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A B S T R A C T

IONIC EQUILIBRIA IN PYRIDINE-IODINE SOLUTIONS

by

TAUN-IUAN YEH 

ADVISOR: PROFESSOR SEYMOUR ARONSON

A study was made of ionic equilibria in solutions of 

iodine and pyridine in n-heptane. A significant difference 
was found between freshly prepared and stored pyridine- 
iodine solutions. The experimental data for the stored 

solutions were reproducible and consistent.

EMF measurements were performed on cells of the type 
Pt|I2 ,KI(Cl)in Py||I2 ,KI(C2)in Py|Pt. For the proposed 
dissociation of the molecular complex,the degree of 

ionization,the equilibrium constant and the enthalpy and 
entropy changes were calculated. Measurements of cyclic 
voltammetry,UV-Vis spectroscopy and Raman spectroscopy were 

also made.

Conductivity and concentration cell measurements have 
yielded more information about the reactions occurring in 

the system. It is anticipated that the results of this



reseach will increase our understanding of the formation and 

interaction of ionic species in organic systems and will 

extend the field of non-aqueous electrolytes.
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C h a p t e r  I 

I N T R O D U C T I O N

Iodine reacts with pyridine in organic solvents to form a
1-3stable molecular complex . The chemical reaction for the

complexation can be written
Py + I 2 = Pyl2 (1)

The equilibrium constant at room temperature is in the range 
2 3 4of 2 X 10 1/mole ’ and the heat of complexation is about 

-8 Kcal/mole^’̂ .

Iodine dissolves in pyridine to form an electrolytic

solution with electric conductivity comparable to aqueous
salt solution. Several investigators have tried to

1 3  5-9elucidate the nature of these ionic solutions 5 ’
3Mulliken suggested a reaction sequence for the ionization 

of Pyl2 as follows:
Pyl2 = PylV (2)

Pyl+I“ = Pyl+ + I" (3)

Equations 2 and 3 show first the formation of an ion pair 
and then the dissociation into solvent-separated ions. Reid

3and Mulliken were unable to elucidate the nature of the

ionic complex through a spectrophotometric study of dilute
- 4 - 6solutions, with I2 in the range of 10 to 10 M.

-  1 -



The behavior of halogens and halogen complexes in

pyridine has recently been reviewed by Nigretto and

Jozefowicz . These same investigators performed a
voltammetric analysis of pyridine-iodine solutions in a

8series of pH buffers with concentrations in the range of 
_ 310 . They deduced apparent disproportionation constants,K,

for the following equilibria:
I2 = I+ + I" K=1.8 X 10"10 (4)
2I2 = I+ + I3" K= 1.4 X 10“5 (5)
I3~ = I2 + I" K=1.25 X 10_5 (6)

Their disproportionation constant for Eq. 4 is in good
agreement with a value calculated from voltammetric analysis 
of iodine solutions in acetonitrile in the presence of

pyridine^ but is in poor agreement with a value obtained

from conductivity measurements'*.

With the exception of the above-mentioned studies, little
quantitative information is available on ionic equilibria in

pyridine-iodine solutions. The reliability of data obtained
in these solutions has been questioned because

slow,spontaneous changes in solution properties have been
1 5  9observed especially in very dilute solutions ’ ’ .

In a recent investigation, Aronson et a l ^  have employed 

electrochemical cell measurements to obtain information on 
ionic equilibria in fresh pyridine-iodine solutions with 

high I2 concentrations ranging from 0.16M to 1.58M. Their 
electrochemical cells were of the type



3
Pt|I2(C),KI in Py || I2(C) in Py|Pt (7)

where C represents the nominal concentration of elemental 

iodine in pyridine. They applied a simple mechanism for the

ionization of pyridine-iodine molecular complex system which
•i ,1,3,8,9was previously proposed ’

2I2 = I+ + I3~ (5)
The chemical symbols do not necessarily represent actual

molecular species. In particular, I2 on the left in
Reaction 5 is most likely the molecular complex Pyl2 - The

+ + +postive ion, I , may be in the form Py2I or Pyl with the

former more likely in pure pyridine. The results indicate
that 8-18% ionization of the pyridine-iodine occurs. The

values for the equilibrium constant for the ionization of
pyridine-iodine complex corresponding to Reaction 5 range 

- 3 -2from 2X10 to 1X10 . This large variation in equilibrium

constant indicates that their proposed mechanism may require 
modification.

In this investigation,we employed the same type of

electrochemical cell measurements. The range of iodine 

concentrations has been expanded ten times more than that of 
Aronson et al^. We also find a significant difference 

between fresh and stored pyridine-iodine solutions. For the 
stored pyridine-iodine solutions, the experimental data are 

reproducible and consistent. The results indicate that about 

24% ionization of the pyridine-iodine complex occurs and the 

value of the equilibrium constant for Reaction 5 is fairly



_2constant,2.4X10 . In a complementary study of iodine in
pyridine-heptane solvent mixtures,with up to 30% heptane,the 

same values for percentage ionization and equilibrium 

constant were found as for pure pyridine. The dielectric 

constant of the solutions ranged from 12.35 to 9.22. Studies 

of cyclic voltammetry, UV-visible and Raman Spectroscopy, 

conductivity and iodine concentration cell measurements 
yielded additional information about the reactions occuring 

in the pyridine-iodine solutions.



C h a p t e r  II 

E X P E R I M E N T A L

2 . 1  CHEMICALS

Materials were prepared and purified as follows:

Fisher certified ACS grade pyridine was allowed to stand 

over solid potassium hydroxide for several days,then 
refluxed over calcium hydride for several hours and 

repeatedly distilled from fresh portions of this hydride 
with a B.P. 115-115.5°C at 760mm. The first and final 

fractions were always rejected. This procedure sufficed to 
give a highly purified and anhydrous pyridine whose specific 

conductivity was below 10 ^(ohm-cm) ^.

Iodine (Fisher ACS grade) was resublimed twice and kept 

in a desicator over calcium sulfate before use.

Fisher certified HPLC grade n-heptane was dried and 
distilled over calcium hydride. A middle fraction was 

collected. A 20% solution of n-heptane in pyridine showed a 

specific conductance of 5X10 ^(ohm-cin) ^.

Fisher certified HPLC grade acetonitrile was dried over 
calcium hydride and refluxed over phosphorous(V) oxide for

- 5 -



several hours and repeatedly distilled from fresh portions 

of this oxide. A middle fraction was retained.

Potassium iodide, sodium iodide(Fisher ACS grade) and 

tetra-butylammoniuin iodide(Alfa products) were dried and 

stored in a vacuum desicator before use. Picric acid, 

tetra-butyl ammonium fluoroborate, tetra-ethyl ammonium 
bromide(Fisher ACS grade), silver nitrate(Baker analyzed 

reagent) and iodine(I) chloride (Alfa products) were used as 

received.

Tetra-ethyl ammonium picrate ,used as supporting 
electrolyte, was obtained by the metathesis of equimolar 

quantities of picric acid, HPi, and tetra-ethyl ammonium 
bromide ,(C2 H^)^NBr. A solution of (C2 H^)^NBr in water was 

added to a solution of HPi in hot methanol. The orange 

precipitate,(C^ H^)^NPi, was recrystallized twice from 95% 
ethanol. The product, dried at 110°C and stored in a vacuum 
desicator over phosphorous(V) oxide,had a m.p. of 255.6°C 
(lit.,mp 255.5-255.8°C12).

Monopyridineiodine(I) chloride was prepared from 

equimolar quantities of pyridine and iodine(I) chloride. A 

solution of iodine(I) chloride in carbon tetrachloride is 
slowly added,dropwise with constant swirling,to a solution 

of pyridine in carbon tetrachloride. The resulting yellow 

precipitate is collected by suction filtration, washed with 

several small portions of carbon tetrachloride, and air-



dried. The bright yellow needles,PylCl,were recrystallized 

twice from 95% ethanol. The final product dried in vacuum 

over phosphorous (V) oxide for 48 hours had a m.p. of 

134.5°C(lit.,mp 134-135°C13).

Dipyridineiodine(I) nitrate-First,Dipyridinesilver(I) 
nitrate is prepared by dissolving dried,powdered silver 

nitrate in pure dry pyridine at a molar ratio of 1 to 2. The 

complex separates as a colorless crystalline solid on 
cooling. Second,a solution of equimolar quantities of iodine 

in chloroform is slowly added,dropwise with constant 

swirling,to a solution of Dipyridinesilver(I) nitrate in 
chloroform over a dry Ice-acetone bath,to just above the 

freezing temperatures. The addition of iodine is continued 
until a permanent orange-brown coloration of halogen is 
observed,which indicates that the reaction is complete. The 
silver iodide precipitate is removed by moisture-free 

filtration. The clear filtrate is poured slowly,with 

shaking,into dry ethyl ether cooled in a dry Ice-acetone 
bath. The precipitate which separates is filtered in a dry 

atmosphere and washed with cold dry ether until colorless. 
The final product dried in vacuum over phosphorous(V) oxide 
for 72 hours had a m.p. of 132 - 13 7°C (lit., m . p . 137°C'*"̂ ).
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2 . 2  S P E C T R A L  M E A S U R E M E N T S

UV-Vis absorption measurements were made in a Cary 17 

spectrophotometer using clear quartz cells of thicknesses
10.2 and 0.1mm (NSG precision cells Inc.). Raman scattering 

measurements were made in a Varian Cary 83 

spectrophotometer(Model 75 Ion Laser as power supply),using 
a fire-flattened end of capillary tube(i.d .1mm, 18mm long) 

as a liquid cell. The wavelength scale of the instrument was 

calibrated by using a standard indene solution.

2 . 3  V O LTA M M ETR IC  M E A S U R E M E N T S

Cyclic voltammetric measurements were made using an EG&G 

Polarographic Analyzer(Model 174A),an MFE plotamatic 715 X-Y 
recorder and a rotating platinum disk working electrode 

(RPDE) connected to a Model IBM EC/219 controHer.The 
counter electrode was a piece of platinum foil attached to 
platinum wire. All potential measurements refer to a 

reference electrode of silver(Leeds&Northrup Model 117226) 

and 0. 1M silver nitrate in pyridine solution. A suitable 
cell design is shown in Figure 1. The cell consisted of 
three compartments separated by two fine-frit disks. A 
pyridine solution of 0. 1M tetra-butyl ammonium fluoroborate 
was placed in the middle and working compartments as a 

supporting electrolyte. Before each experiment the RPDE was 
lightly polished with 0.05um alumina paste.



2 . 4  E L E C T R O C H E M IC A L  A N D  C O N D U C T I V I T Y  M E A S U R E M E N T S

The electrochemical measurements were made in 
3 - compartment cells in which separation of the three 

compartments was effected by two fine-frit disks. A 

pyridine-iodine solution of (C2 H^)^NPi (tetra-ethyl ammonium 

picrate) was placed in the middle compartment as a salt 

bridge. All compartments were filled to the same level. 
Pieces of platinum foil attached to platinum wire leads were 

inserted into the end compartments and served as electrodes. 

Voltage measurement were made with a KEITHLEY Model 160B 
digital multimeter. The cell design is shown in Figure 2. 

All electrochemical measurements were made in a constant 
temperature water bath regulated to 25.0+0.1°C. All stored 

solutions were kept in a dry box filled with nitrogen gas.

Conductivity measurements were made using a standard 
conductivity cell with platinum electrodes and a YSI model 

31 conductivity bridge. The cell constant was determined to 

be 0.1cm  ̂using a 0.10M solution of NaCl at 25.0°C.

The platinum electrodes and cells were cleaned by 
immersion in hot concentrated nitric acid and then in 

cleaning solution for several days,repeatedly rinsing with 
distilled water and further standing in distilled water for 
several days.



10
All solutions of iodine and pyridine or pyridine-heptane 

mixtures were prepared just before the first measurement of 

a property and that property was then measured at selected 

time intervals up to a total time of one month.



Figure 1 Cell for voltammetry experiments: 
a.Reference electrodejAg/AgNO^•
b.Auxilary electrode;Pt wire, 

c.Working electrodejRobAting Pt disk, 
d.&e.bubble tubes for N£ gas.
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Figure 2: Cell for electrochemical measurements



C h a p t e r  III 

R E S U L T S  A N D  D I S C U S S I O N

In this section both experimental and calculated results 

will be presented. Appendix A,B and C list the experimental 
data and calculated activity of electro-species for each 

concentration of iodine in pure pyridine and in the mixtures 

of pyridine and n-heptane.

3 . 1  E L E C T R O C H E M I C A L  M E A S U R E M E N T S

In my treatment of data from electrochemical cells of the 

type
Pt|I2 (C,M),KI(Cl,M)in Py||KI(C2,M)in Py,I2(C,M)|Pt (8)

where C represents the nominal concentration of elemental
iodine in pyridine and Cl and C2 the nominal concentrations

of added KI. We assume that the reaction

Py + I2 = Pyl2 (1)
goes to completion. The equilibrium constant at room

2temperature is in the range of 2.0X10 1/mole. We further 

assume that the reaction
KI + Pyl2 = K+ + I3" + Py (9)

goes to completion. Both of these assumption seem reasonable 

on the basis of the information available in the literature 
on the equilibrium constants for the formation of the

- 13 -
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9 10 9complex ’ and the dissociation of KI in pyridine . Since

Nal and N(Bu)^I have slightly greater dissociation
constants,3.7X10 ^ and 4.1X10 ^,than KI,2.1X10 ^,in

pyridine, we will use these salts for the other
electrochemical cells measurements.

We will obtain information on the equilibrium reaction in 

pyridine

2I2 = I+ + I3“ (5)
An equilibrium expression for Reaction 5 is 

K = (aT+)(aT -)/(a )2 (10)
l 13 l 2

If the concentration of is kept approximately

constant,than

KI = K(a )2 = (a +)(a -) (11)
2 1 3

Virtual electrochemical half-cell reactions for cells of the 
type described by Line Diagram 8 can be written as follows: 

I2 (l)-2e" = 2I+(1) (12)
2I+(2)+2e~ = I2(2) (13)

Where Half-cell 1 has KI(C1) and Half-cell 2 has KI(C2). For 

convenience,Cl is always greater than C2. The concentration 
of I2 is assumed to be the same in both half-cells. The EMF 

in volts of such a cell at room temperature can be written 
as

E = -0.0591 X Log aI+(l)/aI+(2) (14)
We designate the equilibrium activity of I+ by the symbol Yl

when KI(C1) is present, by the symbol Y2 when KI(C2) is
present and by the symbol X when no KI is present. We



assume nominal concentration Cl and C2 can be substituted 

for activity in the equilibrium expression. Assuming the 
dissociation in Reaction 5 to be small, we can write 

KI = Y1(Y1+C1) = Y2(Y2+C2) = X 2  (15)

We can solve for X,Y1,Y2 and KI using Equations 14 and 15.

3 . 1 . 1  S t a b i l i t y  w i t h  t i m e

Measurements were made in pyridine-iodine solutions at 

selected time intervals up to a total time of one month at 
25°C on electrochemical cells of the type described by Line 

Diagram 8  with the same concentration of in both half­

cells and KI present in both half-cells but at different 
concentrations. Measurements were always made using the 

three compartment cell with 0. 3M (C2 H^)Z|NPi in the middle 
compartment. The nominal concentrations of iodine were 

0.315M and 0.0785M.

In a preliminary investigation, we found the percentage 

ionization of P y ^  in pyridine first increased with time, 
then levelled off at about 25% after 5 days. This is shown 

in Figure 3. The same treatment as above for iodine in a 
mixture of pyridine and n-heptane gave the results shown in 

Figure 4 which is in agreement with those in Figure 3. 

Further discussion will be given in the next section.
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3 . 1 . 2  S t o r e d  s o l u t i o n s  m e a s u r e m e n t s

Based on the preliminary results in Figure 3, all

measurements were made 5-10 days after solution preparation.
_2The range of iodine concentration was from 1.97X10 M to 

1.261M.

Data obtained on a cell of the type in Line Diagram 8  are 
presented in Table 1 and Figure 5. The nominal iodine 

concentration in both half cells was 0.315M and nominal KI 
or Nal concentrations used in an experiment ranged from 1.5% 

to 9.0% of the nominal iodine concentrations. After 

addition of the first aliquot of KI, the EMF value was 
measured intermittently over a period of 1  hour and was 

found to have a steady value of 1.73^0.02mv. The nominal KI 
or Nal concentration was then increased four additional 

times and EMF measurements were made. The calculated KI and 
X were constant within experimental error. Data obtained at 
different iodine concentrations are given in Appendix A 

(Tables 17 to 22). All the experimental data were 

reproducible and consistent.

Data were obtained on cells with iodine concentrations 

ranging from 0.0197M to 1.261M. The nominal KI or Nal 
concentrations used in an experiment were from 1.5% to 9.0% 
of the nominal iodine concentrations. The calculated 

activities of I+ and the percentage ionization of iodine on 

the basis of Reaction 5 are presented in Table 2. We use
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both KI and Nal in our cells. The value for percentage 

ionization of pyridine-iodine complex in pure pyridine is 

fairly constant, 24.0^0.7, except for 0.0197M iodine.

Values for the equilibrium constant for the ionization of

iodine in pyridine corresponding to Reaction 5 and Equation
10 were calculated from the data in Table 2. The value is

fairly constant, 0.024^0.003,from 0.0394M I 2  to 1.261M I2  •
The deviation of 0.0197M I2  may be a result of the

complexity of the ionization of P y - ^  in dilute 
] 5 9solutions ’ 5 .

The same treatment as above can be used in mixtures of 
pyridine with n-heptane of varied dielectric constant. 

Measurements were made at 25°C on electrochemical cells of 

the type

Pt|I2 ,N(Bu)4 I(Cl,M) in Py-n-hept.||I2 ,N(Bu)^I(C2,M) in Py- 
n-hept.|Pt (16)
These measurements should quantitatively relate the extent 
of ionic dissociation of the pyridine-iodine molecular 

complex to the dielectric constant and to the nature of the 

solvent system. The dielectric constant was varied from 

12.35(pure pyridine) to 9.22(70% pyridine). The dielectric 

constants of the mixed solvents were calculated by use of 
the principle of additivity(i .e .,D ,=X D +X, D, ).r  C  J \ caJ  py py h g p  hep'

Data obtained on cells with the same nominal iodine 
concentrations containing different nominal concentrations



of N(Bu)^I in both half-cells are given in Appendix B 
(Tables 23 to 34). The summary data for the activities of 

I+ and percentage ionization of iodine in mixtures of 

pyridine with n-heptane are presented in Table 3. The 

percentage ionization of the complex in the pyridine-heptane 

mixtures is the same,within experimental error,as in pure 

pyridine.
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TABLE 1

EMF data on the cell 
Pt|I2 (0.315M),KI(C1,M)||I2(0.315M),KI(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K1,M 2 X,M

0 . 0 1 0 2 0.00510 1.73 0.0328 0.0363 0.00141 0.0376

0.0148 0.00492 3. 35 0.0306 0.0349 0.00139 0.0373

0.0189 0.00473 4. 85 0.0287 0.0347 0.00137 0.0370

0.0228 0.00456 6  . 15 0.0276 0.0351 0.00139 0.0373

0.0264 0.00439 7.22 0.0271 0.0359 0.00145 0.0381

0.0375+0.0004

0 . 0 1 1 2 0.00561 2 . 0 2 0.0300 0.0325 0.00124 0.0352

0.0162 0.00538 3.87 0.0282 0.0328 0.00125 0.0354

0.0207 0.00518 5 . 53 0.0264 0.0328 0.00125 0.0353

0.0249 0.00499 7 . 03 0.0251 0.0330 0.00125 0.0354
0.0288 0.00481 8  .41 0.0238 0.0331 0.00125 0.0354

0.0353b+0 . 0 0 0 1

a. In pure pyridine.

b. In this cell,the concentration of was 0.310M

and Nal,rather than KI,was present in both half-cells.
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Figure 5: The upper curve gives the EMF data on a cell of
the type

Pt|I2 (0.315M),KI(Cl,M)||I2(0.315M),KI(C2,M)|Pt.
The vertical dashed lines refer to additions of 
KI.
The lower curve is the electrical resistance of 
0.315M iodine in pyridine.
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TABLE 2

Summary of data from electrochemical cells of the type 
described by Line Diagram 8

I2  > nominal 
Concn,M

+I ,
Activity,M

X 1 5
Ionization,%

0.0197 0.0017+0.0006 17.2

0.0197a 0.0018+0.0009 18.3

0.0394 0.0047+0.0001 23 . 8

0.0411a 0.0052+0.0001 25.3

0.0788 0.0096+0.0008 24.3

0.0772a 0.0097+0.0002 25. 1

0.1575 0.0186+0.0003 23.6

0.1574a 0.0179+0.0001 22.7

0. 315 0.0375+0.0004 23.8

0.310a 0.0353+0.0001 2 2 . 8

0. 629 0.0762+0.0026 24.2

0.628a 0.0745+0.0004 23.8

1.257 0.154+0.001 24.4

1 . 26 la 0.152+0.006 24.1 

24.0+0.7

a.Nal present in both half-cells.
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TABLE 3

Summary of data from electrochemical cells of the type 
describe by Line Diagram 16

,nominal 
Concn,M

I+,
Activity,M

I2 5

Ionization,%

0 .0397a 0.0049+0.0002 24.7
0.0407b 0.0051+0.0002 25.1
0.0387° 0.0048+0.0002 24.8
0 .0378d 0.0047+0.0002 24.9
0.0805a 0.0107+0.0002 26.6
0 .0795b 0 .0 1 0 2 +0 . 0 0 0 1 25.7
0.0787° 0.0104+0.0002 26.4
0.0798d 0 .0 1 0 0 +0 . 0 0 0 2 25.1
0.152a 0.0183+0.0001 24.1
0.159b 0.0187+0.0001 23.5
0.158° 0.0192+0.0004 24.3
0.159d 0.0195+0.0002 24.5
0 .3lla 0.0349+0.0004 22.4
0.314b 0.0383+0.0005 24.4
0.315° 0.0392+0.0006 24.9
0 .3lld 0.0347+0.0005 22.3
0 .633a 0.0665+0.0011 2 1 . 0

0.631b 0.0692+0.0001 21.9
0.630° 0.0732+0.0013 23.2
0.633d 0.0756+0.0004 23.9
1.257a 0.136+0.002 2 1 . 6

1.259b 0.152+0.001 24.1
1.261° 0.126+0.001 2 0 . 0

1.261d 0.149+0.002 23.6
23.9+1.6

a .In 95% Py.and 5% Hep. system, dielectric constant=ll.83
b .In 90% Py.and 10% Hep. system, dielectric constant=11.31
c .In 80% Py.and 20% Hep. system, dielectric constant=10.26
d.In 70% Py.and 30% Hep. system, dielectric constant=9.22
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3 . 1 . 3  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  e q u i l i b r i u m  c o n s t a n t

A study was made of the temperature dependence of the
dissociation. Data obtained are presented in Table 4. The

nominal iodine concentration in both half cells was 0.317M

and different nominal Nal concentrations used in an

experiment were from 5.1% to 7.9% of nominal iodine

concentration. The EMF value was measured at increasing
temperatures from 25°C to 55°C in a thermostatted water

bath, then at decreasing temperatures to 25°C. The nominal
Nal concentration was then increased and EMF measurements
were made at increasing and decreasing temperature again.
The EMF and K values shown in Table 4 indicate that the eq
data are reproducible and reversible. Data obtained for 
other iodine concentrations are given in Appendix C (Tables 

35 to 39). All experimental data were consistent and 

reproducible.

According to the Clausius-Clapeyron equation:

Log K = -AH°/2.303RT + C (17)
a plot of the equilibrium constant of Reaction 5 for 0.317M

versus reciprocal absolute temperature is shown in Figure

6 . From the value of the slope in Figure 6  we have

calculated enthalpy and entropy changes on the basis of
Reaction 5 using the free energy functions:

AG° = -RTInK and AG° = AH°-TAS° (18) eq v y
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It is observed in Table 5 that K ^ decreases with increasingeq
temperature. The average values of the enthalpy and entropy 

changes respectively are -2.67^0.17Kcal and -16.4^0.5cal/°K. 

The negative heat of dissociation seems somewhat surprising 

at first glance since one might expect ionic dissociation to 

be endothermic. However,this effect is probably offset by 
the exothermic nature of . In water,for example,the

standard heat of formation of I^ from 1 ^ and I is
-5.lKcal/mole"^. The negative entropy change can probably 
be explained on the basis of the ordering of the polar 

pyridine solvent molecules in the vicinity of the positive 

and negative ions.

The same treatment as above can be used for mixtures of
pyridine with n-heptane. We selected 0.313M ^  in a mixture

of 80% pyridine with 20% n-heptane. Data obtained are
presented in Table 6 . The values of K in Table 6  are 
r eq
close to the average values in Table 5. All the

thermodynamic data in mixtures of pyridine with n-heptane 
are similiar to those obtained in pure pyridine.
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TABLE 4

Temperature effect on the EMF data on the cell 
Pt|I2 (0.317M),NaI(Cl,M)||I2 (0.317M)sNaI(C2,M)|Pta

Temp.,°K C1,M C2,M E,mv X,M Keq

298 0.0162 0.00541 3.73 0.0366 0.0225
313 -----  ------- 4.23 0.0339 0.0185

328 ------ ------- 4.73 0.0317 0.0156
313 -----  ------- 4.25 0.0337 0.0182

298 -----  ------- 3.72 0.0367 0.0226

298 0.0250 0.00501 6.75 0.0371 0.0233
313 -----  ------- 7.70 0.0340 0.0186

328 -----  ------- 8.55 0.0320 0.0160
313 -----  ------- 7.68 0.0341 0.0188
298 -----  ------- 6.76 0.0370 0.0232

a.In pure pyridine.
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TABLE 5

Summary of the thermodynamic data in Py for the reaction
2 P y I 2 = P y 2 I + + I 3

I2 ,Conc,M Keq at 25°C -AH°,Kcal -AS°,Cal/°K

0.0422 0.0240 2.67 16.4

0.0778 0.0238 2.70 16.5

0.157 0.0227 2.64 16.4

0.317 0.0229 2.53 16.0

0.628 0.0237 2.48 15.8

1.265 0.0250 2.97 17.4

2.67+0.17 16.4+0.5



Temperature effect on the EMF data on the cell 

Pt|I2(0.313M),N(Bu )4I(C1,M)||I2 (0.313M),N(Bu)4I(C2,M)|Pta

30
TABLE 6

Temperature effect on the EMF data on the cell 

Pt|I2(0.313M),N(Bu )4I(C1,M)||I2 (0.313M),N(Bu)4I(C2,M)|Pta

Temp.,°K C1,M C2,M E,mv X,M Keq

298 0.0159 0.00531 3.62 0.0371 0.0241
313     4.10 0.0343 0.0197
328     4.57 0.0322 0.0168
313     4.12 0.0341 0.0194

298     3.64 0.0369 0.0237

298 0.0246 0.00492 6 . 6 8  0.0369 0.0237
3 1 3      7 . 5 9  0.0340 0.0192

328     8.38 0.0322 0.0168
313     7.61 0.0339 0.0191

298     6.65 0.0371 0.0241

a .In a mixture of 80% pyridine with 2 0 % n-heptane.
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3 . 2  V O L TA M M E T R IC  M E A S U R E M E N T S

3 . 2 . 1  L i t e r a t u r e  r e v i e w

The voltammetric behaviour of the system I -I2-T + in 
different non-aqueous solvent has been extensively studied 

by several authors. The reactions of iodide in acetonitrile
at a rotating platinum electrode were examined by Kolthoff

18 19and Coetzee and Popov and Geske . Each produced

polarograms showing two anodic steps attributed to reactions

of the types given in Eqs. 19 and 20.

Wave I 61" = 2I3" + 4e~ (19)
Wave II 2I3~ = 3I2+ 2e“ (20)

The first involves oxidation of iodide ion to triiodide
ion and is a two-electron step. The second involves

oxidation of triiodide ion to iodine and is a one-electron
step. A two step oxidation of iodide to iodine was also

20observed by Nelson and Iwamoto in nitromethane and
21acetone, by Plichon et al in acetic anhydride and by

22Guidelli and Piccardi in acetic acid. Dryhurst and 
23Elving observed that the electro-oxidation of iodide at a 

pyrolytic graphite electrode in acetonitrile solution gives 
three distinct anodic waves, involving Eqs. 19,20 and 
oxidation of iodine to unipositive iodine which is indicated 

in Eq. 21

Wave III I2  = 2I + + 2e” (21)
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Recently Pezzatini and Guidelli^ observed that the 

oxidation of iodide in the presence of pyridine in 
acetonitrile shows two steps consisting of (Wave I+Wave 

II)and Wave III. They observed that the first two partial 
waves tend to merge. This is qualitatively explained by

complex formation between Py and I2 ,which shifts the
- 24-equilibrium +  ̂ to t îe right. Iwamoto also

observed that electro-oxidation of iodide ion in pure
pyridine was found to proceed via a two-step mechanism but
of a different type. The electrode reactions are Eqs. 21 and

22 .

2 1 ” = I2 +2 e" (2 2 )
Interestingly,the electro-oxidation of iodine in pyridine 
thus proceeds via a two-step process involving Wave II and 

Wave III. When a small amount of sodium iodide was added to 
the solution of iodine in pyridine,a three-step process 

involving Wave I, Wave II and Wave III was observed. It 

appears that the first step in electro-oxidation of iodine 
in pyridine involves oxidation of triiodide ion to 

iodine,followed by further oxidation of iodine to iodine(I) 
in the second step. This evidence supports our simple 

mechanism for the dissociation of iodine in pyridine in 

Reaction 5. In the next section,we obtained voltammetric 

data to find out if differences are observed between fresh 
and stored solutions.
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3 . 2 . 2  C o m p a r i s o n  o f  r e f e r e n c e  e l e c t r o d e s

It is often desirable to make comparisons of 

electrochemical potentials which have been measured under 

dissimilar conditions. In practice two situations are very 
often encountered,evaluation of potential measurements in 

different solvents,and evaluation of potential measurements 

in the same solvent with different reference electrodes. 

While evaluation of the effect of solvent variation involves 
formidable fundamental difficulties(e .g . uncertainty in the 

liquid junction potential),comparison of measurements made 
in one solvent but with different reference electrodes is 

often desirable and can be done if the relevant data are 
available. The common practice of using the aqueous SCE as 

an all-purpose reference electrode is convenient because it 
is otherwise necessary to provide a suitable reference 

electrode for each solvent used.

Based on our experimental conditions,we chose Ag/O.IM 

AgNOg and Ag/AgCl(s),LiCl(s) in a 0 . 1M N(Bu)^BF^ supporting 
electrolyte as our reference systems. Data for different 

reference electrodes are presented in Table 7.

We used two reference electrodes, Ag/AgNO^ and 
Ag/AgCl,LiCl in our voltammetric measurements. Both 

electrodes gave us almost the same values of ^ f°r
oxidation of the same species,to be discussed 

later,indicating that our values in Table 7 are reliable.
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Solvent

c h3cn

Pyridine

TABLE 7
Reference electrode comparisons 

Reference system Temp. f vs SCE Ref

Ag/0.1M AgN03/ 25 C 0.320+0.02

/0.1M N(Bu)4 BF4/

Ag/O.IM AgN03/ 

/0.1M N(Et)4 Cl04/

Ag/l.OM AgN0 3

a

0.337 37

Ag/AgCl(s),LiCl(s)/ _____ 0.190 16

Ag/AgCl(s),LiCl(s)/ __ -0.170+0.05 a

/0.1M N(Bu)4 BF4/

Ag/O.IM AgN03/   0.037+0.01 a

/0.1M N(Bu)4 BF4/

0.090 17

a.the present work.
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3 . 2 . 3  I o d i d e - I o d i n e  V o l t a m m e t r y  in A c e t o n i t r i l e

The differential pulse and dc polarography of current-

voltage curves of 0.00105M N(Bu)^I at a 2000 rpm rotating

platinum disk at a scan rate of 1 0  inv/sec over the range of

-0.2v to 1.5v in 0. 1M N(Bu)^BF^ supporting electrolyte in
acetonitrile show three anodic steps in Figure 7.

Polarographic data for iodide ion are compared with previous

investigators in Table 8 . The first two waves in Figure 7

correspond to Eqs. 19 and 20. In support of the assigned
reactions it was noted that,in each case, the first wave was

twice the height of the second. That is in agreement with
the stoichiometry of the reaction. Both Wave I and Wave II

show fairly well formed anodic and cathodic waves,
indicating that both waves are essentially reversible which

19is in agreement with the data of Popov and Geske . Wave 
III corresponding to Eq. 21 appears to be completely

irrversible. The upper curve in Figure 7 with the Ag/O.IM 
AgNO^ reference electrode shows three anodic steps with 
values of about 0.375,0.675 and 1.365 volt vs SCE,using the 
correction values in Table 7. The E values obtained 

using Ag/AgCl(s),LiCl(s) as the reference electrode were 

0.38,0.67 and 1.28volt vs SCE shows in the lower curve in 
Figure 7. The different reference systems gave almost the 

same results. Our data are compared to other investigators

in Table 8 . Our values for are very similiar to those
19 23of Popov and Elving
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Figure 7: DC and diff. pulse polarography of 0.00105M I
with different reference electrodes in 

acetonitrile.
The upper curve for Ag/O.lM AgNO^-

The lower curve for Ag/AgCl(s),LiCl(s). 
Wave I:Iodide = Triiodide.
Wavell:Triiodide = Iodine.

Wave III:Iodine = Iodine(I). V:Residual curve.
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TABLE 8

Polarographic Data for Iodide

Compound Solvent Reference Temp. ei/ 2  Working Ref,

(V)system C
SCE 25 0.3,0.6

/0.1M TEAP/

electrode
Pt 18Nal MeCN

Nal MeCN Ag/O.OIM AgN03/
/0.1M LiC104/

I" MeCN SCE
/0.1M NaC104/

0.04,0.37 

1.15

0.25,0.55

Ag/AgCl,LiCl/ 
/0.1M TBAFB/

MeCN Ag/O.IM AgN03/ 

/0.1M TEAP/

0.55,0.84

1.35

0.02,0.37

1.00

Pt

Pt

MeCN Ag/0.1M AgN03/ ___ 0.055,0.355

/0.1M TBAFB/ 1.045 Pt

19

24

Pt

PGE 23

a.the present work.
TEAP-Tetraethylammonium perchlorate. 
PGE-Pyrolytic graphite Electrode. 

TBAFB-Tetrabutylammonium Fluoroborate.
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An approximately equimolar solution of iodide and iodine

in the presence of 1. OM pyridine in acetonitrile show two

anodic steps and one cathodic step in Figure 8 . Both Wave I
and Wave II in the upper and lower curves tend to merge to

the same value of E - ^ 2  = 0-605v vs SCE. There is a shift of

E - ^ 2  in Wave III to the same value of 1.Ov vs SCE for both
reference electrodes. A cathodic step,corresponding to the

reverse of Wave I,namely Wave II, corresponds to the
reduction of triiodide ion to the iodide ion with E f o r

the upper and lower curves equal to the same value,0.13v vs

SCE. The polarographic data are given in Table 9. Our data
19show the same decreasing trend as Popov for Wave I,II and

23III,but are quite different from those of Elving who used 
a stationary working electrode made from pyrolytic graphite. 

Interestingly, the height of positive iodine(I) in Wave III 
has increased tremendously as compared with Wave III in 

Figure 7. Wave III in Figure 8  can be regarded as a 

partially well-defined,quasireversible reaction. All the 
data shown in Tables 8  and 9 have indicated that pyridine 

increases the stability of positive iodine(I). All the 
values are lowered,indicating a decrease in the energy of 
the electro-active species in the system.
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Figure 8: DC and diff. pulse polarography of 0.00105M I ,
1.0M Py and 0.001M with different references

electrode in acetonitrile.
The upper curve for Ag/O.lM AgNO^.

The lower curve for Ag/AgCl(s),LiCl(s). 
Wave Il:Triiodide = Iodide.

Wave I+II:Triiodide+Iodide = Iodine.
Wave III:Iodine = Iodine(I). V:Residual curve.
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TABLE 9

Polarographic Data for Iodide-Iodine in the presence of 1.0M
pyridine

Compound Solvent Reference Temp. 2  Working Ref.
system °C (V) electrode

Nal/ MeCN Ag/O.OIM AgNOg/ 25 -0.14,0.17 Pt

I2/ /0.1M LiCl04/ 0.51

I"/ MeCN Ag/O.IM AgN03/___  -0.20,0.225

I2/ /0.1M TBAFB/ 0.68 Pt

Ag/AgCl,LiCl/ ___  0.30,0.775

/0.1M TBAFB/ 1.18 Pt

19

I2/ MeCN Ag/O.IM AgN03/   0.33,1.11 PGE 23

I " I /0.1M TEAP/

a.the present work.

TEAP-Tetraethy1ammonium perchlorate. 
PGE-Pyrolytic graphite Electrode. 

TBABF-Tetrabuty1ammonium Fluoroborate.
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3 . 2 . 4  I o d i d e - I o d i n e  V o l t a m m e t r y  in P y r i d i n e

Based on the experimental data in Table 7 and Figure

8 ,better data are obtained using Ag/O.IM AgNO^ as a
reference electrode than using Ag/AgCl,LiCl. We therefore,

selected Ag/O.IM AgNO^ for all additional experiments. DC

and differential pulse polarography cannot be used at high

concentrations of electro-active species because currents
are too high to measure. It is also observed experimentally

that well-defined waves are destroyed by a high pyridine

concentration in DC and differential pulse polarography.
Cyclic voltammetric measurements were,therefore,employed. A

current-voltage plot for 0.00103M N(Bu)^I at 0 rpm on Pt

electrode at a scan rate of lOmv/sec using a 0.1M N(Bu)^BF^

supporting electrolyte in pure pyridine show two anodic
steps (lower curve,Figure 9). The Polarographic data

obtained are given in Table 10. According to the va-lue
shown in Table 10,the first step II is the direct oxidation

of iodide to iodine without passing through triiodide ion.
24This conclusion is in agreement with Iwamoto . The second 

step is expected to be in the oxidation of iodine to 
iodine (I). Interestingly, the absence of Wave II which 
involves triiodide ion can be explained by the fact that I^ 
is not stabilized in the range of 0.001M iodine 

concentration in pure pyridine. This corresponds to 
conclusions based on our UV-Vis spectral data which will be 

discussed later. When the same amount of iodine as iodide



ion is added into the iodide-pyridine solutions,the three

volt vs SCE occur (upper curve, Figure 9) which is in

Data obtained from measurements using a high 

concentration of iodine,0.0802M, in pure pyridine, for fresh 
and stored solutions,are shown in Figure 10. Two anodic 
steps and one cathodic step are observed. These steps are 
similiar to those in Figure 8  but not as well defined. The 

polarographic data are also given in Table 10. The lower 
curve in Figure 10 for a stored P y ^  solution,shows that the 
height of Wave II,which involves the triiodide ion is higher 

than Wave II in the upper curve for fresh P y ^  solution. 
This observation is in agreement with our electrochemical 

data which show the concentration of triiodide ion increases 
with time. Also, the presence of Wave II and Wave II in 

Figure 10, as compared to their absence in Figure 9 

indicates triiodide ion is stabilized only in the range of 
about 0. 1M iodine concentration in pure pyridine. This is 

also in qualitative agreement with our UV-Vis spectral data 
which we will discuss later. Interestingly, we also find 

similar results as above for iodine in a mixture of 80% 

pyridine and 2 0 % n-heptane solutions.

anodic steps with EYJ2. va -̂ues about 0.22,0.54 and 0.95

agreement with Iwamoto 24 The E values in Table 10 can1/2
be calculated as follow25

+ Fp , a p , c ) / 2 (23)
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Iodide+Iodine III
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II
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(ua) 0
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-40
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Iodide
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III
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1.40.4 0.6 0.8 1.0 1.20.2 0 0.2
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Figure 9: Cyclo-Voltammetry of 0.00103M iodide ion and
0.001M iodine in pyridine for the upper curve. 
The lower curve: only for 0.00103M iodide ion. 

Wave I for triiodide = iodide.
Wave II for triiodide = iodine.
Wave III for iodine = iodine(I).

Wave 12 for iodide = iodine. V:Residual curve.
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TABLE 10

Polarographic Data for Iodide-Iodine

Compound Solvent Reference Temp. E
system

1/2
(V)

Working

electrode

I Pyridine Ag/O.IM AgNO^/ 25 0.40,0.95

/0.1M TBAFB/

Pt

SCE
/0.1M NaCl04/

0.37,0.89 Pt

I / Pyridine Ag/O.IM AgNO^/ 25 0.18,0.50
/0.1M TBAFB/ 0. 91

Pt

SCE

/0.1M NaC104/

0.35,0.50 

0. 90

Pt

Pyridine Ag/O.IM AgNO^/ 25 -0.01,0.705
/0.1M TBAFB/ 1.10b

Pt

a.the present work. b.actually is E^ not E /̂2 
TBAFB-Tetrabutylammonium Fluoroborate.

Ref.

a

24

a

24
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50
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Figure 10: Cyclo-Voltammetry of 0.0802M iodine in pyridine
V-Residual curve. The upper curve for Fresh

solution.
The lower curve for 8  days stored solution. 

Wave II for triiodide = iodide.
Wave II for triiodide = iodine.
Wave III for iodine = iodine(I).
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3 . 3  S P E C T R A L  M E A S U R E M E N T S

A number of spectroscopic studies have been made of 

charge-transfer complexes with iodine as the accepter. These

studies have been extensively reviewed by Person and
2 6  2 7Mulliken and by Tamres and Yarwood

In this section,we present spectral data on pyridine- 
iodine complexes with the iodine concentration in the range 

0 . 1 M to 1 . OM which corresponds to the iodine range in the 
electrochemical measurements. Raman measurements can be 
made at these high iodine concentration. A 0.01cm cell was 

used for the UV-Vis measurements.
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3 . 3 . 1  Raman s c a t t e r i n g  m e a s u r e m e n t s

Raman spectroscopic measurements on fresh (full line) and 
8  days old (broken line) pyridine-iodine solutions with the 

iodine concentration 0.318M show three major bands (upper 

curve, Figure 11). The Raman spectrophotometer uses the Ar 

488nm line for excitation.

A strong band at 110cm  ̂ and a weak band at 220cm  ̂ are
due to symmetric stretching of the triiodide ion and the

first overtone, which is in agreement with data on triiodide
28ion in methanol obtained by Kaya and triiodide ion in

29water obtained by Bernstein . The other weak band, at
168cm is due to an N-I stretching mode of the pyridine-

iodine complex. This is also in agreement with the Raman
spectra of iodine charge transfer complexes in solutions

30obtained by Klaboe . To establish the origin of these 

bands,a 0.064M Py^ 2  solution in n-heptane and a 0 .0 0 1 M
solution of iodine with iodide ion in acetonitrile were 
examined. The former spectrum shows a single band at
167cm the lower frequency band being absent. The latter 

spectrum shows two bands, at 112cm  ̂ and 224cm For
comparison, pure heptane,pure acetonitrile and iodide ion in 

acetonitrile have no absorption throughout this range.

When a 0.0159M concentration of iodide ion is added into 
the solution,the same three bands remain but have different 

intensities(see Figure 11,lower curve).
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Figure 11: upper curve: Raman spectroscopy of 0.318M
iodine,fresh (full line) and stored (broken 
line) in pure pyridine.
lower curve: 0.159M iodide ion has been added to 
a fresh solution and measurements made on fresh 
and stored solutions.

Iodine

Iodine + Iodid.e
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The 110cm  ̂ band increased and the 168cm  ̂ band decreased 

considerably,indicating a shift of the equilibrium of 

Reaction 9 to the right.

I2 +I~= I3" (9)

It is of interest that the 110cm  ̂ band increased in 

intensity with time(see broken line in Fig. 11), indicating 
an increasing amount of the ions which is in agreement

with our previous voltammetry measurements.

3 . 3 . 2  U V - V i s  a b s o r p t i o n  m e a s u r e m e n t s

UV-Vis spectrophotometric studies had been made on
6 31solutions of iodine in pyridine by Kleinberg 5 . In a

g
continuation of his previous work , the absorption peak in

the region of 320nm, reported for pyridine solutions of both
iodine and compounds containing the unipositive iodine-

31pyridine complex,could not be reproduced
Instead,Kleinberg claimed that there occurs in this region a 

marked increased in absorption,suggesting the existence at a 

still shorter wavelength of a peak which cannot be located 
because of the strong absorption of pyridine itself. Our 

data indicate that this conclusion is only true for low 
iodine concentration. At high iodine concentration we 
observed a band at 300nm in the same region as a band is 

observed for monopyridine iodine(I) chloride and dipyridine 

iodine(I) nitrate. The reason for the difference between low
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and high iodine concentrations may be that the polarization

of the complex may vary with iodine concentration,presumably

owing to interactions between neighboring I+-Ig ion-pairs.
32Interestingly, Toyoda and Person found that polarization

of the pyridine-iodine complex increased linearly with

increasing mole fraction of iodine. Based on the
electrostatic model for complex formation, Dewar and 

33Thompson predict an increasing dipole moment with 
increasing polarizability of the component. This suggests 
that high iodine concentration will increase the dipole 

moment of the solution and change pyridine itself to yield 
an absorption peak in the range below 305nm which will be 
interfered with another pyridine peak. The dipole moments

of pyridine and of P y ^  in n-heptane are 2.28D and 4.5D as
34 35reported by Wantig and Carlsohn

3 . 3 . 2 . 1  A b s o r p t i o n  m e a s u r e m e n t s  in p u r e  p y r i d i n e

In Figure 12, data are presented on the variation with 
time of the molar absorptivity of a 0.0785M iodine solution 
in pyridine. The molar absorptivity for all the data in 

Figures 12 through 15 is defined as the absorbance per cm 
per molar concentration of iodine.

The absorption peak of the pyridine iodine complex at 367nm

reached a inaximun at a peak intensity e = 16,000 after 6r J max ’
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/ / 28 30
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Figure 12: Variation of molar absorptivity of iodine at
367nm with time in pure pyridine.



52
days, then was constant over a period of 2-4 weeks. This 

result is in agreement with our ionization data obtained 

from the electrochemical measurements. The upper curve in 

Figure 12,for which 0.0344M N(Bu)^I had been added to the 

iodine, has a peak intensity e = 2 2 ,0 0 0 .ITiclX

UV-Vis spectra were also obtained for iodine 

concentrations of 0 . 085M, 0.0085M,0.00037M and 0.000032M. 

Significant changes were observed as a function of iodine 

concentration.
The highest concentration of iodine,0.085M,and the lowest 
concentration of iodine,0.000032M, show different absorption 

peaks (Figure 13). The lower curve,for the lowest iodine
concentration, shows a single band at 422nm which is in 

agreement with the data on 0.0005M '*'n n-heptane
3observed by Mulliken . The 422nm band has been ascribed by 

Mulliken to the outer-complex of Pyl^. A gradual rise in 
molar absorptivity with time is observed (broken line in 

Figure 13). This change will be discussed in chapter IV. 

An peak is not observed at these low iodine
concentration,where I ,rather than , is probably present. 

The absence of an peak is in agreement with our cyclic

voltammetric data(page 43).

The upper curve,in Figure 13, for 0.0850M , shows two
bands,at 367nm and 298nm(The usual absorption spectrum of
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Figure 13: upper curve: UV-Vis spectroscopy of 0.085M
iodine,fresh (full line) and stored (broken 
line) in pure pyridine.
lower curve: 0.000032M in pure pyridine.
A:0 hr; B:12 hr; C:1 day; D:3 days; E:5 days; 

F:7 days.
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1^ consists of two bands,one at approximately 365nm and one

3 6of nearly double intensity at 295nm ). For a fresh
solution of iodine in pyridine,the first band is very broad, 

has a maximum at 37 3nm and a peak intensity e = 8000.ITlclX

This broad band is considerably narrower after one week and

the peak maximum has shifted to 367nm. This data will be
discussed in a further section. This peak is attributed to

the ion. This observation is in agreement with our

voltammetric polarography (Figure 10) which showed the
reduction and oxidation of triiodide ion at 0.0802M ^  in
pyridine. For comparison,we made spectroscopic measurements
on 0.0850M monopyridine iodine chloride and dipyridine

iodine nitrate in pyridine. These solutions show a single
band at 299-302nm and a peak intensity e = 1200. Forr J max
these compounds, this band can be attributed either to the 
undissociated molecules Py2 lNC> 2  and PylCl or to the 

dissociated ions Pyl+ or Py2 l+. In our case,the band at 

300nm may,thus,be attributed to the P y ^  molecular complex
■4* 4"and/or to the ions Pyl or Py2 l • A study of 0.003M P y ^  in 

acetonitrile shows two bands,at 367nm and 299nm,which are 
due to ion and do not increase in intensity with time.

A 0.0085M concentration of iodine in pyridine,freshly 
prepared, has an absorption band at at 367nm and 299nm(Full 

line in Figure 14,top). A 0.00037M concentration of iodine 

in pyridine has an absorption band at 367nm and a band at 

about 300nm which is overlapped by a strong band due to
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pyridine itself (Full line in Figure 14,bottom). The 

absorption bands for these two intermediate concentrations 

shift with time resulting in the presence of a single band 
at 422nm. The shift occurs much more rapidly in the 0.00037M 

solution than in the 0.0085M solution. These observations 

indicate that triiodide ion is not stable in the range of 

iodine concentrations up to 0.01M. This conclusion is in 

agreement with our polarographic measurements (the lower 
curve in Figure 9).

3 . 3 . 2 . 2  A b s o r p t i o n  m e a s u r e m e n t s  in m i x t u r e s  o f  p y r i d i n e  w i t h  n -  
h e p t a n e

Absorption data for iodine in mixtures of pyridine with n-
heptane are shown in Figure 15. The absorption band for

triiodide ion occurs at the same wavelength as in pure
pyridine,367nm. The e value of 12,000,obtained after 

' max ’ 5

storing the sample for 6  days, is smaller than in pure 

pyridine after the same time interval.

The data in Figure 15 show that the absorption for the more 
concentrated iodine solutions levels off after approximately 
one week in agreement with the data on pure pyridine. This 

corresponds to the fact that the percentage ionization of 

the pyridine-iodine complex remains constant after about a 

week.
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Figure 14: upper curve: UV-Vis spectroscopy of 0.0085M
iodine,fresh (full line) and stored (broken 
line) in pure pyridine.
lower curve: 0.000037M 1 ^ in pure pyridine. 
A:0 hr; B:2 hr; C:1 day; D:5 days; E:7 days.
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Figure 15: Variation of molar absorptivity of iodine at
367nm with time in mixtures of pyridine and

heptane.
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In Figure 16,a comparison is made between the UV-Visible 

spectrum of various pyridine-heptane mixtures for a dilute 
iodine solution,0.00045M. In the freshly prepared 

solutions,there is a gradual shift in the positions of bands 
with composition. At 1% pyridine, a band appears at 422nm 

corresponding to the presence of the ^3 ^ 2  outer 
complex,whereas for 1 0 0 % pyridine having a higher dielectric 

constant, a band appears at 367nm corresponding to the 
presence of triiodide ion. After storage for one week, only 

the band at 422nm is present for all the mixture. This 

confirms the previously noted lack of stability of triiodide 

ion at low iodine concentrations.
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Figure 16: UV-Vis spectroscopy of 0.00045M iodine,fresh
(full line) and stored (broken line) in mixtures of

Pyridine with heptane.
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3 . 4  C O N D U C T I V I T Y  A N D  l2 C O N C E N T R A T I O N  CELL M E A S U R E M E N T S

3 . 4 . 1  C o n d u c t i v i t y  m e a s u r e m e n t s

Conductivity data were obtained on the range of iodine 
concentrations for which electrochemical measurements were 

made. The data for iodine in pyridine are summarized in 
Table 11 and Figure 17 for fresh and stored samples. The 
conductivity is observed to increase with increasing 

concentration and time as would be expected from the 
electrochemical data. However,a linear dependence of 
conductivity on iodine concentration,as would be expected 

from the electrochemical cell measurements,is not observed. 

Also,the conductivity of samples stored for more than one 
week does not level off but continues to increase 

significantly with time. Audrieth and Birr'*" have also 
reported that the electric conductivity of iodine in 
pyridine increases with iodine concentration and with time. 

It is,therefore,evident that chemical processes are 
occurring in the pyridine-iodine solutions which are not 
directly related to the formation and ionization of the 
pyridine-iodine complex. Audrieth and Birr'*' have suggested 

the occurrence of irreversible degradation reactions which
*4*may produce doubly ionized species such as Py

The conductivity data for iodine in pyridine-heptane 
mixtures are summarized in Table 12 and Figure 18. The data 

for the pyridine-heptane mixtures are consistent with data
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in pyridine. The conductivity increases with increasing 
pyridine content,increasing iodine concentration and time.

3 . 4 . 2  I2 c o n c e n t r a t i o n  c e l l  m e a s u r e m e n t s

I2  concentration cell measurements were made at 25°C on 

electrochemical cells of the type:

Pt|I2 (Cl,M) in Py ||1^(C2,M) in Py|Pt (24)
where Cl and C2 are different nominal concentrations of 
iodine. All the cells used an intermediate compartment 
containing 0. 3M (C^H^^NPi in pyridine-iodine solutions. 

The data obtained are shown in Table 13. Two types of 
experiment were performed. In the first type of 

experiment,for which the results are listed in the third 

column of Table 13, the cell voltage was measured after both 

iodine solutions had been stored for one week and had been 
placed in their respective half-cell compartments. In the 

second type of experiment(column 4 in Table 13), a 1.261M I2  

solution was stored for one week and was diluted to each of 

the two selected concentrations immediately prior to the EMF 
measurements.

Steadly EMF readings were obtained for a period of two 
and one half hours for all cells. The EMF values were 

internally consistent. For example,the cell containing I 2  

concentrations of 0.0394M and 0.157M gave an EMF value 
50.7mv close to the sum of the EMF value for the cell
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containing I 2  concentrations of 0.0394M and 0.0788M and the 
cell containing I 2  concentrations of 0.0788M and 

0.157M,50.lmv.

A theoretical expression for the EMF of the iodine 

concentration cells can be derived on the assumption that 

the mechanism expressed in Reactions 12 and 13 are 

pertinent. For that mechanism,assuming that the pyridine- 

iodine complex is Py^sWe can write
3Py(Lo) + 2I3~(Lo) = 3PyI2 (Lo) + 2e“ (25)

3PyI2 (Hi) + 2e" = 2I3 "(Hi)+ 3Py(Hi) (26)
where the oxidation reaction occurs on the side of the cell 

containing a lower iodine concentration. The overall 
reaction is
3Py(Lo)+2I3 ~(Lo)+3PyI2 (Hi)=3PyI2 (Lo)+2I3 '(Hi)+3Py(Hi) (27) 

The expression for EMF that is obtained using ReactionsC E i C  •

27,11 and assuming that the ionized pyridine-iodine species 

is Py2 l+ is
E M F c a l c . = 0 - 0 5 9 / 2  LogPyl2 (Hi)Py3 (Lo)/PyI2 (Lo)Py3 (Hi) (28)

The EMF values calculated using Equation 28 are shown in the 
final column in Table 13. The agreement between the 

experimental and theoretical values is poor except at the 
highest iodine concentrations. The discrepances indicate 
that chemical processes other than those discussed above 

must also be occurring in the solutions. These results 

together with the conductivity data indicate the complexity 

of the pyridine-iodine system.



I2  concentration cell data obtained in pyridine-heptane 

mixtures are shown in Table 14. The data are qualitatively 

similar to those obtained in pure pyridine.



TABLE 11
Summary of data from conductivity cells

64

I2 ,nominal 
Concn,M

0  X10 3  

ohm” L m ” 1

o-jXIO3  

ohm ^cm ^

o2 X10 3  

w "I "Iohm cm
o3 X10 3  

ohm ^cm ^

0.0197 0.32 0.38 0.45

0.0197 0.31 0.36 0.44

0.0394 0.44 0.53 0.60

0.0411 0.47 0.55 0.61

0.0788 0 . 18 0.67 0.82 0. 91
0.0772 0. 15 0.65 0.80 0.92

0.1575 0.38 1 . 2 0 1. 75 1. 93

0.1574 0.39 1.18 1.70 . 1.90
0.315 0.62 1.77 2.44 3.15
0. 310 0.60 1.78 2.50 3. 18
0. 629 1.43 2.55 4.53 6.03

0 . 628 1.42 2. 65 4.50 6 . 0 1

1.257 3.12 4.15 6.15 8 . 2 2

1.261 3.14 4.25 6  . 18 8.23

a .fresh solution, o ’
a^,stored one week. 
o^, stored two weeks. 

Og , stored four weeks.
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Summary of

TABLE 12

conductivity data on iodine 
pyridine-heptane mixtures

dissolved in

I2 ,nominal a, X10 3 a2 X103

Concn,M h _ 1  ~ l  ohm cm ohm bcm b

0.0397a 0.40 0.44
0.0407b 0.38 0.41
0.0387C 0.30 0.36
0.0378d 0.18 0.29
0.0805a 0.62 0.71
0.0795b 0.54 0.61
0.0787° 0.38 0.55
0.0798d 0.24 0.38
0.152a 0.96 1 . 0 2

0.159b 0.84 0.95
0.158° 0 . 6 8 0.80
0.159d 0.35 0.52
0.311a 1.58 1.85
0.314b 1.31 1.50
0.315° 1 . 1 0 1 . 2 2

0 .3lld 0.71 0.91
0.633a 2.30 3 .32
0 . 6  3 lb 2 . 0 2 2.78
0.630° 1.65 2 . 1 2

0.633d 1.25 1.58
1.257a 4.05 5 .25
1.259b 3.90 4.95
1.261° 3.30 4.65
1.261d 2.26 2.85

a.In 95% Py.and 5% :Hep.system. Dielectric constant=ll.83.
b .In 90% Py.and 1 0 % Hep.system. Dielectric constant^11.31.
c.In 80% Py.and 2 0 % Hep.system. Dielectric constant=10.26.
d.In 70% Py.and 30% 
o^,stored one week.

Hep.system. Dielectric constant=9.2 2 .

,stored two weeks
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Figure 17: Variation of specific conductivity with iodine
concentration and storage time for pure pyridine 
solutions.
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Figure 18: Variation of specific conductivity with iodine
concentration and storage time for pyridine- 
heptane mixtures.
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TABLE 13

EMF data on the cell Ptl^CCljM) in Py | |I2 (C2 ,M) in Py|Pta

C1,M C2,M EMF , mv exp. 1 EMF 0 ,mv exp.2 ’ EMFcalc.’mv

0.628 1.261 14.5 12.3 12.4

0.317 0.628 16.7 1 2 . 8 10.35

0.137 0.317 18.2 15.3 9.47

0.0788 0.157 24.1 14.5 9.44

0.0394 0.0788 26.0 16.6 9.00

0.0394 0.157 50.7 30.7 18.44

0.0394 0.317 6 8  .5 45.5 27.91

a. Oxidation occurs on the side of cell containing a 

lower iodine concentration.
Exp.1 obtained after one week storage of both components. 

Exp.2 obtained after one week storage of the 1.261M 

stock solution and dilution to the appropriate 
concentrations.



TABLE 14
EMF data on the cell Ptl^CCljM) in Py-Hep||I2 (C2 ,M) in Py-

Hep|Pte

Cl ,M C2,M EMF -| , mv exp.1 ’ EMF 0 ,mv exp.2 ’

0. 633a 1.257a 1 1 . 2 1 2 . 1

0.631b 1.259b 12.5 12.7
0.630° 1.261° 15 .4 13.6
0.633d 1 .26ld 16 . 2 15.1
0.311a 0  . 633a 17.8 13.1
0.3I4b 0. 631b 19.0 15.2
0.315° 0.630° 19.2 16.1
0 .3lld 0.633d 2 0 . 2 18.3
0.152a 0 .3lla 22.4 18.7
0.159b 0.314b 23 .2 19.4
0.158° 0.315° 23 .0 2 0 . 1

0.159d 0.311d 24.5 19.8
0.0805a 0.152a 25 .3 19.5
0.0795b 0.159b 23 .1 20.7
0.0787° 0.158° 26 .9 2 1 . 2

0.07 98d 0.15 9d 25 . 8 22.3
0.0397a 0.0805a 25.9 21.7
0.0407b 0.07 95b 26 .5 23.8
0.0387° 0.0787° 27.0 22.5
0.0378d 0 . 0798d 27 .1 23.1

a.In 95%
b.In 9 0 1
c.In 80%
d .In 70%

pyridine and 
pyridine and 
pyridine and 
pyridine and

5% n-heptane 
1 0 % n-heptane 
2 0 % n-heptane 
30% n-heptane

system. 
system. 
system. 
system.

e. Oxidation occurs on the side of cell containing a 
lower iodine concentration.
Exp.l obtained after one week storage of both components. 
Exp.2 obtained after one week storage of the 1.261M 
stock solution and dilution to the appropriate 
concentrations.



Chapter IV

OVERVIEW  OF T H E  P Y R I D I N E - I O D I N E  C O M P L E X A T IO N  
A N D  D I S S O C I A T I O N  R E A C T I O N S

The electrochemical data in section 3.1 together with the
spectroscopic data provide us with sufficient information to

develop a qualitative picture of the complexation and ionic

dissociation reactions in pure pyridine over a wide range of
- 6iodine concentrations, 1 0  M to lM,and for a wide range of 

pyridine-heptane mixtures. Table 15 and 16 summarize the 
various complexation and ionic dissociation reactions which 

the data lead us to propose.

For high iodine,the various steps shown in Reaction 29
must occur. The reversible nature of the electrochemical
cell indicates that the dissociated ions,Py2 l+ and , are
always in dynamic equilibrium with the complex shown as

Pyl2  • This complex may correspond to the 'inner complex'
Pyl+I proposed by Mulliken^’ . The first step in Reaction

29 must be rapid because free 1 ^ disappears immediately as

is evidenced by the absence of an I2  band,which occurs at
3 8about 480-540nm in organic solvents. The complex in 

brackets,P y ^  >is never observed but must be present to 
account for the increase with time of the 1  ̂ ionic 
dissociation product. We attribute to the disappearance of

- 70 -
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the Pyl2  the fact that the observed percent dissociation of

Pyl2  becomes constant after about one week. The formulas
** + ** +

Pyl2  and may actually be ^ 2 ^ 2  anc* ' *')ur data
cannot distinguish between these possibilities.

The spectroscopic data in Figure 14 indicate that at
-4 -2intermediate iodine concentrations, 1 0  M to 1 0  M,the steps 

in Reaction 30 are dominant. Both the Pyl9  and the P y ^  

complexes are slowly converted into P y ^  which has an 
absorption band at 422nm. The Pyl2  complex may correspond 

to the 'outer complex' proposed by Mulliken.

At low I2  concentrations,there is no spectroscopic
j, ^

evidence for the presence of • The P y ^  absorption
band increases significantly with time(Figure 13). The 

dominance of Reaction 31 is indicated in which the P y ^  
complex is slowly converted to Pyl2  without going through 

the Pyl2  stage.

In the case of pyridine-heptane mixtures,the reactions 

occurring at high iodine concentrations are the same as 
those occurring in pure pyridine. The electrochemical cell 

data are very similar to those in pure pyridine. The 

reaction steps are shown in Reaction 32.

-4At an iodine concentrat ion of about 10 M, the 
spectroscopic evidence(Figure 16) indicates different 

behavior at high pyridine concentrations(Reaction 33),at



72
intermediate pyridine concentrations(Reaction 34) and at low

pyridine concentrations(Reaction 35). At high pyridine

concentrations,Pyl^ is slowly converted to P y ^  in
correspondence with the data in pure pyridine(Reaction 30).

«.»„
At intermediate concentration of pyridine,Pyl^ , as well as
Pyl2  , is formed immediately. The concentration of P y ^
then continues to increase with time. The immediate

appearance of P y ^  indicates that the complex forms
directly by the interaction of pyridine and iodine. At low

iodine concentrations,all the Py^ 2  f°rmed directly
from pyridine and iodine as is evidenced by the fact that

the Pyl£ band at 422nm does not increase significantly
with time(Figure 16,bottom). In fact,several

3 5 7 8investigators ’ ’ 5 have measured the equilibrium constant
for the direct reaction between pyridine and iodine to form 

Pyl2  at low pyridine and low iodine concentrations.

The reasons that the concentration of iodine affects the 

reactions in the way described above are not clear. The

molecular polarization of the various P y ^  complexes and the
+ 321^ and Pyl complexes may play a role . The dielectric

constant of the solvent system is also an important factor

in these reactions'^.

There is,thus,much additional work to be done to further 

elucidate the nature of the interaction of iodine with 

pyridine. It should be mentioned once again that the above
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mechanisms do not fully account for the I2  concentration 
cell data or the conductivity data. This reenforces our 

conclusion that the pyridine-iodine system is complex.



74
TABLE 15

Pyridine-iodine complexation reactions in pure pyridine

_ 2High concentration of iodine(>10 M)

Py + Ipfast. fPyln ]s_low>PyI2  =1/2(Py2 I++I3  ) (29)

-2 -4Intermediate concentration of iodine(10 M-10 M)

Py + Ipfast. [Pylp ] s_low>PyI2  =1/2 (Py2I + + I 3  )

vj/sloWi (30) 
[Pyl2  '] sjIow> Pyl2  *

Low concentration of iodine(<10 ^M)

Py + Ipfast, [Pyl2  ] slow  ̂ Pyl2  (31)
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TABLE 16

Pyridine-iodine complexation reactions in Pyridine-Heptane

mixtures

_2High concentration of iodine(>10 M)

Py + Ipfast.[Pylo 1slow^Pylp =1/2(Py2 I++I3  ) (32)

Low concentration of iodine(about 10 ^M)

a. high conc. pyridine

Py + Ipfast^[Pylo ]slow^Pylp =1/2(Py2 I++I3  )
Î
slow (33)

Pyi2

b. Intermediate conc. pyridine

+Py + Ipfast^[Pylp ]slow^Pylp =l/2(Py2I +I3  )

yĵ slow (34) 
Py + Ipfast; Pyl2

c. low conc. pyridine

py + I2 fasjt> Pyl2  (35)



A p p e n d i x  A 

EMF d a t a  in p u r e  p y r i d i n e  s o l u t i o n s

- 76 -
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TABLE 17

EMF data on the cell
Pt|I2 (0.0197M),KI(C1,M)||I2 (0.0197M),KI(C2,M)|Pt*

C1,M C2,M E ,mv Y1,M Y2,M K1,M 2 X ,M

0.000825 0.00043 2. 90 0.00135 0.00151 0.00000294 0.00171

0.00119 0.00041 5.50 0.00127 0.00158 0.00000313 0.00177

0.00152 0.00038 8 . 0 2 0.00115 0.00157 0.00000307 0.00175

0.00182 0.00036 10.08 0.00107 0.00159 0.00000311 0.00176

0 . 0 0 2 1 1 0.00034 12.41 0.00095 0.00155 0.00000292 0.00171

0.0017 +0.0006

0.000778 0.000389 2. 67 0.00149 0.00166 0.00000340 0.00184

0 . 0 0 1 1 2 0.000373 5. 16 0.00134 0.00164 0.00000329 0.00181

0.00144 0.000359 7.53 0 . 0 0 1 2 0 0.00161 0.00000316 0.00178

0.00173 0.000346 9. 75 0.00107 0.00107 0.00000301 0.00173

0 . 0 0 2 0 0 0.000333 1 1 . 8 6 0.00096 0.00153 0.00000286 0.00169

0.0018b+0.0009

a. In pure pyridine.

b. In this cell,the concentration of I^ was 0.0197M

and Nal,rather than KI,was present in both half-cells.
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TABLE 18

EMF data on the cell
Pt|I2 (0.0394M),KI(C1,M)||I2 (0.0394M),KI(C2,M)|Pta

Cl ,M C2,M E,mv Y1,M Y2,M K1,M 2 X,M

0.00128 0 .000669 1 . 6 6 0.00409 0.00437 0 . 0 0 0 0 2 2 0 0.00469

0.00185 0  .000641 3. 38 0.00370 0.00423 0.0000206 0.00454

0.00237 0.000616 4. 70 0.00368 0.00442 0 . 0 0 0 0 2 2 2 0.00471

0.00285 0.000592 5. 90 0.00360 0.00453 0.0000232 0.00482

0.00330 0.000570 7.25 0.00334 0.00443 0 . 0 0 0 0 2 2 2 0.00471

0.0047+0.0001

0 . 0 0 2 1 0 0.00105 2. 55 0.00427 0.00472 0.0000272 0.00521

0.00303 0 . 0 0 1 0 1 4. 72 0.00408 0.00490 0.0000289 0.00538

0.00388 0 .000970 6  . 73 0.00379 0.00493 0.0000290 0.00539

0.00467 0.000934 8 . 65 0.00348 0.00488 0.0000284 0.00533

0.00540 0.000901 10.49 0.00319 0.00480 0.0000274 0.00523

0.0052b+0 . 0 0 0 1

a. In pure pyridine.
b. In this cell,the concentration of I2  was 0.0411M

and Nal,rather than KI,was present in both half-cells.



79
TABLE 19

EMF data on the cell
Pt|I2 (0.0788M),KI(C1,M)||I2 (0.0788M),KI(C2,M)|Pta

Cl ,M C2,M E , mv Y1,M 2CMr* K1,M 2 X ,M

0.00256 0.00133 1. 75 0.00776 0.00831 0.0000801 0.00895

0.00368 0.00128 3.20 0.00786 0.00890 0.0000906 0.00952

0.00472 0.00123 4. 53 0.00767 0.00915 0.0000949 0.00974

0.00569 0.00118 5. 70 0.00752 0.00940 0.0000994 0.00997

0.00658 0.00114 6.87 0.00717 0.00938 0.0000986 0.00993

0.0096+0.0008

0.00280 0.00140 1.85 0.00834 0.00896 0.0000928 0.00963

0.00403 0.00134 3.50 0.00794 0.00910 0.0000950 0.00975

0.00517 0.00129 4. 99 0.00756 0.00919 0.0000963 0.00981

0.00622 0.00124 6.45 0.00707 0.00909 0.0000939 0.00969

0.00720 0 . 0 0 1 2 0 7.71 0.00676 0.00913 0.0000943 0.00971

0.0097 b+0 . 0 0 0 2

a. In pure pyridine.
b. In this cell,the concentration of was 0.0772M

and Nal,rather than KI,was present in both half-cells.
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TABLE 20

EMF data on the cell
Pt|I2 (0.15 75M),KI(Cl,M)||I£ (0.1575M),KI(C2,M)|Pta

Cl ,M C2 ,M E ,mv Y1,M csl K1,M 2 X,M
0.00506 0.00263 1. 65 0.0164 0.0175 0.000352 0.0188

0.00730 0.00253 3.24 0.0154 0.0175 0.000349 0.0187

0.00937 0.00243 4.84 0.0140 0.0169 0.000328 0.0181

0.0113 0.00234 6  . 1 0 0.0137 0.0173 0.000341 0.0185

0.0131 0.00226 7. 15 0.0135 0.0179 0.000360 0.0190

0.0186+0.0003

0.00547 0.00269 1. 99 0.0153 0.0165 0.000316 0.0178

0.00787 0.00258 3 . 70 0.0146 0.0168 0.000328 0.0181

0 . 0 1 0 1 0.00248 5.33 0.0136 0.0168 0.000325 0.0180
0 . 0 1 2 1 0.00239 6  .80 0.0128 0.0167 0.000320 0.0179

0.0141 0.00231 8  . 17 0 . 0 1 2 2 0.0168 0.000322 0.0180

0.0179b+0.0001

a. In pure pyridine.
b. In this cell,the concentration of was 0.1574M

and Nal,rather than KI,was present in both half-cells.
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TABLE 21

EMF data on the cell
Pt|I2 (0.629M),KI(C1,M)||I2 (0.629M),KI(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K1,M 2 X ,M

0 . 0 2 0 2 0.0105 1.70 0.0633 0.0676 0.00528 0.0727

0.0291 0 . 0 1 0 1 3.16 0.0632 0.0715 0.00583 0.0763

0.0372 0.00968 4.64 0.0586 0.0703 0.00562 0.0750

0.0448 0.00931 5.72 0.0589 0.0737 0.00611 0.0782

0.0519 0.00896 6.82 0.0572 0.0746 0.00624 0.0790

0.0762+0.0026

0.0229 0.0115 1.95 0.0638 0.0688 0.00553 0.0744

0.0330 0 . 0 1 1 0 3.72 0.0602 0.0696 0.00561 0.0749
0.0423 0.0106 5.38 0.0560 0.0691 0.00551 0.0742
0.0510 0 . 0 1 0 2 6.82 0.0536 0.0670 0.00561 0.0749

0.0590 0.00983 8  .23 0.0504 0.0695 0.00552 0.0743

0.0745b+0.0004

a. In pure pyridine.
b. In this cell,the concentration of I2  was 0.628M

and Nal,rather than KI,was present in both half-cells.
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TABLE 22

EMF data on the cell
Pt|I2 (1.257 M ) , K I ( C 1 , M ) | | (1.257M),KI(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K1,M 2 X,M
0.0404 0 . 0 2 1 1 1.63 0.132 0.141 0.0228 0.151

0.0582 0 . 0 2 0 2 3. 15 0.127 0.143 0.0235 0.153
0.0746 0.0194 4.55 0 . 1 2 1 0.144 0.0235 0.153

0.0898 0.0186 5.77 0.117 0.146 0.0242 0.155

0. 104 0.0180 6 . 95 0 . Ill 0.146 0.0241 0. 155

0.154+0.001

0.0447 0.0224 1.96 0.124 0.134 0.0209 0.145

0.0644 0.0215 3.73 0.117 0.135 0 . 0 2 1 2 0.146

0.0826 0.0206 5.04 0.119 0.145 0.0241 0.155

0.0994 0.0199 6  .37 0.115 0.147 0.0245 0.157

0. 115 0.0192 7.59 0 . 1 1 0 0.148 0.0248 0. 158

0.152b+0.006

a. In pure pyridine.
b. In this cell, the concentration of was 1.261M

and Nal,rather than KI,was present in both half-cells.



A p p e n d i x  B 

EMF d a t a  in p y r i d i n e - h e p t a n e  s o l u t i o n s

- 83 -
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TABLE 23

EMF data on the cell
Pt|I2 (0.0397M),N(Bu )4I(C1,M)||I2 (0.0397M),N(Bu)4I(C2,M)|Pta

Cl ,M C2,M E , mv Y1,M Y2,M K1,M 2  X,M

0.00132 0.000658 1 . 6 8 0.00441 0.00471 0.0000252 0.00502

0.00189 0.000632 3. 23 0.00409 0.00464 0.0000247 0.00495

0.00243 0.000608 4. 6 6 0.00388 0.00465 0.0000245 0.00494

0.00292 0.000585 6.07 0.00359 0.00456 0.0000234 0.00484

0.00339 0.000564 7. 34 0.00341 0.00454 0.0000232 0.00482

0.0049 +0 . 0 0 0 2

0.00139 0.000695 1. 72 0.00450 0.00481 0.0000265 0.00515

0 . 0 0 2 0 0 0.000667 3.27 0.00427 0.00485 0.0000268 0.00517

0.00256 0.000642 4. 79 0.00394 0.00475 0.0000256 0.00506

0.00309 0.000618 6 . 1 2 0.00376 0.00478 0.0000258 0.00508

0.00357 0.000596 7. 37 0.00357 0.00476 0.0000255 0.00505

0.005lb+0 . 0 0 0 2

a. In 95% pyridine and 5% n-heptane.
b. In this cell,the concentration of I2  was 0.0407M

and 90% Py, rather than 95% Py,wa's present in both half-cells.
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TABLE 24

EMF data on the cell
Pt|I2 (0.0387M),N(Bu )4I(C1,M)||I2 (0.0387M),N(Bu)4I(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K 1 ,M2 X ,M

0.00137 0.000687 1. 76 0.00431 0.00461 0.0000244 0.00494

0.00198 0.000660 3.39 0.00405 0.00462 0.0000244 0.00494

0.00254 0.000634 5.01 0.00369 0.00449 0.0000230 0.00480

0.00305 0.000611 6.41 0.00349 0.00448 0.0000228 0.00477

0.00353 0.000589 7.59 0.00339 0.00455 0.0000234 0.00484

0.0048+0.0002

0.00136 0.000683 1. 79 0.00418 0.00449 0.0000232 0.00482

0.00197 0.000656 3.41 0.00400 0.00457 0.0000239 0.00489

0.00252 0.000631 5 . 12 0.00356 0.00435 0.0000216 0.00465
0.00303 0.000607 6.51 0.00339 0.00437 0.0000218 0.00467

0.00351 0.000586 7. 67 0.00332 0.00447 0.0000226 0.00476

0.0047b+0 . 0 0 0 2

a. In 80% pyridine and 20% n-heptane.

b. In this cell,the concentration of I2  was 0.0378M
and 70% Py,rather than 80% Py,was present in both half-cells.
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TABLE 25

EMF data on the cell
Pt|I2 (0.0805M),N(Bu )4 I(C1,M)||I2 (0.0805M),N(Bu)4I (C2,M)|Pta

Cl ,M C2,M E , mv Yl,M Y2,M K1,M2  X,M

0.00294 0.00147 1. 73 0.00946 0 . 0 1 0 1 0.0001172 0.0108

0.00423 0.00141 3. 30 0.00894 0 . 0 1 0 2 0.0001177 0.0108

0.00543 0.00136 4. 74 0.00847 0 . 0 1 0 2 0.0001178 0.0108

0.00653 0.00131 6 . 2 0 0.00781 0.00995 0.0001119 0.0106

0.00756 0.00126 7.55 0.00731 0.00981 0.0001087 0.0104

0.0107+0.0002

0.00285 0.00143 1. 79 0.00878 0.00941 0 . 0 0 0 1 0 2 1 0 . 0 1 0 1

0.00411 0.00137 3. 37 0.00847 0.00965 0.0001065 0.0103

0.00527 0.00132 4. 8 6 0.00796 0.00963 0.0001054 0.0103

0.00634 0.00127 6 . 19 0.00760 0.00968 0.0001060 0.0103

0.00734 0 . 0 0 1 2 2 7.44 0.00725 0.00969 0.0001060 0.0103

0 .0 1 0 2 b+ 0  . 0 0 0 1

a. In 95% pyridine and 5% n-heptane.

b. In this cell,the concentration of I2  was 0.0795M
and 90% Py,rather than 95% Py,was present in both half-cells.
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TABLE 26

EMF data on the cell
Pt|I2 (0.0787M),N(Bu )a I(C1,M)||I2 (0.0787M),N(Bu)4I(C2,M)|Pta

C1,M C2,M E ,mv Y1,M 2CM K1,M 2 X ,M

0.00278 0.00139 1. 70 0.00912 0.00975 0.000109 0.0104

0.00401 0.00133 3 . 38 0.00826 0.00942 0 . 0 0 0 1 0 1 0 . 0 1 0 1

0.00514 0.00129 4. 65 0.00821 0.00985 0.000109 0.0105

0.00618 0.00124 6 . 0 2 0.00769 0.00972 0.000107 0.0103

0.00715 0.00119 7.20 0.00739 0.00979 0.000107 0.0104

0.0104+0.0002

0.00296 0.00148 1.83 0.00892 0.00959 0.000106 0.0103

0.00426 0.00142 3 . 64 0.00798 0.00920 0.0000977 0.0099

0.00547 0.00137 5 . 17 0.00763 0.00934 0 . 0 0 0 1 0 0 0 . 0 1 0 0

0.00658 0.00132 6.48 0.00741 0.00955 0.000104 0 . 0 1 0 2

0.00761 0.00127 7 . 73 0.00711 0.00962 0.000105 0 . 0 1 0 2

0.0100b+0.0002

a. In 80% pyridine and 20% n-heptane.

b. In this cell,the concentration of I2  was 0.0798M

and 70% Py,rather than 80% Py,was present in both half-cells.
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TABLE 27

EMF data on the cell
Pt|I2 (0.152M),N(Bu )4 I(C1,M)||I2 (0.152M),N(Bu)4I(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K1,M 2 X ,M

0.00535 0.00267 1. 84 0.0161 0.0173 0.000344 0.0185

0.00770 0.00257 3.58 0.0147 0.0169 0.000330 0.0182

0.00988 0.00247 5.05 0.0142 0.0173 0.000343 0.0185

0.0119 0.00238 6.50 0.0134 0.0172 0.000338 0.0184

0.0137 0.00229 7.80 0.0126 0.0171 0.000333 0.0182

0.0183+0.0001

0.00574 0.00287 1. 97 0.0159 0.0172 0.000343 0.0185

0.00827 0.00276 3. 71 0.0151 0.0175 0.000354 0.0188

0.0106 0.00265 5. 35 0.0142 0.0174 0.000350 0.0187

0.0127 0.00255 6 . 82 0.0133 0.0174 0.000347 0.0186

0.0148 0.00246 8.27 0.0126 0.0173 0.000344 0.0186

0.0187b+0.0001

a. In 95% pyridine and 5% n-heptane.

b. In this cell,the concentration of was 0.159M
and 90% P y ,rather than 90% Py,was present in both half-cells.
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TABLE 28

EMF data on the cell
Pt|I2 (0.158M),N(Bu )4I(C1,M)||I2 (0.158M),N(Bu)^I(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K 1 ,M2 X ,M

0.00557 0.00278 1. 92 0.0159 0.0171 0.000342 0.0185

0.00802 0.00267 3.41 0.0163 0.0186 0.000396 0.0199

0.0103 0.00257 5 . 12 0.0146 0.0178 0.000363 0.0190

0.0124 0.00248 6.51 0.0139 0.0179 0.000365 0.0191

0.0143 0.00239 7.69 0.0135 0.0182 0.000374 0.0193

0.0192+0.0004

0.00571 0.00286 1.89 0.0165 0.0178 0.000368 0.0192

0.00823 0.00274 3 . 58 0.0158 0.0181 0.000378 0.0194

0.0105 0.00264 5. 12 0.0148 0.0181 0.000375 0.0194

0.0127 0.00254 6.50 0.0143 0.0184 0.000384 0.0196

0.0147 0.00245 7.74 0.0137 0.0186 0.000390 0.0198

0.0195b+0.0002

a. In 80% pyridine and 20% n-heptane.
b. In this cell,the concentration of I^ was 0.159M

and 70% Py,rather than 80% Py,was present in both half-cells.
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TABLE 29

EMF data on the cell
Pt|I2 (0.311M),N(Bu )a I(C1,M)||I2 (0.311M),N(Bu )4I(C2,M)|Pta

Cl,M C2,M E,mv Yl,M Y2,M K1,M 2  X,M

0.0107 0.00536 1. 98 0.0294 0.0317 0.00118 0.0343

0.0154 0.00515 3 . 73 0.0279 0.0323 0 . 0 0 1 2 1 0.0348

0.0198 0.00495 5 . 33 0.0266 0.0327 0.00123 0.0351

0.0238 0.00477 6.73 0.0255 0.0331 0.00125 0.0354

0.0276 0.00460 8.16 0.0239 0.0328 0.00123 0.0351

0.0349+0.0004

0 . 0 1 1 1 0.00558 1.81 0.0337 0.0361 0.00151 0.0388

0.0161 0.00536 3 .50 0.0317 0.0363 0.00151 0.0389

0.0206 0.00515 5 .11 0.0292 0.0356 0.00145 0.0381

0.0248 0.00496 6.53 0.0277 0.0357 0.00145 0.0381

0.0287 0.00478 7 . 90 0.0260 0.0354 0.00142 0.0377

0.0383b+0.0005

a. In 95% pyridine and 5% n-heptane.
b. In this cell,the concentration of 1 ^ was 0.314M

and 90% Py,rather than 95% Py,was present in both half-cells.
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EMF data on the cell

Pt|I2 (0 .315M),N(Bu)4I(Cl,M) | |I2(0.315M) ,N(Bu)4 I(C2,,M)|Pta

Cl jM C2,M E ,mv Y1,M Y2,M K1,M 2 X ,M

0 . 0 1 1 1 0.00555 1.85 0.0331 0.0355 0.00146 0.0382

0.0160 0.00533 3 .41 0.0325 0.0371 0.00158 0.0397

0.0205 0.00512 4. 90 0.0307 0.0372 0.00157 0.0396

0.0247 0.00493 6  .25 0.0293 0.0374 0.00158 0.0397

0.0285 0.00476 7 . 60 0.0273 0.0367 0.00152 0.0390

0.0392+0.0006

0.0114 0.00570 2 . 1 2 0.0289 0.0314 0.00117 0.0342

0.0164 0.00547 4.02 0.0271 0.0317 0.00118 0.0344

0 . 0 2 1 0 0.00526 5.71 0.0257 0.0321 0 . 0 0 1 2 0 0.0346

0.0253 0. 00507 7 .17 0.0248 0.0328 0.00124 0.0352

0.0293 0.00489 8  .57 0.0236 0.0329 0.00125 0.0353

0.0347b+0.0005

a. In 80% pyridine and 20% n-heptane.

b. In this cell,the concentration of I2  was 0.311M
and 70% Py,rather than 80% Py,was present in both half-cells
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TABLE 31

EMF data on the cell
Pt|I2 (0.633M),N(Bu )4I(C1,M)||I2 (0.633M),N(Bu)4I(C2,M)|Pta

Cl ,M C2,M E , mv Yl,M Y2,M K1,M 2  X,M

0.0216 0.0108 2 . 0 2 0.0580 0.0628 0.00462 0.0680

0.0311 0.0104 3. 94 0.0527 0.0614 0.00441 0.0664

0.0399 0.00998 5. 63 0.0498 0.0620 0.00446 0.0668

0.0481 0.00961 7. 32 0.0458 0.0609 0.00430 0.0656

0.0556 0.00927 8.82 0.0429 0.0606 0.00423 0.0650

0.0665+0.0011

0 . 0 2 2 2 0 . 0 1 1 1 2. 03 0.0593 0.0642 0.00483 0.0695

0.0320 0.0107 3.89 0.0551 0.0641 0.00480 0.0693

0.0411 0.0103 5.61 0.0515 0.0641 0.00476 0.0690

0.0494 0.00989 7. 12 0.0489 0.0646 0.00481 0.0693

0.0572 0.00954 8.55 0.0462 0.0645 0.00478 0.0691

0.0692b+0 . 0 0 0 1

a. In 95% pyridine and 5% n-heptane.

b. In this cell,the concentration of was 0.631M
and 90% Py,rather than 95% Py,was present in both half-cells.
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TABLE 32

EMF data on the cell
Pt|I2 (0.630M),N(Bu )4 I(C1,M)||I2 (0.630M),N(Bu)4I (C2,M)|Pta

Cl ,M C2,M E, mv Y1,M Y2,M K1,M 2 X,M
0.0224 0 . 0 1 1 1 1. 97 0.0626 0.0676 0.00533 0.0730

0.0322 0.0107 3. 61 0.0611 0.0703 0.00569 0.0755

0.0413 0.0103 5. 37 0.0549 0.0677 0.00528 0.0727

0.0497 0.00994 6 . 87 0.0517 0.0676 0.00525 0.0724

0.0575 0.00958 8 . 2 2 0.0492 0.0679 0.00526 0.0725

0.0732+0.0013

0.0227 0.0113 1. 92 0.0651 0.0701 0.00571 0.0756

0.0326 0.0109 3. 6 6 0.0606 0.0698 0.00564 0.0751

0.0418 0.0105 5. 25 0.0571 0.07000 0.00564 0.0751

0.0504 0 . 0 1 0 1 6 . 67 0.0546 0.06708 0.00573 0.0757

0.0583 0.00971 7 . 95 0.0524 0.06714 0.00580 0.0762

0 .0756b + 0 .0004

a. In 80% pyridine and 20% n-heptane.

b. In this cell,the concentration of I2  was 0.633M
and 70% Py,rather than 80% Py,was present in both half-cells.
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TABLE 33

EMF data on the cell
Pt|I2 (1.257M),N(Bu )4I(C1,M)||I2 (1.257M),N(Bu)4I(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K1,M 2 X,M
0.0431 0.0215 2 . 0 1 0.1168 0.1264 0.0187 0.1367

0.0621 0.0207 3.80 0.1103 0.1279 0.0190 0.1379

0.0796 0.0199 5.52 0.1019 0.1265 0.0185 0.1360

0.0958 0.0192 7.05 0.0961 0.1265 0.0184 0.1358

0.1108 0.0185 8.59 0.0889 0.1243 0.0178 0.1334

0.136+0.002

0.0446 0.0223 1 . 8 8 0.1303 0.1403 0.0228 0.1510

0.0642 0.0214 3.61 0.1216 0.1399 0.0226 0.1503

0.0823 0.0206 5.10 0.1169 0.1426 0.0233 0.1526

0.0990 0.0198 6.54 0.1103 0.1423 0.0231 0. 1519

0.1146 0.0191 7.85 0.1048 0.1424 0.0230 0.1517

0.152b+0.001

a. In 95% pyridine and 5% n-heptane.

b. In this cell,the concentration of I^ was 1.259M

and 90% Py,rather than 95% Py,was present in both half-cells.



TABLE 34
EMF data on the cell

Pt|I2 (1.261M),N(Bu )4 I(C1,M)t |I£ (1.261M),N(Bu)4I(C2,M)|Pta

Cl ,M C2,M E ,mv Y1,M Y2,M K1,M2 X ,M

0.0445 0.0223 2. 23 0.1061 0.1157 0.01598 0.1264

0.0641 0.0214 4.29 0.0975 0.1153 0.01577 0.1256

0.0822 0.0205 6 . 1 1 0.0919 0.1167 0.01601 0.1265

0.0989 0.0198 7. 79 0.0861 0.1167 0.01593 0.1262

0.1145 0.0191 9.30 0.0816 0.1173 0.01600 0.1265

0.126+0.001

0.0454 0.0227 1. 93 0.1287 0.1387 0.0224 0.1497

0.0654 0.0218 3. 69 0.1205 0.1391 0.0224 0.1496

0.0839 0.0209 5. 25 0.1150 0.1411 0.0229 0.1512

0.1009 0 . 0 2 0 2 6 . 73 0.1080 0.1404 0.0226 0.1502

0 . 1168 0.0195 8.27 0.0991 0.1368 0.0214 0.1463

0.149b+0.002

a. In 80% pyridine and 20% n-heptane.
b. In this cell,the concentration of was 1.261M

and 70% Py,rather than 80% Py,was present in both half-cells
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TABLE 35

Temperature effect on the EMF data on the cell
Pt|I2 (0.0422M),NaI(Cl,M)||I2 (0.0422M),NaI(C2,M)|Pta

Temp. , °K C1,M C2,M E,mv X,M K£cj

298 0.00172 0.000575 2.93 0.00497 0.0237
3 1 3  ------- -------- 3 . 3 5  0.00456 0.0190

328 ------  -------- 3.78 0.00423 0.0157
313 ------- -------- 3.32 0.00504 0.0194
298 ------- -------- 2.89 0.00504 0.0246

298 0.00266 0.000532 5.37 0.00501 0.0242
313 ------  -------- 6.07 0.00464 0.0198
328 ------- -------- 6.89 0.00427 0.0161
313 ------- -------- 6.03 0.00467 0.0202

298 ------- -------- 5.42 0.00496 0.0236

a.In pure pyridine.
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TABLE 36

Temperature effect on the EMF data on the cell
Pt|I2 (0.0778M),NaI(Cl,M)| |I2 (0.0778M) ,NaI(C2,M)|Pta

Temp.,°K Cl,M C2,M E,mv X,M Keq

298 0.00423 0.00141 3.89 0.00917 0.0238
313     4.46 0.00838 0.0188

328     4.97 0.00787 0.0161
3 1 3      4 . 4 3  0.00844 0.0192

298     3.93 0.00907 0.0231

298 0.00653 0.00131 7.02 0.00930 0.0247
313     7.91 0.00863 0.0203

328     9.02 0.00789 0.0162
313     7.90 0.00865 0.0204

298     7.05 0.00925 0.0243

a.In pure pyridine.
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TABLE 37

Temperature effect on the EMF data on the cell
Pt|I2 (0.157M),NaI(Cl,M)||I2 (0.157M),NaI(C2,M)|Pta

Temp.,°K C1,M C2,M E,mv X,M Keq

298 0.00825 0.00275 3.81 0.0183 0.0231
3 1 3  ------- ------- 4.35 0.0168 0.0185

328 ------- ------- 4.98 0.0153 0.0146
3 1 3  ------- ------- 4.36 0.0167 0.0183

298 ------- ------- 3.82 0.0182 0.0228

298 0.0127 0.00254 7.05 0.0180 0.0221
313 ------ ------- 8.02 0.0166 0.0180

328 ------ ------- 8.91 0.0157 0.0156
313 ------ ------- 8.00 0.0166 0.0180
298 -----  ------- 7.06 0.0180 0.0221

a.In pure pyridine.
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TABLE 38

Temperature effect on the EMF data on the cell
Pt|I2 (0.628M),NaI(Cl,M)||I2 (0.628M),NaI(C2,M)|Pta

Temp.,°K C1,M C2,M E,mv X,M Keq

298 0.0322 0.0107 3.69 0.0738 0.0236

313 -----  -----  4.25 0.0671 0.0184
328 -----  -----  4.79 0.0623 0.0153
313 -----  ------ 4.27 0.0668 0.0182

298 -----  -----  3.68 0.0740 0.0238
298 0.0495 0.00991 6.71 0.0739 0.0237

313 -----  ------- 7.52 0.0691 0.0199

328 -----  ------- 8.31 0.0653 0.0172
313 -----  ------- 7.51 0.0692 0.0199
298 -----  ------- 6.70 0.0740 0.0238

a.In pure pyridine.
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TABLE 39

Temperature effect on the EMF data on the cell
Pt|I2 (1.265M),NaI(Cl,M)||I2 (1.265M),NaI(C2,M)|Pta

Temp.,°K Cl,M C2,M E,mv X,M Kgq

298 0.0639 0.0213 3.50 0.154 0.0259
313 -----  -----  4.03 0.141 0.0206
328 ------ ------ 4.63 0.128 0.0161

313 -----  ------ 4.05 0.140 0.0202
298 -----  ------ 3.51 0.154 0.0259

298 0.0987 0.0197 6.58 0.150 0.0242

313 -----  -----  7.72 0.134 0.0181
328 ------ -----  8.51 0.127 0.0158

313 -----  ------ 7.74 0.134 0.0181
298 -----  ------ 6.60 0.150 0.0242

a.In pure pyridine.
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