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: In this chapter the general aspects of molecular ﬁmlexes
m of the nonspectral methods which are of relevance to t&e"‘

ies reported in this thesis haw been briefly x@ﬂm

MOLECULAR COMPLES

; It has been well mm for mg years that when molecules,
e aromatic ﬁyﬁrw&rbms, araim, phenols, ete, are mixed witis a

» class of molecules like nitrocompoun

ds, cuinones, kaifsgeaa
ia suitable solvents, the colour of tﬁe sslutions change. %nma
' mutima of the two such reagents are mixad, the praf:amﬁ

in eolour clearly indicates the formation of a complex., The
S@@i feature of the type of complex formation is the agggaram
new and intence absorption band in ultraviolet: or visible

of the spectrum. pEeiffert who first classified these

exes suggested that the utilization of secondar

s involved in their formation.

when the molecules interact strongly, the molecules come
i sn the molecules will




e very small; this leads to the formation of new chemical entis
and the ‘chemical' (valence) forces are operative in such
es, The energies of such interaction are of the order of
s -400 KJ/Mole. The interaction osceurring at large separation

e. weak interactions) are due to ‘physical’ (van der waal)

g&{ﬁa&e. This eomprises of electrostatic {or coulombic),
4induction and dispersion energies, In between these two emsms"
ﬁ ‘chemical®' and *physical’ forces, there are forces which arise
e to the interactions oceurring at 'intermediate’ separations
ms& are called ‘*charge-transfer® £m&&2ﬁgi They are cohesive

and physical

ii'i nature and are an ‘'admixture' of the chemical
forces, whose cmtrimgiaag depend on the molecules taking part
in the iﬁtera::tim. They are relatively stronger than physical

forces but much weaker than chemical forces., Thus, they lead 2;§

_ the possibility of “graded" interaction between the molecules
and the formation of “"molecular ﬁmiﬁm’%

It is difficult to define precisely the term "molecular

nlex®, However, according to Mulliken and g&rﬁaas' 3,

% &
3@@1@&&&@ complex between two unlike molecules is an 'association®,
somewhat stronger than ordinary Van der waal interactions, of
"@iiﬁi@:@ stoichiometry. The partners are often already closed=

~tures. In weak complexes,

11 (saturated valence) electronic stry
identities of the original molecules are preserved to a large
xtent®, ‘ :



3.2  GENERAL FEATURES OF MOLFCULAR COMPLEXES

Any theory of molecular complexes should explain satisfa-

‘etorily the following general features ixi: absorption spectra and

ergy changes associated with such complex ﬁm&timéq

: (1) cenerally, a new absosrption band {due to the complex)
is observed in ultraviolet or visible region of the spectrum,
However, the absence of such band in the ultraviolet or visible

region, does not necessarily mean that the complex does not exist,

(2) The broad absorption band suggests the loose nature

of binding in the grm state of tﬁ@ am&@ﬁ& The A Max COrreSs

ponds €5 the energy reguired to extite the clectron from the most
ﬁ’ﬁbéﬁiﬁ graaaé state to the excited state of the complex,

: (3) The enthalpies of formation of molecular complexes are
_ of the order of 5-75 KJ/Mole, This indicates the weak nature of
~ binding in the ground state of the complex.

erally highly intense.

.  (4) The charge-transfer band is gen
The molar extinction coefficient of the comple

. as 10% an® mi*} o,

% can be as large

- {8) The intermblecular separation of the complex is much
. ' t
. larger than normal ionic or co-valent bond lengths, but slighly

. smaller than the van der wWaal  radii.

{6) The complex formation affects the charge-distribution,

3 in the donors and acceptors to some extent, Thus, generally,

~ the colour of iodine changes from vislet ¢o red or to brown as

TLEE



the ability of donor to donate electron increases. At the same
shifts to shorter

time, the position of iodine absorption !
‘wavelength (blue-shift). When an isdine molecule in the complex
;;is excited, the gx*m&teé electrons of donor passes from a bmﬁing
{or non-bonding) orbital to an antibonding orbital of ia&iae;

The result is an merease in the size of the molecule. The%efﬁrs,
 due to the exchange repuisim in the complex and iodine miaanim
_more energy is required to promote the electron. So,iodine
absorption shifts to lower wavelength. The molar absorptivity

’: ecoefficient of complexed iodine may increase or decrease.

» {(7) The complex formation iﬁmiﬁbig ms between

' molecules of low ionization potential and high electron affinity.
:' It has been found that for a given mgﬁs&r am varies ﬁikéetly '
~ with the ionization potential of donors having mzz.a: structures.

(8) mar&llg, the ﬁmm:g a@eegtar mé z:mgles differ in

: gﬂlarity.

| {9) The charge=~transfer band position depends on the nature
:_ aﬁ‘ the mﬁium,!sslvmt.

: An evaluation of the thexmaéyﬁaﬁié parameters of molecular
mlems, ‘such as change in enthalpy, -AH®, entropy,-AS® and

:  standard free energy,—AG’ sccurring on complex fmtim, provides
t?: of the binding

: Mai evidences regarding the nature and stren
of the complex, These thermodynamic garamters are éatemimeé
¥ a kamlsdge of the equilibriua; gmt&ﬁta of nma,ex f ormation
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at different tmmr&t&r&sém In addition one can also obtain

information regarding the osdllator strength and the
% ansition dipsle moment of the charge-transfer Msﬁ.

7.3  MULLIKEN'S THEORY OF MOLECULAR COMPLEXE

, ' Blectron transfer theory has been developed along two
fgep&zata lines, namely Mulliken' g7

9%435’33 intervelance transfer theory. The £ormer deals with

charge-=transfer theory anc

; é&eﬁtrmiﬁ effects and is related ©o transitions in the UV and
»ﬁaihlg region ( and is related to formation of molecular
~ational effects

t complexes) whereas the latter one deals with wib
 and is related to transitions in the infrared region. Mulliken's
“ theory mainly concentrates on electronic effects (and it neglects
. molecular structural changes after emgiaﬁ&%:im and vibrational
shereas Hush's theory

structure in the transition is ignored B
in its use of tws displaced harmonic oscillators neglects
electronic eiie{:ts (and neglects Franck-Condon overlap factor).

1 8o, recently Ying=Nan Chlu® has developed & unified molesular
charge~transfer theory which relates the two theories and includes
; all ranges of molecular interactions. This unified theory of

' molecular charge-transfer reduces to Mulliken*s theory of chargea-
E:,tmnsiﬁr molecular complexes when only strong electronic effects
are considered and becomes Hush'’s theory ag intervelance of
charge=transfer when the vibrational effects are more predomi-

; nant. ?er&ms, in his recent article has examd

m;'g of intermolecular forces. The resonance structure theory



ﬁ molecular complexes which has been developed by ﬁﬂiliksns'?.

. has been generally accepted (£or electronic transitions), We

will summarize the salient aspects of Mulliken's theory of mole=

‘eular complexes.

The interactiosn between an electron donor, D, and an
 electron acceptor, A, leading to the formation of a complex, DA
~ (in the absence of any media), can be represented by the £ollowing

- resonance structures,

D+ AE> (D,A) > (DP-T) > (DT=aD)

1 11 111 w

The structure I is for molecules, vhen they are far apart and
there is no interaction between the molecules, In structure II,
the éanar and acceptor are at equilibrium separation of the

- complex, but only ‘physical forces' are operative between them
ams it is called °*no=bond* structure, The structures III and IV
are the dative structures; in III, an electron is transferred .
£rom donor to aceeptor and in IV, £rom acceptor to donor. In
view of the electron donating and accepting tendencies of D and
A, the contribution of the structure Iv, can ?}@ neglected.

‘The wavefunction for the ground state of complexV ..
an be expressed as a linear combination of the wavefunctions
£ the ‘no-bond' structure, Wg, and the dative ﬁtm@tnm}' 1e
~ neglecting the contribution of the ionic structure, (p"=at)
E Wﬁ =a*¥_ (p.a) + bV, (p*=a") csvrssssssesceces Iol
\ eorresponding excited state of the complex can be represented

the wavefunction, L4 B’

T T .



& + - * 7' ‘ N
\i"ﬁ = 3 \Pz (D=l } = h LP o (ﬁ;%} sessesses £.2

: The difference in energy between the two states is egqual
_f- the energy of guantum at the maximum >£f the absorption band,
e ratio, i}zfﬁg in the lamai state represents the prsg:aﬁ:i% in
hich the dative and no-bond structurescontribute and can vary
:fxga zZero for no electron transfer to infinity for complete

' electron i:m::#fer, . The coefficients ,a* @?ﬁ;%ﬁ are nearly egqual
i*m a and b, The energies of complexes, in its ground state {ﬁﬁ}
&ﬁé excited state (W,) can be obtained by solving Schradinger
wave equations, using exact Hamiltonlan m&%w {#) and the ahm :
wavefunctions which are normalized, Por wesk Interactions the 7

ground state energy, ¥, and the excited state energy, ¥., may be

B E
pbtained approximately by second order perturl

sation theory.

}3

al” ssses0ssc0se0e 1.3

B W™

€%§1 - %3

and 7 , 2
| (g =Wyl

W o= W, + te s 28EOOSBGSOOS 1.4
Tl 1 T '
{sezl - @Qi
wy = JYHYAY
3 vﬁzg fwiH‘\pidW
E So1= [ W, ¥, AV

m difference in energy between these two states, i.e. between

§£ and t@g@ is egual to the energy »f the guantum at the maximum
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> absorption band.

The schematic energy diagrams for spectra

mplexes are shown in Fig. I.1 and Pig. I.2. It ean be seen

=

- hd

@nzﬁwig *i"g "Pg}#xg %?“u....“uzﬁ

= 1,9 - E sec20sse00e0sasessdo00R000 0O I.6

e Iais the ionization potential of donor,

affinity of the acceptor, E, is Coulombic energy
3 D~ - At ,ﬁ is the no=bond energy, xgm}%mmmgg
gies of the miﬁaﬁ and ground states,

A “ge*ga*xg*x!@_
", - A" = W, + X
he term, charge-transfer absorption, thus is azﬂ?li@abiﬁ to all

t!x»e ﬁm'ma}.
- ﬁgrmt;é} state to the excited state of the complex.

;@m&i&m assoclated with the traa&iti@g 'sn

As it can be seen from the above mﬁim, (1.6}, charge=
ans€er energy hS) ope increases with the ioniZzation potential

the donors (for a m&:mﬁia: m&;ﬁ&) having similar structure.
energy assocliated with the charge-transfer transition is

1ated to the I, of the donor (for a particular acceptor) is

ser b? h .y =1, = E&-:A + Eﬁgf{:g = By=A ﬁ. In the case
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: aromatic hydrocarbon=iodine systems, arisaeglebig hﬁs shown that
! ”

2 ‘00.{0&0“!;“5?!*4!}‘* ﬁ.?
{IB*QI}

are terms ¢ontaining igi E, + w,) and {ﬁa & ﬁ.‘t )

4 2
stivelys W, is the sum of several terms including electro-
static energy (dipsle-dipole interaction ,@i’;ﬁ}} and

By = H,y =W S, and {Si Hgqy = WySgee vhen hv . was plotted
against I, sriagiab found that the data could be fitted by
rves of the £orm given by equation I.,7. - Although,the relation
pressed by the equation (I.7) is non-linear between hY . f&iaﬁ/*

Iy the plots are only slightly curved over the ohserved
af the data can be fitted

- (or practical) range of I, Thus,most
&g a linear relation of the form (for weak ig complexes, and
3 _ within the limits of exper imental error)

hy = D,87 Ign- 5«3135 seses0s00000sse I.B

T

Such linear relationships have slopes somewhat less than unity.
The constants in the linear relation have np direct theoretical

significance.

Amines do not fall in line with the h» . Vs I, relation

- [pa. 1.7] ove

 have derived the £sllowing equation for such strong complexes.,

4 :
- g {3 Bi esoeee £!§

yed by weak I, complexes. Yada, Tanaka and Nagakura''
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It is now realized that xiﬁearitg between h7, and I is

11=13 | since with the change of donor, the

a universal rule
g&h&: factors such as the overlap integral vary as wa}.},m. A

number of workers have covrelated hv,. values with I, for the

interaction of a related series of donors with an acceptor and the
results of such correlations are summar ized by Rao, Bhat and

Mv@ﬁim

In the spectra, the band width is due to the loose coupl-

ing between the donor and acceptor components in the ground state

3 %:35 the amwx; This inose ecoupling gaszsai%ﬁ a continusus range

aﬁ relative orientations of the two and therefore generally
causes a continucus variation in the energy of the ground state,
?he absorptiosn maximum ﬁmspﬁaés to the transition from the

. most probable ground state alignment of the donor and acceptor

~ species.

The charge-transfer absoarption depends on the traaaitiéé

grabahﬁity @ﬁﬁi transition me

fzfx an ﬁlmtrmia transition is given bg,

s 2 ;
e w 22303 wel jév i

az’!s;

= 4,318 x zagjww

. : ,{31/ : e 6 @
- 4,32 % iﬁdgv k,[maix' z sssvesevssee I1.10

‘where 4, is the width in em~1 of the bar

@ between the two

requencies at which &= (%) € at  HEXE it must be noted that

mation depends on the band shape..

~ the accuracy of the approxi
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The intensity of a eharg&»tmﬂa%éar haﬁﬁ is proportional
’ tke sguare . of the transition moment, M . The oscillator strenth,
. and electronic transition dipole, ftvN » are related by 4

SRR 2 .
fw” ( m“’ } by} ‘( #‘_-gzi“} e adedesne Ioii
g Ton ’

- B s
» f‘w = 0,0958 [ —L%“-‘i] % ~ 0,0058 [ Em% & ]%...,.. I.12

3 There has hee:nikc onsiderable discussion in literature about
-x; e role of chaxga-transfer to the ground state stabilities of

" slecular complexes (particularly in the case of weak malamlw
w Mulliken®s® theory has been quite successful in
‘explaining the spectral characteristics of strong as well as weak
mieaslar complexes, .Kémvar. mm guantum chemical studies
%ave suggested that many such amiexes, especially weak complexes,
are formed primarily due to ‘electrostatic' or 'polarization’

L interactions® 17, uymeyama et a1l®

have sﬁm that the interaction
Emergy of a complex, comprises of five camts, electrostatic,

en the molecules D and

_ which arises from multiple interactions
) A (which may be attractive or repulsive); ‘gfﬁiﬁ‘isaﬁim, which is
due to induced multiple interactions and higher order coupling

: , which is the

 (and is always attractive), exchange repulsio
short range repulsion due to electron distribution of A with

| that of D; charge-transfer, which is due %o mentmﬁsiér from

i donor to acceptor (it is always attractive); and coupling

_ energy, which accounts for higher order interactions. In addition
!& this, there is a contribution from m&laﬁm enerqgy, both

intra=molecular and intermolecular. A part of intermolecular



elation energy is dispersion energy, @%&,igﬁ results from
ntanesus polarization of D and A. As mentioned in the
beginning, thﬁg had developed unified ﬁ@imiar charge-transfer
ory which includes all ranges of molecular interactions in

he limit :::E strong electronic effect (uv and wisible region),
it reduces to Mulliken's theory, It must be mentioned here, as
 pointed out by Person’ that Mulliken's theory still holds good
';;:if:sz* whole range of molecular complexes, in the case of weak

- eomplexes, the no-bond structure, vhich comprises m& above

interactions, except charge-transfer, is the major contribution
’ d state of the complex

{a >> b), and hence to the ground state stability. So,the tmﬁ

*mieﬁ;z}.ar complex” rather *charge-transfer” or "electrostatic

. to the overall wavefunction of the or

. complex" seems to be reasonable to represent these systems.

After Mulliken's® valence bond approach for the study of

E molecular complexes, attempts were made to deseribe the donor=
acceptor interaction by molecular orbital method and the

| perturbation theory is used to describe weak interactions namely,
. 7.7 and 7o complexes’®23, The stability of the complex is

. due to the decrease in the potential energy o€ the system. But

this g&ﬁaﬁ&aﬁm method could not be applic
17

& for strong inter=

Puky 24 used linear combination of atomic orbitals

~ actions
of the donor and acceptor for representing the molecular orbital

of the complex. sazyaam et aiﬁ briefly sumarised the
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_' slicability of vB and MO method ‘for the study of interaction
een molecules,and are of the opinion that both these methods
proximate and semiempirical and for deseribing the weak
somplexes, the Mulliken's VB method which is simple, is better,

suitable for descri-

while the more modern MO method may be more

bonds,

ing complexes with stronger intermolecular

7 Since the intermolecular interactisn ' is faizlg weak, the
original bond energies are slighty changed, leaving the

almost unchanged, 1In
yﬁhmwéﬁ, the interaction energies in the ground state are

Eﬁa@r;%im bands of donor and acceptor

 small compared with thé transition energies to the excited states
' of the complex, in particular the intermolecular charge-transfer
- excited state. Each such transition may be considered as arisin
orbital of the

~ donor to an empty orbital of the acceptor, The

. from the transfer of an electron from a f£illed

sheray of th}.s
transition is given by,

Aﬁj_j = h) = 3} w 11§ secccsssce .13

me Aj and Dy are the energies of the jth (lowest unoccupied
. orbital) and ith (highest occupied) orbital., In aromatic hydrs-
~ carbons the energy of the highest occupied ¥,0. in the gro

E state may be expressed in a 5&&?&% Hickel treatment,

. Dy =+ Bxi, where « is the coulomb integral, P is the

resonance integral and xj is the Hickel param
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The energy of the first transition band of the complex of such
hydrocarbon donors with the given acceptor is given by,

hY . = A§ ~Di + P

= j e o = f)’Xi + P cesscsesee Ield

where P is an energy term which corresponds to a perturbation

f of the appropriate energy levels in the donor and acceptor. The
 applicability of this model was tested with tetracyanoethylene

- as acceptor and different aromatic hydroscarbons as éanarsé.

I.4  CLASSIFICATION OF DONORS AND ACCEDTORS

ﬁéliikeﬁﬁ has classified donors asaé acceptors of varisus
types l‘e&éin!g to the fam&tim of molecular complexes of varying
strengths,i.e.,the energy of formation of molecular complex in

~ the ground state (Table I.1). At one extz

"eme, we have the strong
Lewis acid -« Lewis base addition compounds, and at the other, the
weak "contact pairs®. The various types of donors and acceptors
and the approximate energy ranges are shown in Table I.2. The

N =donor=- ¢ =gcceptor complexes and the n

plexes may exist asoo:co or as 1:1 complexés: the oo 3 oO
complexes are generally found in solid state and the 1:1 complexes

in solution and vapour phases.

The molecular complexes formed between n-donors and
1 g_ =acceptors are very strong and there is a considerable contrie-

~ bution of the dative structure (D'=A") to the stability of the
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made to establish a

und state. Several attempts have been
ttern of the relationship b@hm&'z R 7o and /;:; » the dipole

nt of the charge=transfer aamg;iex in the ground state, and

he heat of formation, —A H, of the complex’™
T L 3 ALl P,
P oa i s ot! |¥* "’i’ " @
{a*}
h . : i
= QT ; sseesecssescsssessessssssssssssssse Ledid
: e '
e 2 a ‘ {b*) .
here A = a (1l+ o~ 1+ ""'E““ + ‘sssessssessce Lol
» [ €a*}z:[ ' ‘
_,‘!rm the ss@ezimentai values of '--Aﬁ, A, and h G~ equatim

DA

‘ 1,10 can be used to estimate the awriag iﬁ%ﬁgﬁ‘al s The

o1®
k. aﬁm‘mt molecular complexes arise osut of maliiﬁim:s between

_'; donor and acceptor species. The enthalpies of formation of such
eomplexes are v&ry small., PFor 'wakly interacting systems,
 Ketelaar?® assumed that b% < a® and (b*)22< (a%)? and derivea

- the equation,

2 ,
Dﬁ L o h ®289e09083000 0 ioi’?
R Yerp aé

. The magnitude, bl/a’ is a measure of the gu&aﬁ%y of the complex.
After - AH and hv ., h&w been experimentally ﬁ;&feminaﬁ, one

can use this equation éa calculate iag_fagr this evaluation will
 be very approximate. x:s between these twn -mrm#, tkse molecular
E gm};@xﬁs of varying st:remahs are frmwnﬁ«mg on the
particular donor and 'meptar species forming the complexes. it
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t be m&ﬁti&ﬁ@é %;ers thai: the terms é%:sﬁ@sf %2%3 mtar are only
ﬁ%g

METHODS USED IN THE STUDY OF MOLRCULAR COMPLEXES
The formation of molecular eosmplexes may be proved and
may

; am&gia&%\ﬁa established from a a%xzéy of the associated

racteristiec abrupt changes from ideal hif;}i;i

sur in ecertain

s f#iﬁ&l properties, Aﬁy ;ﬁzgsi&za}; property will be suitable for

h studies if it is reversible to the effects of dilution and
aturézs. These properties imi&;é:g the ahsar?tim of

,; ltravisleto or visible radiat isn, vapsur m&s&r&. dielectric

stant, miw&*&‘iv& index, conductivities ﬁ%ﬁ?"%‘ 25**23’ Recently,

uable informations have been obtained from constant activity

nod?’, vibratisnal spectrosc :agggg“zz

m&sz. resonance Raman aﬁgeat:;}ae%%pg : oositron mihilatiaﬁ

34

” miaar magnetic

e time measurements

, dielectric and dipole moment measure=
38 '

3’?

¢ gas-&iqxzié &rmﬁm@ﬁy m ,g ;rmagy

shauer 5§egtrm3py39, Mass sgmm@w , i’w&ﬂm&us&r aﬁﬁeﬁta@

f&ﬁai dichroism of 315@1& ergs&a&aéi

ehroism®?, ‘Reray diffraction studies

magnetie circular

43w45 . ﬁi&tﬁ’iﬂa} and @tiﬁa}‘

ﬁé&, 3%%

operties of salid molecular complexe , and magnetic ;n:amw' ;
43,47=52 ‘ "

es of molecular ﬂmis « In af&%i tion to this,

oshita and eoworkers are working on delayed fluorescence of CT

Nagakura and coworkers are wrking on exciplexes

s Kuronda and others on ESCA o4 wvhereas zéai:ﬂi:ﬁaga et 3155 are
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gaged in the studies of ﬁ%&w&faﬁﬁﬁw ‘and proton=transfer

a&aﬁtlgl pha@taaéaustit: mtrwa&gﬁé. Radiostracer

riqaeag?-, Polarographic taehn,iqaesﬁ?&’k

are also being used
n the study of molecular interactions. Such studies will
undoub tedly be very useful in understanding the molecular inter=

actions.

Generally,the molecular complexes cannot be isolated in
;E:m state, but exist in solution in eguilibrium with pure

e mponents, So,it is not surprising that molecular complexes

&aw been studied most exteésiwlg in solutions, though many
fx*meﬁt studies have been done in vapour phases as we11°®, Although,
m interaction of an electron donor D, with an acceptor, A,

- may give ris@e. to more than one species of complex in solution,
most of the methods used for evaluating the association constant

“ assumes that a single complex species with a definite stoichio-
 metry is formed. Thus, for equilibrium

Do+ A ﬁ DA ssssvssssssnss 1siB
- a thermddynamic m}m:{um constant, K, is obtained:

o [pa]
o] [a]

iﬁ&j sesvessnsses 1s19

i ([0, =[oal) ([a] pal)

m Z D/, [A] and [ DA represent the equilil

rium concentration




f donor, acceptor and complex and [i}la and [a] » 3re the initial

entrations of donor and acceptor,respectively. It is genera-
1y assumed that as the solutions are very dilute, the activity ’
'*izziﬁais of the species DA, D and A are 'aﬁ.ﬁfﬁ'w; when t&e

poncentration of donor is very much in excess of that of acceptor

D >> A), then ( [p], = (AD] ) can be replaced ;

: 2 ecjuation, Expressing the am%ﬁtraﬁim of the complex in
'ms of experimentally measurable absorbance ([pDa] = 0.p./c.1 )
the above vaﬁ;uatian' {(I.19) can be rewritten aﬁ;;

;'[ﬂol =03 e 3. % scessewvassess 1.20

0.D Z.e (a, E

This is the ;}ti@iﬁsi Benesi-Hildebrand m&%mﬁg. Eventhough, the
"'msiﬁiﬂéahraaﬁ equation can be used to obtain the equilibrium
eonstant, one has o use modified equations for obtaining the

28

ﬁm:*mt values. These

ejuations are summarized
14 '

. by Rao et al” as well as by Foster™ in recent reviews.
3 Recently, it has been felt that the data obtained by optical
~ spectroscopy on molecular complexes should be supplemented by

. non-spectral methodg®}s 812

~ ideas are:-

« The arguments in favour >f above

: {1) In using spectral methads to study complex formation, it is
necessary to infer two parameters from a set of measurements at
g&ﬁaﬁs concentrations the eguilibrium constant of complex

. atiosn, ¥, and the mplar extinction coefficient, &, of a S@ﬁéﬁﬁl
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Although, the product X.€ can be determined

ents restricted to the dilute solution region, the
solution of the product X& into separate values of X and g,
quires spectral measurements extending ints concentration

4 iges in vhich a sizable fraction of the least concentrated

te (usually the acceptar) is in the complexed mﬁé&&&,‘ Thus,
B stuates of complexes for which K is considerably less than

'3", it is ;;aceasary to use solute concenty:

ition well in excess
'_ f 1M, At such concentration levels, the medl um remains hardly
? guivalent to pure sslvent, é:ﬁ f£act it may be expecte

the spectral and the thermodynamic properties of the solute

zcies are gigaifismly different from th

ution 5 Attempts have been made t3 acoour

s8e at infinite

for the effects
¢ sizable concentrations of dissolved solutes on specific and
=specific interactions of the solvent %eﬁ%iaﬁmam aceceptor

1 complex g&aiecxzmséﬁ"ﬁ. in addition, there may be higher

ﬁz {am} complexes at higher donor/acceptor concentrations éﬁ 55

- {2) The iﬁzeryrstatiaé of the ‘smtzza{ of ﬁm@, acceptor and

lex may be complicated by the presence of numersus orien-

. charge=transfer
lexes and the calculated wvalue of C is the weighted average

‘of extinction coefficients of various orientatiosn isomer .,

tation isomers, of the 1:1 complex or contac

: e
doubts have been raised on the validity of optically dter-
8 values of K and € (from K€ ), wtmi@iﬁ' in the case of

ak molecular complexes. 't



In developing a@iﬁ testiafg theories of m};mm inter-

tions, S& is essential that we mast k&w accurate values af

and ¢ for weak complexes too, for which tﬁa %mmmﬁﬁ

: tral method alone cannot vield relisble results, It s!,s;
reral nonspectral

thods (such as solubility, vapour pressure, refractive index,

’fﬁ},,mtzie constant, calligative property, conductivity, )¢ etc-?-

i ‘i‘%ﬁ%&@ mﬁhm}s are probably capable of giving reliable values of

K far ﬁmims even in solutions that are so dilute that only

] - a small fraction of either aﬁ the donor

;&*‘a in complexed £om' 2, Thus,if spectral and nonspectral

:' methods are employed conjunctively, accurate information can be

Although it is mentioned in the literature that the

- stoichiometry of the complex can be determined by the continuous

Shange method ® or by the molar ratio method -

usimg the measurements of physical mropertics like UV-Vis

¢+ these m&ﬁ@éﬁg

radiation absorption ete. are not much helpful when the complex
, dissociates to give ions in polar m&ia?ﬁ‘

f, ces one can determine the stoichiometry of such ionizable

E complexes by measuring the electrieal conductivities of the
~ solutions in a suitable medfa. In addition to this,as the ions
. gan carry current, one can determine the nature of charge-

. carriers as well,

: acceptor molecules

&tain@ﬂ ai:aut both spectra and energetics of molecular complexes,

Under such circumstane-



This thesis embodies tim rsmits on studies on weak &ﬁé
grong molecular complexes obtained by gmm activity mtm,
rmination of stoichiometry :ﬁ the iaﬂi&&&ﬁ &almiar

complexes s by conductometry, and the nature of ssi;asrga emi.ers in
; ms:.m—, in addition to this, the optical and _aiegt:iaai propers=
es of a few solid molecular complexes were a;is@ isscméeé.

'I.6. CONSTANT ACTIVITY METHOD

Solubility measurements have been used to some extent hot
" s&iiy‘ta detect the formation of molecular complexes but also to
' determine their equilibrium constants. Kortlm © had shown that
. solubility of iodine in complexing solvents is higher than that
irs inert or non-complexing solvent. The increase in solubility
- of iodine in an inert solvent upon addition of a donor was
 attributed to the formation of the complex. Childs et al®! and
- Singh and Ehat?? have recently made use of constant ac.tiés.tg

- method for determining spectral and them&:mm garmtars for
~ molecular complexes of iodine. In this method the concentration
- of free iodine was kept constant (at W%ﬁmm t@aperatam} bg'

using solid mixture of tetramethylammonium pent

; M.iﬁa (TMALL)
and tetramethylammonium triiodide (TMAI a)e aﬁ va aaaataﬁt )

1 temperature f£ollowing equilibrium exists: | |

] Kdd ' | |

3 mﬁ iy 2 ’ﬂ‘i&xz {e) + 32 sessssssse Lo2l

w the addition of a donor, the complex is formed md a second
equilibrium is established, |
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=

D+ 22 ; 3:3'3‘:22 cseesssse E‘ﬁz \
hus ,the addition of donor makes more THMAIL, %9 éiM&aie 80

hat more iodine is liberated in order to keep the equilibrium
*23* Thus, the constant activity mth@é. @ﬁ%iﬁi& does not
| on any of the as&aﬁ?ﬁaﬁs ilﬁce D>> %} vﬂﬁg:; are made

in spectroscopic methods, ia used to é&miﬁ% a@ailikr&m
e nstant, X, and molar extinction azMﬂx:i&af, Cooci iﬂd@g}enGMtiy;
- solution as well as 1in vapour phases 53' ﬁé‘. In éﬁﬁitim to this,
- this technique is used to locate %hs bl% &iﬁte& igéinﬁ band

- masimum precisely and directly even in weak g&i&a&zm complexes,

. 1.7  CONDUCTOMETRIC TITRATION

3 If the iﬁt&racti&w between the donor and acceptor is very
. strong, then a high dielectric media will £acilitate the trans-
formation of the ‘outer complex® into the *imnner complex' by

_ loosening the new bonds which are iﬁrmé{?i such donor and

~ acceptor species are ionic. Gutmann  and %::WW&%@& demon=-

:f, strated that conductometry can be used to study the formation of

m& complexes., In addition to this the stoaichiometry of such

ismiﬁaﬁaie complex can be determined em&ﬁm@rmﬁi 3&"3&

| 1.8 TRANSPORT NUMBER STUDIRS

87

reid and Mulliken

,gmé&etame of iodine in pyridine, on the basis of an equilibrium

have miaiﬁaé the incrsased electrical



plving the suter and inmer complexes.

Qgﬁgﬁ E 22 é—-’ gsﬁ Rti tsvéitti‘%&itt;tt#co.u T.23

{:Sﬁsﬁgzz _Q_—_{ {ﬁsﬁsﬁu§}* 4+ 2* 30t§~¢mc¢&¢ta;'ci- 362@

I u@ia —— 13 ssossasesebeesdbesscsssses Lo2b

The formation of cation as well as anion (and 13 species) /n
hly gsiar media is reported in the 1&1&@%&&% gée In such
28, it may be possible to determine the ﬁéﬁfiﬁ‘e of ma jarity
carriers in solutions, by determining the transport number

£ cation or anion.

1.9  SOLID MOLECULAR COMPLEXES

A number of crgst as.lma molecular ﬁaﬁgﬂgxes have higher

rm@xetwitias than are &&imz&.lg absﬁx%ﬁ for organic solids,

atnraééf

m&: specific emﬁa&tivitie&; G+ VAYY with tempe

_ Ly kT
Cf‘: @ . @ i;t;*ili%ﬁ‘ittiﬁ' T+76
The term Eg, which is twice the thermal activation energy for
‘_ eonduction represents the valence band and fmﬁémtim band, it
to produce '

corresponds to thermal excitation energy reduired
: carriers by promoting electrsons to the conduction band.

specific conductivities and energy gap depend on the nature

Tﬁ molecular complexes (organic semicond 'V‘f-.'i‘;wﬁf}. %@erauy a

m%:ag molecular complex has a higher value o€ (§ m lower
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alue of Eg; lower — and highar is an indication of weak
nteraction between the donor and acceptor. In a number of cases
the energy gaps for conduction of complexes of émars of closely
related structure with a given acceptor vary in linear fashion

with chatgsntrmsfer emita%:im eaargies ﬁ the saliésés'g?

Eg = hy (solid) - §
cT sxessarsnrneREvesee Lol

The single crystal polarized absorption spectra of molecular
. complexes give  a reliable value of charge~transfer energy of the

s5l1id molecular csmgleﬁxﬁz.

The increase in bond lengths which result when donor
acceptor mtermmﬂ takes place are generally accompanied by
corresponding éweas& in vibration freqnmi% of the compon-
«sm;sg‘m. Thesé changes (and appearance of new bands as well)
~and other changes which are characteristic of symmetry losses ”
leading to vibrations which-are forbidden in fres donors and
’ ;meptars, and gteuerany agpare&t m tha iz;ﬁrareé spectra of the

3&&3@5 -

The interaction of donor with acceptor results either in
perturbation of the vibrational frequencies, (if the interaction
is weak) or accompanied by pronounced changes in infrared ﬁpaetm.
So tkw "ghift” of the donor/acceptor band frmmcg is a measure
of the strength of interaction. Xmaﬁ @é emkara‘g”loe
have carried out systematic and exhaustive investigations on

measurement and interpretation of vibrational spectra of molecular



27

lexes. Similarly, Haque  and cowarkers had carried out an

raustive study on ;:gri&iée. gieaii&é@ai' complexes ta’

; The ghaxga—-%ra&sﬁer amplexes are of iﬁ%%ast and are
&aing studied in all branches of chemistry. General areas of

x‘mt research (experimental) on chazgentraﬁﬁﬁr complexes
arerol :

(1) vapour phase charge-transfer complexes.
{2) solvent effects on charge-=transfer complexes.
i {3) Pressure effects on ﬂ‘ﬁ&fgﬁ:ﬁti‘&ﬁﬁfﬁt complexes,

{4) Bxcited state properties of charges~transfer comp

{5) structure of solid charge-transfer complexes,

E (&) mlectrical, sptical and magnetic properties of charge-
transfer f:mlgx%&.

{7) PES/ESCA studies of molecular complexes.

{B) Polarized absorption - spectral studies of single crystals.

{92} Charge~transfer complexes of polymers,

{10) g’ipfiﬁany mtiﬁé charge=transfer ém;aim%;

{11)Charge=transfer complexes of bioslogical interest involving

carcinogenic Q&;gmelas, drug receptors.

| ~ {12)Charge=transfer complexes in analysis, chromatographic
sewatim, catalysis.
{Ia)chargeatraasfer complexes involving donors with multiple

sites, spmias which behave either as donors or acceptors.
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‘;} Charge-transfer complexation for estimating electron
: 7 affinity of acceptors. )

' 15) Reaction intermediates involving CT complexes.

iiﬂ organometallic charge-transfer complexes.

Care has been taken to give proper credit for the work
' of other authors in the literature. The author would like to
apologize for any omission which migh have ocourred 53’ sversight

~ or error in judgement.



Fordinand Enke, Stuttgart, 1927,

| J.0, Hirshfeider, Ed."Advances in Chemical Physies" vol.12,
"Intermolecular Forces” Interscience Publishers, New York,
1967,

MSpectroscopy and Structure of i%aimm {imgézﬁxﬁsﬂ Eﬁ.

by J. Yarwood, Plenum Press, London, iﬁ?&a |

*:‘,&;R. Ras, "Ultraviolet and visible %mtmmp? Cimieai

11&3&&&%3“; second Eﬁ, W it s

ReSs ﬁiiliik&ﬁ &i}é ﬁaﬁ' Mm, ﬁgﬁi@azﬁg ‘ g%g}_g‘ggg’ o A
Note Reprints*, John wWiley and Sons, New York, 1969 and the
‘papers there in,

plexes®, maée@ia Press

R. Foster, "Organic Charge~Transfer Co
London, 1969. ‘

a) R.S. Mulliken, J.Am. Chem. Soc., 74, 811 (1952).
b) R.S. Mulliken, J. Phys: Chem. 56, 801 (1952).
N.8. Hush, Prog. Inorg. Chem., 8, 391 (1967),
Ying=-Nan Chlu., J. Phy. Chem., 80, 992 (1976).

5 ¢. Briegleb, "Elektronen-Donator=icceptsr Komplexe®, Springer

' 11, H. vada, S. Tanaka and S, Nagakura, Bull. Chem. 8@&. Jam; ,

33, 1660 (1960),
S.H. Hastings, L.J. Franklin, J.S. 3@&&1&&* and F.A. Matsen,
~ J. Am. Chem. Soc., 75, 2900 (1953).



7. K. ﬁs}rakum, éﬁﬁ:‘:&:ﬁts of emixzal Research

24.

26. L

E 2.

30

N, Mataga am% Te Kuboza, "Malecular m&&x'@%is a:aé Eimw

 nie Spectra® marcel Dekker, INC, 1970, Chapter VI.

* 3 ﬁ.ﬁ Re R&&, Sggt 3&?&% &,ﬁé PCe mimig g@?ia &Wﬁrﬁ/ Revs,

5; 1 (1972).

 R.S. Mulliken and W.B. Person, Ann, Revs. Phys. {:a@a.,lz iO?(/%’J ‘

M.¥, Hanna and J,a.igi;;gegt in %ﬁﬁﬁﬁiw Complexes”, Bde

o 10, 294 (1977},
Ha mym. Ke ﬁ!nz'ﬂ:%a amé 5. Yamabe, J+ Am. Chem. Soc,.
89, 33$ ii?‘?’f?f.

. EoNo Gaz*gaawa. I.P. Gol'dshtein and I,P, Romn, "Donor-

Apceptor Bond*, Translated by R. XKondor, John wiley and sons,

New York, 1975.

;3.&, ﬁurrei, T &az. sbm, soc., 81, 5037 (1957).

' %.3.3. ﬁeﬁar and A.R. Leptey, J.Am. chem. Soc., 83, 4560

ii%i}.

i,zsz;:; S. Dewar aﬁé H. Rogers, J. Am. Chem. Sac., B4, 395

;fzasz}.

x. E‘ak&zi, Ae Imamm, T. Yonezawa and C. Nagata, Bull. Chem.

soc. Jamn 34, 1076 (1961); 35, 33 (1962).

x‘zg; slifiéiﬁ, ’“ghamé-—traaafsz Interactions of Biomolecules®,

éﬂaééfﬁie ?ress. London, 1971. e
m@w, Qﬁm. Revs., 54, 713 (1954).

s ﬁé%, “Molecular Complexes” Pergmon Press, fm&m/ 1967.



31

y "Molecular Complexes, vﬁi, ¥ & 2 ﬁé. kyg &. ?as%ex. El&ib
llsaieme, London, 1&?4, Chapter 3,

.?@m C‘:hﬂés, s,D, sﬁristiaﬁ, .:f. G nes and S.R. g@eg,

- Acta, QMQ saané,. 25, 1679 {1971). :

3 *Spectroscopy and structure of Molecular ‘i’:mﬁmsﬂ . Ed,

2 by J. Yarwood, Plenum Press, London, 1973. Chapter II,IIX

~ and 1V, ;

1. a) 5.G.W. Ginn, I. Haque and J.L. Wood, Spectrachin Asta,

~ 242, 1531 (1968). ; , '

i b) I. Haque and J.L. Wood, 23A, 959, 2523 (1967).,

- ©) M.J. Potasek, K.W, Beeson, The Review of Scientific Instrum.
F 52, 1301 (1981). |
a) R. Foster and E,A, é‘yfﬁ in "Progress in NMR spectrosecopy®
vol. 4, Bd. J.W. Emsley, J. Feeney and L.H, Satciiff&,

Pergmon Press, Oxford, 1969. Chapter I.

b) C.A. Fyfe and J. Ripmeester, Can,J. Chem., 48, 2283 (1970)
~ ©) D.F.R, ¢ilson and C.A. Me Dowell, Can, J. Chem,, 44, 945
K.H. Michaelian, K.E. Rieckhoff and E.M. Voigt, J. Phy.

- Chem., 81, 1489 (1977).

7 Y.C. Jean and H.J. Ache, J. Phy. Chem., 80, 1693 (1976),

3 '+ a) M. Kulvesky in "Molecular Associations® vol, I ®d, by

R. Foster, Academic ms, London, 1975.

~ b) S.N. Bhat and C,N.R. Rad, J. Am. Chem, Soc., 90, 6008
(1968), '



32

} a‘,ﬁ. price in "s;;aatr;?éeagg and structure of Molecular
;§m1@es'*, Ed. by J. Yorwood, Plenfum Press, London, 1973
;'f‘éaagtex e R "

,r ’ﬁ.&‘; Laub 'mé Jc,;;, wellington in "Molecular Associations®,
. vol. II Bd. by R, Foster, academic Press, London, 1979

. a) R.A. Bennett and H.0. Hooper, J. Chem. Phys. 47, 48S5
 (1965).

7 b) ‘%.’?.#akayi;tig. T.A. Babushking, Y.N., curijanova and -
G.K. Semin, Theor. Chim. Acta. 14, 48 (1969).

¢) G.A. Bowmaker and S, Hacobian, Aust. J. Chem, 22, 2047
1969. u |

d) H.C. Fleming and M.u. Hanna,J. Am. Chem. Soc., 93, 5030
(7). =

38, a) s. Iem,' .‘g, ﬁiahm;ﬁ. Sakal and H. Vegita, Bull. Chem.
. soc. Japan, 41, 49 (1968).

b) S. Ichiba, H. Sakai, H. Negita and Y. Maeda, J. Chem.
Phys., 54, 1627 (1971), 72, 6192 (1980),

¢) H. Sakai, T. Malsujama, H. ’gmz%:a and Y. Maeda, Bull.
. Chem. Soc., Japan, 56, 1016 (1983).

§§¢ a) #,E. collin and R. Cabay, Bull. Cl. Sci. Acad. Roy.

E  relg.. 52, 606 (1966); C.A. 67, 58307e. "

: b}‘ B.E. Job and W.R, Patterson in "Some Hewer Phys. ﬁsthgés:/
- struct. Chem., Proc. Symp. (R. Bonnett Ed.) United Trade

" Press, London (1966)3 C.A. 70, 52216g.

. H. ’émtz, H. Schulze and K. Werner, Phys. Status. sslidi,
24, ¥95 (1967); C.A. 68, 25308Y.



33

‘a) ¥, Yakushi, M, Toguchi and H. ¥

roda, Bull. Chem. Soc.,

' Japan, 52, 3180 (1979). |
b) T. Sugano, K. Yakushi and H. Xuroda, Bull., Chem., Soac.,

- Japan, 51, 1041 (1978), :

, a) E.L Kourashy, G. Adel and G. Roger, J. Chem., Soc.,

| Paraday Trans. II, 72, 1860 (1976),

b) R. Solar> and E. Chiellini, J.C.S. Chem. Commun., 580, 583
{1980},

The scientific papers of Prof. H. akamatu and his group,
Tokyo University Press, 1971.

. C.K. Prout and B. Kamener in "Molecular Complexes® vol, I.
Ed. by R. Foster, Elek Science, London, 1973.

a) H. Kobyashi, Bull, Chem. Soc., Japarn
2945 (1973).

b) H. Kobayashi, Y, Ohashi, F. Marumo and Y. Saito, Acta.
cryst. B26, 459 (1970). |

a) 0. Hassel and X.0. Strome, Acta. Chem. Seand., 12, 1178
{1958).

., b) 0. Hassel, C. Romming and T. Tufte, Acta. Chem. Scand.,
15, 967 (1961),

e) T. Uechida, Bull. Chem. Soc., Japan, 40, 2244 (1967).

d) A.C. Bailey and C.X. Prout, J. Chem. Soc., 4867 (1965).
F. Gutmann and L.E. Lyons, "Organic Semiconductors" John

4 wiley, New York, 1967.

,3) M. Kinoshita, Bull. Chem. Soc. Japan, 35, 1137, 1609 (1962).



34

:}; M. giam&a; Y. Sats, M. Sano and A, Akamatu, Bulls

' Chem. Soc. Jagan, 43, 2370 (1970), '

. M. mm&m, Bull, Chem. Sacs Japan, 37, 428 (1964),

s Yo 3&&:&. iﬂl. Kim;shita. M. Sano and H. Akamatu, Bull. cmg
Soc., Japan, éﬁe 2539 (1967). ‘ “ -
éhmaaa, g. Kianshita. M. Sano and H. M’kn, Bull. Chem.
soc., Japan, 41, 1998 (1968).

v. sato, M. Kinoshita, M. Sano and H. ./Kamatu, Bull. Chem,
soc., Japan, 43, 2370 (1970).

a} Hs Kuroda, M. Kahayaéai, M, Rinoshita a%ﬁ %. Takemnto,
;s. Chem. Phye. 36, 457 (1962). ‘

ia} !é; amga. E» kinoshita and H. Akamoto, Bull. Chem.
soc., Japan, 44. 391, 395 {19?1}. '

<) W, Twasaki and M. Kinoshita, Chem. Phys. letter; 86,
.81 (1932}. "

a} *r‘ xnbayasiﬁ aﬁé Se ﬁagaimra, ﬁﬁli«‘ Chem. Soc., Japan;
&s, 987 (1972). ; ’

b) E. Hayashi and S. Nagakara, Mol. Phys. 19, 45 (1970).
¢} %%; Yagi aﬁé S. Nagakura, Chem. Phys. Lett., g&; i1
(1973). "

a) 3‘ ﬁatsuma &?&é 8. ﬁagakara. Mol. %gﬁu 26, 1465
{19?3}. '

i H. Hayashi

e} S. ﬁatmatés Y, ﬁagéxam and Y. Shimozory
and J. Nakamra, Bull. Chem. Soc., Japan, 47, 604 (1974).
£) -¥é Achiba, Ji(rsz_ Nomotu and K. Kimra, J. Phy. Chem.,
86, 681 (1982).



i

I. Ichemoto, Y. Cao, M. Yamada, H. Xurada, I. Harada,
'535 Shirakawa and S, Ikeda, Bull. Chem. Soec., Japan, 55,
- 721 (1982),

' b) I: Ichemdto, M, Yam

ada, T« Sugano, and H., Kuroada, Bull,
' Chem, Soc., Japan, 53, 1871 (1980),

s &) Y, Matsunaga, Bull., Chem, Soc., Japan, 53, 3085 (1980),
B) Y. Matsunaga, Bull. Chem. So¢., Japan, 48, 37-8 (1975).

1120

2, Bulls Cheme Socs, Japam, 47, 1020 and
6: H.E. Eaton, Jr. and J.D., Strun, Spectroscopy Lettérs, 15,
275 (1982). 2

78, 1967 (1982). :

v,g_" Faraday Trans. I,

a) R. Nakata, S. Okazaki and T. Fujinaga, Flectroanalytical
Chem., 125, 413 (1981). | :

»'VI;,} .. Ramaley and S. Gaul, Caa. J+ Chems 58, 2381 (1978).

. M. Tamres in "Molecular Complexes® Vvol. I B, hé R. Paster,

H.A. Benesi and J. H. Hildebrand, J. Am. Chem. Soc.,
71, 2703 (1949). ' i |

. J.H. Hildebrand, J.M. Prausnitz and R,L. Scott, "Regular and
Related solutions”, Von. Nostrand Reinhold Co., New York,

- 1970, » : i

a) J.D. Childs, S.D. Christian and J. Crundnes, J. Am.

Chem. Soc,. 24, 5657 (1972). :




36

b) M. Tamres and S.N. Bhat, J. Mm. Chem. Soe., 95, 2516
(1973). }

| ©) r. Foster, 5. Dodson, A.A.S. Bright, 4.I. Foreman and
J. Gorton, J. Chem. Soc., B. 1283 (1971). '
W.B. Person, J. Am., Chem. Soc., 87, 167 (1965).

3. R.A. Labudde and M, "fmea, J. Phy. Chem. 74, 4009 {1‘3‘?5&}‘.
+ D.A. Deronleau, J. Am. Chem. Soc. 91, 4044 (1969). 7
S.D. Christian and E.E. Tucker, J. Phy. Chem. 74, 214
(1970). =

8. Carter, J. N. Marrel and ©.J. Rosch., J. Chen. 50Ce,
2048 (1965). |

Chem. Soc., 88, 2717 (1966),

» R.J. Balley, J.A. Chudek and R. Foster, J. Chem. Soc.,
perkin Trans. II, 1591 (1976).

, B, Dodson, R. Foster, A.A.S. Bright, #.I., Foreman and
J. CGorton, J. Chem. Soc., B, 1283 (1971},

+ L.E. Orgel and R.S. Mulliken, J. Am. Chemn. Soc., 79,
4839 (1957). < |

« M, Tamres and S.N., Bhat, J. Phy. f::hast.: ﬁ, 1057 (1971).

2. S.D. Christian, A.A. Taha and B.¥W. Gash, Quart. Rev., Chem.

soc., 24, 20 (1970),

Ps Job, annals, Chim. 9, 113 (1928).

J.H. Joe and A.L. Jones, Ind. Engng. Chem, Analyt. Tdn.,
16, 111 (1944). ’



37

5. F. Gutmann and M. Keyzer, Flectrochim. Acta, 11, 555,
1163 (1963).

6. G, Rortim and .M. vogel, Z. Elektrochem,,59, 16 (1955).
77. R.A. Singh and S.N. Bhat, Can. J. Chem.,59, 1212 (1981),

{1966) ., |
. F. Gutmann and M. Keyzer, Electrochimica Acta, 11, 555,
1163 (1963), '

a) J.Kleinberg, E. Cotton, J. Sattizahn and C.A.vanderwerf,
J. am. Chem. Soc., 15, 442 (1953). '

b) L.F. Audrieth and E.J. Birr, J. Am. Chem. Soc., 55,
668 (1933).

€) A.E. Beezer, M. Orban and J.V. Tyrrell, icta. Chim.

, Af,aeaﬁy sci. rﬁung.e 99, 415 (1974).

J.J. Tondear and A. Borghese, Electrochi

dea Acta., 22,
129 (1977).

e C.A. Vanderwerf, J. Am, Chem. Soc., 75, 442 (1953).
R.D. Srivastava, V.M. Mishra and P.N. Tripathi, ®lectro-

. A.K. Trofimchukao, E. Ya. Croenbein, Zh. Obsgk
41, 34 (1971), C.A. T4: 146998f,

%o ghi%o 9

35, H. Gasten and L. Klasini, J. Phys. Chem.,76, 2422 (1972).

MLV, Ramanmurthy and P.v.5.S. Prabhu, Electrochim. acta,.,

| 27, 481 (1982).. |
. 87. C. Reid and R.S. Mulliken, J. Am. Chem. Soc., 76, 3869
’ (1954).



38

' S.r. Palit, J. Ind. Chem. Soc., 53, 1238 (1976).

- S.N. Bhat and C.N.R. Rao, J. Am. Chem. Soc., 88, 3216
(1969). |

' R.A. Zingars, C.A. Vanderwverf and J. Kleinb
" Chem. soc., 73, 88 (1951).

"8 Je Ame

S.B. Shah and A.S.N. Murty, J. Phys. Chem., 79, 322
(1975). |

R.M. Bixon and G. Gileadi, J. Phys. Chem., 84, 715
(1980). | |

H. Cheung and M. Tamres, J. Phys. Chem., 81, 1367 (1977).
‘H. Hayakawa and S. Namakura, Bull. Chem. So¢., Japam, 52,
=66 Cﬁ?«‘;‘é), ‘ ‘

)S. R.H. Stokes, J. Am. Chem. Soc., 76, 1988 (1954).

© P.G.K. Baulke, R. Bertran and K. Case, J. Electroanal
Chem. Interfacial Electro. Chem.,32, 247 (1971).

M. Kuroda and H. Akamatu, Bull. Chem. Soc., Japan, 35,
1604 (1962). " |

H.B. Friefrich and W.B. Person, J. Chem. Bhys,, 44, 2161

. (1966).

v J.L. Wood in "3%%&3&3@2 and Structure of Molecular
complexes®, Plenum Press, London, 1973. Chapter IV.

a) J. varwood, "annual Reports C. Royal Soclety of Chenie
stry, London, 1979, Chapter IV.

b) c. Eaker. P. L. James and J. Yarwood,

fons of Paraday Society, 188 (1978).




fgi@%iﬁg @zﬁ; i‘:zas., ynatordam, i%’?%.
* b ﬁm: ~§¢f i‘;‘i; 2§3 iimii



