécheﬂitd.themend of_a_sfas§brod which
Ha& been»fo%ced Anto a heated 9 mm (o0.d.) Ke]QF'thé
'th¢H Shfgnk on cooling to give 'a tight seal. The ﬁotéhf
tial of,tﬁis;e1ectrode wa; coﬁfro1Tedjby a HiTek DT.éldl
potentiosfatl Poteﬁtia1 wavefo;m pulses were’supp]iéd by
a HiTek PPR1 waveform genera?or wh1ch‘yas triggered by
square wave bulses from a G]éba] Associates fuhction
gener§ﬁor,§g>the required frequency (40Hz). -Normalized
réf]ectance—time transients were signal averaged by a signal
averaggr;»'Thg céT] arrangement used for the MSRS experimenﬁ
‘-is shownuinvF%gure‘49; The quartz windows through which 1light
~passed in and out of tﬁe cell were positioned at 45 degrees
each to the axis along thé length of fhe e]ectfode.

The electrochemical cell u;ed in cyé]ic voltammetric

and chronoamperometric experiments is shown in Figure 50.

Two materials for the workihg electrodes were used. The
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A. Workiﬁgj'e‘lébtrode B

. Counter electrode B
. Reference electrode

D. Frit

B
C
D
E. Luggin
F Gas inlet
G

G. Gas Exit

Figure_SO.J.Ce]1 configuration for the voltammetric and
- chronoamperometric experiments.
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[

platinum working gléctrode consisted of a platinum wire'

~ sealed into glass and ‘connected to thq‘extérnal &ircuit by
a coppqr lead So]dered to the plétinum_wirg.,gfhe'parbbn .

2
%o,

¢',~ vu., 3-

H

electrode was made from a piece of glags¥ carbon rod (3 mm
) ' . : Sl

51aheter,jTokai).%eélédgihib a g{asﬁ tybing_fitﬁ‘epoxy.
fhe end of tﬁe carbon ﬁog'wﬁféﬁ’wgéflefé1éq with.the epd
of the g]as;.tubing_was po]i;hed tdia.mirror finish with
- alumina qn a polishing clotﬁ. Tﬁe resgltwwas'a cfrcu]af‘

planar glassy carbon electrode. Meféury was‘tbgn put
. « \ . . - i A Y
into the glass tubingftq contact the carbon rod. A piece

»
ar

of copper w}re.Was bheh,dippéd into the mercury and the
- 2 . . Py v

jexte?na] contact. was madq;to this copper wire. The
potentiostat used‘fb control thé,potential of the yorking
‘g}gctrode with respéét to'thg referen;é e]ectrodg aﬁd the.
wavefprm generator'werel!he same 1n§truménts as thdsévuseq
for the MSRS éxperiment.4 The potenti;1 ramp for the cyclic

voltammetric experiments and~th§'potentia1”step§ for the

\
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chronoampérometric experiments‘kere 1ntroducgd into the
adder input of the potentiostat. The reference e]ettrodg
(Ag/Agfj was the same as that used for fh?*pelaggg:é;bith
exberimentsv(see Figure 3). The reference solutiop“was
0:01 M AgNO3, 0.1 M in the suppor£ing e]ectfo]yte in the
same sdﬁvent as that for the experimen?s. Recording of
egﬁerimental curves was made with a Linseis LX1000 recordef

which could beooperated either in the x-y (voltage-current)

or y-t (current-time) mode.

S.é;Z ‘Purification of Chemicals

Purifitatipn of Tithium and sodium perchlorates,
tetra-n-buty]ammon{um tetrafluoroborate and acetonitrile
has been described previou;ly (see Chapter 3). Tetra-n-
ethyl perchlorate (TEAP) (Eastman, reagent grade) waé

.

recrystallized twice from.triply distilled water. It was

\

dried in vaccuo .at 70°C. Commercial reagent grade TCNE



- ! .

and TCNQ were obtained from Eastman. The TCNE was  *~
recrystallized twice from chlorobenzene (148) and TCNQ

. recrystallized twice from acetonitrile. (240). The dried

3

i N

- crystals o% TCNE melted at 200-201°C while those of
-TCNQ melted at 294-295°C. These values agfeed_QTth those
reportgd in fhe literature (148).
5.2.3 Procedure

| From Figure ?Q) it can be éeen that‘the‘cé11 ﬁéed |
for C;;]jc_voltammgtric and‘chronoaﬁperometric experimgﬁts

. y - )

consisted of two sepgrqted parts. The part which 1nﬁ]uded .'
the Lugg{n probe was filled with the backgﬁ?und.solutioé
i.e. the so1§ent containing 0.10 M of the supporting
electrolyte. The othér compartment contained'a solution
of the e]ectroactive'specjes of interest. ‘Concentrations

of electroactive species used were in the millimolar range.
‘ ‘ '

In all cases, experiments'were performed at room tempera-
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ture; This tempefaturé was found to be (23.0.1.0.55°C 4  L
throughout the period jn which these experiments were
performed. Deaeration of solutions was.ca}ried éut by
bubbiing purified,nifrogen through. the cell.

The Luggin.probé was blaced as close as possjblélto ,
the working electrode to reduce iR loss. 'Fﬁrther, positi;; 
feedback waslemp1oyed'for the same purpose. It was
estimated that the iR loss under these circbmstances was
‘nOtvarevthan.the'erfor in. reading potentia]é'from'the
recorded vd]tammoérams (£ 5. mv). Inball cyclic voltam-
metrié expér%menfs, the scap rate used was not more than

g8OOFmV/s. For the chronoamperometric experiments, a -

puise time of 2 s was used.

5.3 Results
[t is common: practice in electrochemistry to use

"electrochemical area" rather than the "geometrical area"
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of .electrodes. -This iéaﬁécause electrodes §re;th perfect-
1yf§m§oth aﬁd fherefqre'thevaFtual afea is a]géys'1arger
:ﬁhﬂﬁ,tﬁe gepmétriq§1 area.” Ofe ffequently used ﬁethod in
determining e]ectrochemica] areas is by utilizing the

Cottrell equation (éqyatibn 2.12)fWhich‘i$ given by
i = nfA D(0)E c* /(nt)?

- If a compound ethbitinngelj-behaved'é]ecfrocﬁemistry‘
T:And Whoéé diffgsion coefficient isvkhown”aécufately js
used, then all the variables in the Cottrell equation can
either be measured or are known énd therefore the area A
can be calculated. One sﬁcﬁ compound is anthracene. In
acetom‘trﬂe7 ihe firét reduction to the anion radicé]
shows a ré?ersib]e oné-é]égtron wave. The diffusjon
coefficient in aéetonitrile (0.10 M TEAP)) at 25°C has

. been found to be 2.55e-5Acm2/s (241). Here the = .
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- conéenfkatjon of anthfacene:ﬁsed w$§10.943 mM in acetbpi-_ w
’tfi1e;<d;10fﬁ,TEAP). Figure 51 shows the Cyc]ic‘vo]pgm-
mogram forltﬁe firSt/reduction of anthraéehe‘at a Q]aséy
| carbonf;iéctfode. From this cyc]ic voltammogram é'poten-
tial of ;2.500 V was choéen for the potgntia] step so that
,reducthn is in the diffusion—éoﬁtro]]éd 1im1t7, The -
chronoampérogkams for‘the anthracené solution, as well as
for the béckgfbund_so}utioh'aée also shown in Figure 51;
oy A :
From these, the value of (it)<® can be calculated with :
correction for backg}ounq’cufrgnt. Since the 1itet§£ure

value for the diffusion coefficients‘of.anthfacene was

quoted at 25°C and ‘the experiment was conducted ét 23°C, a

|
simple correction for this temperéture di:;prence can be

made by making use of the Stokes-Einstein equation.

D = kT/6an"r o | (5.1)



(B)
N Q
C
D
P
m
z
-
mr 1T T 1T T T T T 7
2.0 1.0 o
T/s \
Y -2.382V
(A)
-
2
i
S D
(3]
T T 1 I | LEER L
- 10 2.0 2.6
~Efv
Figure 51, " A. Cyc11c voltammogram show1ng the reduction

of anthracene (0.943 mM in ACN, 0.leM TEAP)

to its anion radical at- plat1num electrode.

100 mV/s Peak reduction current is 38 uA.
. B.‘Chronoamperograms for (i) 0.943 mM arithra-

cene in ACN (0.1 M TEAP) (ii) ACN background

(0.1 M TEAP).

Pulse -1.00 \%to -2.500 V for 2 s. Pt

e]ectrode 15§ (corrected for background)

= 22.7 UA s : :

G
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‘where n" = viscosity and r = radius of the molecule and

/

the other symbols have their usual meaning. Assuming that

the radius is independent of témperature, then

D1/D2 = (T1n"2)/(T2n"1) - (5.2)

L%

A

where.n" (25°C) is 3.44 hillipoise and n",(23°C) . 1s 3.495

Mmillipoise (242). Therefore |
2.55/D2 = [298(3.495)]/[296(3.44)]
‘and D2 is 2.45 ci/s at 23°C.

From the results of four different'experiments, the

area of the glassy carbon electrode was found to be 0.095

+.0.005 cm2 and that of the platinum electrng'*?
+ 0.016 cm2,

Cyclic voltammograms of 1.00 mM solutions of TCNE

239
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/ .
usingbdﬁffereﬁt sypporting electrolytes were obtained at
sweep rates kanginé from 25'mV/s to 600 mV/s at
platinum and glassy carbon electrodes. Figure 52 shows
4$ome_representat19e cyclic voTtammogramsi fhe relqyaht

cyclic voltammetric parameters for the.first reduction -

‘wave at a scan rate of 100'mV/s are given in Table 4.

- ?€NE (1 OO mM) at 100 mV/S
% . . L TR

R { .,«“

f“Ew%' ‘;f?’
G]assy Carbon Elettrode P}at1num Eiéttrodir«
For @

' - § 4 Ce '
Supporting E(p,c) E(p,a). delE(p) - E(p,c) E(p,a deﬂﬁ :
Electrolyte (- ) {-V) mv (-V) (—V) mv '"'@
TBAF 0.091 0.020 71 O;E%p - 0.038 712.
TEAP » 0.102 0.040 59 0.105 ' 0.042 . 63
¢ . ‘

NaC104 0.102 0.041 . 61 0.110 - 0.042 68
LiC104 0.114  0.052 62 - 0.108  0.045. 63

*

In all caées; delE(p) values did not change significantly

from the above values with variation of sweep rates



TEAP ' » "~ LiClog

~1.002 ~0.840 -
¥ . v

Figure 52.

Cyclic voltammograms showing the first and
second reduction of TCNE (1.00 mM in ACN,

0.1 M -supporting electrolyte) at glassy carbon
with different supportingtelectrolytes at'
100 mv/s. "
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fanging fr@m 25'mV/sec to 600 mV/sec.
| Values for «the ratiq of thé anodic peak curreﬁt to

the cathpdic peak current i(pa)/i(pc) for the first wave Were'
obtainédlby reéording cycaic voltammograms in the
currentftime:(y-t) mode;. For a11 sweep rates and support-
iﬁg e1é;£ﬁolytes; the observed ya]ues were veéy close to
’f;dO,(%érjéxamp}e see Figure}53). For the planar glassy
cérbon e]ectrode,tthe ratio of peak cathodic currént to
square root of the sweep rate i(pc)/V'% was constant for
all sweep.rates,studied and had approximately thé saQe
valueé.fof the different e]ectro]}tesf They'yeFe 1i2,

_ , . : )
111, 108 and 110 uA/(v/s) fpr TBAF, TEAP, NaC104 and
L1C104‘respective1y. However, for the p]afinum wire
e]ectrode,,i(pc)/(V)% values appea;éd to be 1ar§er at .
slower sweep:rates. #figure 53,§hows a. plot of

2

i(pc)/(v)y® for TBAF at glassy carbon and platinum wire

electrodes.
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Figure 53. A. Plots of 1(pc)/v% verSus'v'éfor the first

reduction wave of TCNE (1.00 mM in ACN,
0.1 M TBAF) at glassy carbon and platinum

; electrodes.’ : '

B. Cyclic voltammogram of -TCNE (1.00 mM in ACN,

0.1 M TBAF) at platinum electrode recorded
in y-t mode. o ‘
Scan +0.5 V to -1.10 V at .25 mV/s.

Alpa)l = (iv) = 1.1 i(pa)2 = (iii) = 1.1
ilpa)l (1) . i(pc)2 (1)



Diffusion coefficients for TCNE, as determined by
_ ' ) _ -
chronoamperometry, were found to be 1ndependen§ of the
countercations used. The observed value was (2.20 %

0.05)e-5 cmzz/s. For a reversible wave, the

peak current from the cyc]ic voltammograms and the

it?

o

values for the chronoamperofietric experiment

L)

can be combined to give the value for the number of

?

electrons transferred. From the Randles-Sevcik equation

equation (2.16)

)

ip = 2.69e5 (n)Y2 A (D(0)v)® c(o0)
and the Cottrell equation (2.12)

In. nFA (D'(‘O}) )'3 | c(0)

)
we obtain

™ .~ .

b

ip/it? =(2.69e5 n¥n BvE )/ F

(5.3)

24k
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where ip is in uA, it is in uA ¥ and v is in V/s.
. : ", "
¥

Thes 0= (ip) E/(( 1t% (2.69e5) (n2vE))] (5.4)

where n is the numbér :of electrons transferred. This

-method of obtaining n is known as Malachesky's method (120).
- It is very convenient since no pridr knowledge of the .

A

e]ectrbde area is required and the concentrationuof the

]
3

solution need not be known as Tong as, it is the same %or |

both‘techniques; \Ohe drawback is that 1t‘canbon1y be
-a§b1ﬁéd to é reversible e]éctrode reacﬁiqn wjth no chemical
,coﬁp1icatiqns. Malaqhesky's method was app]ied_to §tudy,

"~ . the numbgf of‘e1ectrons ﬁraﬁsferred‘for the' firéf reduc- -

~ tion 6? TONE. Fdr*Boﬁh.e]ecgrédgs and all supporting .

 electrodes used, values of n ranging from 0.9 to 1.0 were
obtained;

Y . o]

It is observed in Figure 52 that the second

reduction Qave4for TCNE in acetonitrile shows remarkable
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 _differences“with\gifferent countercations. Similar |

&behaviOr was also observed at a pIatinJm electrode.” The

- . .
cyctic voltammetric paramefers«forithis wave at 100 mV/s

scan rate are given in Table 5.

<y

|

|

Table 5 Peak Potentials for Second Reduction Wave

of TCNE (1.00 mM) at 100 mV/s N
Glaséy Carbon _ ~ Platinum Wire
F B

Supporting E(p,c) E(p,a) delE(p) E(p,c) E(p,a) delE(p)
Electrolyte (-V) (=v) mV (-V) (-V) mvV
TBAF  1.290 0.890 400  1.625  1.100 525
TEAP ©1.092  0.988 94 1.264  0.967 297
NaCl104  ~ 0.981 0.909 72 0.980  0.907 - 73

LiC104 0.840 0.753 87 0.833 0.7%6 - 77

For the_;ouhtércations TBA+ and TEA+, delE(p) values
increased with increasing sweep rates. This increase was -
greater at p]étinum than at carbon and greater for TBA+ °

than for TEA+. For Na+ and Li+, delE(p) values did not
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\

N\

éhange very much with variation in sweep rates. Wifh botﬁ

NaC104 and\L1C1OQ supporting electrolytes i(pa)/i(pc) va]ﬁes

for tﬁe second wave were close to 1.0 at a p1atindm

electrode. F6r NaC104, at a carbonné1éétrode, the sah;

fesu]t was aiso obtained. However, LiC104 supporting |
electrolyte at a carbon electrode gave values of i(pa)/i(pc)

. | .

which were significantly greater than 1.0. These values

are given in Table 6 for different sweep rates.

«

Table 6. Variation of i(pa)/i(pc) for Second Reduction of
TCNE (1.00 mM) with LiC104 Supporting Electrolyte
at a Glassy Carbon Electrode

Ty ' i(pa)/i(pc)
mV/s ; .
50 .- & 1.29
100 : 1.39.
200 1.41

300 o 1.52¢

The second reduction wave a]s? gave approximately'cohstant

values for i(pc)/(v)% at different sweep rates with Na+
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and Li+ countercaiibns. However, these va}ugs were 10-15%
Tower compared to thﬁse for the first wave. In the chses
- of TBAF and TEAP sﬁpportfng e]ectrolytés; this was also
true. Further, in all Fase;, chfonqamperometry showed

| that the total number of electrons transferred for the
sum of the first and second redu;tion waves were close to
2.0 (the values obtained ranged from 1.7 to 1.9).

It has been described in Chapter 2 that variation of

;;;%(p)'values with sweep rates can be used to determine

heterogeneous rate constants for quasireversible electrode

reactions. For this to be applicable, delE(p) values should
' N\

~

be less than abqut 210 mV. For this reason, heterogeneous

'\\/ E

rate constants with TBAF as supporting electrolyte at a

) p]at{num electrode could not be determined by this method. '

Equation (2.26) in Chapter 2 shows that the heterogeneous

rate constant is related to a certain pérgmetér A'by‘ -



L

s = ((D(0)/D(R)) % ks)/(b(o)nv(nF/RTB)% ' »

The values of A for different delE(p) values have been
_tﬁéoretjca1]y calculated (54). These values are plotted
1ﬁfFigure (54).

AsSUmiBg that D(Q) % D(R) at 23°C
A= ks/[(z.zoe-é) (n) v (39.206)]%' . (5.5)

2 . .
ks = 0.05505 a (v)% (5.6)

The calculated values for thg apparent heterogeneous rate
constants for the second reduction of TCNE are given in

Tables 7-9.

Y

Table 7. Apparent Heterogeneous Rate Consiants for TCNE
(1.00 mM in ACN) Second Reduction at” a Glassy
Carbon Electrode with TBAF Supporting E]ectro}yte

v delE(p) A ks

mV/s my- - cm/s
10 132 0.28 1.5e-3
15 168 0.20 1.3e-3
20 171 0.19 1.5e-3
25 - 177 0.18 1.6e-3
0.13 . 1.3e-3

35 205
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Figure 54. Plot of A function versus delE(p)
Assume a = 0.5 ‘
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:Tab1e 8. Apparent Heterogeneous Rate Constants for TCNE - .
: (1.00 mM in ACN) Second Reduction at a Glassy .
Carbon Electrode with TEAP Support1ng Electrolyte

v delE(p)' A ks .

- mV/s - mv ) o cm/s
50 84 | 0.98 . 1.2e-2
100 94 0.71 1.2e-2
200 111 .0.41 - 1.0e-2
400 122 - 0.34 1.2e-2

average (1.1:0;1)e-2 cm/s

¢

Pab]e_9. Apparent Heterogeneous Rate Constants for TCNE
o - (1.00 mM in ACN) Second Reduction-at a Platinum
. Electrode with TEAP Support1ng Electrolyte

v . delE(p) A ks
mV/s my : - cm/s
15 138. 0.27 1.8e-3 .
20 144 0.25 , 1.9e-3
25 - 154 - 0.22 1.9e-3

30 ’ 184 - 0.17 1.6e-3

o

o average (1.8+0.1)e-3 cm/s
) \_ e . -
"~ At a‘pTatinum electrode, the second reduction wave
of TCNE with TBAF as supporting electrolyte showed a slow

electron transfer. The method used for determination of
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rate.constant for qqasi-reversib]e feaction; cou]d not be .
 appTied in this case since de]E(b) vaTues were too large.
at ail sweep'raﬁes.studied.. Mats@da and Ayabé (180) and
Nichoison (194) have shqwﬁ that, for the case of

irreversible charge transfer,

D
J

S

i(p) = 0.227 nf ks C(0) exp[(-ahF/RT)(E(p)-E(O)] (5.7)

where all the te}ms have their u;ual-mganiné.

Howé?er, values of E(0) ére not a1ways avai]éb]e and
Reinmuth (244) has defiied a useful relationship where the
curkept at the foot of the reducfion Qave (i<10% i(p)) i;

 given by

i = nFAC(0)..ks exp[k-anF/RT)(E-E(i))] . - (5.8)

where E(i) is the initial potential. This equation has



253

provided the basis for determination of rate constants
for irreversible electrode reactions where ECO)is unknown
(62).

From equation (5.8)
log 1 = To§(nFA C(0) ks) - 0.4343(-anf/RT)(E-E(i))  (5.9)

where i is in uA and C(0) in mM. At 23°C

log i = 4.34 + log ks - 17.02 a (E-E(i)) (.~ (5:10).

Therefore, if 109'1 was plotted against E-E(i), the

»

slope would yield a. Once o is known, the value of ks can

T be calculated from equation (5.10) which on rearranging gives

log ks = Tog i + 17.02a(E-E(1)) -~ 4.34. (5.11)

<

This was done: for the reduction of TCNE anion radical to



" the dianion at a platinum electrdde with TBAF as supporting

electrolyte. - The results are plotted in Figure 57. From

the slope of the straight line plot, a was found to be 0.8.

This value was substituted into equation (5.11) and ks

calculated (Table 10).

Table 10. Apparent Heterogeneous Rate Constants for the
Reduction of TCNE: to TCNE= at a Platinum
Electrode. Concentration of TCNE is 1.00 mM
in ACN (0.10 M TBAF).

E-E(1)  log i log ks kj

(Volts) - . cm/s

-0.06 0.75 -4.4] 3.9e-5

-0.05 0.62 ~4.40 4.0e-5

-0.04 0.45 -4.43 3.7e-5

-0.03 0.29 -4.46 3.5e-5 |

The value of 0.8 for a obtained from Figure 57 is in close
agreement with that obtained by another method. For an

irreversible electrode reaction, peak potentials and half-

peak potentials depend on the sweep rate. For two different

/

254
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Figure 57. Plot of log i versus E-Ei for the ré&uction
of TCNE anion radical at platinum..
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sweep rates, a is related to fhe_peak potential E(p),_hb]f- “

peak potentials E(p/2) and the sweep rates v by (62)

~

(E(p))2 - (E(p))1

RI/NF In (v v2NE . (5a2)

(E(p/2))2 -(E(p/2))1

Since irreversible vo]tammetric waves are rather broad,
the measurement of peak potentials are less accurate than half-

peak potentials, and therefore E(p/2) will be used.

\
RN

(E(p/2))2-(E(p/2))1 = (0.02551/a) In (v1/v2) (5.13)
The‘f75u1ts are shown in Table 11.
\ . |
\

Table 11. Determination of a for TCNE® Reduction at a
Platinum Electrode using Equation (5.13). '
Concentration of TCNE is 1.00 mM ACN (0.10 M TBAF)

v ' E(p/2) a

mV/sec (Volts)
15 © -1.374 0
‘ 0.71
50 -1.418
0.70
100 -1.443 ‘

AN
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Figure 55 shows some representative cyclic voltammograms for
1.00 mM TCNQ in acetonitri]e at a glassy carbon electrode at
100 mV/sec. Peak potentials for the first and second reduction

«

waves are given in Tables 12 and 13 respective]y.

Table 12. Peak Potentials .for the First' Reduction of
TCNQ (1.00 mM in acetonitrile) at 100 mV/sec

Scan Rate

. i N a

Glassy Carbon Platinum
supporting E(p,c) "E(p,a) delE(p) E(p,c) E(p,a) delE(p)
Electrolyte (-V) (-V) mv (fV) (-v) mv
TBAF’ 0.140 0.072 68 0.140 0.077 63/f~
NaC104 0.146 0.080 66 0.145 0.078 67 (/>
LiC104 0.146 . 0.082 64 ° 0.140 0.072 6

Table 13. Peak Potentials for the Second Reductiod‘%f
: TCNQ (1.00 mM in acetonitrile) at 100 mV/sec

Scan Rate

Glassy Carbon ‘ Platinum
Supporting E(p,c) E(p,a) delE(p) E(p,c) E(p,a) delE(p)
"~ Electrolyte (-V) (=V) mv (-V) (-V) mv
. TBAF 0.691 0.627 -~ 64 - 0.695 0.628 70
NaC104 0.659 0.597 62 0.660 0.592 . 68

LiC104 0.551 0.490 61 ~ 0.558  0.498 . 60’
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Figure 55. - Cyclic voltammograms for reduction of TCNQ (1.00
mM in. ACN, 0.1 M .supporting electrolyte) at
glassy carbon with diferent supporting electrolytes.



_ConSidering.the.?irst'ﬁéductibn wave of TCNQ in aceto-

nitrile, de]E(pﬁﬁVaiues }emained close to the theoretical

o u \
‘reversible value of 59 mV at sweep rates from 25 to

.500 mv/s ih.all cases. The ratio i(pa)/i(pc) was found to
- be-1.00 for all systems. Figure 56 shows a typical

y-t recording for the forward and reverse waves..fbiffu—

sion coefficients determined from chronoamperometry did

not show any-dépendence on the supporting electrolyte

used. The value obtained 'was‘ (2.00 = 0.66)-e-5 cm2/'s.

. ‘ .
The curient constant i(p)/vé was approximately.

-

constant with sweep rate variémibn and has an average
value of 100 uA/(V/s)% for the,g]assy~carbpn

and;244'for*the pfatingm wire electrodé, Malachesky's

&

method revealed that the number of electrogs transferred

\ .

in the first wave was 1.0. S <
. , 5 “ |

/

Similar results were obtained for the second wave.
/ . . ) '

As can be‘seen‘from Table 1T, de]t(p) values were close to

‘

¢
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Figure 56. Cyclic voltammogram for reduction of TUNQ
; (1.00 mM in ACN, 0.1 M TBAF) at platinum
electrode recorded in the y-t mode.
Scan from +0.50 V to -1.00 V at 25 mV/s.

| 1%ga;1 = (jv; = 1.03 1§9a;2 = (iii; = 1.09
I{pc)l 1 i{pc)2 {i11) . o
. : . g 4 ‘

s
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the reversib1e value in all cases. {(pa)/i(pc) gave a value
of 1.00 (see Figure 56) and i(pc)/v% did not vary

much with sweep rate. The average value obtained at the
carbon electrode was 92‘and at the p]atihum electrode

‘229 uA/(V/s)%'. Chrénoamperometry showed that fhé tofé]

/

number of electrons transferreqd for the first and secqnd .
‘ ‘ o
waves was 2.0.

The reSultS from TaQJeé 4 and 12 sﬁowed that tﬁe peak
potentials for the first reduction wave of TCNE and TCNQ .
did not change significantly, with different electrode
materials ot countercations. ' In contrast, the peak
potentials of the second reduction wave changeq with
) countercatigns (Tables S and 13). Further, iﬁ the case of
ﬂfTCNE with TEA+‘and TEA;, the beak_potentfé]s'ﬁeﬁF mofe
negative at p]atjnuﬁ combared to carbon. For Na+ and Li+

this did not occur. However, with TCNQ there were no

differences in peak potentials with different electrode



material. E(p)-values for_the_S¢c6nd'reduction wave of .,

both TCNE and TCNQ were found to shift to more positive
values according to the order TBA+ < TEA+ < Na+ < Li+.
Plots of Eh for the second reduction wave of TCNE and TCNQ

~at a carbom electrode vs ionic radii of countercations are

shown in Figure 58. For TCNE, Eh values with TBA+ were

\

not obtainable due to irreversibility of the reduction but

forvTEA+ the reduction at slow sweep rates (10 mV/sec)

was sufficiently ¢lose to fe&ersibi]ity'(de!E(p) 71 mv) for .
“the Eh value to be‘known.’ It can be seen from Figufe'58

that for TERE, po;iti{e §hift of Eh in going from TEA+ to

Na+ countercations was 49»mv and from Na+ to Li+‘was 77 mv.-
fbr TCNQ;Mwhefe TEA+ Qas not studied, positive.shift:of 30 mV

occurred from TBA+ to Na+ and 80 mV from Na+ to Li+.

f |
It is well known that the presence of ion pairing of

-

electrolytically formed negative ions with countercaﬁiéns

causels positiqigfhiffoinathe Eh values, the magnitudé'of
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® TCNE
7 B O TCNQ
> 0.65— = l
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Figure 58. Plot of half-wave potential (Eh) versus
~ ionic radii of countercations for TCNE and
TCNQ second reduction wave at platinum and
glassy carbon. '
1)Li+, ii)Na+, iii) TEA+, iv)TBA+
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/
this shift depending on the strength of ion pairing and

« .

the ébncentration of countercations, where the ;anentraf

tion of the electroactive §peéies is kept ?onstant (209-

212). Therefore it was decided fo §tudy the §hifts in Eh

as a funcpibn,of cpncentratjon of Féuntercations. The

rquirements for such a study are that the reduction wave o
®* must be e]ectkochemica11y revefsib]e and the spécies

formed §tab1e.z,FUrther, the ionic strength should be keptx
‘constant phéferab1y with the sdpbokting electrolyte whbse
, countércétﬁdn cation is assumed not to ion pair with the ’

specjes of 1nferest. In'the‘casé of TQNE; ft'was founq t;at

such a study co*&d»nbt be made since the dianion wave was -

irreversible with TBAF as supporting .electrolyte. Further,
it was observed that the reductions with mixtures of

-suppqrtjng electrolytes TBAF-LiC104, TEAC104-LiC104 gave

:waves which exhibited adsorbtidh characteristics at both

) e]ectroTytes'(Figure58A).,As can be seen from this figure,

¢
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A

ihe reduction Qave of TCNE was not affected with d%fferent
mixtUﬁes‘of supporting e]gttro1ytes énd electrode materials.
. The various criteria for electrochemical reversibi]ity:as
Vdiscussgd ear?ier are still app]fcab]e. However,.fqr mi xed
electrolytes, TCNE*‘reduétion shows waves charagteristic of
adsorptioh'effect§; For éxamp]e, wiﬁH 0.095 M TBAF ana
10.005 M, LiCI04 at‘g platinum e]eétrode, the reverse wave 1s
very sharp and ddes not show t%‘decay for diffusion
" control., Fb;v0.0S M TEAP and 0.05 M LiCJd4 at b]atinum, the

forward wave rose sharply and the reverse wave was not
l

observed. . instead,'a’véry strong sharp current transient
was observed just prior to the reverse wave for the first

reduction. In the case of 0.05 M TBAF and 0.05 M LicT04 at
- 1BA !

cérbon, a prepeak was‘obServed for the forward wave and the

reversé\wave waslagain quite sharp; ForVTCNQ, no

3

- . ] ) o ] ' . . ‘ '
such problems-arose. It was assumed that the TCNQ dianion
- : . : »
did not form any.ion pair with TBA+ and therefore the
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&»

~

" jonic strength was. kept constant at 0.10 M with appropriate

additions of TBAF. This assumption was verified by

a

reducing TCNQ at different. concentrations of TBAF. The

results are shown in Table 14'¢§T . ‘ 3

Table 14. Peak Potentials for TCNQ Reduction (0.50 mM in
ACN) as a Function of TBAF Concentration. - Scan
Rate 25 mV/s : '

-

'[TBAF] E(pc)l  E(pa)l delE(p)1 E(pé)z  E(pa)2 deiE(p)z

M v Voo Voo
0.02 - -0.156 -0.094 - 62 -0.718 ~ -0.655 63
0.04  -0.151 -0.086 65 - -0.710 -0.647. 63
0.06 - -0.146  -0.082 64 ' = -0.703 -0.639. 64
0.08  -0.142 -0.078 64 -0.698 -0.634 64
0.10 -0.146il -0.075 65 ‘. ‘—0.6947 .-0;629. 65

- The. calculated shiftétin‘Eh'with_respect to the Eh in

'0.10 M TBAF are given below.



Table 15. Half Wave Potential Shifts and Calculated Junction
Potentials for TCNQ Reductions as a Function of .
TBAF Concentration. 0.05 mM TCNQ in ACN. Scan
Rate 25 mV/s ,

3
[TSAF] delEn(1) deWEh(é) E]
0.02 14 Y o
0.04 o 11 16 6
0.06 6 9 4
- 0.08 . 2 4 é
£ 0.10 - ! 0 0

However, sincd the referenéé electrode used was Ag/AgNO3
(0.01M), 0.10 M TBAF in acetonitri]e,_junction potentials

are expected to exist at concenf%ations of TBAF ofher than

-

0.10 M. These jqnctioh potentials can. be estimated by

making use of the Henderson equation for a 1:1'e1ébtrq]yte

P(x)-P(y) = [(A(TBA+) -A(BF4-))/(x(TBA+) + x(BF4-))]  (5.14)
In [(a(y))/(az(x))] |

T .

-
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where. the jumction is given by

x M TBA BF4"H y M TBA BF4~

‘J

Y

Since the activity coefficients for the various solutions

were not known, rational activity coefficients were

.ca}cu1ated using the extended Debye-Huckel eﬁhafion
log f+ = -A u% /(1+B u?) (5.15)

. where f+ is the rational activity coefficient, u is the

fonic strength, A=1.8246e6/(T)372 B=50.29e8/(2T) ¥, 2

" being the djé]ectric constant. The relevant parameters for

~

TBA+ and BF4- -in acetbnitri]e, taken from the data of Coetzee

’

and Cunningham (245) are given in the table below. -

“o



- i :
Table 16. Conductancé™ata for lons of TBAF in ACN.

<9

“

A(O)- Stokei radius
cm- /Q equiv (R)
TBA+ 61.9 3.83

BF4- - 120.9 1.96

In équation (5;15) above, the ion $ize parameters were
taken to be the_ sum of the Stokes radii for thé 1:1 elec-
trolyte TBAF. Also,. since the equivalent conductanées 
were not known, onic ponductaﬁces at infinite dilution
-wefe used in equation (5.14). Thi§ is not expected to
' giVe any serious errors since only ‘the ratio of the
conductanceé are involved. The calculated junction poten-
tials are given in Table 15. A similar approach to the
calculation of juﬁction.botentia1s was used by Cﬁauhan
et al (246). Furthér,.sinée the reference solution
contained O,IO.M TBAF whereas'the workiﬁg‘e]ectrode solu-

tion contained NaC104 and LiC104 up to 0.10 M, junction

i

270
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potentials may be present. However this was checked
experimentally and found to be negligible (< 5 mV).

For the reduction of TCNQ, the f@]Towing mechanism

~applies:
TCNQ + e = TCNQ* ‘ (5.16)
TCNQ=+ e = TCNQ= ) (5.17)

Nagaoka and Qkazaki (247) have shown that in the case where
ion pairiﬁg was present for both the anion radica]’and

the dianion.

~
- TCNQ* + M+ =  TCNQ* M+ S (5.18) .
TCNQ* M+ + Me = TCNQ= M2+
TCNQ™ M+(i-1) =  TCNQ™ M+(i)
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The shift in Eh for the

.

first reduction wave is giveQ by

2 i

delEh(1) =(RT/F) ]n(1+CNF K1’1'+ CMd- K1’-2 veo + CM+ K1,i)
| . (5.19)
where the formation constant K1 s is given by
s ) . s : .
Ky g = [TCNQ= MZ)/LTCNQ*] [M') | (520

<

It 1§ assumed that the concentration of the metal cation
is in large excess compared to the concentration of TCNQ.

Further, for the dianion -

J-1 J .

TCNQ= + M+ =  TCNQ= M+ . | (5.21)
TCNQ= M+ + Me = TCNQ= M+,
TCNQ= M+ . = TCNQ= M+ .



-

- N

_— \\ {
.
/ | ) . -~ N R - L
‘ St N '
‘ \><f’ahd thé'shiff(jn;Eh i 5

‘ . ! .: . 2.

. o Ko o+ oee + C 0 K
* delEn(2)=(RT/F)1n 1 Mr 92 T M 2
- A 1 +“CM+K11 + QW+K1’2 + e + CM-+K1 5
R R U R
, : : N ©(5.22)
\\\ T
 where [TCNQ Mi] S ‘
;o Kot = T U
e L Gy
‘ . e

Eqdétion (5.19) predicts that a p]otrof delEh(1) vs log
SR T PR g A e A I |

CM+_wou1d give a slope of 59 mV and 118 mV at 23°C for
’ 2 ‘ : - - F v,
‘ L _ _ g y
quantitative formation of TCNQ: M+ and .TCNQ: M2+. However,

<

the behaﬁforqbf delEn(2) is more complicated. In the N

presence of on]y TCNQ Mf,-(assum1ng that ;Nﬁ' K1’1>}1), a

!

!
!

slope of 0 and 53 mV'i$ expected for quantitative focmation of

- TCNQ=M#+ and‘TCNQ=M+2; respectiveiy. In the absence Qf

.ok - L2 AW

':any 16h\bairing?5étween TCNQ“and M+ then qquatioh (5.22)

“reduces’ to

5

, de]Eh(2?=(RT/F)]n(1+‘CM+.K2’1 + Oy Koo +...f'cM*C’K2’j y

. . (5.23A)

LN . '
. ‘ o A .
B *

\ -
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swhich is of the samé form as'equatioh(S.lQ) .Theréfore-a_
~similar behavior would be expecfed for quantitative‘forma-

-

tion of TCNQ= M+ and TCNQ=. M2+, i.e. plots of delEh(2)

would give 59 and 118 mV respectively.

.The results obtained fbr(ICNQ with Nat+ and Li+ in

. ACN are shown in Figure 59, In all cases the‘concéntra-(
S

tion of ICNQ waS‘O.SO mM and ﬁhe ionic. strength was 0.10 M
The scan rate used.was 25 mV/ﬁg Bo?%’carbon and platinum
" electrodes gave the éame results. As can”beléeen from
FigLre.SQ,‘bo?h the.p]o{s of delEh Vs log CM4.fok Néﬁfgnd
Li+ showed two linear sections. In the case of Na+ the

. slopes were 27 and 80 mV'whilg fof‘13+, these were 52- .
and 122 mV7 It is clear from these regults that two types
of idn pairs afe %Qfmed between TCNQ= an&‘the counter-_:f
catiohs, namely those Q%gahstbichiometkies 1:1 and 1:2.

The formation constants for both these ion pairs are

calculated from the data of Figure 59 by making Qse of

\

SN
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_ Figure 59. Plot of half-wave potential change .
~ versus the negative logarithm of metal ijon
concentration '
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equation (5.23). It is assumed that"ét 1owAconcentratidps,

only fhefl;l ion pair is formed whéregs at the high.
. . ’ " ’ ’ ; | . . [ Jj
concentrdtion end both the:1:1 and‘1:2 jon pairs are ,

formed. The results of these calculations are given in

!

k)
, < : ’*
N E

" Table 17.

A

. . :
o - .
Table 17.: Formgtioﬂ;tonstants‘df TCNQ Ion Pairs | |
| Counter- Stoichiometry '1(2‘,1(M'+ )‘}%2;é$,+_)
, cation™ o >
TCNQ= Nat 131 | 33:1 -
‘ .' 1:2 -- 394147
TCNQ= 44+ 11 176214, -
: 1:2 o (1.200.26) et



- As was mentioned ‘in- the introductory section:of this
| . . - . . -_v’.; n ‘.' . ).A‘?: .‘ * v .J y )
chapter spectroscop1c techn1ques were used to mon1tor\the

A

spec1es formed dalnng e]ectro]ys1s. Figure 60 shows

el o . . s ke
- Yoo '.._x . [

phé_vv absorption of 2 sofgtioh‘of’TcNEAandsTCNQ'in'

~ acetonitrile. Both TCNE and~TCNQ did not absorb in the -
Pl T A T e T

© )

visible region in acetonitite. Further; the presence of

P AR
- T R s .
£ 0.10 M TBAF OLiC104 did not alter the spectra of fresh -

. »'=,'l>"
(N

sso1utidns_of‘TCNEior'TCNQ in'anyiwgy; However, if: theﬂ,m

TCNE so1ut1ons were Teft stand1ng for a few days the :“";j

‘ o
/- .. ’ . \
:
“

sb]ution“cdntaihingaTBAF turned ye]]ow and shOWe& two

additiona1 abSbrption maxima at 3973 A and gf%é A which

were much weaker than the uv absorptlonhmax1ma at 2610 A
. . : L ‘,J”’ —‘?‘
and 2708 K.fvThe.solution coutaining‘L10104 ajd'not show

s

G-
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. ; &«

< much co]or change for the same per1od of tlme :Ihe'spectrum ;Q‘

//il"’ |

of a solut1on of TCNE in water has a\broad absorpt1on ﬂ3~
z IR R o ¥ RS

maximum at 2969 A and two weakerlmaxima atv3956 A and

X

4125 R (Figure 60).

s
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Figp?é 61 ££°W§ fﬁevMSRS1spectré'of:TCNE‘and ICNQ ';1 A”
in ﬁéetq‘itﬁi]? whepe_the'potentiaﬂ*of:the éTec;rode;waSjl 

%
)

“stepped to the diffusion ¢6ntrpiled'rggion'df'the first re-
o . k - ‘ o 'y e . - _
- -duction wave. : Wavelengths were scanned from 8000 A to 2500 -
° R . . B . » o v ‘~ . . .
A. _FOr TCNE, the spectrum shows a brgad.absorption with

Coa serigS;dfifihé’strucfure bands. The center of the ™

L&

8 Ry St P

T P o S o
absorption, ‘which also. corresponded to A max was found
C S C R DT

' | . . . : [}

.

to be 4333 Ay This spectrun corresponded well with the :

> A
" LY

) L et s o %)
~ spectrum obtained for the anion radical of TCNE:in |
acetonitrile by Jeanmaire et al (138). ,Their.sp

ectrum

_ showed the same feature with A max foccurring at 4350 A.
. PR o

eS|
In the césé of TENQ, two ébsorptioné‘,ﬁé%e obtained;
a broad one in the wavelength range)ef 8000 ﬁb 6000 A .

consisting of several peaks and a n"owi one, M_‘th a si,ng]é
. S . - 1 4o . Do

peak with max 4426'5;_For the broad absérptjfh, A mai

° 0%
. e e
¢ . . 2

| ‘occurred at 7349 . The features of this Specgruﬁé%gree

. | "?'h;z:'f : ) : \\ . -
with those obtained by Melby et al (152) for théfahion.

¥ ’ A

o
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MSRS.Spectra of anion radicals aﬁa dianions ofy :

TCNE and TCNQ in ACN (0.10 M TBAF). [
TCNE (i) Format1on of TCNE Potent1a1 +0.40 to
-0.40 V.
(i )Format1on of TCNE= Potent1a1 +0.40 to
; -2.20°V. .
TCNQ(i1i)Formation of TCNQ* Potential +0.40 to
-0.30 V.
(iv)Formation of TCNQ— Potential +0.40 to
,0 80 V

280



¢ -

261

1
‘

?

3

radical .in géethitri1e;:‘These workers obtained peakglaﬁf420;

. e N
& s

842,744, 760, 680 and 615 hahometers; No major differences

were oBtained'fpffthé“spectrpxobtainéd,he¥e with different.
- - ) . i _".
supporting electrolytes. - : i T v

IfJthe potehtia1 was stepped ‘to the diffusion

L ) . ' .‘ s . X y . ]

controlled Eegion of the second wave, TCNE did not show any
significant absorption peaks in the wavelength négion
- 8000-2500 . TCNQ solutions had a weak absorption peak -

~with A haxiat 3007. R (seé FTgufe 61). Suchanski.and

Van Duyne (163) observed the dianion absorption in aceto-

nitrile at 3300 R. Again this absorption was found, in
« . . » )

this study, ‘4o be 1nqep§ndént of supporting electrolyte.
It was spown in Chapter 2 that the horma]ized reflec-

tance is related to the integral of the current with

respect to time by equation (2.38)

~~

o rt
-DelR/R = (4.606 2)/(nFA c;osO')Li'(t)dt
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The 1ntégfa1 is the tptal-amount of the absorbing species

produced and is equal to 'q/nFA where q,is the total amount

-
L]

\

of charge passed for tHe time interval considered. The

. v31ue&of q;is.detérminéd by integrating the Lottrell ehua-

, '

tion with respect to time:

v

‘[*1 dt _[V(nFA(Dy% O/ t)F dt * (5.28)
o , . |

o

|
I
=
=
o
2
o
o
o+
o
S

2
- “Substituting, »
2
f ’ . L .
DelR/R = . 4.606 ¢ [2nFA(DM)E c 81 (5.25)
; o |- . : e - w l ‘ <

- . &
Therefore, if the absorbing species at the wavelength of

e,

\

" interest is stable on the time scale of the experiment,
a plot of -DelR/R vs t%' should gﬁQe_a straight Tine
. . . n -
through the origin.

However, if the absofbing”species decay. following .
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r 3
A}

first ‘order kinetics, it has been shown (198) that the

first order homogeneous rate constant/is given by

AW, - [AL) D (5.26)

| fT[A(t)]k P
e - | . |

o k =

A . ' '

where [A(t)]d is the absorbance Whgch'would be obtained
at time t if the absorbing‘specjés_does not.- decay,
 [A(t)]y the absorbance at time t where decay occuss with -
. » : : o . b o
first ordgr-rate constant k. -The denominator in thé above

\\/f equation represents the area under the actua1’absorbance—

time profile for the time interval O to't. Siﬁce for the

.

small values of DelR/R which are normally obtained (1.0e-3

or 1es§); the éjme-dependent absorbance is difect]y

s

proportional to -DelR/R (see Chépter 2), then

[-DelR/R] o - ~[-D;-.vTR)R]k

T - |
fo{-ne]g/rz]k at | .

k
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- Figure 62 shows the normalized reflectancesrtime.pro-
AN . ! Ve

’

files“for 1.00 mM solutions.of TCNE and TCNQ in ‘acetoni-

~

) '

trile. For these profiles, plots of -DelR/R vs té show

- . . ’

a straight line through the origin (Figure 63). Normalized

ref]ectance_time profi]esvwere a]go obtaihed for TCNE and

TCNQ in the presence of watef (Figure 62). From these,

3

-DelR/R were again plotted vs t

* [o]

, given in fﬁgure 64.
These. plots now show a marked difference in that at: ionger
times,; -DelR/R va]ués deviatéd, on the Tow side, froh i

1inear behavior. Calculated k values are given in Table 18.

Téb]e 18.: Apparent First Order Rate Constants for Decay
- ' of TCNE and -TCNQ Anion Radicdls

- ’ ‘ N J
Compound " A [Ho0] K _4
' ' R /M - /s
TCNE 4250 . 2.05 1.58

TENQ 6450 ® 3.64 1.20.
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Figure 62.

)

Normalized reflectance-time profiles for TCNE™

“and TCNQ*, with and without ‘water addition, in

ACN (0.10 M TBAF). . ~
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Figure 64. Plots of" norma11zed reflectance versus square

root of time for TCNE and TCNQ anion radical
in ACN with water addition. Left hand scale
for normalized ref]ectance refers to TCNE and
/r1ght hand scale to TCNQ a



5.4 Discussion ) .
The cyclic vo]tammet?ic resuits gave errwheiming
gvidence that the first reduéﬁjon of TCNE and TCNQ in .

-

acetonitrile, at glassy carbon and platinum electrodes o

correéponded to reversible behavior: "the fact that .

5

| aelE(p) values weré close to the theoretical value of 59 myv
and did not vafy~wjth swéép rapgs ;upports_thié_anguménvf
A]so,ui(ba)/i(pc) values close to i.O imp]& th;t’the product
"Lof_fhe first réduction js;a5stabJe_$peciés on the time

scale of the experiments. Since the slowest.sweep rate °

was 25 mV/s,-tHe‘épecieslwere stable for at least 40 s.
- Previous investigations have established.thatsthese

. products were stable for a much longer time (138,157). -In .

both casés, the first reduction Wévés'involved one-electron

transfers. Therefofe}'the product formed must be the anion

~

radicals. ,Diffﬁsfon coefficientseobtaihed for TCNE (2.20 °

//’/

s . :\ "\
e-5 cm /sec) and TCNQ (2.00e-5 cmﬁﬁisﬁc) were
. - . : )‘,

288
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slightly 1arger than those obtained by Sharp (148). who
found a value of 1.91e-5 cm2/s  for TCNE and 1.42e-5
cm?2 /s For TCNQ. i(p)/(v) # values at the ﬁ]anar

“glassy carbon electrode were constant at all Sweep rates
. e - . )T .

FOn

bu£ for the platinum wire e]ectrode; }hé va]ués.ih;reased
at low sweep raFes. 'Th;s is because, at low sweep rates,
cy]indrica]’d;ffusion,contributions must be considered.

' Peak potentials were ﬁﬁund fo,be invariable with
,swegpvkgpes.,;A}so,[examination of Table 4 and Table 10
reveals that different e]ectrodescand suprrting e]ectfo-
lytes do not affect these values. Therefdre,:thére Ts;
neg}igibié-idn pairiqg.between the anion radicals of TCNE
and TCNQ‘and:the countercations in acetanifriie. .The

. : 4
same conclusion was found far aromatic hydrocarbon anion
radicals studied earlier.

For rngrsible reduction the peak potentials and the

half peak pptenfja]s are re]a;ed‘to.prArographic Eh



values by

Eh

Eh

At 23°C,

Eh =

and for n=1,

the relation

s

E(p) + 1.11 RT/nF
E(p/2) -¢1.09 RT/nF

E(p) +0.028.

W
\

RT/nF=0.0255 volts and

or in terms of half peak poténiials

.Eh

The calculated Eh values are compared relatively to

" literature values in Table 19.

Table 19.

Compound

o JTCNE
TCNQ

= E(p/2) - 0.028

Comparison of Eh Values for the First
Reduction Wave of TCNE and TCNQ in Acetonitrile

(0.10 M LiC104)

-]

"Eh vs Ag/Ag+
This Work

" -0.086
©-0.118°

Eh vs SCE
Melby et al (152)
+0.152

+0.127

&5;99 &

(5.30)
(5.31) ..

(5.32)

(5.33)

e
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. postpeaks could be observed. However, none of these

Y

. . ’ 1"%5 .
. T y » ) ) . . 1 ;. . »

A3 . T
P

‘ | , o ,
In both cases, the Eh value for TCNE is slightly

‘more positive that.tﬁat_fOE TCNQ; This means that TCNE

«%

in acetonitrile is a slightly stronger n-acid than TCNQ.
Ppns et al (139) have found, using a surface sensitive

FTIR technique, that in the presehcezof non-compiexing

. TBAF supborting e]ectrolyté; that a MOnolayer of TCNE anion’

radicals-adsorbed flat on the surface of fhe blatinhm
. . ) ‘ < . * .
electrode. This was attributed .to the formation of an

e1ectron-donorfécceptor complex between the platinum metal

 and‘£he TCNE molecules. This behévior was absent when

LiC104 was used as supporting electrolyte. However, this

behavior was not detected in the cyclic voltammetric

".

‘studies of the first reduction wave. The presence of

1’
adsorbed TCNE anion radical could affect the reversibility

of the first wave. i(pa)/i(pc) va ues_cou1d deviate from

~unity values. If the adsorption as gtrong, prepeaks and

/
/
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4

effects were Observeg.- It is.possible that the effect.

s fr
Y

observed by Pons etjéh}(139)'was véry small and since

| cyc]iE:No1fémmetry isfﬁgt as sensitive to surface species
S R ‘
as the FTIR technjque;usedg:it was not observed in this

work . .
~ ]

7
“

For- the second reduction wave of TCNE, i.e. the reduc-
‘ s, '
"S}L{\i »

tion of the anidn‘radical to.the dianion (chronoamperometry

7

showed. that this reduction invo]vediéne electron) reversi- -

bi]ity_was only.found for both p]atinum'énd carbon electrodes

»

for Na+ countercation. With Li+, p]atiﬁﬁ@ electrode showed -

9.

. 1 :
reversible reduction but the increase of“&fpa)/i(pc) values

)
was about the same as for the other case where:no adsorption

was present which means that the anion rad1631~wa§ not

= "}3’ -
adsorbed. The behavior of the second wave with fhcrease of
i(pa)/i(pc) with increase in.scan rate and the absencefOf
prepeaks or” postpeaks points toward weak product adsorptjon-

A%

as discussed by Wopschall and Shain (243). Except for this



I3

adsorption of the dianion at carbon, ‘the alectron transfer

.rate for TCNE at both platinum and carbon eléctrodes with

4

Na+ and Li+ céqntercatiohs appears to be fast enough so that

for the time scale of the voltammetric experiments (25 mv/s

[ .

to 500 mV/s scan rates), Nernstiagzbehavior'was observed.

‘o

However this cannot be said for TBA+ and TEA+ countercations
. A

s .

" as ;hown by the resqjts erAtHese two counﬁercatiqns. Not

on]y was catit' but there was g]-so dependeﬁce
| o; e]ectrodemater%a]s. With TBA; counte?éation.the peak
cathbdic botentfa] fo; thé second wave at glassy Cafboﬁ

«

e]ectrode was 335‘mV more poéixive compared to that at platij
num (Table 5); This value was 172 mV with TEA+_coqnﬁercatiQa.
Further, the_appgrént heterogeneOQS rate consfants at glassy
carbon with TEA+ c;ugtercétjon‘was (1.2 + 0.1)e-2 cm/s"
compared to 1.8e-3 cm/s-at platinum, which was 7 #1mes

slower. The same trend was observzﬁ with TBA+ (3.8e-5 cm/s)

being 37 times slower than that at glassy carbon (1.4e-3 cm/s).
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In addition, it was noted that the rate was faster-wfth h
o OTEA+ than TBA+ countercation. The large shifts in E{pc)

4'va1ues,tf0r’the casé of Na+ and Li+, where electrode reaction
Y T
“was fast points toward the existence of ion pairing; Further,
the pldt of Eh ps ionic radius given in Figure.SS-showed
) . 4
that the smaller the ionio‘}adius of the catidn,'the larger

the positive shift.. This indicates that contact ion pairs L
: ac -

(172,210) were formed as opposed to solvent separated jon

pairs. For contact ion pairs it would be expected that the

-

&

~strength of fon pairing/ﬁncreased in theﬂorde} of decreééjﬁg
ionic radius this being TéA+.< TEA+ <1Na+'< Li+ as was shown
here.

At a glassy carbon electrode, therg was no evidence of
adsorption of TCNE® with both electrodes and all cations, and -
exceﬁt for{the.differencesiin heterogeneous’ rate constants with
different pountercations-pgints toward fhe'ion pairing

\

abilities of thecations. TBA+ is not expected to ion pair to -
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TCNE= to any appreciable extent as confirmed by.the results

. ' v Ve
obtained for TCNQ= (Table 15). Chauhan et al (246) have found

that TEA+ formed wedk ion pairs with nitromesitylene anion .

-

N ~

.radicals in ACN‘and fhis may well occur for TCNE¥; HoWever,"

~—

—

Na+ and Li+ ion paired strongly with TCNE= as shown by the
positivé shifts in Eh. Therefore §trong 1on<pa1r1ng'tends to

‘increase the rate qf electron transfer fpr TCNE= reduction.
Thq present‘resu1ts“seem tb éonfirm the probosa]yby Jeanmaife‘
etlal (138): a chqnge 1n:geometry from p]anafitylfor TCNE* to
noﬁp]anarity for %Cﬁt= causes 1rfeVersib111ty’for the reductipn
of TCNE*; ~Also no evidence was given in that sFudy. }n the
pfesehce of the strong ion pairing Na+ and Li+ countercations,
the irreversibility of the'redgqtfgn‘wds lifted because ion
pairiﬁgpgends to 1oca1iz? the negative charges at the ethy]eﬁe
carbbné and thergforebmaintain the planarity of’theadiénioh.

For TEA+, only weak ion pairing may be present, and therefore

- . - - .
a compromised position is reached and the rate constant is
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between the two extreme cases. Huebert and.Smith (2) have

observed a Targe stereochemical effect for the reduction oﬁ//,
thevnonplanar cyc]obétatéfracene to -its planar énion(radica].

- /

The electron transfer was found to'be slew for this system.

The resu]ts.obtained at a platinum electrode are more
: Lo .

difficult to explain. Certainly, the ion pairing effect is

-
-

present since.the TCNE* reducti?n showed Nernstian péhavior
ip'the preégnce of N§+ and Li+ but not with{TEA+ and TBA+.
For the latter fwo cations, Eate constants‘Were much slower
compared‘to'fhosg‘at a glassy carbohvelectrode. Strong
adsorption of TCNE* at platinum was not observed since this
‘would resu1t 1nlpostpeaks and ﬁrebeaks. Further, aniop
radica] would show up in the first rédﬁction wgve. Howevér,
this was not so because thé first wave;gave Nernstian’behqvior
in all cases. :A1so,‘adsorption«of the diagigp will cause the
. : | /

" reverse peaks to quu% at more positive values but this°was not

>

the case as can be seen from the data of Table 5. However,

L4



297

the fact that the }eduction peak potentials were more negative

than those obseryed atAcarbon indjcate the presence of
~.adsorption. Also, Pons et al (139) have shown that adsorption

of'the anion radical of TCNE was present at platinum with TBA+
as countercation. It is_possib]e that, as was mentioned

Y

earlier, cyclic voltammetry was not sensitive enough to

4

* ~

detect adsorption in this case and further the bresence of
weak adsorption Qou1dibé masked by the irreversibility of the
- wave due td,geo%égqy chahge,l However, the cathod{c peak
poteﬁtia1 shifts/at p]étinum_compared to carbon (335 mv fo}
'TBA+,.172_%V for TEA+] appear to be rather‘large to be

v

exp]afned‘by.weak.adsorption. Theref?re, the only firm conclu-
sion which can'be reached here is that geometry change caused
the 1rreyersib11fty of TCNE™ reduction with TBA+ and TEA+
cations. The smaller rate cpnsfanfs found at ; platinum

electrode compared to a carbon electrode, together with the

negative shift in cathodic peak %otentia], could only be

/\
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tentatively attributed-to adsorption of the TCNEfassigned«

. N . . /

 based on the results of Pons et al (139). //)

In passing, the mefhod of the variation‘of‘de1E(p) with
j scan rate gsed in the deferﬁinéﬁion of\rate~constants deserves
'a‘littTe discussjon. Thé A values for different délE(p)
values, as ca];u]atd byﬁNicho1son (84), assumes th;t'the
transfér coefficiént.u is.0.5. The .error eipectéd in thf
céicu]ated rate constant yi%h,this assump?ion is $ma11,
approximately 5%’ i%;the reduction 1§ sufficiently ;195@ to .
lNernstian peﬁavior; 1.g:iff a does not deviate tao muth from
0.5. This means that‘délE(p) values should be betweeﬁ 60/n
,‘ o ’ /
and 120/ﬁvmv. At higher values of deTE(p), deviations of «

. from 0.5 become targer. For examplé for delE(p) having a

value of 200/n mV, an errok of 20% in the determined rate

-~
-~
P—

constants is expected (61). However, at delE(p) values close
o

‘to‘the reversible value of 59/n mV, small changes.in delE(p)

give . rise to large variations in th%\uﬂues of A, «as can be
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,Seen'frbﬁ'Figure 54. Therefore the best accuracy can be

oo

obtained if delE(p) values are kept between about-75 mv and -

, /

120 mv, if possi'blé.~

~ :
For the reduction of TCNQ, diagnostic crjteria for the

¢yclic voltammetric technique confirms the Nernstian behavior
of both the first and second wave at both electrodes and all
supporting electrolytes used. These include the_éonstancy of

peak potentials at all sweep rates; the yéTUe of 1.0 obtained

o

for i(pa)/i(pc) values, and delE(p) values close to 59 mV for

reversible one-electron waves at all sweep rates. The number
T : =

of electrons transferred for the first wave was found to be
. , v | o
approximately 2.0 for the sum of the first and second wave.

‘This implies the formation of,the anion radical and the"

¢

dianion. j(pc)/v%'“va1ue for the second wave was found about
10%-10wer than.that for the first wave, as was the case for

) ]
d

TCNE. This is attributed to a small decrease in diffdsion

coefficient ‘for the anion radicals. fhe peak potentials, for
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' ‘the TCNQ -potentials did-not: show any dependence ori counter-

;ations or éTectrbde‘ﬁéteria]s. Théhefore‘nd ion ﬁqiring wasﬂ
present betWeen_TCNQ* and TBA+, Na+, or L1+; the cations used

CoLdn this:investigation,;fThg second reduction, TgNQf‘to.ICNQ=,“'
i . ' ) . B ) L. - - - ", a ’ - ' )
~ gave peak potential whicﬁlWere dependent on”copntercations-

FEY

dlthough not electrode hateria].‘ The ER vaTues,,frdm Figure

58% increased With decreasing size of ionic radius according

o

_to TBA+ > Na+ > Li+. These large shifts with ionic radius

were aéajn-attributed to the formation of contact ion pairs.
For the’ TCNQ-= reduction no decrease in heterogeneous rate

constant was Qbserved for TBA+ becauge, there was no cﬁénge in,/{/
ﬁﬁanar geoﬁétry in going from TCNQ* to TCNQ=. The presence of

the quinoid functionality assures planarity whereas . the

ethylenic group,in_TCNE;cou1d not.

~
3

In the presence of'mixed'electFo1ytes,the reduction of >

TCNE= showed adsorption effects as was mentiohéd earlier
A A *mf o . .
(Figure 58A). However, the reversible nature of TCNE reduction

N,
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was not affected. In general the adéorption characteristics

are typica]‘ofvproduct adsorption, -namely the-adsorption of

TCNE= of'ité ion péirsf For example, with 0.095:M TBAF and’ /
0.005 M\Lié104, at a piatinum e]egtrode, the sharpnésg df the
.anbdicipgak is indicatfve of prqduct adsorption.’ Ntth0,0S M
TBAF and O.OSVM L1C164 at carbon'a prepeakiwésipbserved for
the cathodic scan as~we11ﬁas the sharp énodic peak. This is
.fhé griterion for strqng produgt ad;ortién, as given‘by
WOpschail and Sﬁain (243).>.The change in cyclic voltammograms
ufor\prE with;O;OS M TEAF énd 0.05 M LiCJO4 at platinum was
even more dramatic. Not’on1y was a sharp c;thodjc ﬁéak for
fCNE* repuction Bbserved but no reverse peak was seen.
‘_jnstead a very large, sharp peak Qas observed just qhodic of

L

the peak for TCNE“ oxidation. This is highly indicative of

formation-of an insoluble mixed salt of TCNE= deposited on the

3

electrode which is not oxidized in the potential region'of the

- simple TCNE="oxidation"and theréfore no oxidation current was



302

" seen. However at far mdre positive potential, destruction of

the insoluble film occurred-giving rise to the large, sharp'

peak. The occurrence of this type of peak, which was much
‘larger than that;éédsed'by usual adsbrption béhavibr,-was
found by Nagaoka and Okazaki (247) for the'sparingly soluble

anthranthrone anion radical / Ba++ salt in DMF. However, in

.

their case, the peak occurred in the region of the oxidation
of anion radical.
For TCNQ, mixed electrolytes’did not change the reversible

bghavior of both the first and second reduction. This means -
‘ ) ". o ' L T . . 4

that variation of Eh with cation concentrations could be

o

studied at congtant‘ionic strength without the deleterious

N

: <
effect of adsorption. Initially, it was established that TBA+ ’

«did not ign pair significantly with TCNQ=. This was shown by
‘the fact that ‘Eh did nbt shift appreciably with TBA+ concen-
. i . s

tration after correction for liquid juhgtiOn potential. From

Table 15 it can be seen that for the concentrations of  TBA+
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used,'the largest shift inth‘aftér correction for Ej was only

L4

10 mv, certainly not much larger than experimental erfrors such
as errors in reading and-in locating E(p/2) values used for
obtaining Eh (abqut 5 mV). For the variation of Eh“with metal

Y

cations §%+ and Li+, the condition of the metal cations being
‘\‘ .

in large éxcess of the TCNQ concentration for the validity, of

'eqhaiioﬁs (g.ig) and (5;22) is sétisfiéd by keeping the TCNQ
concentratipn at 5.00 mM or greater. Since fCNQ= did nof'form
anylion.bairs with the cations étudied, on1¥ equafion‘(5.23)
épp]ies to the present study. ,It was shown in Figure 59 the
b]ots_for delEh vs log Cm+ exhibited two linear segments for
both Na+ and Li+. This is indicative of the fbrmatio;‘qf ion
pairé yith two different stoichiometries. In the case of Li+,
the slopes of 52.an& 122 mV for theitwo segments are yerisih-* -
close to those of 59 ;nq:1}8 wv for the theoretica{ quantita-
tjye fp(@qtioﬁ p%.TCNQ=,Li+ jon pairs'yith {:; and‘13é_sﬁojchi-

ometries. The formation constants were then calculated from
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equation (5.23) using the,qata from the segm;nt'where the
respecfipe,ionfbajr was formed. 'Ih'the case of sodium the
slopes for thé 1iﬁear segments were smaller thap the th?oreti-
cal values, being oﬁ]y‘27 and 80_$V. This means that formation
of the 1:1 and-1:2 ion pgirs was not quéntitative and therefore
1ess‘strong than for L%+. ‘The same method was used for calcu-
1ation of the formation constants for the“TCNQ;,ﬁé4 1oﬁ pairs.v‘~
Howevef, in this case, cgre was takén to avoid points ih the
crossover region for the two 11?e segments wherevéurvature of
the blot arosé; Vﬂ?ues of formation constants obtéined in this
mannef wgre found to be reasonably constant for different - -~
points in the same iinear segment, in all cases exhibiting a
standard deviation of about 10% of‘the ca]ch1a£ed values. The

values for the formation constants given in Table 17 show that

the strength of ion pair formation for Li+ was ‘about: 100 times

i C

. \ " '
~ greater than -that for Na+ for both species formed.

L4

The presence of ion pairing between TCNQ= and Na+ and Li+ -



cations has been confirmer by shifts in vibrational absorptions

of the C=N stretch mode observed in the authérs laboratory

;(172). The results are shown in Table 20.
K
Table 20. Vibrational Absorption (C=N stretchf for TCNQ: and
TCNQ= with Different Supporting Electrolytes (0.10M).
C=N Absorption Bands (cm ).
. i : .
Species . TBAF NaC104 - LiC104
. TCNQ: ;‘ 2181:5 . no change no change
. N
_2154.5 no change no change
ICNQ= 2150.6 - 2156.4 2116.1

2104.3 . 2110.1 2117.8

For TCNQ: no ion pairing was present and no shift in the

{absorption-bands was, observed. However, the TCNQ"= absorption

9

bands shifted to higher energy with increased stréngth—of ion
pairing (TBA+ > Na+ > Li+). This is corisistent with the view
that ion pairing localizes the negative charges on the dicyano

carbon and reduces delocalization through the C=N bond which

305
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tends to reduce the triple bond character.

’,

. As mentioned in the results section, freshly prepared

solutions of TCNE in acetonitrile were colorless but upon

v

standing turnéd yellow. If suppbrfing electrolyte wag

- present the color change was obvious for TBAF but not so

" much for LiC104. The fact that the solution containing

-

TBAF showed: two additional absorption peaks at. 3973 R and

4159 A (Figure 60) offers a simple e§ﬁ1anatf0n since these
two peaks correspond to the absorption maxima bf TCNE in’
;ater at %956 A and 4125 R kfigureZGO). . These two‘gbsorp—
tions:are probably due to tﬁe.formation of weak charge-4
transfer complexes between water and TCNE. In thé presence
of LiC104, these absorptions were not observgd bécause»at
the low concentration 1¢ve1 of water invpurified acetoni-
trile (probably 1-2 mM); mosﬁ‘of the water present was tied

-

up by Li+ ipns, which were present at 0.1M.

The MSRS spectrum obtained when the potehtia] was’

A 1



-vaTiQﬁ,;b'x

- ‘ < "‘Q-}«::zi' 4.-'7"‘7‘13 SRR ‘l’
stepped,.to the diffusion controlled region of the first .

wave corresponded to the spectra of the anion radicdls of " - -

TCNE and TCNQ' obtained by other workers. The dianion of TCNE

did Hotwshow?ényfabso}ptfon_1ﬁ'theiwaveféﬁgth region studiqq 

¥

T g v e Wl L o .
-(8000.A to 2000 A) whereas, for TCNQ only a weak absorption

- . (o] .
was observed with x max at 3007 A. This is in agreement

with results by other-investigators (163). The determination

i

these species. Since the concentrations of water were 2.05 M

pseudo first order conditiops existed-and.the assumption.is. ..

S . - R . N RN B

Sharp (148) studied the first order decay of TCNE -
4 v o

and TCNQ anion radicals in acetonitrile by observing changes

in i(pa)/i{pc) with scan rates. No water was added to the

solutions and decay was assumed to be due to tréce

A ¢

' and 3.64‘M'f0n§TCNE (1.00 mM)'and TCNQ (1.00 mM) respéctive]y,»

wn

e

of rate constant for the protonation of TCNE and TCNQ anion . . ...

'radﬁcé)s-?s‘baséd;oh‘the as@qmptjqn;of,firéf'pfdértdéééyuéf o



x'*fmpuhdtiesmpresentvinmthe'sblvent, The rate constant for

TCNE: decay was found to be about 20 times greater than
L

that for TCNQ:. However, in thié work, this value was

¢

found to. be 2.
j o ) o
It is concluded that simple electrochemical techniques

can be e?fectively utilized to study ion association reactions
in solutions of -high dielectric constant: Coupled with
standard spectrophotometry and spectroe]eétrochemistry; these

' hethods allow fast and accurate determination of stoichiome-

tries, mechanisms, and kinetic parameters of these reactions.

308
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