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CHAPTER I
INTRODUCTION
Historical

It has been recognized since the earlyldayS‘df modern chemistry
that halide ions have the ability to associate with halogen or inter-
halogen molecules té form polyhalide ionic complexes (1). For example,
shartly after the discovery of iodine it became apparent that its solu-
bility in water and othef solvents was greatly increased by the addition
of potassium iodide. The reason for this was debated for sometime, and
the formation of a triiodide ion was not readily accepted. In 1877
Johnson (2) isolatéd some large blue crystals which he claimed were po-
‘tassium triiodide, A later synthgsis showed that this compound was
simply a mixture df potassium iodide and iodine (3). Although the sim-
ple metal trihalides have now been known for about 100 years, the nature
of the bonding of these compounds is still imperfectly understood, In
spite of the large volume of literature on polyhalide complexes, both
the data and conclusions are at times contradictory (4,5,6).

The reaction of iodine with iodide ioh, I, +I = I., has been the

2 3
one polyhalogen equilibrium most frequently studied. There remains con-
siderable debate concerning both the structure and the thermodynamic

proﬁerties of the triiodide ion (4~13). There are experimental reasons

to believe that in the solid phase, and in some cases in solution, the

triiodide ion is distorted from Do, symmetry. X-ray, Mossbauer, and pure

1



quadrupole resonance studies of CsI3 have shown that the triiodide ion

is not linear centrosymmetric (14~16), On the other hand with large soft
cations the triiodide ion appears to be centrosymmetrie (13). In the

' solid phase it is feasible to conclude that thevdistortion is caused
either by crystal structure or by cation intef;ction (17). In solution
this distortion can be caused by either one of t&o factors; solvent in-
teraction or. ion-pair formation with a suitable cation.

Several Raman and I.R., studies of the triiodide ion in solution have
been done in the past, but conclusions from the results have been contra-
dictory (5,6,7). In 1965 Ginn and Wood (6) reported the results of a.
low-frequency infrared study of Bu4N13 in various salvents and a nujol
null. All of these systems showed a strong band between 133-140 cm—l,
and ﬁo band at 109-113 cm-1 which according to Person et al. (18) should
be the position of the only Raman band due to the triiodide ion. This

data supports the linear centrosymmetriec D . structure, Hayward and

«h
Hendra (4) in 1966 reported that they were unable to obtain the laser
Raman spectra of the triiodides due to the intense color of the media.
Their far infrared data on the other hand agrees closely with those of
Ginn and Wood (6). Maki and Fornmeris (5) in the same year reported Raman
spectra of triiodides ﬁsing a rubidium excitation unit (19). Two fea-
tures of these spectra were baﬁds at 112 and 145 cm—l which were assigned

to the V. and V3 modes, results which support the arguments for a linear

1
noncentrosymmetric structure,

As the experimental work was progressing, the nature of the bonding
in the polyhalogen complexes had become the subject of much discussion

among theoreticians (20)., A molecular orbital description of the bond-

ing in triiodide was provided by Pimentel (17). Although quantitative



calculations are almost meaningless due to the number of approximations,
certain qualitative conclusions can be drawn. Two general characteris-—
tics of the bonding in tﬁese molecular ions are 1) the bond angles are
close to 90 or 1800, and 2) the bond lengths are slightly longer than
the sum of atomic covalent radii (21). Electrostatic interactions were
first put forward by Van Arkel and De Boer (22) to account for the bond-
ing in polyhalogen complexes. The bond is treated essentially as an
ion—dipole interaction. Hence, the electrostatic interaction between an
iodide ion and an iodine molecule will result in an asymmetrical tri-
iodide ion, because the bonds in the triiodide are essentially nonequiva-
lent (23). The valence bond representation of the triiodide ion is ex-

pressed in terms of resonance between the structures:
I. I-I and I'"°IeeeI

Whether an equilibrium state with equivalent or nonequivalent bonds is
obtained will depend on the nature of the system. Calculations done by
Slater (24) have shown that a plot of the potential energy vs atomic
distance, between two of the atoms in triiodide, has two minima and that
the central iodide ion could be oscillating between these two minima.
The U.V.-visible spectrum éf the triiodide ion is well documented
in the literature (7,25,26). The characteristics of this spectrum are
two bands one centered around 350 nm and the other around 285 nm. Spec-
trophotometric data can be used for equilibrium studies. The equilibrium
constant for the formation of the triiodide ion has been measured spec-
trophotémetrically as well as in several other ways. The values in
water at 25°¢C range from 709vto 780 (7). Several different techniques

have also been used to measure the enthalpy of formation for the tri-



iodide ion, some of the more significant values at 25°C range from -3.6
to =5.1 kcal/mole (11).
Attempts have been made to explain the inconsistencies in the cal-

culated formation constants and heats in the triiodide system by intro-

ducing higher order complexes, such as the dimer I6 2 and the polyions

formed by reaction of I, with additional iodine, I " and 17_ (19,27,28).

5

Ramette and Sandford (28) report values for the 15 species, Table I,

and

TABLE I

THERMODYNAMIC PROPERTIES OF'IS— AT 25°%C

K5 ‘lv AG kcal/mole | AH keal/mole iAS‘e.u.

9 ¢ =1.3 +12 50

Davies and Gwynne (27) for the I6 species, Table II.

TABLE II

THERMODYNAMIC PROPERTIES OF 16'2 AT 25°¢C

K AG kcal/mole* AH kecal/mole AS e.u.*

1.2 ~0.11 .77 2.2

*%Calculated by author from reported values.

g
Under certain experimental conditions (e.g., aqueous solutions) polyions

are unlikely possibilities and an alternative explanation is the forma-

tion of ion-pairs between the cation and 13 (29). If this is the case



then reevaluation of the experimental data on the triiodide system would

be in order.
Statement of the Problem

It is obvious from the preceding paragraphs that a large amount of
confusion exists concerning the nature of the polyhalide complexes. The
content of this thesis describes thé collection of new data which will
be used for structure and thermodynamic interpretations on the triiodide
system in particular, |

The objective was to work on the premise that cation-triiodide in-
teractions are of a significanée equal to 1f not greater thap polyion
complex formations. Since trilodide would be classified as a soft lig-
and, to find experimental evidence for its association with K+ would be
at best marginal, K+ has a record for being innocent of ion-pair forma-
tion. In the preliminary work K+ was used to serve as a reference for
.the later work where Tl+ was introduced. From qualitative arguments
association might be favored between a soft cation and a soft ligand,
since a univalent cation would obviously be‘preferred, Tl+ was the im-

mediate choilce.



CHAPTER ' II
TECHNIQUES
Raman Spectra

The Raman effect is one example of a large class of light-scatter-
ing phenomena (30). All light-scattering phenomana have their origin in
fhe fact that when a collimated beam ofvlight is passed through a trans-
ﬁarént medium it is passed through a transﬁarent medium it is invariably
attenuated by that medium. A common example of ﬁhis type of phenomenon
ig the scattering of light by dust particles in a sunbeam., Light-scatter-
ing is most easily explained if it is assumed that the illuminating beam
is ﬁighly collimated and monochromatic.

Suppose that the scattered light is passed through a spectrometer,
it will be found that the bulk of the scattered light will be of the
same frequency as the ineident beam. However, a small portion of the
scattered light will be found at frequencies above and below that of the
incident beam. If the incident beam 1s taken as a zero point the dis-
placed frequencies will correspond to some or all of the normal frequen-
cies of the sample. This modulation of frequency is the Raman effect
(31).

A detailed description of the Raman effect requires a knowledge of
quantum theory. However, the existence of the effect is easily predicted

from classical electromagnetic theory. A molecule placed in an electro-

magnetic field will have its charge distribution periodically disturbed.



The resulting induced dipole moment acts as a source of radiation and
gives rise to the light-scattering phenomena mentioned above, This di-
pole moment is generally expressed as the dipole moment per unit volume,
i.e,, the polarization. The polarization, ﬁ, is proportional to the in-

ducing electromagnetic field, E:
P = aF (2.1)
where o is the polarizability and E is given by the expression:
E = Eo cos 2mVt (2.2)

On subgitution the expression for the polarization becomes:

P = aﬁo cos 2mVt (2.3)

The polarizability, o, consists of two parts, o which is the static
polarizability, and a second term which is the sum having the periodic

time dependence of the normal frequencies:

@ = a + T a. cos 2nVnt (2.4)

N

Combining Equations (2.3) and (2.4) we get:

P=E o cos2mVt + 1/2 E, 2'aN [cos 2w (V-Vn) + cqs 2m (V+Vn)] (2.5)

Equation (2.5) correctly predicts the major qualitative features of the
Ramah effect. The first term accounts for the Rayleigh scattering, which
has the same frequency as thé incident beam. The second term which con-
tains the variable components of the polarizability, accounts for the
frequencies (V+Vn) and (V—Vn), the Stokes and anti—Stokes:Raman bands.

The constant o, the polarizability, is of great importance in the



theory of the Raman effect, for it is known that in general P is not
parallel to E but depends on the symmetry of the polarizability (32).
Hence, a knowledge of the polarization properties of the scattered light.
of the Raman bands gives information about the éymmetry of the molecular
vibrations. To help gain information about the symmetry of the molecular
vibration a depolarization ratio, p, is defined as the ratio of the in-
tensity of the scattered light polarized perpendicular to the xy plane

of the sample I, to that polarized parallel to this plane, I, , i.e.,

For a non totally symmetric vibration the depolarization ratio will be
6/7 or 3/4 while a symmetric vibration will have a depolarization ratio
less than 6/7. As an example, p for the symmetric stretch of CCl4 is
much less than 6/7 since I, = O. The depolarization ratio is extremely
useful in solution work in identifying the totally symmetriec vibrations,
The Raman apparatus used to record the spectra was custom built
from various commercial components chosen on the basis of their compata-
bility, reliability and cost,. The monochromator unit is a pair of one-
meter Czerani-Turner moﬁochfomators mechanically coupled in such a manner
as to reduce stray light to a minimum. The monochromaters are equipped
with a cooled FW-130 photomultiplier tube. This tube has a small slit-
shaped cathode as cqmpéred to the conventional tubes which have a large
circular cathode. When properly cooled and aligned this tube.produces a
low background noise, about 2 thermal emissions/seq. A Hamner photon
counting system was use&'for detection, Because of its abili;y to dis-
criminate against pulses of iﬁproper magnitude, the photon counting sys-

tem provides a high signal-to-noise ratio. The excitation source is a



Coherent Radiation Laboratories Model 52 argon ion laser. This laser
provides ca. 1,000 milliwatts at 4,880 Z and 5,145 E, The laser is
placed in a convenient position and the beam deflected by an appropriate
lens and mirror system, as shown in Figure 1, This lens and mirror sys-
tem also contains elements for polarization of the beam, The Raman
scattered photons are collected by an Auto Mamiya Sekor F 1.8 camera
lens and focused onto the entrance slit of the monochromator. -

The particular problem of interest in. this study was.the triiodide
ion., As mentioned in Chapter I triiodide ion solutions show a strong
U. V.-visible absorption band around 350 nm. Consequently it was antici-
pated that these triiodide'ion solutions would exhibit a resonance-en-
ihanced Raman spectra. Preresonance Raman scattering is a process in
which a sample is excited with radiation approaching an electronic ab-
sorption band of the sample (33,34). Resonance Raman spectra are charac-
terized by high intensities and the appearance of overtones in addition
to the usual fundamental frequencies. A detailed description of the
resonance Raman effect is beyond the scope of this thesis.

Germane to the structﬁral study of the triiodide ion is the identi-
fication of the I. R. and Ramén active modes. To be Raman active a vi-
brational mode must cause a‘change in the polarizability, while to be
I. R. active the mode must cause a change in the diﬁole moment. A number
of structural possibilities exists for a triagomic molecule: a) linear
centrosymmetric, D_, , b) linear non—centrosymmeﬁric, va, ¢) non-linear
‘symmetric, sz, and d) non-linear asymmetric, Cs° Table III list the

Raman and I. R. active modes for the four possible structures (33).
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TABLE III

RAMAN AND I;R. ACTIVE MODES FOR A TRIATOMIC MOLECULE

Point Group " Raman Actiﬁe ' I. R. Active
Dy, - v, | Vys Vg
Cony AR NORANGY v, Y,
sz Vl’ VZ(W)’ V3(ps) Vl’ V2, V3
Cs Vi Vy(e)s Vg Vs Vps Vg

w = weak band, s = strong band, pl = large depolarization ratio,
ps = small depolarization ratio. .

For structures withrthe same number of active bands, e.g., b,c,d assign-
ment can be made in terms of polarizability ratios. Structure determina-
tion in theory becomes a simple matter of assigning the observed vibra-
tional modes and comparing with the predicted spectra and choosing the
best correspondence (30).

In studying the structure of a mplecule it would be helpful to look
at the spectra of a single molecule, Since the development of the tech-
nique of matrix isolation it is possible to do this (35,36). The general
technique consists of the dispersion of an active species, A; in a matrix
~oflM, at temperatures sufficiently low to prevent diffusion of the active
species A.. The ratio M/A is kept high to preclude A-A interactions. In

this particular study we plan to look first at 12 trapped in H,O matrix,

2

pure T1I, and finally I, trapped in a T1lI matrix. Hopefully some TlI3

2
will be formed which could become important to the interpretation of the

spectra from solution in terms of intimate ion contact.
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U. V.-Visible Spectra

The U. V.~visible spectrum of the triiodide solutions were recorded
with a Cary recording spectrophotometer Model 14, using quartz cells
with a path length of 1.00 cm.

Any spectrophotometric method 1s based on the Beer-Lambert law:
Loglo(I/Io) = 0D =. gbC 2.7

Io and I are the intensities of the incident and transmitted radiation,
0D ig the optical density, ¢ is the molar extinction coefficient at a
particular wave length, b the light path length in cm, and C is the con-
centration of the solution. For a solution which contains only one ab-
sorping species a plot of optical density vs. concentration will be a
straight line with slope eqﬁal toe, If a plot of optical density vs.
concentration is not a straight line this is a good indication that more

than one species is absorping.
Methods for Multi-Species

Consider a solution containing the species M and X which participate

in the following equilibrium reaction:
M+X = MX (2.8)
The optical density for a one cm light path is given by:
oD = eM[M] + EX[X] + eMX[MX] (2.9)
or

oD = sM(a-x) + eX(b—x) + ¢ (2.10)

MXX
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where a and b are the total molarity of M and X respectively and x is
" the concentration of the complex MX. If it is possible to find a wave-

length where only the new species absorps Equation (2.10) reduces to:
0D = ¢,.X (2.11)

Equation (2.11) can be combined with the equation for the thermodynamic

asspociation constant,
K = foX/(a-x)(b-x)foX (2.12)

where f's are the respective activity coefficients, to give the following

relationship for the absorption of only MX:
Ukeyy = [b(a—x)foX]/[ODfMX] - [(a—x)foX]/eMXf_MX (2.13)

If the activity coefficients are assumed to be constant a plot of

b(a-x) /0D vs, (a-x) will have slope l/sMX and intercept l/KeMX. These
values can then be inserted into Equation (2,13) to obtain a first value
of x. This value can then be used to obtain a new value of Cux and K
and 'so on, until successively consistent values are obtained (37). In
practice it is uncommon to find spectra so simple that X and MX absorb
at distinctly different wavelengths.

Another method of treating spectrophotometeric measurements of the
formation of -complexes in solution is the method of continuous variation
first introduced by Job (38), although the principles were previously
outlined by Denison (39) in 1912. If a measured experimental property
is a linear function of conceﬁtration, such as optical density, and only
one complex is important, the method of continuous variation is capable

of yielding both the stoichiometeri¢ composition and the association con-
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stant of the complex. Suppose that two reactants M and A participate in

the equilibrium reaction

M+ xA = MAx (2.14)

and that both solutions of concentration ¢, are mixed by the addition of
Y liters of A to (1-Y) liters'of M so that Y is less than 1, then assum-
ing that the volume change on mixing is negligible, and that the activity

coefficients are constant, the concentration of each species is given by:

Ml = e(@-v) - [Ma] (2.15)
[A] = cY - x[MAx] (2.16)
va ] = B [MI[AT" (2.17)

By differentiating Equations (2,15) to (2.17) with respect to Y, setting
d[MAx]/dY = 0 and eliminating [M], [A], and [MAx] it can be shown that
the condition for a maximal-[MAx] is given by:

_ x]X'l'l

X
By C [(x+1)Ymax

= [x- =Dy ] (2.18)

where Ymax is the value of Y for which [MAx] is a maximum, the corre-

sponding value of x is given by:

X = Ymax/(l—Ymax) (2.19)

and the change in optical density AOD by:

AOD = eM[M] + eA[A] + EMA[MAXJ - eMc(l—Y) - e,cY (2,20)

assuming a one cm light path, It can be shown further.that by differen-

tiating Equation (2.20), AOD is a maximum when [MAX] is a maximum if
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€ MA M

> EM’ or a minimum if e < g . Hence, the value of x correspond-
X

MAx
ing to a maximum or minimum in Y can be obtained from a plot of AOD vs.
Y. The corresponding value of Bx can then be calculated directly from
Equation (2.18). Vosburg and Cooper (40) have extended the method to
cases iﬁ,which more than one complex is formed.

As was mentioned in the statement of the problem the particular
gystem of interest is the possiblé interaction of triiodide anion with
either K+ or Tl+. The absorption band with maximum at 350 nm is assign-
ed to the electronic transition c: - cg (41,42).

For the K13 system under the experimental conditions used, plots of.
0D vs, the concentration of iodine were straight lines. Hence, the in-

terpretative method outlined on pp. 12 and 13 could be used in the de-

'y the association constant for triiodide

termination of both €1 and K
3

3 I

formation:

K, [1,71/[1,1017] (2.21)

On the other hand with Tl+ as the counter ion, plots of OD vs, concen-
tration of iodine were no longer straight lines. Using the method of
continuous variations the stoichiometry of the Tl+—triiodide complex
could be established but agreemenf.in the calculated formation constants
was unsatisfactory. This as it turns out is not an unusual result (43),
A different method was eventually used to calculate formation constants

but .the detailed discussion is deferred until Chapter V.



CHAPTER III
TONIC- INTERACTIONS IN ELECTROLYTE SOLUTIONS
Introduction

In studying solutions of electrolytes, it is often desirable to
have a detailled knowledge of the sbecies present, Classical theories of .
solutions regard the solvent aé a mere provider of space in which the
solute particles move, and interactions between solvent and solute are
neglected. Modern theories of electrolyte solutions are based on a quite
different model. The solutiog can bg viewed as a disordered solid in
which only short~range order persisté (35,44). The solu;e and solvent
are . of equal importance and the classical view is acceptable only in the
limit of extreme dilution, Qhere'the solvent molecules far out number
the solute molecules. In order to understand the interactions between
solute and solvent, it is necessary to have. a knowledge of the structure
of the solvent. Sincé this study and @ost‘work in general was done in

water a knowledge of the structure of water is important.
The Structure of Water

;'It is weil‘known that the H—Q-H bond angle is ~105° and that the
O-ﬁ distance is 0.97 X. Bernal and Fowler (45) showed.that;the‘struc—
ture of water could ‘be coﬁéidered to be tetrahedral. Hence, in the
‘structure of ice, in which each molecule has four nearest neighbours,

the molecules are held together by tetrahedrally directed hydrogen bonds

16
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and the structure is an open one rather than a close-packed one.

The formation of this type of hydrogen bond in liquid water contri-
butes to a lowering of the internal energy (35). Frank and Wen (46)
have postulated that these bonds are being made and broken several at a
time, hence, producing short-lived clusters. The molecules inside these
clusters are extensively hydfogen—bonded. The clusters themselves, how-
ever, are surrounded by non-hydrogen-bonded molecules., These '"flickering
clusters" of various size and shape qualitatively account for a number
of experimental results, Nemethy and‘Scheraga (47) give a rigorous

statistical treatment tc this model.
Ion Association

The Arrhenius theory of .ionization postulates that: a) at infinite
dilution eleétrolytes ére»completely dissociated, b) the equivalent con-
ductance is independent of concenfration, and c) the law of mass action
holds for the equilibrium between the ions and undissociated molecules.
It is now known that the second postulate is invalid since ion mobilities
decrease with increasing concentration, due to the interaction of ions
of opposite charge. i |

Debye'aﬁd Huckel (48) developed the first statistical theory of
electrolyte solutions. The ions are regarded as point charges distri-
butea in a continuum which‘possesses.a dielectric constant equal to the
bulk dielectric conétant.‘ The theory seeks to calculate the average

potential energy for a given ion in solutien., For a:binary electrblyte:

u o= uo +RT Inm + RT.1n Y_ (3.1)

where u is the chemical potential of the solute, uo the standard chemi-~
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cal potential, m is the molal concentration and Y _ is the mean molal
activity cbefficient introduced to account for the departure from ideal
behavior, Debye and Hickel defined the activity coefficient based on a

mole fraction scale as:

1/2
Long f = Z+Z_AI (3.2)
where I is the ionic strength (3.3) and A is a fundamental constant:
I = 1/2 Imz,> (3.3)
174 ’

Equation (3.2) works well for extremely dilute solutions. In order to
extend the thebry to higher concentrations a term which took into account
the finite size of the ions was introduced. The resulting equation for

the activity coefficlent is:

211/2 1/2

)/ (1 + BaI

LoglO f = -(AZ ) (3.4)

where B is a fundamental constant and g'is the distance of closest ap-
proach, g is essentially an empirical fitting parameter. Davies (49)
proposed a further modification of the Debye-Hiickel equation suggested
by Guggenheim (50) and this equation with C = 0.3 adequately describes

1:1 electrolytes up to an ionic strength of 0.1 M:

1/2 /

- Log, £ = Azz, [a/?/ 1'%y - c1] (3.5)

The Debye-Huckel theory gives satisfactory results for the thermo-
dynamic behavior of very dilute solutions. However, when the ions are
: !
close together the approximations of the Debye-Huckel theory are no

longer valid. At these concentrations the electrical attraction of op-

positely charged ions may be greater than the thermal energy of the sol-
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vent. The result of this is the formation of.a newlspecies in solution,
the ion-pair (35), Bjerrum (51) was one of the first to recognize this
type of interaction. Hence, in solutions of weak electrolytes there may
be in addition to free ions and some neutral molecules, the ion-pairs in
which the ions may be separated By one or more solvent molecules,

For a pair of lons to be comsidered an ion-pair they must be close
enough together to lose their thermodynamic independence. Bjerrum de-
fined this distance, q, as the distance at which the mutual potential

energy is equal tqo 2kT. The distance q is given by:

q = z,2_e’/2DkT (3.6)

where e is the electronic charge, D is the dielectric constant, and k is
Boltzmann's constant. Bjerrum's model predicts greater ion-pair forma-
tion the higher the charges on the ions and the lower the dielectric
constant of the solvent. This prediction is in general agreement with
experimental results,

In the above models it was - assumed that tﬁe ions were non-polariza-
ble and that the solvent was a continuum, However, it is known that
dielectric saturation occurs in the vicinity of ions (35). Ritson and
Hasted (32) have calculated the‘Aielectric constant of water as a func-
tion of distance from an ion. For a positive ion it is assumed that the
dielectric constant in the first solvent layer is about four to five.
Beyond this layer the dielectric constant rises rapidly until it reaches
the bulk value at a distance -of 4-5 K from the positive ion. For a neg-
ative ions it is assumed that fhe bulk dielectnic constant can .be used
‘at all distances. It has been shown that the éalculated’g values have a

small dependence on the exact dielectric constant. Hence, modern. !



theories of dielectric saturation do.not greatly improve the results
from the continuum model.

An examination of simple electrostatic theory indicates the unlike-
lihood of the interaction of two ions of .similar charge type, especially
in-a solvent like water which has a high dielectric constant. Hence,
the .interaction of two triiodides ions; in water to form 16- is un-
likely. On the other hand, the interaction of triiodide with K+ is.
likely since K+ is knowﬁlto form 'ion-pairs with other "soft" ions.

3

Several examples of this are K+ interaction with_Fe(CN)6— 5, and

» B303g
804—2. The pK's for these ion-pairs are 1,3, 2,7, and 0.9 respectively
(49). Since part of this study was to examine the interaction of K* with
triiodide ion several nonaqueous solutions with D greater than and less

than water, were studied. According to Bjefrum's model, Equation (3.6),

the lower. the dielectric constant the greater the amount of ion-pairing.
Thermodynamics of Ion-Pair Formation

For a given temperature and pressure the thermodynamic association

constant, K, for the system:
M+ nL = ML (3.7)

is defined by:

~
L]

&, /_aMaLn (3.8)
n

where ax is the activity of X, for simplicity the charges have been .
omitted. The activity is defined as-the concentration of X times the
activity coefficient fX. ActiVity coefficients are usually calculated

using some form of the Debye-Hickel equation and most commonly the ex-
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tended form given by Davies (49), Equation (3.5).
Once the association constant for the reaction is known the free

energy, AGz, can be calculated (53):

0

AGi

= - RT 1ln Ki (3.9)

Physical interpretations of the equilibria based on only G° are limited

since changes in AG: can be regarded as a consequence of changes in the

heat and entropy of the system. For example a number of reactions with

identical a6° values frequently turn out to have quite different enthal-
ples and entropies which‘by self-compensation leave 4G° constant. More

information is contained in the separable values of 88° and 48° and more
emphasis is currently being given to accurate heat measurements. The

best determination of H® is by direct calorimetry. Work of this nature
3 .

termined from the temperature dependence of the association constant

ig in progress in this laboratory for I In this research 4H° was de-

(53):

¢ _ o} )
‘In (K2/K = AHi/R(llTl - l/T2) (3.10)

1
Once AGz andlAH: are known As: can be calculated from the Gibbs free

energy equation (53):

o

AGi.

) o
= AHi - TASi (3.11)

AHg is the property which is most directly related to changes in bonding,

while Aszvis a measure of the change of randomness and solvation.



CHAPTER 1V
EXPERIMENTAL RESULTS AND TREATMENT OF THE DATA
Solutions and Chemicals Under Study

The aqueous solutiogs under study were prepared in 0.01 M HClO4 and
degassed with nitrogen. The HClO4 was added to suppress hydrolysis of
iodine. All solutions were stored in an ice box at 4°¢C until ready for
use. New solutions were prepared every two weeks. The acetonitrie solu-~
tions were prepared using solvent which had been dried by storingover 4
X molecular sieve for a minimum of 72 hours before use,

The deionized water used in all experiments was prepared by passing
distilled water through a-é ft. column of reagent grade Rexyn # 300 (H-OH)
mixed bed resin (Fisher Scientific Co.). Before entering the two twelve
liter storage flask, which were vented to the atmosphere through ascarite
(8-20 mesh, Arthur H. Thqﬁas Co.) to exclude CO

o270

over a 3 ft. column of activated charcoal to remove dissolved trace

the water was.passed

organics leached from the exchange resin. Water not treated in this
manner had a high fluorescence, which made it impossible to obtain Raman.
spectra.

The KI used in the preparation of KI, was Baker Analyzed Reagent

3
with less than 0.05% chloride and bromide present. The salt was dired
in a llOOC oven. Fisher Scientific Co. U. S. P. iodine was doubly sub-

limed before use., For the first sublimation KI was added to help remove

any chloride or bromide. The iodine was stored in a sealed container.

22
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Thallium nitrate used in the preparation of the aqueous TlI3 solu-
"tions was obtained from the Fisher Scientific Co. lot no. 701884, and

was dried in a llOOC oven. T1C1l0 prepared by reacting T10H and HClO4

4
was used in the preparation of TlI3 for the acetonitrile solutions. Alfa

Inorganics lot no. 071972 T1OH and Baker Analyzed Reagent 70% HC10, were

4
used. The concentration of the HClO4 solutions was checked by titration
with standardized KOH. Acetonitrile and Dioxane were also Baker Analyzed
Reagent grade, The tetramethyl ammonium iodide used was. Eastman yellow
label quality,

The temperature of the solutions used in the U, V.-visible experi-
ments was controlled to within 0.1°C with a Braun Thermomix II Ciréula—
tor-Heater. As suggested by Davies and Prue (53) the cells were filled
and emptied without removal from the cell holder. This -is done in order
to prevent contamination of the solutions or the cell faces., No attempt

 was .made to control the temperature of the solutions used in the Raman

study.

Raman Spectra of KI3

The Raman spectra were taken from 50 cm—l to 300 cm,—1 with a 'scan-
ning speed of 10 cm—l/min,, using the 4,800 K excition line of the argon
ion laser. The spectra were always taken with the laser beam polarized‘
parallel to the xy plane of the sample and again with the beam polarized
perpendicular to the xy plane. As has been mentiongd'before the KI3
system has two Raman bands. The relative intensities of these bands
were followed as a function of concentration and dieiectric constant of
the medium. No attempt was made to draw any quantitative conclusions

from the Raman. data.
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A mixture of KI/I2 = 1 in water shows the typically strong Vl band

at 110 cm—l, a weak V, band at 145 cm-l, and a very weak 2 Vl at 220

3

cm—l, Figure 2. However, the V2 bending mode which should be seen some-
where between 60-80 cm-l was not seen due to the large liquid wing.
These bands and their assignment are consistent with those reported by
Maki and Forneris (5). The number of Raman active bands indicates that
in this case the triiodide ion is distorted from th symmetry. On the

other hand, a study of (CH in water and KI, in formamide, dielec-

3743 3
tric constant = 109, Figure 3, shw one strong band around 110 cm—l indi-

cating that in these two cases . the I3 ion is in Dmh symmetry.
As the triiodide ion concentration in water is decreased it is ob-

served that the broad V, shoulder decreases rapidly although it is still

3
distinguishable at concentrations ca. 10_3M. At this concentration it
is reasonable to conclude that the triiodide ion distortion, evidenced

by V, Raman. activity, is solvent induced.

3
For a ratio of KI/I2 = 1 in 16:1 dioxane-water mixtures, dielectric

constant = 5, the broad V. band becomes much sharper and a third weak

1
feature is developed .at 165 cm—l, Figure 4. Both of these effects are
consispenﬁ with a strong electrostatic interaction in the lower dielec-
tric medium, At a KI/IZ‘= 3 ratio in the same dioxane-water mixture a
moderate intensification of the 165 cm_l'band is observed. In this
medium all three bands are distinctly separated, the original'V3 is now
around 135 cm_l; A graduql transition to the pure water spectrum is ob-
served as the dioxane to Qater ratio is decreased. However, when KI is

added in large excess over I, in pure water (50:1) the intensity of the

165 cm +

2

band increases very rapidly with respect to that of Vl’ Figure .

5. Similar effects were noted using LiI/I2 in water, however, the
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association was not as great. This is as expected since LiT is a much

smaller and harder ion than Kf.

Raman Spectra of TlI3

The Raman. spectrum of thallium triiodide in aqueous acid shows an.
additional dominant feature at 130 cm_l, over and above the features of
the KI3 spectra, Figure 6. This very sharp band is strongly polarized
(p = 0.2) and is attribﬁted to a contact ion-pair interaction which has
displaced the V1 band by 20‘cm-l. In spite of the very‘strong cation
interaction the_V3‘asymmetric.stretch (155 cm-l) remains weakly active
suggesting that the intense feature at 165 ém-l in very high KI/I2 ratios

~ is due not to intensification of V3 but to V. of a new species. Equi-

1

librium is presumed to .exist between the contact and the solvent sepa-

rated ion-pairs in T1I, since on adding dioxane the 130 cm_l band be-

3
comes even sharper and more dominant as the other features decrease in.
intensity to a. 1/20 of that in pure water. These features are.not ob-
served in freshly prepared solutioﬁs of T1I and KI in dioxane-water or
tri-n-butyl phosphate, provided oxygen is excluded. From this observa-
tion any possible complication to the spectrum from the existence of
iodothallate complexes can be dismissed (55). Hence, the 130 cm-l band
indicgtes that 'a new species is'present in solution, e.g., the ion-pair

formed ‘between Tl+ and I, which must be symmetrical because of the de-

3
polarization ratio.

U.V.-Visible Spectral Data for KI3

The U.V.~-visible spectrum of aqueous,KI3'Was recorded from 400 nm

to 250 nm at 5, 25, and 45°C, At each temperature the following nine
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ratios of the volume of 13— solution to total volume were used: .80,
.75, .70, .65, .60, .55, .50, .45, and .40. Some examples of the ab-
sorption data at the three temperatures are shown in Tables III, IV, and
V.

Since plots of the optical density vs. [12] were linear, but did.
not pass through the method outlined in Chapter II, plots of (a-x) vs.
b(a-x) /0D, was used to obtain the extinction coefficients and equilib-
rium constants for the triiodide formation. The details of this method
are as follows. First let a=[I ], b ='[12], and make an estimate as

to the value of the extinction coefficient. Knowing the measured opti-

cal density and the ‘extinction coefficient, x the amount of I3 » can be
calculated at each data point:
X = [13 ] = OD/EI (4.1)

3
With x known a plot of (a-x) vs, b(a=x)/0D can be made. From this plot

Klé and -a new-extinection coeffieient can be obtained. These values are
used to obtain new values of x and so on until convergence is obtained.
The extinction coefficients at 370 rm and the equilibrium constants are
reported in Table,VI. No correction was made for formation of a potas-
sium triiodide ion-pair at these concentrations since from an independ-
ent study in this laboratory it has been shown that the equilibrium con-
stant for such an ion-pair formation is around four (56).

The value of the enthalpy of formation of triiodide at 25°C can be
found using Equation (3.10). This method involves plotting Loglo K vs.
1/T, Figure 7, and taking the slope ‘at the point of interest. Tﬁe value

of.AHo is AHO = -3,80 = 0,20 kcal/mole. The standard deviation of AH;

is found on the basis of the temperature range used and the probable



U.V.*VISIBLE\DATA AT MAXIMUM ABSORPTION OF KI

TABLE IV

AT 5°C in H,0

3 2
Tabulated as Optical Densities =
[17] x 10 [Iz]nx 104 v,/vt -295 .nm 360 .nm 395 nm
8.02 1.61 .80 1.89 1.20 0.52
7.52 1.51 .75 1.71 1.08 0.47
7.02 1.41 .70 1.51 0.96 0.43
6.52 1.31 .65 1.37 0.87 0.38
6.02 1.21 .60 1.24 0.79 0.33
5.52 - 1.11 .55 1.06 0.67 0.28
5.02 1.01 .50 0.92 0.59 0.24
4,52 0.91 45 0.76 0.47 0.19
4.02 0.81 .40 0.59 0.37 0,16

(49



U.V.~VISIBLE DATA AT MAXIMUM ABSORPTION OF KI

TABLE V

3

“AT 25% 1IN H,0

[I-] x 10

4

8.02
7.52
7.02
6.52 -
6.02
5.52
5,02
4.52
4.02

[IZ]»X 10

1.61
1.51
1.41
1.31
1.21
1.11
1,01
0.91
0.81

4

Tabulated as Optical Densities

295 nm

1.91
1.68
1.46
1.25
1.09
0.93
0.76
0.60

360 nm

1.38
1.25
1.10
0.96
0.81
0.71
0.61
0.50
0.40

395 nm

0.73
0.65
0.58
0.52
0.43
0.37
0.32
0.27
0.21

133



TABLE VI

U.V.~VISIBLE DATA AT MAXIMUM ABSORPTION OF KI3 AT 45°¢C IN_H20

Tabulated as Optical Densities

[17] x 1_04 [1,] x 10* v, I, 295 nm 360 nm 395 nm
8.02 1.61 .80 1.57 1.00 0.61
7.52 1.51 .75 1.41 0.88 0.53
7.02 1.41 .70 1.25 0.77 0.46
6.52 1.31 .65 1.08 0.66 0.39
6.02 1.21 .60 0.92 0.57 0.34
5.52 1.11 .55 0.76 0.48 0.28
5.02 1.01 .50 0.64 0.41 0.24
4.52 0.91 45 0.52 0.33 0.19 .
4.02 0.81 40 0.43 0.27 0.16

%€
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error in the equilibrium constant using the method outlined by King (57).
The AG® for the reaction is about —3.90vkcal/mole which from the Gibbs

free energy equation (Equation 3.11) implies that the entrépy change for .
the reaction is near zero. This means that the reaction is enthalpy and

not entropy driven,

U.V.-Visible Spectral Data of TlI3

The spectra of the aqueous TlI3 were also recorded from 400 mm to
250 nm at.5, 25, andv45°C. The same nine ratios as mentioned above were
again used, however, instead of diluting each solution with the appro-

priate volume of 0.01 M HClO4 the solutions were diluted with a TlNO3

solution. Three different ratios of the stock concentration of 1" to

the stock concentration of I, were used: 1:1, 1,5:1, and 2:1. Typical

3
absorption data on the TlI3 system are given in Tables VII, VIII, and IX.
TheleI3 system in-water was a somewhat different problem, from the

fact that as the Tl+ concentration was increased the 360 nm band shifted
to 395 nm, see Figure 8. Plots of optical density vs. [12] were not
linear. Accordingly, this data could not be treated in the same manner-

as the KI, data, for there was no wavelength at which only one species

3

was absorping. However, if ‘the KI, system is taken as a reference, plots

3
of changes. in optical density vs. the ratio of the volume of I

3

tion to total volume (Job's treatment) can be made., These plots have a.

selu-

maxima at 0.67 indicating a two to one complex. The Tlf solutions also
show an isosbestic point at 370 nm. An isosbestic point occurs if two
spectra have the same optical density at a given wavelength, and if the
solutions contain two absorping species in different ratios, but the

total concentration are the same in both solutipns. The: existence of
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TABLE VII

EXTINCTION COEFFICIENTS AND EQUILIBRIUM

CONSTANTS FOR 13' FORMATION IN H,0

5°C | -25°C 45°¢
€. K ' £ ' R £ K

4 1,003t 60 1.8%x 10 760 £ 40 2.11 x 10% 425 * 35

1.50 x 10




U.V.-VISIBLE DATA™ AT MAXIMUM ABSORPTION OF TII

TABLE VIII

AT SCTINHDO

3

2

Tabulated as Optical Densities'

[17] = 104 . [12}‘x 1-04 {Tlf] x 104 Vi/vf“”““ 295 nm 360 nm 395 nm 370 nm*
8.02 1.61 0.40 .80 1.76 0.93 0.73 1.03
7.52 1.51 0.50 .75 1.50 0.73 0.70 0.93
7.02 1.41 0.60 .70 1.23 0.54 0.65 0.84
6.52 1.31 . 0.70 .65 1.03 0.42 0.60 0.76
60.2 1.21 0.80 .60 0.92 0.36 0.55 0.68
5.52 1.11 0.90 .55 0.81 0.31 0.55 0.58
5.02 1.01 1.00 .50 0.68 0.25 0.43 0.51
4.52 0.91 1.10 W45 0.53 0.20 0.32 0.41
4,02 0.81 1.20 .40 0.38 0.15 0.22 0.32

*
The isosbestic point.

8¢



TABLE IX

U.V.-VISIBLE DATA AT MAXIMUM ABSORPTION OF TL1I; AT-25°C IN'H

3

2

o -

[17] x 10 [1,] x 10* * [11*1x 10" v, /v, 295 nom 360 mm 395 nm 370 no*
8.02 1.61 0.40 .80 —- 1.26 0.86 1.07
7.52 1.51 0.50 .75 1.88 1.10 0.82 0.97
7.02 1.41 0.60 .70 1.59 0.90 0.72 0.87
6.52 1.31 0.70 .65 1.34 0.74 . 0.64 0.80

6,02 1.21 0.80 .60 1.29 0.71 0.61 0.70
5.52 1.11 0.90 .55 1.15 0.62 0.57 0.61
5.02 1.01 1.00 .50 1.00 0.54 0.50 0.54
4,52 0.91 1.10 .45 0.81° 0.43 0.41 0.43

4,02 0.81 1.20 .40 0.65 0.35 0.34

*
The isosbestic point.

" 6€
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this point reduces the number. of unknowns by one, and allows the .calcu-
lation of the extinction coefficient for the pure KI3 data. Hence, an
exact analytical solution for the association constant in the 1t sys-

tem is possible,

The association constant can be calculated from the mass balance

equations:
¢; = [T+ [17]+ 2[ri(zy,’] (4.2)
CI2 = [12] + [13‘] + 2[T1(13)2'] (4.3)
¢y = [117] + [11(1),7] (4.4)

the equation for the optical density at the isosbestic point:
o0 = e(l1y7] + [T1(1y), D (4.5)
and the equations for the two association constants:

%, * (1, /07101, (4.6)

- tqp =122
Ky, = [Ty, IOl 1% (4.7
Letting a 8.[13*] and b = [TlCIS)é—] Equation (4.5) becomes:
b = (OD/e) - a (4.8)
By :the appropriate‘combina;ion of Equations (4.2), (4.3), and (4.8) the
expression for KI can be written as:
3

KI = a/[(CI - 20D/e + a)(CI - 20D/e + a)] (4.9)
3 2
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- 20D/c we have:

Now letting x -.CI - 20D/e, and 'y = C
2

I

a’k. +a(k x+K. y-1) +K %y =0 (4.10)
T 13 I3 13

3
Equation (4.10) can easily be solved for a, and hence b and KTl can be
calculated. The ionic strength was essentially constant since all work
was done in 0.01 M HClO4; Therefore, the activity coefficient was cal-
culated using an ionic strength of 0.01 in the Davies equation. These.
association constants with 95% confidence intervals'are reported in
Table X. The program used to calculate the association constant was set
up such that any data point which gave a negative value was ignored.

The association constant was not calculated from Equation (2.18)
because of some .of the limitations mentioned by Woldbye (41). It was
also noted that a small change in the value of Ymax could result in a
large change in the calculated association .constant,

The value of the enthalpy of the reaction at 25°C was féund using
Equation (3.10). A plot of Log,q Ky vs. 1/T for the Tl(13)2- is shown.
in Figure 9. The value of AH° is tH® = - 9,12 * 0.25 kcal/mole. The

AG° and AS® values were -10.32 kcal/mole and 4 t ,7 e.u. respectively.

Spectral Data in CH3CN

A similar study of both the‘_KI3 and TlI3 systems was carried out
in acetonitrile. The temperature range was limited to 5, 25, and‘35°C,
because of solvent evaporation problems{and the spectra were recorded
from 410 nm to 250 nm. At each temperature six ratios of the volume of
I3

.40, The spectra of KI3 in acetonitrile were very similar to the water

solution to total volume were used: .80, .75, .65, .55, .45, and

spectra. Table XI lists the absorption data for KI, at 25°C. The ace-

3



TABLE X

U.V.-VISIBLE DATA AT MAXIMUM ABSORPTION OF TlI3 AT 45°C IN H20

4 Tabulated as Optical Densities

[17] x 10% [1,] x 10* [r1*] x 10 v, v, 395 tm 360 m 395 mm 370 om*
8.02 1.61 0.40 .80 1.57 1.00 0.61 0.82
7.52 1.51 0.50 .75 1.41 0.88 0.53 0.76
7.02 1.41 0.60 .70 1.25 0.77 . 0.46 0.68
6.52 1.31 0.70 .65 1.08 0.66 0.39 0.60
6.02 1.21 0.80 .60 0.92 0.57 0.34 0.51
5.52 1.11 0.90 .55 0.76 0.48 0.28 0.44
5.02 1.01 1,00 .50 0.64 0.41 0.24 0.38
4.52 0.91 1.10 .45 0.52 0.33 0.19 0.32
4.02 0.81 1.20 .40 0.43 0.27 0.16 0.26

*
The isosbestic point.

£y
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TABLE XI
ASSOCIATION CONSTANT oF T1t + 21, = T1(13)2' IN 1072 M AQUEOUS HC10,
5% ' 25°¢ 45°¢
e e e ==
(9.10 *+ 2.6) x 10’ (3.90 + 1.2) x 10 (1.53 + .7) x 107

tonitrile data at 5 and 35°C show the same type trends with respect to
25°C as the water values. By plotting (a-~x) vs. b(a-x)/0D the extinc-
tion coefficients and equilibrium constants .for the formation of tri-
iodide can be calculated. The extinetion coeefficients do not change.
significantly with temperature and have a value around 3.0 x lO4 at 360
nm. Table XII gives the equilibrium constants for the triiodide ion
formation. Again no correction was made for any ion-pairing between
potassium and triiodide at these low concentrations.

The enthalpy of formation of the triiodide ion at 25°¢C 1is calcu-
lated to be AH° = -3.35 kcal/mole and the standard deviation is probably
somewhat larger than the water value. The entropy for the reaction is
about 8.0 e,u.

The TlI3 spectra were also recorded from 410 nm to 250 om at 5, 25,
35°C., The same six ratios mentioned above were again used. However,
instead of diluting each solution with the appropriate volume of solvent
the solutions are diluted with a¢T1ClQ4 solution. Again three different
ratios of the stock concentration of Tl+ to the stock concentration of
I,” were used: 1:1, 1.5:1, and 2:1.

3

The results of the U.V.~visible study of the T1I_, system were dis-

3

appointing. The Job's plots gave a value of N, the number of bound

ligands, equal to 1.5. Attempts were made to treat the data as a ome to



U.V.-VISIBLE DATA AT MAXIMUM ABSORPTION OF KI

TABLE XII

AT 25°%C IN CHICN T

3 3
Tabulated as Optical Densities
[17] x 10* [1,] x 10° v, Iv, 295 nm 360 nm 395 om
1.60 3.20 .80 0.95 0.48 0.28
1.51 3.02 .75 0.87 0.43 0.24
1.31 2.62 .65 0.79 0.40 0.18
1.11 2.22 - .55 0.63 0.32 0.15
0.91 1.82 .45 0.41 0.21 0.09
0.81 1.62 .40 0.38 0.14 0.05

9y
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one complex and as a two to one complex, both of these methods gave neg-
ative association constants. If the system is treated as both a one to
one and a two to one complex the number of unknowns exceeds the number
of equations, hence, no solution is possible. The spectra do not show

an isosbestic point.

TABLE XIII

~ FORMATION IN CH,CN

3

EQUILIBRIUM CONSTANTS FOR I3

5°%¢ 25°%¢ 359

3.05 x 10™ 2.24 x 10 2.02 x 10

Work is still in progress on the matrix isolatioen of 13 ion. As

of yet a satisfactory glass of water and 12 has not been obtained.



CHAPTER V
KINETIC STUDY

Sutin et al. (57) have studied the kinetics of the triiodide ion
formation using a laser Raman temperature-jump apparatus. The forward
and revérse rate constants for this reaction are (6.2 * 0.8) x 109 M—l
sec;_l and (8.5 * 1.0) x 106 sec:.-l respectively. Since little data is
avajlable on the kinetics of Tl+ complex formation it would be of inter-
est to study the kinetics of formation of Tl(IB)z_° It is expected that.
the reaction would be fast; hence, several relaxatiqn techniques were,
attempted.

Several solutions of various concentrations were studied using the
ultrasonic absorption apparatus available in this laboratory. No. excess
chemical absorption was.observed even at very high concentrations. This
is not surprising in light of the thermodynamics of T1(13)2_ formation.

The change in entropy for this reaction is small which by the Maxwell

equation:

348 3AP
=) = (=) (5.1)
34V 9AT v

implies that the change in volume is also small. Since excess absorp-
tion is related to (AV)2 there should be little or no absorption of sound
at ultrasonic frequencies. Indeed the same negative results were ob- .

served for I, formation which was done at Sutin's request.,

3

48
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An attempt was also made to follow the reaction by a stopped flow
technique., The reaction is apparently too fast for the stopped flow
apparatus for whiqh the dead time is about .5 milliseconds.

The reaction may be slow enough for study by conventional tempera-
ture jump techniques. Plans are also under way to study the reaction in
cooperation with Professor E. M. Eyring, University of Utah, using the

E-jump technique.



CHAPTER VI
DISCUSSION

Introduction

The objective of this work was to study cation-triiodide interac-
tion to see if these interactions were of significance equal to if not
greater than polyion formation., The cations chosen for this study were
K+ and Tl+. It was expected that experimental evidence for K+ associa=-

tion would at best be marginal.
Raman Spectra

A study of (CH in water and KI, in formamide, which has a

Qe 3
dielectric comstant of 109, shows one strong band at 110 cm_l. As was

mentioned in Chapter II only a linear symmetric structure would give

rise to this type of spectra., On the other hand, with a moderate ratio .

of KI/12 in water the Raman spectra shows a strong Vl band at 110 cm--1

and a weak V, band at 145 cm-l; These bands and their assignments are

3
in agreement with those reported by Maki and Forneris (5)., There are
two structural models which can explain this spectra: a linear non
symmetric molecule, and a non linear symmetric molecule. A study of the
depolarization ratio supports the linear non symmetric molecule. There~

fore, in solution it is feasible to conclude that the distortion from a

linear symmetric molecule may be caused by solvent interaction or by

ion~pair formation.

30
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A rapid decrease of the V, band is observed on dilution of a mix-

3

ture of KI/I2 = 1 in water. However, the V, band is still distinguish-

3
able at concentrations ca, 10-3M. At this concentration it is reasonaBle
to conclude that the triiodide ion distortiom is solvent induced. As

the dielectric constant of the medium is lowered the A band becomes

much sharper and a new feature is developed at 165 cm—lu Both of these
effects are consistent with a strong electrostatic interaction in a low
dielectric medium. When the KI/I2 ratio is increased to 3 in a low di-
electric medium there is a moderate intemsification of the 165 cm-l

band, and all three bands are distinctly separated. The assignment of
the new band to a mode of the 13_ ion is at best speculative, but it is
tentatively attributed to the Vl symmetric stretch being shifted towards.
thg 218 cmfl molecular 12 value as association with K+ lengthens the
weakerfIB— bond.

When the ratio of KI/I2 in water is increased to 50:1 the intensity
of the 165 cmml band increases very rapidly relative to that of_Vlo This
data again supports the cation-anion interaction. The results of the
LiI/I2 study also support the conclusion of a cation-anion interaction.

When Tt is used as the cation instead of K a very .dominant band
develops., this band is due to.a symmetric mode, depolarization ratio
equal to 0.2, and from the U.V.-visible data it could be assumed to be
due to the symmetric .species Tl(13)2—. The fact that the asymmetric
stfetch remains active in the above system suggest that the 165 cm_l
1

In summary, all of the Raman data suggest that there is an ion-pair

band in high KI/I2 ratios is the V. mode of a new species.

formed in the K+ = 13_

way supports the formation of polyioms, e.g., IS— and 16—2° The Raman

system. On the other hand, the Raman data in no
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data definitely indicates an ion-pair formation in the T1% - 13—

Hence, in general with a very large '"soft" cation or in a high dielectric

system,

medium the triiodide ion is observed to be in a linear symmetric, th,

structure as evidenced by only one Raman band, V If the large "soft"

1
cation is replaced by a smaller ion such as, K+'or Li+ a V3 band becomes
active. The cation-anion interaction is assumed to be end on with a
lengthing of one of the triiodide ion bands. If the bonding in the com-
plex is between a molecular orbital of the triiodide and the Tl+ d~orbi-
tals. The end on interaction is favored due the symmetry characteris-
tics of the orbitals involved.  Also, the orthogonal nature of the d-
orbital will result in the highly dirgctional bond that is indicated by

the depolarization ratio. This effect is even more pronounced in a low

dielectric solvent,
U.V.-Visible Spectra

The extinction coefficients and equilibrium constants calculated in
the manner outlined in.Chapter IV are in good agreement with those re-
ported by Daniels (7), and other workers in the field (27,28), see Table

XIV.

TABLE XIV
COMPARISON OF EQUILIBRIUM CONSTANTS OF I,” FORMATION AT 25°C IN H,0
This Work Ref. 7 Ref. 27 . Ref. 28
760 723 768 748

No correction for ion-pairing was made, since at the concentrations used:



(~10—4 M) any ion—pairing would be small.

In the T17 - IB- system it was observed that the 360 nm band shift-
ed to 395 nm as the Tl+ concentration was increased. This is an indica-
tion of a.new solute species. Further data analysis suggests that the
species 'is a one to two complex which is significant to Raman interpre-
tation.,

The agreement of the thermodynamic values is somewhat poorer than

the agreement for equilibrium constants as is seen in Table XV (8,11,27,

28).

TABLE XV
COMPARISON OF AG®, AH®, and AS® FOR 13‘ FORMATION AT 25°C, IN H,0
This Work - Ref, 8 Ref, 11 Ref, 27 Ref, 28
Iexdd -3.90 _3.88% -3.50 -3.92% -3.90
an° -3.80 . -5.10 . -3.10 -3.20 -4.05
28° 0.30 ~4.00" 1.40 2.00" 0,49

. )
" an° and Ac® are in kecal/mele and As® 1is in e.u.

+Calculated by author from reported values.

At this point it would be of interest to compare the thermodynamic

properties of the K+ - 13-

the T]-.+ - 13- system in water. Table XVI lists the thermodynamic proper-

system in water and acetonitrile as well as

ties of these three systems at 25°¢. . The most striking difference in the.
K+ - 13? system is the large increase in the entropy in the acetonitrile
system. This change can be tentatively attributed to the differences in.

solvation of the iodine molecule in water and acetonitrile.
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TABLE XVI

COMPARISON OF THERMODYNAMIC PROPERTIES

K, AG° keal/mole au° kcal/mole 4s° e.u.

+ -
k-1, 760 -3.90 -3,80 -0
(8,0)

+ -
K- 2.24 x 10% -5.92. -3.35 -8
(CHBCN)
nt -1 7%

3 3.9 x 107" 10,32 -9.12 -4
(8,0)

*
Product of-Kle.

Many people have tried to explain the discrepancies in the triiodine
system by postulating the formation of polyions. TFor instance Ramette

and Sandford (28) postulate the formation of the‘IS- polyion. Their

method of approach was a solubility study with concentrations around 10—2

M in KI and 10f3 M in 12. At these concentrations our Raman studies in-

dicate that an ion-pair is present and not a polyion. the abovevauthors

5 °

values are AH® = + 12 kecal/mole  and 48° = + 50 e.u. which are a complete

also reported values for 2H° and A8° for the formation of I These
reversal of the trends seen for the triiodide formation. In a calori-
meteric study in this laboratory thé reaction is exothermic. The experi-
mental evidence for an IS- polyion is easily contestable and the dis-
crepancies in the triiodide data it seems can be better explained on the
basis of an ion-pair for which there is good experimental evidence,

The thermodynamic properties reported by Davies and Gwyne (27) for

the formation of I6 2 are believable in. light of the thermodynamic
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properties of the formation of the triiodide ion. The concentration
range of their study was around 10"3 M, again it is pointed out that our
Raman study indicates that an lon-pair is present at these concentra-
tions. Theories of ionic interaction in solution point out that there.
is a small probability of an interaction between ions of similar charge
type. The experimental method employed in this study was distributed
between water and carbon tetrachloride, Bjerrum's theoretical model
states a greater amount of ion-palring is expected in the lower dielec-
tric constant solvent. One would again expect that ion-pairs should be

favored over I ~2 in carbon tetrachloride.

6
In summary it is the conclusion of this work that the discrepancies
in the interpretation of data on the triiodide ion should not be account-
ed for in terms of polyion formation but should be attributed to cation-
anion interactions. Most of the work where polyions have been postulated
have been done at high concentrations or in low dielectric solvents where
ion~pairing would be expected. In the light of recent data on ion-pair-
ing with K+ this interpretation is not revolutionary. In support of our
contention we offer the following explanation and interpretation. 1In
the U.V,~visible study of the Tl+ - 13_

+ .
that as the Tl concentration was increased with respect to the I

system in water it was observed

3
centration the 360 nm band shifts to 395 nm indicating some type of in-

con-

teraction and the formation of a new solute species. The depolarization
ratio;(§“= 0.2).and the U.V,~visible interpretation are both consistent
with a 2:1 stoichiometry for this new species, The interpretation of the.
Raman spectra of both cations is consistent with the existence of ion-
pairs and most certainly at high concentrations of solute and solvents of

low dielectric constant.



CHAPTER VII
SUGGESTIONS FOR FUTURE WORK

Since there is strong evidence for lon-pairing in.the systems
studied one.suggestion for future work is to do an extensive thermody-
namic study of other related systems using various experimental tech-
niques, such as conductivity, calorimetry, and solubility. Once the
thermodynamic properties are known a kinetie study can be made to get a
complete picture of the system under study.

A specific project which pertains to the triiodide system should
also prove to be interesting. This project would be to lock at the

Raman spectra of HI, in solution and isolated in a matrix. One possible

3
way . to obtain.HI3 in the matrix would be to carry out a high temperature
gas phase reaction between HZ and I2 with a slight excess of I2' The

reactants could then be trapped on a cold finger.

By isolating the triiodide ion in the matrix information can be ob-
tained about the ion in the absentes of any interference from a cation,
This information would be useful in understanding the nature of the bond-
ing of the triiodide ion with cations such at Tl+. The information from
the matrix isolation would also help in understanding theoretical calcu-

lations.
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