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S8ection -~ I

One of the important aspects of Chemical Kinetics is the
determination of the rates of Chemical reactions, which in turn,
is capable of unfolding the various path-ways or mechanisms by
which a chemical reaction actualiy takes place. The rates of
reaction and reaction mechanisms can be suitably altered by
the change in the conditions i.e. & reaction rate can be changed
by several ﬁOWers of ten in magnitude by merely changing the

solvent medium in which the reactions oceur.

gome of the manifestations of solvent effects have been
satisfactorily explained on the basis of electrostatics ion-icn,
ién—dipole, ion-induced-dipole interactions, hydrogen~bonding,
“{1l.e. solvation of solute) lnternal cohesions of the solvent,
protic or dipolar aprotic nature of solvents, viscosity and
other understandable properties of solvents and_solutesi But most
of the behaviours of solutes in solution still elude our grasp.
The elucidatidén of solvent influence on solutes is diffieunlt in

view of the obscurity as to the causes of such effects and enormity

of the problems.

There has recently been considerable activity in the field
of inorganic.reaction kineties, especially in ppe_area involving
the reaction of metal ilons. With the developmeﬁt of fast-reaction
technigues, it has become possible to examine in detail systems
which had been outside thg scope of the investigators. Thus the
studies of the fast-reactions coupled with the traditional slow



reactions have helped us to understand the effects on reaction
rates, the changes in the overall charge qf the metal complex,
of other ligands in solution, of the nature of the central metsal

ion and of solventz.

In view of the diverse nature of the subject and enormity
of the works done in this field, it is difficult to give &
satisfactory account of the ¥Xinetics in a very short review.
Various kinetie aspects and solvent effects on the reaction
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rates and mechanisms have been elegantly put forward by Amis™,

r6’7 & othersg-lg.

Amis and Hinton£, Bosolo and Pearsoné’s, Parke
We do not intend to give detailed accounts of the various

physieco-chemical theories but we want to outline only & few

salient features which would form the basis of our studies

i1.e. solvent effects on the rates and mechanisms of Inorganic

complexes. Generally sdlvents can be classified into threé broad

headings s

1) Non=polar and weakly polar solvents

2) Dipolar aprotic solvents: N

3) Protic solvents

0f these dipolar aprotic and polar protic solvents are

marked by the similarities of their physico-chemical propertiles



and also dissimilarities in their abillity to solvate anlouns,
particularly anions of high charge and small radiila. These
differences are manifested in profound rate effects particularly

in bimoleeunlar reactions involving anionic ﬁucleophiles.

The constrésting responce of anions and catlons makes
difficult the direct, simple interpretations of solvent changes
in terms of mechanism of the reactions of cationiec co-o6rdination
compounds with anions. It is the counteraction of increased anion
activity by decreased cation activity on transfer from prbtic to
dipolar aprotic solvents that cause such reactions to be
insensitive to solvent transferlz.

3]
»7 have found bimolecular reactions

Parker and Co-workers
pétween anions and polar molecules, especially bimolecular
nucleophiliec substitution reactions (SNz reactions) at saturated
carbon atoms, to be much faster in dipolar aprotie solvents than

in polar solvents.

Dipolar aprotiec and polar protic solvent: effectson rates
have been the key phenomena : which led Parker %o tﬁe concept of
solvent activity coeffielents of an ionic solute. The aspects

have been treated elsewhere,

It 1s well-known that the influence of solvent on reaction
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retes is determined by the difference in free-energies, enthalpies
and- entropies of solvations of the reactants and the transition

Stat es.

From the absolute rate theory the esduation for the reaction

is

A+ R —> _X* —a Products

in which the rate constant in solution in general can be

-related to that in the ideal solutions by the eguation

Ya. YB
o T* |
The activity coeffilecient | relates the behaviour of a solute

specles -~ n lus Lolaviros ol . orolive Lio.i-.s to 1ts behaviour
in ideal solutions and k; 1s the specific velocity constant

for the reaction in ideal solution.

It is apparent that the rates of reaction is pronouncedly
influenced by the degree of sqlvation of the reactants and i
activated complex. If the activated complex 1s relatively much
more solvated than the reactaﬁts the activity co-efficient of
the complex is much less than in solvents in whiech it is not
solvated and the rate of the reaction is much greater in the
former solvents. For a solvent which solvates reactants to a
higher degree than it solvatesléctivafed complex, the reaetidns

will take more slowly than in a solvent that does not solvate
the reactants. The generalisation is valid for reactions in an
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inert solventhwhich has little effect on kinetie behaviour.
However, ionizing power of the solvent, eleétrostatic forces
and other solvent influences may predominate in solvent

influences on'the reaction ratesls.

/

Perker6’7 however, explains the solvent effeet in

| s
terms of solvent activity co-efficients w7 Sn

Oy 8 Oy 8
0 TA + YB""

Thus k¥ =k .
o S
s

However, in view of the difficulties of calculating or determining

the solvent activity co-efficient of ions ete, quantitative

application is possible only in limited cases.

Solvént effects on the kinetics of the reactions of metal
lons(1I) with bidenfate ligands in water and other mixed solvents
have been extensively studied by Caldin and co-workersl4’15,
Wilkinsls. They postulate that the substitution of a ligand (L)
in the first hydration sphere of a metal cation (M2+)-is the rate
det ermining step involving the loss of a solvent molecule(s) from
the sphere. This 1s thought to be preceded by the rapid formation

of an outer sphere complex as in equation

The Feaction scheme I

k . - '
Lus 7%+ 1 =), 73, 1 By VN 1778 ... (D)

predicts the correct rate law, first order in M2+ and L. k,y 1s

~the first order rate constant for exchange of a solvent molecule
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between the first‘hydration sphere of the pbulk solvent, k% is the
second order rate constant for fhe overall férward reaction and
kK, 1s the equilibrium constant for the formation of the outer
sphere complex, then the kinetic behaviour is the simplest one,
with M2+ ion In large excess should be gQVerned by reaction (2)
ko = kofké&(z). Bven in aqueous solution; the equation is obeyed

much less accurately than is often supposed.

The outer sphere complex treatment leads to the same
transition state as the iulerchange mechanism |

M8, + L —> MSgL + 8 e (3)

The processes of ligand substitution and solvent exchange
are similar; solvent exchange 1s simply a particular king of
ligand substitution, The mechaniéms ( dissociative or interchange
models) can be regarded to be similar.

\

Interchange Mechanism :=-

_ kL or kS
MSG + L (ors) -7 > S+ MSgL ( or MS.) ... (4)

Dissoclative Mechanism : -

f
_ L MS=L  ( k, )
Ky 5° L
s\>ms" (ks ) e (5)

6
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For the solvént water, the rate determining processes are
dominated by the displacement of a water molecule from the first
solvat ion shell. The behaviour is somewhat modified in non-aqueous
media where a dependence on the structural properties of the golvent

is observed.

the change from a single to a two ~ compoent solvent increases
the ﬁumber of factors which may affect a substitution reaction.

Thezse are @ ~

a) The break down of an ion-solvent bond would be the
dominant feature of the reaction but there is uncertainty
as to the nature of the leaving molecule. The question
of selective solvation is also of importance put in
general, except at extreme ends, both EOIVent molecules
mist be in the first co-ordination shell and only the
det ermination of solvent to metal bonding coﬁld conclude

conclusively the strongef solvent-metal interactions.

b) The rates of solvent exchange for each component will
inevitably vary with the character of the solvent nixture
beyond the first solvation shell and the changes will
depend on the solvent composition. The properties of
the bulk liguid will also determine the rates of
reaction. It is usually observed that the solvent
molecule which leaves an ion in an exchange or substitution

reaction may be expected to be usually first solvent in



the first~solvent rich region and second solvent from the second-
golvent rich region. On the other hand, the type of molecule
entering the first solvation shell may well be strongly influenced
by the stolchiometrie composition of the bulk mixture. The
relative importance of these entering and leaving processes in
determining the exchange rate will vary over the solvent range.
The econsequence is that the exchange process for the mixed
solvent should depend_hon both the electron-donating properties

of the particular mixture.

The enormity and complexity of the reaction kinetics or
even the solvent effects on rates and mechanisms of inorganiec
reactions are thus obvious. We, therefore, confined our
studles on the rates of formation and dissociation of ferrous-
~ tris-bipyridine (ferrodiin) and ferrous~tris-phenanthroline(ferroin)
in water, dmf and water-dmf mixtures which are described in

subsequent chapters.
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Section IT

The kinetics of formation and dissociation of metal
ecomplexes have been well studied., However, the kinetles

in different mixed and non-aqueous solvents are yet to be
properly understood, Such studies are useful and interesting
in view of complex physico-chemical processes agssociated
with them though relatively little is known regarding the
effects of solvents on the reaction mechanism, fThe
reaction rate is affected not only due to the change in the
dlelectric constant of the medium as the second solvent 1s
Introduced but also due to .the change in non-electrostatice
part arising from solute~solvent interactions and acid-base
character of diversing characteristies. It is to be noted
in this connection that the metal ions are solvated by the
most predominant solvent water in their first cowordination’
shell. The reaction on addition of a ligand means the dis-
placement of watér molecules by ligand molecules. In mixed
solvents preferably in presence of high percentage of the
second solvent the displacement of water moiecules by the
second solvenit in the first co-ordination shell becomes a

distinct probability%

Moreover, the reaction kinetics would be influenced by

the bulk properties of the solvent mixtures.

In order to study the solvent effeect on the reaction
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rates, the rates of formafion and dissociation of the complex,
Febipy® hévé'been det ermined in water, dmf+ water mixtures and
Amf , sfudies on the dmf exchangez’glin co~ordinated complexes
are useful in elucidating the mechénism,of simple ligand substi-
tution in solutions4.-Furthefmore}studies on equilibrium and
kinefics in mixed'solvents may be of great assistance in

5
interpreting the role of solvents in inorganic reactions ,

The rates of formation and dissociation éf the red complex,
Febipy2+ in water have been extensively studied by Raxendale
and Gegrgés and Krumbolt£7. It is well known that the tris-complex
is'very stable in aqueous medium and when ferrous ion is mixed
with 2,2'-bipyridine in the ratio 1 : 6, the complete complex
?ormation Fe(bipy)§+ takes place at pH= 4.0 having 7ﬂmax at
524 nm. The maximum changes to 522 nm is mixed solventsS.
Ferrous ion also fdrms complex with dmf (which is 1light greenish
in colour) having an absorption ﬁaxiﬁum at 375 nm. Thus, both
2,2'=plpyridine and dmf have capacity to act as ligand and both
should compete to form complexes with ferrous ion. It is,
therefore, interesting to study the rates of Tesction in dmf +
water mixtures and dmf where dmf exchange and complex formation

appears to be reasonable.

We present in this section the study of rates of formation
and dissociation of ferrodiin%{“Febipy§+;7 and their thermodyna-
mies in dmf + water mixtures ( O - 100%). |
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Experimental®
The dark-red coloured complex tris (2,27-bipyridine) iron(II)
perchlorate.ZﬁFe(bipy)3;Z£“0104;72 was prepared following Dwyer
and McKanzieg and its purity was checked by micro analysis.

( Found : Fe 7.84, N 11.82%, Theo:f7.72%, ¥ 11.61% )

ﬁohr salt (G.R.E. Merck)‘was dissolved in known amount
of HC10, acid. Iron content was estimated in the usual way
2,21-bipyridine (G.R.E. Merck) was used. N i ~dimethyl-formamide
(BE. Merck) was dried over freshly ignited quicklime for several
hours. It was finally purified by fractional distiilation under
reduced pressure. The dielectric constant values in mixed solvents
were caleulated using the dlelectric constant values of pure

10

solvents from the literature™ in the usual way using the law of

mixtures and comparing the dielectric constant values given in

the literaturell.

Both the solvents and the solutions of Mohr salt were
kept in nitrogen atmosphere and utilized within 24 hours.
Perchloric acid 0@5% G.R.E. Merck) was used to vary H ion
concentration. Double distilled water from all glass distilling

set was used.

- The rates of formation and dissociation of ferrodiin‘were
followed spectrophotometrically in the way described by Baxendale
and George with the help. of DU 2 specirophotometer maintained af
208K, |
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Measurement of the rate of formation of ferrodiin

The solutions containing(a) a definite concentration of Mohr
salt in known excess of aeid and (b) an acidified solution of
bipyridine (both in dmf + water mixtures or in pure solvents as the
case may be) were brought to the desired temperature in a
thermostat( +0.01 ), mixed and stirred well. The colour changes
at different intervals of time (At) at 522 nm were noted till the
constancy in absorbance (A ) was observed. The rates of formation
of ferrodiin was measured throughout the whole composition range
at 293 K. The rates of formation were measured at three differeni
temperatures namely. 293, 300.5 and 308 X in 20-807% (v/v) dmf-water
mixtures. fThe change of O.O readings with time at 404 v/v dmf +

water mixture were reéorded in Table 1.

Rates of dissoclatlon of ferrodiin

The dissoclation reaction was initiated by the addition of
a definite amount of ferrodiin (in the desired solvent) to water
or dmf + water mixtures in absence or in presence of definite
amount of acid. poth the solutions were brought to the desired
temperature before mixing. In absence of the acid, the complex
was found to be stable up to 60%4(v/v) of dAmf bheyond which the
rate of decomposition was found to be appreciable. The rate of
decomposition of ferrodiin in dmf + water mixtures becomes

measurgble only in presence of high concentration of acid and the
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decomposit ion was measured at an optimum concentration of Hclo4 =
0.22 moldm.“'B throughout the whole composition range{For measurement

at 1004 dmf, water is replaced by dnf.

The dissociation reaction was monitored spectrophotomet rically
by following the decrease in absorbance (A,) at 522 nm. The
reaction was allowed to proceed to completion as observed from

the experimental optical density ( Ao ) values.

The change of 0. readings with time at 90 and 80% v/v

of dmf + water mixtures were recorded in Table 2.

The reactionswere studied in the dark and the\reédings at
. different interval of times were taken using aliquots from the
original reaction mixtures. The rate constants were found to be

reproducible to within + 5% from several sets of experiments.

The rates of dissociation were measured at 291 X over the

whole composition range.
The activation parameters of the decomposition were
determined from the measurements of the rate constants at three

different temperatures namely at 293, 208 and 303 K.

Results and Discussion :

‘The rates of formation of ferrodiin in water were extensively
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studied by Baxendale and Geofge6. Though we are particularly
interested in the study of the rates of formation of ferrodiin

in dmff + H O mixtures bhult some ﬁreliminary works- in water have
also beeﬁ ééne. Dur.siudies indicate that the psendo-first order
rate of formation of ferrodiin for a fixed F32+ ion conceniration
is dependent on the concentration of the aéid, ligand as well as
ionie strength as wduld be'apparent from the values of the first
order rate constants obtalned from the plots of log ig;;néf
against time (Table 2). However, the values of rate constants
differ conéiderably from those reported by George et.a1.6 in
view of changed reaction conditions. Balt the trend appears to be

similar. The formation of Terrodiin involves the following stepg :

- . +
Fez + bipy = Fe ble2 ese (1)
. 2% ) .o+ :
Fe b1py9 + bipy — Fe blpyé ee e (2)
+
Fe bipyg + bipy ——> Fe bipya® - e (3)

The overall reaction has been suggested to one of the
fourth order

. oF . ot
i.8.5 Fe~' + 3 bipy —> Feblpy8 een (4)

Thus when the coneentration of bipy is very high, the
) o .
rate is dependent only on Feg' concentration. Apparently, the
reaction i1s independent of pH. However, the addition of acid is

found to affect the rate constants markedly .- due to the reactlons



- 18 -

+
bipy + H —————> bipyH vee (5)

' + + + o
bi H + H ———= bipyHE (in high cohcentra-
(vipy = 2 tions of acid) cees (6)

2+ +
and Febipy§+ + 3F ———=TFe” + 3 bipyH cee (7

At higher pHs, hydrolysis of Fez+ ion and subseQuent

, " |
conversion to Fe3 ion takes place.

All the steps (1) fo (3) are fagt but the step (1) appears
te be rate deﬁermining thouzgh Baxendale and Georgep congider the
step (3) to be rate determining, But the works of Irving and
éo-workerélz show conclusivelﬁ that "orbital stabiligzation" does
not take place in the (1) or (2) step but only in the (3) step
as the reaction is éccompanied by the greater ease in the free-
energy change, The electronic rearrangement is manifested in fhe
unugual heat and entropy changes and k3§i>k2 and kl.

The linearity of plot ( Fig 1 ) of the first order rate
constants at a constant ﬁ+ ion and F*eg+ conbeﬂtrations against
bipyridine concentrations suggest that the reaction is of the
second order and the rate determining step is bimolecular in
nature. FHowever, we are interested in the kinetic studies in
dmf + water mixtures or in dmf. These are associated with the

following difficulities :

i) The rate of formation of ferrodiin in dmf + water
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mixtures or dmf 1g very fast in neutral solutions or in
solutions of low H' ion concentrations, but the rate is
found to bhe measurable in presence of high concentrations
of H 1ons. This is ratural as dmf is basic in character
and the addition of large excess of acid is necessary to
make the dmf + water mixture sufficiently acidic. The

optimum eoncentration of H+ ionswere kept /to be 0.9 mol am™=3

in a1l measurenents in dmf + water mixtures or dmf but this
- . . +
concentration is too high for the formation of Feblpyi ion

in aqueous solutlons. In presence of high concentration of

H+ ions, the decomposition of Febipy§+ also takes place

(reaction é).

ii) The pX=values for the reaction (5) decreases with
inereasing percentages of dmi‘l3 and the exact concentration
of ¥ ion is difficult to determine in mixed solvents or non-

aqueonus solvents.

- From the measurements of rate of formation in dmf + water

mixtures or dmf, it has been found that the increase in H ion

conceniration decreases the rate of formation of_Febipy§+

whereas
inerease in ligand conceniration increases the rate as would bhe

apparent from the rate constant values from the plots of
AO(" Ao

Ag. Ac

log against time ( Figs. 2 and 3 3§ Table 4 ).
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The vdfe constants as obtained from the plot of log
Ag = A C{Fig- 4§} were -fol.hmd io
X °w&w£4in%rease with inerease in conceniration of dmf

Ay - At
at a fixed A ion concentration. The rate constant values

at different percentage of dmf and at different temperatures
are recorded in Table - 3., The increase in rate constants can
be attributed to the decrease in the effective concentratibn of
E+ ions and 1owering of’ pKa-values Tor the reactiom (5) with
increase in dmf concentrations, thereby increasing the concen-
tration of bipy. The increase in k-values further suggests
that dmf, inspite of being a strong co~ordinating ligénd, is
not capable of competing with bipy at least up to 804 (v/v) of

dmf', beyond which the rate drops sharply as shown in fig, 5 and
Table 5. '

An analysis of the rate of formation of the complex

interms of free-base as done by Baxendale and George® is given

below s
\ '3 |
Rate = kf£31927§£§e2+_7= kfjﬁipz7§‘£—Fegﬁ;7. ka/(kéx’+ /—ﬁ+-7
= kobs_/_"'bipy_73['p 62" “os
or kobs =k, ka3/(ka e H+_7' )3 vee

Thus, for the same concentrations of bipy, Fez+ and ﬁk

3
)
(8)
(9)



ions, we have calculated kp-values of the reaction at various dmf
| 13
concentrations using Ka=values determined in this laboratory .
ka® + a coneentration
The values of /(ka + [E7 )3 increase (i.e. the
of bipy decrease) enormously with increase in dmf leading to a

decrease in kf—values as would be apparent from Table - 6.

1t is apparent that the rates of formation of ferrodiin
decreases rapidly with increase in am{ concentration, though
the apparent first order rate constant for the formation increases

with solvent composition.

The change in k obs. #alues cannot be correlated with the
changeﬁin % values as in the case of "isoelectric reactiongh
(Fig. 6). The effect of D is probably insignificant, non-electro-
static contributions and the changes in a¢id-base character being
idportant. However, at high cencentrations of dmf, complexatlon
of Fe2' with duf is a probabllity due to mass-effect i.e., Feo

This vesuits

willl be solvated by dmf..in the sharp drop in the values of the
rates of formation beyond 80% (v/v ) dmf.

Comparison of our results with those of paxendale and (}eorge6
in agueous solutions is not possible due to changed experimental
eonditions, However, the energies of activation for the formation
of ferrodiln In different dmf + water mixtures have been found to be
almost zero as would be apparent from fig. 4 and Pable 5 gimilar to

the observation of pBaxendale and George. This is due to ligand
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field stabllizations associated with the favourable enthalpy and
particularly entropy effects arising from the displacement of

six solvent molecules by three bipy molecules.

Rates of disgsociation or exchange reactions :

The rates of dissociatidn of ferrodiin complex follow
first order kineties in presence or in absence of perchloriec
acid, This is apparent from the linear plot of -log(AL ~Aq)
~against time ( Pig..7 and 8 ), The dissociation reactions as
apparent from the edunations (1-4) are independent of pH but the
| dependemw-on pH arises from the equations (5),(6) gnd (7); It
has been found that the specific rate constant is dependent on
H ion concentration but when the aéid concentrationr:exceeds
0.5 moldm™3 it does not affect the-rate significantly as the
dissociation wounld be completed due to formation of bipy to
- bipH' and subsequently to bipy H;Eg(at high acldities).

Following the same argumehtslas before the rate determining

o+

step for the dissociation of Febipy3 can be represented as

Febipygt;:i‘Febipy:+ + bipy ess (8)
but the predominant reaction for the decomposition in presence
of acid being reaction(7). At low pE's (2.2 - 2.8) studied by
Baxendale and Georges, more than 954 of bipy is in the fgrm of

bipy H'. Therefore, the rate secems to be unaffected.

At very high acid concentration,the forward reaction(?)
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- .
1s complete and the rate would be independent of H ion concentration.
The postulation - -

e

‘ ' + + .
Febipy3ﬁ+++ e Febipyg + H (2)

seems to have no significance as the eguation(9) does not hold
- . 6
good over the whole range of I ion which the authors  themselves

admit.

The rate of dissoclation br exchange is independent of bipy
even upto 100-fold concentrations. The feaction is found to be

independent of total ionie strength of the solution.

The rate of dissociation or exchange in presence or absence
of acid at constant H® ion concentration can be represented as

+
d/Fe bipyg 7

dt
lower in presence of acild.

= kd. iﬂFe bipy§+;7. Euf the values of kd are

The values of kd at various percentage of dmf + water
mixtures are recorded in Table = 7. Since the reaction becomes
fast at 298K the reaction was carried out at 201K- to study the
dissociation reaetion over the whole range of composition (0-100%).
The rate constants for the dlssociation of ferrodiin in presence
of acid at high percentages of dmf at different temperatures have
been fecorded in table 8. The thermodynamie paramet ers as
obtained frqm the plot of log k against T have alsc been included
in Table 8, In absence of acid (or at low acidities), the

complex is highly stable up to 60% (v/v) percentage of dmf beyond
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which the rate:constant is measurable. The first order rate
eonstant increases rapidly afterwards with increase in dmf

concentration,

This way be due elther to
1) diggociation of the complex due to decrease in
ot

acidity and conversion of Fe to Fé+3 ion with subsequent
hydrolysis. _ |

11) BExchange of bipy by dmf. The plot of‘kdlvs %
(fig~9) show linearity in the region 70 - 100% dmf.

The increase in kd with increasing dmf at a
particular H" ion concentration can be explained by the fact
that dmf is highly co~ordinating ligand capable of combining
with acid reducing the co-ordinating capability of ligand and.
acidity of the medium., This also explains why we have to .
choose & high concentration of écid to determine kd in dmf +

wat er media.

A plot of kd against volume percentage of dmf in acidie
solution ( Fig. 10 ) shows that kd drops with addition of dmf
remains;nearly congtant upto 504 v/v, then increases linearly
;p to 90% v/v of dmf. The change‘is conspiciuous at 1004 of
dmf, " The result suggests that the exchange of bipy by dmf
probably takes place at high percentage of dmf and the rate of
exchange is particularly high at 100% dmf medium. Since

2+

Febipy," is highly stable compared to Weak Fe(dnf)>' , the

exchange reaction



- 25 =

+ : -
Febipyg + 6 dmf ————3> Fe(dmf)2'++ 3 bipy

1s possible only under favourabvle conditions.

But the reverse reaction

+ _ ' ' o
Fe(dmf)i + 3 bipy #—ﬂ-éyiFebipy§+ + 6 dmf

should be easier to follow,

put unfortunately the reaction is difficult te study
as Fe(dmf)§+ is formed in nearly neutral or alkaline medium.
Addition of bipy probably brings ahout of the reaction but at
this hich ﬁH, Febipéfis_unstable and immediate decomposition
takes place. The results indicate that the change in
dielectric constant has no specifiec contribution in the

decomposition.

The observed dissociation or exchange kineties follow
either a dissoclative or interchange mechanism., The mecha-
nism of dlgsociation under various conditions can be given as

followsl4 :

a) In neutral or slightly acid solution in water

and water - dmf mixtures:



@

' HeO
A ~ ' £ +Fe2+(501vabed)

In highly acidic solution, 7 may be attached to the
. | +
N-atom and ultimate conversion of trans bipy to e¢is - bipyH

would take place.

b} 1In alkaline solution or in dmf + water mixture -

@@Eﬁ; ( M )—%—» dipy 4+ Products

_._}rg‘_/ _ —BFC+—0H
N 2N

¢) In dmf - medium

| |
_/Fe(bipy)s_72+ —-> [Fe(bipy),(bipy) 7%

| ane

L7Fe(bipy) (bipy) (dnt) 7%
ldmf
e Fe(bipy)z(dmf)_z_?% + bipy

Total reactlions :

[Fe(bipy)3_72+ + 6 amf —— _{—Fe(dmf)é_72+ + 3 bipy.
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It is apparent that in all the cases the bond-repture

' . 15
is the major process 1in the formation of transition state .

It is apparent that the dissociation or exchange proceeds
through a ﬁucleophilic'attack on the siz~-co-ordinated complex
te form an intermediate transition state, where the metél is
assumed to be co-ordinated both by the leaving and incoming
1igand516. The complex subsedquently decomposes with the
rupture of the metal~ligand bond. The high electronegative
co-group in dmf may increase the rate at which the metal -

nitrogen bonds are broken.

The attack of Héo or dmf'wouid‘depend on the composition
of the solvent. The chances of the complex capturing a dmf or
a water molecule are in direct-proportion to their numbers in
v their solvation shell. Naturally, as the percentages of

dmf inereases exchange process may predominate.

The 15H$va1ues of the rafes of decomposition are highly
‘endothermic implying that the rupture of the metal-ligand bond
is diffieult. The observed variation of kd, Z}quand z§s¢: with
[ amf_7 indicates that the environment external to the first co=-
ordination sphere -is: not significantly medified and the observed
enthalpy changes arise mainly from the structure forming entropy
effect. The formation of transition state should acconmpany a
decrease 1n entropy whether the transition complex includeg

water or dmf, 1&
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‘The entropy decrease as observed may be due to decrease
of the total number solvent molecules as the concentration of
dmf increases as well as structural changes assoclated with the

changes in solvent compositions.

The decrease in the enthalpy values are directly
proportional to the decrease in entropy values as apparent from
the linear plots of 43H¢: Vs gléikfig 11) indieating that
the structural factors associated with z)H#: and zﬁs#: arising
from the changes in solvent environment compensate each other
to give a simple linear free-energy relationship with changes
in solvent composition. The fact suggests that in every case
the rupture of the metal-N-bond is rate detérminihg step and the
suecessive addition of the organic solvent alters.the rate
without ihfluencing the mechanism so that the mechanism is the

same for the different solven{ compositions.

It 1is, however, very difficult to correlate the rates of
formation or dissociation of ferrodiin with the structure of the

solvent mixtures.

Dimethyl_ formamide is a highly associated liguid wheréas
water is a highly étructural solvent. Addition of dmf to water
strengthens the water-structure, but at the same time strong
interactions of water with dmf leads to the formation of the

hydrogen-bonded solvent system associated ﬁith a slight entropy
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inerease. Witﬁ farther addition of dmf, extensive depolymerisation

of dmf takesplace to form hydrogen-bonded dmf-water system at least

up to about 80% (v/v) of dmf asguming 1 : 1 interactidn between L he

solvent molecules. BReyond this region, disruption of dmf-water may
. ot

occur and solvation of Fe by dmf or exchange of bipy by dmf may

take place.

Thus up to at least 80% (v/v) dmf, there is only marginal
changes in the secondary solvation shell ariéing from disruption
of - wat er éﬁ@:dmf?structﬁres with concomittant formation of dmf-
water structure, This may lead to slight decrease in entropy
valués whieh would be totally reflected in 4&H#: values. Beyond
this region - primary solvation is likely to be affected and
exchange of water by dmf from the solvation sphere of Feg+ and
Tinally displacement of solvent by bipy may take place. Similarly,
exdhange of bipy by dmf from ferrodiin also takes place in thisg |

region with changes in entropy and enthalpy values.

However, the study of the exchange kinetics by stopped
flow technique probably would give more insight regarding the

mefhanism of the rate pfocess.



Bipy.' concha.

Sl

7.5 X 1072 mol an™3; /Fe 7

= 1.5% 10°°

ol dm

3,
?

_/_—H+___7 = 0.9 mol am™2. solvent = 60% v/v of dmf.
Wave length = 522 nm; A = 1.38 Temperature = 293K
. . d A =~ Ap _ 165 "
Time (mins) 0.d4. log e A Kops ¥ SeCa
7 0.120 0,039
17.5 0.200 0.068 -
- o ’ o 15.35
25 © 0,285 0.100
32 . 0.350 0.127
Temperature = 300.5K
Time{minsg) o.d. log Ax - JEQ Kops . X 105 saec.
_ o Ay = Ak '
7 0.115 0.038
7.5 0.200 0.068 -
' - o o 14.77
25 . 0.280 0.098
32.5 0.340 0.123
Temperature = 308K
: : Aot = A 5
Time (ming) o.d. log X Co Kops £ 10° sec.,
Ao - Ag
7 0.118 0.039
17 | 0.205 0.070 |
' ' T C 15.73
2_5 03290' 03102
0.130

32 0.360
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Taple = 2
Disgoeiation of ferrodiin
-5 -3
4% 10 nmoldm

A .solvent 204(v/v) dmf « water. Complex Cone

/- H+_7 =90 1.'1101dm'-3 o Temp = 291 X
Ay {Absorbance of at infinite time) = 0.00

R | a

Time (min) 0.8 -log (&4 -~ Ax)  kobs X 10
5 0.238 - 0.623

10 0.185 0.733
15 - 0.138  0.880 7.39
20 0.108 0.966
25 0.088 1.055
30 0.075 1.125
35 0.055 . 1.959
b. golvent 804 (v/v) dmfswater

. - 4
Time(min) o.d - log (At - Ay) kobs X 10
10 0.247 - 0.608
20 0.186 0.730
30 0.144 0.842 4.39
40 ' 0,126 0.206
50 0.106 0.975

60 0.095 1.022
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gable - 3

" + 3 3 L ™ . ral ]
Ao Bffeelt of B don concentration on the rate of formation of ferrcodiin

in water media,

3

+ -5 - L _ -
[Fe® 7 = 4% 107° mol dn™3, Bipy. conen. = 1 X 1073 mol dm>

Temp=2928K.

- -15.3 4 Ka 3
/8" 7 mol”tdm Kopg X 107sec ( T ) K,
0,108 13.190 5 ¢ 1012 .64 X 10°
) - .
0,206 11.11 4.4 % 10”42 2.52 ¥ 10
12

0.218 7.67 3.5 X 10 2.20 ¥ 10°

B. Effect of Riry. Zonen. on the rate of formation of ferrodiin in
water medium.

+ -5 3 -
[T 7 =4 % 107° mol dm 3; /K7 = 0.188 5 Temp = 298 X

3

— 4 -1
/[ Bipy 7 107 mol T dm 4

kobs ¥ 107 sec

5.11
6.52
7.80

9.78

[Es TR« TS, R o T

11.13

C. Effect of ionic streapgth on the reaction rate in water medium '

- 2 -
[ Te 7 =4%10 5

mol dm_B; Ripy. Concn. = 1 ¥ 107° noldm >

+ 7 -
/7H 7 = 0.206 moldm™

_ —_ - 3

/ NaClO4r/ mol Lan g kobs X 104 sec
.04 10.55
0.06 10,15

0.08 2.21
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Table - ¢

. , + '
Effect of variation of Bipyridine and H 1lon concentrations

on the rate of formation of ferrodiin.

ot . - . - + -
a. _/_—F92+_7 =1.5% 10"4 mo 1dm 3; /H _7 = 0.9 moldm 3
Tenp = 300.5K

- ' T3
% v/v of dmf / bipy_7103 mol ~ dm kobs x 105590.
6.5 | 13.81
80 7.0 " 18.04
7.5 26.35

2+'- - ™ — - -
be /Fe 7 = 1.5 % 10~ *moldn >/ bipy.7 = 7.5 X 10™° moldm™>
Temp = 208 K
- -1 5
% (v/v) of dmf / H+_7 mol dm3 kobs X 10 sec
_ o 0.8 36 .85
80 ' 0.9 26.35

1.0 18.42
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Table -~ 5

- Pseudo-first order rate constants kobs of formation

of ferrodiin complex in dmfywater media.

/Bipy / = 7.5 % 103 moldmfs, 1#Fe?f47 = 1.5 X_lo-émoldnfs
L H_7 = 0.0 moldm >
% v/v of dmf - : Temp(°K) o kobs X 10bsec
0 _ No formation
| 203 0.999
20 300.5 1.07
| 308 | 1,92
293 5.11
40 \ 300.5 | 5.24
308 S 5.50 -
293 o 15.35
60 300.5 . 14.77
308 - 15.73
293 . 24,75
80 | | | 300.5 - 26 .35
| 308 27.17
293 ' 2,78
| 20 : N
203 S | 1.92

100
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Table = 6

- Caleulation of ky from kobs. at various percentage of

dmf + water media.

. kq 3 . 105 ,
% (v/v) of dmf | Ka(at 208K) ¢ Ea /i 7 ) %g?ssgo?g - ke X sec.

0 3.33 X 10> 5.0 % 10712 131.9 2.64 X 10°
20 2,00 X 107° 12,49 X 107° 1,07 8.57 X 10°
o 1.41 ¥ 1073 3.87 x 1079 5,24 1,35 % 10°
60 - 5:80 X 16°2 2.75 x 1077 14.77 5.37 X 107

80 479 x 1002 1.28% 107% 26,35 2,06
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Table = 7

Psendo=first order rate constants of dissociation of Ferrodiin

Complex in dmi‘ + water media.

Complex Cone 4x1€5mmm3- Temp = 291 X
£v/vota - . [ Wlog 7 molam® kobs % 10% sec
100 EEE 0 . 18,12
90 o ‘0 | 8,16
" 0.22 - | 2,64
80 "o o 4,28
0.22 | 1.98
0 , 0 o 2.52
0.22 - 1,58
0.22 - C1l.21
50 S 0 -
| 0.22 B . 1l.02
40 0 | -
i 0.22 | 1,02
30 ' 0 -
20 ' 0 -
| - 0.,22 ' - 1.02

CONTD,



CONTD FROM PAGE - 36,

- 37 =

% v/v dnf ZHc10, 7 moldma‘ kobs X 10 see
‘10 0 -
0.22 1.02
0 0 -
0.22

1.53
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Table = 8

The activation parameters for the dissociation of ferrodlin complex in

dof + water medla

- ' - - -3
[/ Complex 7/ = 8 X 10 Smoldn™S; ﬁﬁcloé;7= 0.22 mol dm
| AHF ASF
% (v/v) Temp -4 ¥ — -t -1 =1
of dmf (Kelvin) kobs X 10 “Sec 1og§b (kJK mol Y} (JX ~ mol )
203 3.17 |
9 - 298 5.91 14,19 99,27 26,92
303 12.08
r 293 2,71
80 298 4.56 ' 14.66 102.27 35,82
303 9.20
293 1.84
70 298 3.91 14.87 104.38 40.153
303 7.85
203 1.39

60 208 3.05  14.45 108.36 51,00
303 6.25 | -
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Fig.@ Effect of dielectric censtant on the
reaction rate of formation of Ferrodiin.
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Fig.v Plot of [Ciog (Ar—Asl] vs time
: for the dissociation of ferrodiin

©ocomplax at different percertage
of mixed solvents.

Complex concentrations4: 0x10 mmdm -2
. Added acid concentration=0-22 moudm ™
A 100%;8 90%; C80%; D 70%;

E 60% F 50% V/v dmhwmer m.xturas



tog(Ag—Au) ——>

a ] N ! I R

0 10 20 30 40 - - B0 80
Time (mtns)-———*—-—“ﬂ—w

F'ig' 8 Plots of I:tog (Ap— A«:] VS t[me for the dissocia -

tion of Ferrodiin comp{ex at different percentage .
of mixed solvents without any added acid and at 291K.

(Initigl concencan ration of farrodiin .-
complex = 4-0x 10°meoldn=>[A10%%, B 90%s; C 80%;
D 70% V/y dmfswater mixtures] )
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The kineties of formation and digsociation of the tris
(2,2'-bipyfidinejand tris (1,l0-phenanthroline) iron(ix)
/ferrodiin and ferroin / are of great importance in view of
the peculiarity and exceptional stability of the complexes gnd
particularly because of the fact that these reactions involve
no separation of formal charge. The kinetics of formatlon and
particularly of dissociation have bpeen exteﬁsively studied by
paxendale and Georgel, Kolt hoff et.al.z,_Krumholtza, Rosolo

6 and Ramdn7. However, the gsolvent effects on

_et.al.4’5, Twigg
the rates of formation and dissocilation in different mixed

and non-adueous solvents have been relatively little.studied.

Though the effects of variation of solvents are known to have

profound effects on the rates and mechanism of reactions, Van

8, however, studied the rates of dlssociation

Meter and Neumann
of ferroin and particularly the rates of racemigzation of ferroin

in various solvents,

We present in this section the results of our study on
the rates of formation and dissociafion of ferrcin in water +«
amf mixtures {0 =~ 100%) in presence and absence of HCloé. Since
the rates of dissociation of ferroin in water by acidsg and
anions have been studied by different workers only some preliminary

measurements were made in water,

Experimental

The tris (1,10-phenanthroline) Iron(II) perchlorate was
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9

prepared following Dwyer and McKanzie” and its purity was checked

by microanalysis.,

Mohr salt (G.R.E. Merck) was dissolved in known amount
of HC10, and was estimated in the usual way. 1,10-phenanthroline
(G.R.E. Merck) was used as such. N,N*~dimethylformamide (B.Merck)
was dried over freshi? jgnited quicklime for several hours. It
was finally purified by fraqtional distillation under reduced

pressure.

The dielectric constant. values of dmf + water mixtures

were obtained from the literaturelo.

" Both the solvents and the solutions of Mohr salt were kept
in nitrogen atmosphere and utilized within 24 hours. Perchloric
acid (70%, G.R.E. Merck) was used to vary il ion concentration.

Double distilled water from all glass distilling set was usged.

The measurements ware made with the help of DU 2 gpectro-
pbotémeter maintained at 298°K. The rates of formation in water
and mixed solvents wa.s meaéured 5pectroph$%etrically by noting the
optical density changes at different intervals of time (4y) at
510 nm t1ill the constancy (Ax ) in o.d; reading is observed. The
optical.density'changes'at diff erent intervals of time are recorded

~in Table - 1.

The rates of formation at 293 K and the other thermodynamic

parameters were also measured.

The rate of formation of ferroin in dmf + water mixtures
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or~dmf is very fasf in neutral solutions or-in_solutions,of-low
H ion concentrations. The rates however,;aro Qeasurable in |
presence of high concentrations of ﬁ¥ ions.. This is due to pésic
nature of dmf + H,0 mixtures. The optimum conecentrations of H.
.ions weré kepﬁJat;p.Qrmol dm'_'3 throughout-the composition range
and this concentfation'is_too high for the formation of FoPhen§+
ion in aqueous solutions. In presence of high conoontrations_of
tH+ ions the decomposition of FePheng+ also takes-pléce. Bor
'-oroper combaqﬁSion of reaction fates in different solvent composi-
tions, tho'ooncentrations of Fe2+ (1.5 X 10~% mol dmfs) and 1,10~

phenanthroline (7.5 X 10”3 mol dm™>) were kept constant.

| Tho_diSSOoiation of ferroin was dinitiated by the additioh
of a definite amount of ferroin in abseﬁce and in presence of
definite omount of acid. TIn absence of the acid and light,
ferroin ?asistable upto 60%(v/v) of dmf beyond which the rate
ofldissociétion-is éppreoiéble. The dissociation in dmf + water
mixtures becomes measurable only in presence of. high concentrations
of acid and an optimum concentrations of 0.22 mol dm~3of H'

was maintained throughout.,
The decrease in absorbance (Aé) at 510 nm was fOllOWed.till
complet lon as det ermined from Ae ~values. . The o.dl readings af;

different intervals of {ime are recorded in Tahle - 2.

The reactions were studled in the dark and the readings at
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different interval 6f time were taken using aliquot from the
driginal reaction mixtures., The rate constants were found fo be
reproducible to within + 5% from several sets of measuarements. The'
‘thermodynamic pafameters weré determined from the measurements of

rate constants at three different temperatures.

Results and Discussion :

. Since the rates of formation in aqueous solutionﬁ was studied
by Kolthoff et.al.g, we made only some preiiﬁinary studies in aqueoﬁs
solution. The fésuits in mixed solvent indicate that the pseudo-
first order rate of fbrﬁation of ferroin for a fixed Fe2+ ion
_concentration is dependent on the concentration of the acid and
ligand as well as lonic strength as would be apparent from the

values of the first order rate constants obtained from the plots
. A‘f bt A‘O .. I .
. Ax = AL N | _
concentration of H 1leon and ligands are very large compared {o the

of 16g against time (Table 3y, .In_these measurements,
concentration of Fe2+ ion so that they can be‘regérded to be:
effectively conétant'in a particular measurement, Kolt hoff et;al.z
formuléted a rate equatién considering a zerow~order rage of fofmatiqn
and Tirst order rate of dissociation of ferroin which is inconsistent

. with:ouf data.

The gzero=order rate congtant had been repofted to be =
dependent on the concentration of the reactants. Moreover, the

rates of formation as well as rate of dissociation are'very,much
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3 cr . . + :
dependent on acid., The activity coefficlents of PhenH used in
the calenlation are erroneous. They have performed the reactions

PR ' . 2+ . .
under conditions where complete zonversion of Fe to ferroin is

not possible.

The rates of formation of ferroin has been formulated by

them as

rapid
re?* 4+ Phen L% Fephen®™ | (1)
24 rapld O S :
FePheri” + Phen F2RLS FePhen2 : (2)
+ - )
FePhenS + Phen Sl°¥ FePhengf | (3)
so that the overall reaction
o+ ot
Fe + 3 Phen =——> FePhenS ' (4)

seemed to be one of the fourth order similar to the formulation

. . +
glven by George and Baxendalel in case of Fe hlpyg .

In presence of high concentrations of Phen or bipy, the
reaction is i-dependent only on Fe2+ concentrations. pBut marked
changes in the reaction rate occurs in presence of acid due to the

reactions.

+ +
_ Phen + H === PhenH o (5)
+ + +
and FePheng + 3= Fe  + 3PhenH - (8)

ALl the steps (1) to (3) are fast, Kolthoff et.al.® like
Baxendale st.al.l consider the step (3) to be rate-determining as
it is the stage where the high spln —= low spin occurs but we

congider the step (1) to be rate determining dues to the following
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Teagonsg :

1) In the dissociation of Febipy§+ or FePhen§+ the step
low spin state —» high spin state
'(Febipyg+ — FebipyiT + bipy)
1s rate determinings The reverse should be Prue 1in case

of forward process.

2) The rate law

_ .. ot
a / Fe bipy® 7 .
~ - — 4+
<KD 2 = ke . [ r" 7 [Toipy 7"

With zero activation enthalpy (as reported)l is
unacceptable in view of the fact that the apparent activation
enthalpy is‘composite containing three 11Hqt vaiues for
sueeessive equilibria as well as Aﬁf¢ for the rate determining
addition of the third bipy. molecule. This should be true

‘in case of Ferrdin complex also.

3) The change in electron configuration (high spin state =
low spin state) should be fast compared to the rate process we
measure., The works of Irving and co—workersll show conclusively
that "orbital stabillzation"™ does not take place in the first

or the second step but only in the third step as the reaction

is accompanied by the greater ease in the free—energy.change.
The electrénic rearrangenent is manifested in the unusual heat

and entropy changes and Ksjb K, and Ki.
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4) . The addition of Phen to a large excess of Fe(Il) salt
‘results the complex FePben " (with a bload maximum in the
region 450 nm) which is rapidly converted to: FePhengyo
The first order rate constant was obtained for the
fermafion of Nibipy2+:reaetion when Nig+ ion concentra-

tion is fairly large compared to Phen ( 50 :+ 1)

5) F62+ is oetahedrally co=ordinated with Héo molecules.
Thug an abtdck of Phen and consequent replacement of {two

molecules of water from the co-ordination sphere should
o4

be the slow process but after the formation of Fe Phen2 ,

the addition of third molescule of Phen and consequent
removal of two molecules of water shoud be a fasgt process

from gymmetric and energetic considerations.

The linearity of the plot of the first order rate

o B _ ot .
constants at a constant § ion and Fe concentrations against
(Phen) suggest that the reaction is of second order and the
rate~det ermining step is bimolecular in nature in water as well
as in mixed solvents. TWowever, the rates of formation in dmf +

i o - + .

water or in dmf decrease with the inecrease in ¥ ion concentrations
whereas inerease with increasing L_Pheq;7 as igs apparent from the

Ao = A

plots of log Emz against time /Figures 1(a) and 1( b)_7.

The rate constants (Table 4) were found to increase with

. . - o . .
inerease in concentration of dmf at 8 fixed B ion coneentrations.
This is apparent from the figures(@ a -24), This is due to the

. . - PR .
decrease in the effective concentration of H ion and. lowering of
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pK, of 1,10-phenanthroline and consequént increase in the free
'Zuphen;7; Phe k-values suggest that dmf is incapable of cowpe-
ting with Phen at least up 80% (v/v) beyond which the rate drops
sharply. The overall rate of formatlon kf of the complex in
terms of équation {(4) is |

3
Ka

) +
(Ka + H

Kops = kr )3

. Where Ka (the dissociation constant in mixed solvents for the

12

+ .
reaction PhenH —= Phen+ H ) has been delermined by us.

The overall rate constant determined for the same concentrations

+ -+ . )
2 and H JdeBreidases with increase in concentration

of Phen, Fe
of dmf. gome uncertainty exists, however, due to the use of
concentration terms instead of activity terms. StLill the values
indicate that the overall rate cons%ant of formation of ferroin
decreases rapidly with increase in dmf concentration (Table 5§)
inspite of the fact that the apparent rate constant inereases

with solvent composition,

The changes in log kobs are well-correlated with the
change in 1/D values upto about 60% v/v (Flg. 3). The effecf
of D is probaply insignificant, 'the changes in acid-base
character being important. Bot when the percentage of dmf 1s

high, there must be a competition of Phen and dmf t{o enter into

o+ o+

the co-ordination sphere of TFe and Fe~ = dmf complexalion

ig a distinet reality which makes kob to drop sharply above

5
0%(v/v).

It is not possible to compare our resulits with those
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of Kol{:hoff2 in view of different exﬁerimental conditions and

the formulations suggested by them are defective.

Experimental activatioﬁ gnergies counld not be
compared due to lack §f data. However, the Z}Hq: values are
considerable (about42:03|01ﬁ{m5ﬂ) which doeé not compare
favourably with zero activation enthalpies for the formation of

ferreodiin.

The formation of the zctivation complex involves the
approach of the 1igandé trans-bipy,Pheén, HQO, loosening H20.
molecules, formation of Fe -~ W ponds, However, formation of

+ ' of -
Febipyg involves the conversionatrans bipy to cis bipy (an
)13 whereas the Tormation of FePhengr involves

the detachment of H50 molecules from-Phen., This accounts for .

exothermic process

the difference in activation enthalpies and larger negative

entropy for the formation of ferroin.

"‘The enthalpy of activation drops at 20% v/v of
orgaﬁic solvent, then increases. However, we are unable to
measure the enthalpy values above 80% v/v organic solvents due
to instant'ﬁissociation of the complex'at the higher températures.
The entropy value_indreases with.the percentage of organic
solvent., The 10-304&nd about 75-90 wif organic componeni in
mixed organic component * water media are critical with respect
to replacement of water by organic component in the solvent'
n?, .

sheat This is probably reflected in the enthalpy values

at 20% and the k_ _ values above 80% v/V.
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it is to be noted Lbat the dlssoc1ation of ferroin or ferrodiin

follow ahnOSL the same path ag suggested by ]3050104” 5 15. Twigg

and othersl6

X .
>Fe(Phen)g | ;ﬁ—»i_m

Phen HT+ Fe (Phen)a

L

( The scheme i1s more appropriate for bipy due to its flexibility)
' 2

However, Kolthoff et.al. observed acid independence of the rate

of dissociation in the.range 0.005 {o 0.5 mol dm=3 52304._ The

acid dependence has been explained assuming the reaction

Fe(Phen‘)g-i- + H‘ﬁg, Fqle(PIfn:m)3 H8+
I B« S

where the rate of de'compoéition of 'II 1s much faster ‘than I and
at high acia concentrations only II is“-'presen’c. However, there
is no evidence of pfotonat ed species as manifested in the change
of ]\ or optical de’nsi'ity. 305'0104’5_’15 etl.al,.- conclu.’ded that
no acid dependence is 1nvolved in tbe k:r.netlcs in such a way tha’c
at no time is there ever a very 1arge concentraL ion of FePhen H .

The rate reaction has been formilated to be
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- +
Ky + kg L H 7

— o
k2+k3+k4,_fﬂ_7

k = kl
Bosolo et.al. and paxendale et.al. observed only qualitative but

no quantitative agreement which ig attributed to activity effects.

Tn view of the elaborate works of posolo et.al., we studied
ihe dissoclation reactions in mixed or dmf media though some

préliminary measurements have been madgcin water.

The rates of dissociation of ferroin follow Tirst order
kinetics in presence or absence of acid as observed from the plots

of-log (A, - A ) against time (Fig 4).

The specific rate constant has been found to be depeﬁdént
on /H_7 lon concentrations (in addition to ferroin) which is
also corroborated from the extensive studies of Bosolo et.a1.4’5’15
(angd Raman7 in case of digsociation of Febipy§+) who noted that

3,17,18 also have

in addition to H' lons, anions and catilons
significant influence on reaction rates. The equations (1 - 4)
indicate that Lthe digsociation 1s independent of pH but the
dependency on pH arises from the equatidns {(5) and (6). The rate
reaches almost limiting value when the acid concentratlon: exceeds

0.5 mol dm"3, it does not affect the rate significantly due to the

. , +
conversion of Phen to Phen H .

The rates of dissociation or exchange in presence or

absence of acid at constant pH can be represented as
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p— ot
d / Fe Pheny . _/ +
- = = k; / Fe Pheng _7

dt

But the values of k; are lower in presence of acid.

The values of k; at 291 K at various percentage of dmf +
waier mixtures are recorded in table 6. The rate constants for
the dissociation of ferroin in presence of acid and the other
thermodynamic parameters in the solvent range ( 60 to 1004 v/v

The rate of dissociation in presence of acid increases
with addition of dmf and remains effectively constant upto 50%
v/v. The rat® increases afterwards., FHowever, the rate constant-
inereases much more rapidly in neutral solutioné. The results

may be explained in the following way.

1) dissociation of the complex due to increase in bagicity
with the addition of basic solvent dmf-and the conversion of
Fe2+'to F93+ ion with subseguent hydrolysis.
2) - exchange of Phen by dmf.

The plot of ks vs 1/D show linearity in the region 70-100%
dnf. glight deviation is observed at 90% (Fig 5).

The increase in ky with increasing dmf ag a particular
+ . . . 3 . . + .
H ion concentration is due to the probable combination of H ion

with the highly co~ordinating dmf reducing the acidily of the
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medium and also capability of H" ion to combine with Phen. This
also explains why we have to chose a high concentrations of asid

to detemine the kd in dmf 3 waiter mixtures.

The valueé of kd suggest that no exchange of Phen with
dmf takes place at low percentages of dmf but only at very high
.perdéntages (above 80%) the exchange of Phen with dnf iz a

distinct reallity and possibly high at 100% dmf. gince FePhen2+

3
1s highly stable compared to Fe(dmf)z, the exchange reaction

+
FePhen§+ + 6dmf ——3> Fe(dmf)g + 3 Phen
is possible only under favouraple condition. The results indicate
that the change in dieleetric constant has no specifiie contribution

in the decomposition.,

The comparison of the rates of dissociation is nol possible

as we have not determined the rates under comparable conditions.

3

The value of ky given by Kolthoff et.dl. is 4.5 x 107~ min=d or

7.5 x 1073 sec™ for in 0.005, 0.05 and 0.5 mol dn™° H,50,

whereas ﬁhe.value reported by RBosolo et.al., is 7.0 x 10"5 sec-l

in 1 mol dme HC1 at 298 K which compares very well with our value,

“1 4h 0.22 mol am™3 HC10, at 303 K, the reported

1,70 x 10°% gec
activation energy (water) in 1 mol dm"B HC1 4g 134.2 + 2.1 kJ
could not compared. The activation energy in 'neutral solution

at 70% dmf is 109.00 kJ.

similarly the comparison of the dissoclation constant values
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in non-agqueous media is not possible due to lack of data. The
rate of dissoclation was measured by Van Meter and Neumanns nsing

3

- - -5 - +
1.5 % 10 4 mol dm™3 Fe(Phen)§+ in 1,5 x 10°° mol.dum Nig (as

5 -l
sec at 298K

perchlorate) ion. Though the kg value 7.7 x 10°
compare very favourably with the value reported by Besolo et.al.
under widely different conditions, we feel it useless to comparé

our result with those reported by Van Meter et.al.>

The observed dissociations or exchange kineties follow
either a dissocialive or interchange mechanism gsimilar to those

suggested by Gillard et.al.l9

The approaqh of solvents and bond-Xupture is The major
' process in the formation of transition state. The dissoeciation
or exchange proceeds through & nueleophilic attack on the six
éo—ordinated complex to form an intermediate transition state
where the metal 1s assumed to be co-ordinated bdth by the leaving
and incoming ligands. The activated complex then decomposes with
the rupture of the metal-ligand bond. The high electronegative
yeo-group in dmf may inecrease the rate at which the metal-nitrégen
bonds afe broken..

The attack by‘HéO or dmf would depend on ﬁhe composition
of the solvent, The changes of the complex capturing a dmf or a
water molecules are in difect proportion o their numbers in the
bulk medium. Thus, exchange bf dmf may incerease as the percentage

of dmf inereases.
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The sz#: values for dissociation are highly endothermic
indicating the rupture of metal=-ligand bond and subseguent
replacement of Phen by Héo or dmf is difficult though the attachment
of Fe with highly electronegative co-group of dmf may decrease
the enthalpy of activation., However, the observed variation of

k L\H:f: and AsT  with [dmfj indicate that the environment

d’
external to the first co~ordination sphere is not significantly
modified and observed enthalpy changes arise mainly from the
structure forming entropy effeét.' The formation of transition
state should accompany a decrease in'entropy_wbetber the acti?ated
complexe  includes water_or.dmf. The enfropy decrease may be due
to decrease in the Total number of solvent molecules with

inereaging dmf concentration ag well as structural changes

associated with the changes in solvent compositions.

The proporiional decrease ih the enthalpy and entropy
values indicate that the structural factors associated with
A&H#zand 438#: arising from the changes in solﬁent environment
compensat e each other. The fact also suggests that in every
case the rupture of metal-N=-bond ie: rate determining step and
the successive addition of the organic solvent alters {he rate

without influencing the mechanism. -

The correlation of rates of formation or dissgociation
of ferroin with the stiruetures of the solvent mixtures is
diffionlt. Addition of Amf to water first enhances the water-

structure( between  20-~30% dmf), further addition of dmf leads
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to extensive depolymerisation of water molecules ang dlssociatlon
of dmf and consequent formation of hydrogenwbonded dmf-water
system which goes upto about 80% v/v. . Beyond thisg region,
disruption of dmf-water may occur and- solvation of Fe?' by

dmf or exdhange of Phen by dmf may\@%ﬁe place.

Thus, up to at least 80% (v/v) of am: there is only
marginal changes in the secondary solvation shell arising from
the disruption.bf water and dmf.structures_with concomittént
férmatidn-of dmf;water-structﬁre. This may lead to decrease
in enﬁrbpy and enthalpy values, Beyond this regiqn, primary
solvation is likely o be affected and exchange of Phen by dmf
froﬁ ferroin also takes plade in this region with changes in

entropy and enthalpy values.

It is elear that the stﬁdy of:the exchange kinetiecs by
stopped-flow technique would provide” better ingight regarding

the mechanism of formation and dissociation of Ferroin.
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Table - 1

Formation of ferroin

a. Solvent = 404 viw dmf + water. Complex conceniration =

6 x 1077 mol am™3 |
/H_7 = 0.22 mol dn™> ' Temp = 293 K
Ag (0.0 at infinite time) = 1.25
-ﬁ ' . AO(”AO ) 4
Time (mins) - 0.0 log E&ﬁ— i kobs ¥ 10 sec
9 0.300 0.119
16 0.450 0.194
B 3,85
24 0.620 0.298 '
30 0.710 0.365

b. Solvent = 40% v/v dnf + water. Complex concentration =

6 x 107° mol .dam™®
+ -
/[ H_7 = 0.22 mol am™> | Tenp = 300.5 X
A(x"“lugs ’

. Ao~ Ag 2
Time (mins)_ o.d. log A= g Kopg ¥ 10 sec
9  0.335 0,136
16 0,510 0.228 |

6.00

24 0.670 0.334

35 0.770 0.416
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Digsocistion of ferroin

a., Solveni = 100% dmf. Complex concentration = 0 x lO*Smol dm_3
/57 = 0.0omol am™> Temp = 303 K
| A (0.0 at infinite time)=
0.00
Time (mins) 0.0 - log (A - Ax)  Kops X 10% sec
5 : 0.275 0.56
10 0.225 0.65
15 10.150 0.83 _ 13.80
20 0.100 1,00
25 0.0656 1.19
b. ~ Solvent = 100% dmf ; Complex concentration = 6 x 10"'5 mol-dm-a
/B 7 = 0.00 mol dm > Temp = 308 K
A = 0,00
Time(mins) 0.0 - log (Ay = Ax ) Kppg X 104 see
3 0.250 o.éo
6 04150 0.82 24..80
10 . , 0.080 1.09

15 0.040 1,39
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Table - 3
Effect of variation of phenanthroline concentration,
H+ lon concentration and ionie strength on the rate of formation

I

of ferroin,

— . -+ - ) — — ’ - '
a. /e _7=1.5 x 10" %m0l am™3,/ 5 7= 0.9 mol am;Temp = 300.5 ¥

S — - - 3
% (v/v) of dmf / Phen_“/l()3 mol 1 dm kobs b'e ZLOZ'L sec
6.5 10.29
80 - 7.0 12,42
| 7.5 34.54
+ I - gl - -
b. _;{._"Fe2 7 = 1.5 x 10"% mol dm 3;_{Phe§7=’?.5 x 10 qul =3

Temp. = 300.5 ¥

-t - -
Z {v/v) of dmf / H_7mol 1g 3 ¥ops ¥ 10% sec
0.9 34,54
80 L.01 : 15.35
1.12 . 8.82

- - ' -3
C. 1§e2f;7=1.5 x 10"%mo1l am™3;/Phen 7=7.5 x 10 mol dm™ s

[ _7=0.9 mol an™> | ' femp = 300.5 K
706 8.57
80 - ‘as . 7.38

0.10 N 6.42




- Table = 4

Pseudo-first order rate constants and activation parameters for the formation of ferroin complex in

dmf-wat er media.

+ -
7% 7 = 1.5 x 107% mol dm™>

*

3

- _ ) . 3
Phenantbroline Conc = 7.5 x 107° mol dm ? /E 7= 0.9 mol dnm

‘ = - F - -1
% V/T of dmf Temp(K) Kopg X 10%sec Log o4 zsﬂj:(kJK-lmol Ly A % + mo1™)
| at 300.5 K h
293 0.2904
0 300.5 0.460 3.11 42,93 =185.90
308 0.620
293 1.10 .
20 300'6 1072 334:1 30&00 "178090
308 2.55
40 300.5 6.00 4,52 43,72 =159.90
308 8,92 '
293 11.51 |
80 300.5 16 .88 5.21 45,98 -145,30
308 25,71
293 23.03 ..
30 300.5 34,54 5.79 47 .53 -134,30
308 57.57 :
90 293 6.23 - - -
100 203 4.51 - - -




Table -« 5

k? values for the formation of Ferroin Complex at variocus percentage of dmf + water

media.

%(e/v) of dnf PRa(at 208K) Ka (E;%fi )3 Kope X 104_ kg % seo
S (at 300.5 X)

0 5.05 8.9 x 1070 9.67 x 10-° 0.460 4.75 x 107
20 4,10 7.94 x 107° 6.86 x 107 ° 1,72 2,51 % 100
40 3.44 3.63 x 107 6.-54. x 107 6.00 9.17 x 10°
60 2.95 1.12 x 1072 1,00 x 1070 16.86 8.87 x 10°
80 2.39 4.07 x 10'-3 9.1 x 107° 34,54 3.79 x 104
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Table = &
Pgeudo~-first order rate constant of dissociation of ferroin

complex in dmf-water media 1n absence and in presence of acid.

Complex Conc® =6 x 105mo1 am=2. _ Temp = 303 X
- - 3 4
% v/v of dmf Z H_7 mol * am Kopg X 10 sec
100 ¢ 13.80
0.22 10.89
20 0 8.57
0.22 7.02
© 80 0 7,01
' 0.22 5.68
70 0 5,00
0.22 3.70C
60 0 -
0.22 3.129
50 e -
0.22 2.17
40 0 _
: 0.22 2.17
30 0 -
0.22 2.17
20 0 -
0.22 2,17
10 0 -
0.22 2,17
0 0 -
- 0.22 1.79




Psendo-first order rate constants and the activation parameters

-

Complex Cone™ = 6 x 10™° mol dm™

Table - 7

of ferroin complex in dmf+water Media.

3 /110, 7 = 0.0 mol dm”

for the dissoeciation

‘ F . - S |
Z(v/v) of amf Pemp( K) Kopg ¥ 10% sec - logqoh AF (kJK *mol L xas$kJK mol )
at 309 K
303 13.80 11.82
100 308 24,80 37.18 -1900
313 45,00
303 8.67
90 308 16 .46 13,44 95,85 12,26
313 30.60 ‘
303 7.01
20 308 13.34 14,08 100.10 24,73
313 24.33
303 5.00
20 308 3,62 15-03 109 .00 42.81
313 16.10 :
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