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ABSTRACT

Dielectric relaxation and infrared study of a number
of associating (H-bonding) compounds in glassy media,
mainly polystyrene, have been carried out. The dielectric
measurements by a General Radio 1621 Precision Capacitance
bridge and infrared measurements by a Beckman spectrophotometer
IR4250 have been described. The experimental dielectric data
as a function of frequency at different temperatures were
subjected to analysis by a series of computer programs written
in APL and BASIC languages. The activation energy barriers
opposing the dielectric relaxation processes were obtained

by the application of the Eyring rate equation.

An infrared study of wvarious sterically hindered
alcohols in polystyrene have been carried out. It is shown
that a decrease in temperature leads to an increase in the
degree of polymerization. The effect of steric factors on
the degree of polymerization at a given temperature has also

been discussed.

Dielectric studies of sterically hindered alcohols,
mainly in polystyrene matrix, have yielded, in some cases,

completely separated molecular and intramolecular processes



due to the H-bonded species. All alcohols gave a process
owing to the H-bonded species with the exception of the most
sterically hindered di-tert-butyl carbinol, tricyclohexyl
carbinol and diphenyl methyl carbinol. The presence of H-
bonded species was indentified by the infrared spectrum of

" the sample. In addition to sterically hindered alcohols, some
simple small alcohols and water were also studied in a poly-
styrene matrix and in some other glassy media. The process
owing to the H-bonded species was found to occur in the
similar temperature region as was observed for sterically
hinde;ed alcohols. The energy barriers of the process related
with H-bonded species for all the alcohols and water in a
polystyrene were of a similar order of magnitude. A possible
mechanism for the process related to H-bonded species was

discussed.

Dielectric studies on alcohol and amine systems in a
polystyrene matrix have been carried out. It has been discussed
that alcohols interact with amines, thus increase the dipole
moment of the complexes which leads to an increase in the
dielectric loss factor of the system. However, in many cases
the dielectric process due to the complex, formed by alcohol-
amine interaction, was overlapped with the absorption owing
to the H-bonded species of the alcohol and/or to the molecular

process of amine.
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CHAPTER T

GENERAL INTRODUCTION AND BASIC THEORY




INTRODUCTION

A H-bond exists if one hydrogen atom H is bonded
to more than one other atom, for instance, to two atoms
named X and Y. In this case, X and Y are connected with each
other along H. If the two bonds of H to X and Y have different
strengths the stronger bond will be written X-H and termed
a normal XH-bond, but the weaker bond will be written H-.---Y
and termed a hydrogen bond (abbreviated H-bond). The H-bond
can be of two types (a) intramolecular H-bond, is one belonging
to the same molecule, e.g. in salicylaldehyde and (b) inter-

molecular H-bond, formed between the molecules, e.g. in

alcohols, water, carboxylic acids etc.

The H-bond is an intermediate range intermolecular
interaction between an electron-deficient hydrogen and a region
of high electron density. H-bond plays a vital role in the
structure of DNA (1) and the secondary and tertiary structure
of proteins (2). Another very important intermolecularly H-

bonding compound is water which is closely related to alcohols.

Infrared and nuclear magnetic resonance spectroscopy
have provided a sensitive means of detecting H-bond formation.
However, dielectric relaxation remains one of the attractive

methods which offers a way of studying the phenomenon of H-



bonding in great detail (3,4).

In recent years, the dielectric absorption studies
of non H-bonding polar solutes dispersed in a polymer-matrix
such as polystyrene, polypropylene and polyethylene matrix
have received some attention in the literature. It has been
found to yield reasonably reliable intramolecular energy
barriers (5,6). One of the great advantages of polymer-matrix
technique is that for a molecule with a flexible polar group,
where both molecular and intramolecular processes overlap at
microwave frequency around room temperature, the relaxation
time'for the former can be increased to such an extent either
it may be considerably slowed down or may even be eliminated
owing to a highly viscous surrounding medium, so either or
both of the processes may be studied independently. Such a
technique appeared more straightforward in comparison to the
dielectric solution approach, since in solution studies
complications are frequently met owing to overlap of different
types of processes which for their separation require Budd
analyses which in a number of cases is now known to be un-
satisfactory (6). Moreover, the frequency and temperature
ranges accessible to the solution studies are fairly limited,
and hence relaxation parameters cannot be obtained with
reasonable accuracy. However, these limitations may be over-

come in the polymer-matrix techniques, since different instru-



ments can be used to cover a wide frequency range of investi-
gations over a broad temperature range (i.e. from liquid
nitrogen temperature [v80 K] to the glass transition temperature

of the matrix system).

One of the most commonly used polymer solvents is
polystyrene. Polystyrene is used as the solvent for a matrix,
which contains the cavities within which the solute molecules
can be trapped (5,7). Since the polystyrene is almost a non-
polar soivent, studies in which polar molecules are monomolecularly
dispgrsed in the matrix are simplified by the very low loss of
polystyrene. Samples of polystyrene have low losses which

are less than l.OxlO_3 over the frequency range 100 Hz to 1 GHz.

In addition to polystyrene, two other molecular
glass-forming solvent systems, o-terphenyl and polyphenyl ether
(trade name, Santovac), have been used by the polymer matrix
technique. o-Terphenyl is virtually a non-polar solvent
which melts at 328.7 K and the liquid may be cooled to a glass
with an apparent glass transition at v243 K (8). Polyphenyl
ether is a six-ring meta-linked bis(m(m-phenoxy phenoxy)phenyl)
ether with a glass transition at about 270 K (8). Polyphenyl
ether differs from o-terphenyl in that it is more polar since

it contains polar ether linkages.



The work presented in this thesis is aimed at
gaining basic information on the dielectric relaxation behaviour
of intermolecularly H-bonding compounds, mainly alcohols, in
a polystyrene matrix. Some of the infréred measurements are
also made to assist in interpreting dielectric results of

alcohols in a polystyrene matrix.



BASIC THEORY

A. Dielectric Theory

Dielectric materials differ from conductors in that
they have no free charges that can move through the material
under the influence of electric field. In non-polar dielectrics
all the electrons are bound, and the only motion possible in
the presence of an electric field is a very small displacement
of positive and negative charges in opposite directions. A
non-polar dielectric material in which charge displacement
has taken place is said to be polarized, and its molecules
possess induced dipole moments. The total polarization of a
material is made up of different components and can be represented

by the Clausius-Mossotti-Debye theories (9) as:

Py = Py + P, +P,
47N u?2
3 (og + op + 557 )
_fo T .M
e+ 2 d (I-1)
@)

where o is the polarizability, N is Avogadro's number, k -is
the Boltzmann constant, up is the dielectric dipole moment,
T is the absolute temperature, M is the gram molecular weight,

d is the density (g ml—l), and €6 is the static dielectric



constant of the material. The subscripts, E, A and O in P
indicate the electronic, atomic and orientation polarization

components, respectively, of the total polarization, P

The quantity (eo—l)M/(€o+2)d is known as the molar
polarization. From Equation I-1, the following conclusions can
be made. For a non-polar material the molar polarizability
should be a constant independent of the temperature and pressure.
An increase in the density leads to an increase in permittivity
For a polar substance the molar polarization falls with in-
creasing temperature, because the thermal agitation decreases
the aipolar polarization. If a plot of molar polarization
versus the reciprocal of temperature is made, a straight line

is obtained whose slope yields the dipole moment.

The Clausius-Mossotti-Debye theories are applicable
to gases but are often inadequate when applied to polar
liquids due to the invalidity of the Lorentz field used in
these theories as a measure of the local field in a dipolar

dielectric.

In order to give a theory which would extend the
relation between permittivityand dipole moment to liquids and
solids, Onsager (10) developed a theory on the assumption

that there exists a cavity which is a sphere in a homogeneous



medium of static dielectric constant, so, as:

o = %) 28 " %) o _ammiz g,
d

2 9kT
so(ew+2)

where ¢ is the very high frequency or optical dielectric
constant. At a very high frequency when the orientation

polarization vanishes Equation I-1 becomes:

S L O T (I-3)
d
A combination of Equation I-1 and Equation I-3 gives the

Debye equation:

(e -e,) M 4mNU2
. = — (I-4)
(e,*2) (e,+2) 4 9kT

From Equation I-2 and Equation I-4 we can obtain a relationship
of dipole moment between the Onsager and the Debye equation as
follows:

M2 _ (Onsager) _ (2e,te,) (e572)
u? (Debye) 3€o(€w+2)

(I-5)

For gases at low pressures the Onsager equation reduces to

the Debye equation when €6 and € are practically identical.



When an insulating material is placed in an electric
field it becomes polarized, owing to the relative displacement
of positive and negative charges in the material. The ratio
of field strength without any dielectric material to that in the
presence of the dielectric is called the static dielectric
constant (relative permittivity), €57 of the material. If a
dielectric material is placed in an electric field; which
alternates at low frequency the polarization will also follow
it. As the frequency is increased the PO component of PT
will have difficulty in following the alternating field this
will result in a decrease in total permittivity. It is
this decrease in polarization and permittivity and the resultant
absorption of energy which describes the dielectric dispersion.
The phase difference between the applied field and the dipole
reorientation causes a dissipation of energy known as Joule
heating which is measured by the dielectric loss (e") defined

below as:

e" e' tand (I-6)

where €' is the real component of the complex term of the
dielectric constant and tand is the loss tangent or energy

dissipation factor.

The complex quantity of the dielectric constant



10

in the dispersion region is given by:
ge* = ¢!' -1ic", where i = J-1 (I-7)

The relationship between €', €" and § is illustrated by the

diagram:

?

A 4

8 4

Figure I-1l: Loss tangent curve

The absorption region associated with the different
mechanisms of polarization occurs in different parts of the
electromagnetic spectrum, as shown in Figure I-2. For example,
electronic polarization is a process which arises from the
displacement of a molecule's electrons in an applied field.

The electronic polarization process occurs with a frequency



[} | [} 4 ']
8 9 10 11 12 13 14
logv
FIGURE I-2: Total polarization versus
) log frequency curve.

of about lO15 Hz which corresponds to frequencies in the ultra-

violet region. Atomic polarization arises from the displacement
of atoms relative to one another in the molecule, and occurs

at frequencies of 1012 to lO14 Hz, corresponding to the

infrared region of the electromagnetic spectrum. The time
required for the orientation polarization response depends in
part on the frictional resistance of the medium to the change

in molecular orientation. 1In a highly viscous medium a molecule
will encounter more frictional drag as it rotates than in a

low viscous medium., This will result in a longer period of

time for molecular reorientation in a more viscous medium.

Small molecules in liquids of low viscosity reorientate them-

-11 12

selves in a period of 19 s to 10 ~° s with frequencies of
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10ll to lO12 Hz. These frequencies correspond to the micro-

wave region.

Dielectric relaxation is the expontential decay with
time of the polarization in a dielectric when an external field
is removed. The relaxation time, T, is defined as the time (t)
in which the polarization is reduced to 1l/e times its original

value (PO), therefore:

P(t) = Py exp (-t/1) (I-8)

where, P, = specific polarization in a static field,

P(t) = specific polarization at time t in an electromagnetic
field.

The frequency dependence of €' and " in the region
of dielectric absorption for a system characterized by a single
discrete relaxation time is given by the Debye equation:

c* = ¢ + e (1_9)

where w is the angular frequency.

On separation into real and imaginary parts,

Equation I-9 becomes:
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€ _—€
e' =g + =22 (I-10)
® 1+tp21?
£ _—¢€ wT
en = i_g__fl__ (I-11)
l+w?T?

Elimination of wt from these equations gives:

g —g 2 € —-¢

(e - 2= 4 (em? = (D7 (1-12)

This is the equation of a circle. The locus of €' and e"
in an Argand diagram is a semi-circle of radius (eo—em)/z with
the centre lying on the abscissa, and is known as the

Cole-Cole plot (11).

For many molecules, the dielectric absorption is
not characterized by a single discrete relaxation time. Cole
and Cole (11l) considered the case of a symmetrical distribution

about the mean relaxation time, Tyr and obtained:

€6 %
e¥ = g+ (I-13)

L l-a
l+(1wro)

where o, measured in units of w/2 radians, is the distribution
parameter, and may have values between O and 1. When a = O

the Debye equation is obtained.
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A number of other functions have been considered for
non-Debye type absorption curves. Davidson and Cole (12)
have formulated a function which describes right-skewed arcs.

The equation is given by:

g* = gV - igh= e, t —T (I-14)

where B; is the asymmetric distribution co-efficient. If B;

is 1 then the Debye equation is obtained.

Fuoss and Kirkwood (13) also developed a theory
regarding the distribution of relaxation times. These workers
found that the dielectric loss of some polymers could be re-

presented by the expression:

e" = E"max sech{” 1ln (w/wmax)} (I-15)

The mean relaxation time characterizing the dipole motion giving

rise to the absorption is represented by 1 = l/wma = l/2nvm

x [4

ax

where Vo (Hz) is the frequency at which the maximum loss

ax

factor, € max’ is observed. B is itself a significant empirical

parameter as its inverse measures the width of the absorption

relative to the Debye process (8 1), and Voax are usually

evaluated from the linear relationship:
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8"
-1 max, _ _ -
cosh ~( ~ ) = 2.3036(log\)max logv) (I-16)

The Fuoss-Kirkwood B wvalue may be related to the Cole-Cole a

value by an equation given by Poley (14).

BN2 = (l-a)/cos{l-a)m/4} (I-17)

For molecules which contain a rotatable polar group,
dielectric absorption may often be characterized by tWo discrete
relaxation times corresponding to molecular and intramolecular
rotations. Budd (15) considered that for multiple discrete
relaxation processes the complex dielectric constant could be
represented by the superimposition of overlapping Debye absorp-
tions., Use of Budd equation to evaluate relaxation parameters

has been described by Crossley, Tay and Walker (16).

A number of models have been suggested to account for
the mechanism of the molecular relaxation processes. Debye (9)
has suggested a simple relaxation mechanism and according to his
theory, each dipole has two equilibrium positions separated by
an energy barrier, AE. In such a situation the dipoles will

oscillate within the potential minima, and sometimes acquire



enough energy to jump the barrier.

The Eyring rate theory (17) is often applied to the
reorientation of an electric dipole between two equilibrium
positions. According to this treatment if AGE is the free
energy of activation for the dipole to reach the top of the
barrier opposing reorientation, then the number of times such

a reorientation occurs per second is given by the expression:
1/t = («kT/h) exp(-AGE/RT) (I-18)

wheré T is the absolute temperature, h is the Planck's constant,
R is the universal gas constant, k is the Boltzmann's constant,
and k is the transmission co-efficient normally taken to be 1;
this corresponds with the case that each time the dipolar
molecule is excited to the top of the energy barrier it
continues to move in the same direction to the adjacent minimum
position. Thus, the process is one of relaxation between two
equilibrium positions but it is commonly referred to as
rotation.
Since

AG, = AHE - TASE

E

where AHE is the heat of activation and ASE is the entropy of

activation for this dipole relaxation process. Thus:



T = (h/kT)exp(AHE/RT)exp(—ASE/R) (I-19)
which on taking logarithms and rearrangement gives:

IntT = (AHE/RT) + ln(h/k)—(ASE/R) (I-20)
Thus, it is evident from the above equations that a plot of
In(tT) versus 1/T is a straight line. The slope and intercept

of the line therefore yields the AHE and ASE, respectively,

the observed relaxation process.



B. Infrared

The formation of H-bonds (X-H°°**°Y) gives rise to

the following Prominenteffects in the infrared spectra of the

systems:

(i) the stretching mode (vx_ﬁ) and its harmonics are
shifted to lower wavenumbers.

(ii) the stretching mode (vX_H) and its harmonics are
broadened.

(iidi) the integrated intensity of the fundamental is in-

creased, sometimes by factors of up to ten or more, while the
corresponding overtones decrease slightly in intensity.

(iv) both the wavenumber and intensity of stretching
mode (VX_H) may be altered radically by a temperature change of

several degrees.

(v) similarly, the wavenumber and intensity of stretching
mode (vX_H) are concentration dependent.

(vi) the absorption of stretching mode (VX_H) may be altered

either by an acidic or basic solvent.

A brief outline of the basic features are given here.
However, detailed discussion on basic theories given in the

literature (18-20).



For a diatomic molecule X-H, a close replica of a
harmonic oscillator, the quantum mechanical solution for A
yields the following equation for the vibrational frequency

(w cm--l units) :
= 1 k3 -
AE/h =cw = 5o (TI) (I-21)

where h is constant, c is the velocity of light and K
is the reduced mass. The force constant k may be regarded as
a measure of the stiffness of the springlike X-H bond.

The lowering of the v frequency was first attributed

X-~-H
to the weakening of the X-H bond on the formation of the H-bond.
This hypothesis is supported by the observed lengthening of X-H
bond by 0.1 to 0.2 R in an H-bonded crystal (21,22). Semiempirical
calculations (23), however, have shown that the force constant
of the X-H bond decreases but not sufficiently to account for
the totality of the frequency shift. Another significant factor
modifying the frequency has been found to be the change in

anharmonicity of the stretching vibration while forming the H-

bonded complex (24).
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EXPERIMENTAL PROCEDURE
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INTRODUCTION

When a material of dielectric constant e completely
fills the space between the two plates of an ideal capacitor,

the dielectric constant is defined by the simple ratio:
B o= (II-1)

where C is the capacitance when the space is filled with the
material, and CO is the capacitance measured when there is a
perfect vacuum between the plates. When a sinusoidal potential

of amplitude E and frequency w rad s 1 is applied to the

capacitor, the current, I, flowing through the circuit is given

by:
I = EwC = EwC (e'ige") (II-2)

In this equation the real component EwCOE', known
as charging current, is 90° out of phase with the applied
potential and therefore, does not involve any electrical work.
The imaginary component, Ewcos", known as the loss current, is,
however, in phase with the applied potential and is related to
the energy dissipated as heat since it causes some electrical
work to be done by the dot product, EI = E’wcoe“. If we define

§ as the angle between the total current and the charging current
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axis, i.e. the angle by which the charging current fails to

become 90° out of phase with the potential then:

Loss current
charging current

tand

"
Ew Coe

e =T
Ew COE

8"
= —6——'—-

where €' is the observed dielectric constant according to Equation
IT-1 and e" is known as the loss factor. These are the basic

principles of the. dielectric measurements.
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CHEMICALS

Chemicals which are used in the present work were
purchased from chemical sources except water which was highly
pure and deionized. Most of the chemicals were of high purity.
However, some of the chemicals, such as, methanol, tert-butanol,
tert—-amyl alcohol and l-propanol were refluxed with drying

agents like CaH CaSO4 and lime and then distilled over the

2'
[]

4 A molecular sieves. All chemicals were stored in a wvacuumed

dissicator and used whenever needed with extreme care to avoid

any moisture. The names of the chemicals and their sources

are listed below:

Chemicals Source
Deuterium oxide Aldrich Chemical Co.
Methanol Fisher Scientific Co.
Ethanol Consolidate Alcohols Ltd., Toronto.
1-Propanol Fisher Scientific Co.
tert-Amyl alcohol Fisher Scientific Co.
2-Adamantanol Aldrich Chemical Co.
Di-tert-butyl carbinol Wiley Organics
Diethyl isopropyl carbinol ICN, K&K ;nc.
Diisopropyl methyl carbinol ICN, K&K Inc.

tert-Butyl ethyl methyl
carbinol ICN, K&K, Inc.

Isopropyl ethyl methyl ,
carbinol Aldrich Chemical Co.



Chemicals
tert-Butyl isopropyl carbinol

Dimethyl-tert-butyl
carbinol

Dimethyl isopropyl
carbinol

tert-Butyl methyl
carbinol

Tricyclohexyl carbinol
Diphenyl methyl carbinol
Dimethyl benzyl carbinol
Dimethyl phenyl carbinol
Pyridine

Pyrazine

Isoquinoline

4-Phenyl pyridine

Polystyrene (M.W. 250,000-
300,000)

o-Terphenyl

Santovac

Sources

ICN, K&K Inc.
Wiley Organics
ICN, K&K Inc.

Aldrich Chemical
Aldrich Chemical
Aldrich Chemical
ICN, K&K Inc.

Aldrich Chemical
Aldrich Chemical
Aldrich Chemical
Aldrich éhemical

Aldrich Chemcial

Polysciences Inc.

(Lot #10256)

Merck

26

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Monsanto Co., Missouri, U.S.A.
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A. Dielectric Measurements

Dielectric measurements were carried out on the samples
placed in capacitance cells and by measuring the capacitance,
C, and conductance, G, of the samples, using a General Radio

bridge in the frequency range 10 to lO5 Hz.

Sample Preparation for Dielectric Measurements

Liguid samples were used in the cod-axial cells. The
solution of desired concentration Wwas prepared by adding a
given‘quantity of solute to the solvent (e.g. o-terphenyl and
Santovac®). The solutions were heated slightly and shaken a

few times until it was certain that the solution was homogeneous.

For a chemical system, the sample was cooled to near
ligquid nitrogen temperature [v80 K] and slowly heated to the
glass transition temperature while capacitance and conductance
at selected temperature were taken periodically. From the
resultant plot of loss factor, e", versus temperature, T(K), at
the fixed frequencies, suspected areas of dielectric absorption
were identified. The system was then heated again to melt the
sample and cooled quickly to some temperature well below the

temperature at which the absorption process was expected to

begin from the lowest frequency of the measurement. rull
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/frequency dielectric measurements at specific temperatures were
then carried out so as to obtain as broad a log\)max range

as possible. The temperature was recorded to an accuracy of
+*0.1 K with the help of a Newport 264-3 platinum resistance

thermometer.

In the case of solutions of H-bonding solutes trapped
in atactic polystyrene, the samples were prepared by employing
the procedure similar to that described by Davies and Swain
(1). The desired amount of solute with polystyrene pellets
(nearly 2.5 grams) were dissolved in v10 ml of 1,2-trans
dichléro ethylene, in a porcelain crucible. The mixture was
stirred thoroughly, until it was dissolved completely, followed
by evaporation in a drying oven at about 353 K. The plastic
mass was then placed in a stainless steel die, and after heating
the die to ~383 K, applying the pressure of 5 tons and then
cooling the die to room temperature, a disk was obtained which
was trimmed to the size. The average thickness and weight of
the disk was noted. The molar concentration of the solute
in the matrix was calculated according to the formula given by
Tay and Walker (2) as:

wt. of solute used = wt. of disk % 1000
mol. wt. of solute wt. of PS + Solute Vol. of disk

concentration =

The polystyrene disk was clamped between the two electrodes of the
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parallel plate capacitance cell and the dielectric measurement

carried out in the previously described way.

The conductance or dissipation factor and capacitance
were measured with the General Radio bridge. The product of the
frequency and dissipation factor gives loss tangent value, tan§.
With these values obtained experimentally and the following
relations, it was possible to determine dielectric loss values

for the parallel plate capacitance cell.

e" = e¢' tan§ (I1-3)
cd
1) p— —
€' = §.08842a (IT-4)
e = e (II-5)
wC

where C is the capacitance of the cell with the sample in
picofarads, d is the spacing of the capacitance plates (in cm),
A is the effective area of the plates (in cm?), G is the

conductance of the system in micromhos.

The effective area of the electrode plates, A, had
been determined by measuring the capacitance of the cell

containing a standard quartz disk having a diameter of 2.0 inch
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and a thickness measuring 0.0538 inch {(supplied by the
Rutherford Research Products Co., New Jersey, U.S.A.) with

a dielectric constant of 3.819.

The co—axial cells were also calibrated, to determine

relevant constants, with purified cyclohexane at room temperature.

The Capacitance Cells

The cells, designed by Mr. B.K. Morgan of this
laboratory, were described earlier by previous workers.
However, the cells which were used for this work are illustrated
in the following figures (reproduced by the courtsey of
D.L. Gourlay (3)). Figure II-1 and Figure II-2 shows a three-
terminal coaxial cell and parallel-plate capacitance cell,
respectively. A three-terminal coaxial cell was used for
dielectric measurements of the samples (which are liquid at
room temperature) in o-terphenyl and Santovac®. The three-
terminal circular parallel-plate capacitance cell (Figure II-2)
was used for dielectric measurements of samples dispersed in

polystyrene matrices in the form of solid disks.

The capacitance cells, regardless of design, were

encased in essentially the same type of air-tight aluminum
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chamber. Each cell was cooled from the top by conduction through
a flat-bottomed, styrofoam insulated, liquid nitrogen container.
Heating balance was accomplished through a temperature control
circuit consisting of a thermocouple, and a thermoelectric
temperature controlled model 3814021133 unit (accuracy V0.1 K)

using nichrome wire heating element surrounding the cell.

/A//guard ring

| 1=«
)
|

|
8 ]
: ’ _f .
149 ; =4 Bf G
]
’ — sample
centre alectrode /M L\c:sut:ex:' electrode

FIGURE II-1: Three-terminal coaxial cell
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inner electrode

outer electrode

sample

7,

FIGURE II-2: Parallel-plate capacitance cell

The General Radio Bridge

The GR 1621 Precision Capacitance Measurement system
is manufactured by the General Radio Company, Concord,
Massachusetts, U.S.A. The GR1l621 system consists of the GR1l61l6
Precision capacitance bridge with GR1316 Oscillator and the
GR1238 Detector. This GR1621 system measures the capacitance

and conductance of a capacitor very precisely in the frequency



range 10 - 105 Hz. After a warm-up period the frequency stability

is typically within *0.001% for a few minutes. The resolution

7 picofarad )

limit of capacitance from this system is 0.1 aF (10
to a maximum of 10 uF (10 microfarad ) with internal standards,

or farther with external standards.

This GR bridge measures the capacitance and conductance
of the capacitor, which can be related to the components of the

complex permittivity by the following equations (4):

e' = C/C (IT-6)
and

ge" = G/wCO (ITI-7)
where G is the conductance of the system and the other forms
have their usual meaning. Actual measurements were made by
bringing the bridge into balance as indicated by null-detector

for solutions studied in different three-terminal coaxial and

parallel-plate capacitance cells.

Analysis of Experimental Data

The experimental data, obtained by dielectric measure-
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ments, were analysed by a series of computer programs. The
programs were written in the APL language. The dielectric
loss of the sample solution was calculated using a Radio Shack

TRS-80, pocket computer (BASIC language).

] — " —_ "
he solute € solution € solvent
For each measurement of temperature, the data of
dielectric loss factor as a function of frequency were analysed
by the computer according to the Fuoss-Kirkwood equation (5)

the linear form of which is:

€
cosh™ —H2X = 3,303 8(logy_

ax " logv) (ITI-8)

by a procedure employed by Davies and Swain (l1l). By interaction
the computer program finds that the wvalue of eumax provides the

best linear fit to the plot of cosh_l(e" aX/e:") against logv;

m

the slope of this straight line gives the B-value and Vhax is

obtained from the slope and intercept.

The energy barrier which must be surmounted in the
motion of the dipole was evaluated in terms of the Eyring
enthalpy of activation, AHE by using the Eyring rate expression

equation (II-9), a procedure commonly used in dielectric

work (1,6):
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T = _11. ex (A_Hg)ex (—ASE)
KT PlgRT PI—R

which can be rearranged to the linear form as:

AHE ASE

RT (R

) + 1n (-ﬂ-) (II-9)

The plot of log(Tt) against 1/T yielded a straight
line, and ﬁrom the slope and intercept of this line the wvalue of
the enthalpy of activation, AHE, and the entropy of activation,
ASE, respectively were evaluated with the help of a computer
program. The computer program also calculates relaxation
times; 7, and free energies of activation, AGE, at different
temperatures by employing the Equation (II-10) and Equation (II-11),
respectively:
e-AG/RT (II-10)

T o=
kT

AGE =‘AHE - TASE (II-11)

Standard statistical techniques (7) provide a means
of estimating errors in fitting a straight line ot a set of
graph points. The FUOSSK computer program calculates errors

in log\)max and B8 for the 90%, 95%, 98% and 99% confidence
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intervals. The 95% confidence interval was chosen as a good
representation of experimental error, typical value for

loglo(vmax) being *+0.05 to 0.15.

The same technique was adopted to calculate the 95%

confidence intervals for both AHE and ASE.

B. Infrared Measurements

The low temperature infrared spectra were obtained
in the range 3100-4000 cm_l using a Beckman spectrophotometer,
IR4250. Thin films (v0.02 mm to 0,5 mm) of polystyrene containing
a compound were prepared in the same way as the polystyrene
disk for dielectric measurements with the difference in the amount
of the sample. Beckman's variable temperature unit, VLT-2,
equipped with the sodium chloride windows was used to hold
the samples. Temperature of the cell (VLT-2) was controlled
by Beckman's automatic temperature controller, CTC-250. The
operational temperature range for the VLT-2 unit was 113-333 K.
Liquid nitrogen was used as a coolant and the temperature of
the cell is believed to be accurate to +*1 K. During the sample
preparation and measurement, extreme care was taken to avoid the

moisture.

The VLT-2 with a polystyrene sample at desired tempera-
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ture was placed in the sample beam holder of the IR

Spectrophotometer and the reference beam holder had approxi-

mately the same thickness of polystyrene film to cancel the

absorption due to the polystyrene. In order to place the

spectra of one sample at different temperatures in one chart,

the pen was set at different points on the $ transmission axis
1

(at 4000 cm ). The scan speed of most of the samples was

300 cm_l/minute.
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CHAPTER III

INFRARED STUDIES OF SOME STRONGLY STERICALLY
HINDERED ALCOHOLS IN POLYSTYRENE
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INTRODUCTION

The hydrogen bond has been studied by several
physical techniques (l1). However, infrared spectroscopy
remains the most straightforward and convenient method for
detection of the hydrogen bond. Although there are several
classes of compounds which form the hydrogen bond, the alcohols
have received considerable attention. The infrared spectrum
of a normal alcohol, in an appropriate dilute solution and
at ambient temperature, exhibits at least three absorption
peakg (related to the O0-H stretching vibrations). A band

which appears near 3600 cm_l is termed as the "monomer band",

1 is assumed to

and the peak which is observed near 3500 cm
arise from the presence of "dimers; a band(s) which is (are)
below 3500 cm-l is (are) often termed a "Polymer band(s)" (2).
The infrared peaks associated with O-H stretching of an alcohol

are affected by the concentration,type of the solvent, pressure

and the temperature. Apparently, this reaction is due to the

sensitivity of hydrogen-bonded eguilibrium. Under these
circumstances, the peak which is most affected by the above

conditions is the polymer peak.

About 35 years ago, Coggeshall (3) showed the effect

of concentration on the O-H stretching frequencies of benzyl
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alcohol in carbon tetrachloride. The infrared spectrum of this
alcohol is shown at 6 different concentrations. The lowest
concentration used was 0.0486 mole/liter. Besides a peak

at 3610 cm—l, which is present at all the concentrations,
there is a relatively broad peak at about 3500 cm-l. As the
concentration increases, the band at 3500 cm"l shifts to a
lower wave number and at certain concentrations it becomes
quite asymmetrical and gives the impression that it is made
up of two individual peaks. When the concentration reaches
its highést value, 0.278 mol/liter, a broad and relat-

ively large band appears which centres near 3340 cmnl. It

is indicated that the peak which appears at about 3610 cm_l
is due to O-H stretching of the free monomer, while the band

which appears near 3500 cm_l may be attributed to dimers,

and a band at about 3340 cm—l is due to the polymer.

Bellamy et al (4), following Allerhand and Schleyer
(5), studied the effect of solvents on the hydrogen bonded
systems. Methanol and phenol self-dimerization together with
their complex with diethyl ether were studied in several
solvents. The data for self-dimerization of alcohols in
different solvents at ambient temperature are extracted

from the work of the above authors.
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Solvent Methanol Methanol Phenol Phenol
Monomer Self-dimer Monomer Self-dimer
VOH cm—1 VOH cm—1 VOH cm™ vOoH cm—1
Hexane 3653 3552 3621 3500
Carbon tetra-
chloride 3642 3534 3611 3481
Chloroform 3632 3481 3599 3454
Benzene 3613 3502 3558 3454
Toluene 3608 3502 3552 3455
Mesitylene 3598 3504 3536 3441

It is concluded that the formation of an
OH***0 bond involves changes in the character of both the
terminal atoms. The hydroxyl group oxygen becomes more basic,
whilst any hydrogen attached to the acceptor oxygen becomes
more acidic. They thus believe that a very substantial part
of the frequency shifts shown by such systems in different
solvents, can be assigned to specific dipolar association at
one end or other of the hydrogen bridge. With alcohol self-
dimers the point of solvent attachment can be at either end

of the dimer system

R R
| |
X - H....0 - H....O0O —-H or

o
OH....O - H..oOY,
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where XH is a proton donor solvent (e.g. chloroform) and

Y is a proton acceptor (e.g. the m-electrons of toluene).

The effect of temperature on the 0O-H
stretching frequencies of alcohols has been studied by
Sandorfy and co-workers (6,7). They studied fundamental and
first overtone spectra of methanol, ethanol, isopropanol, and
tert-butanol and their deuterated analogues. Infrared spectrum
of methanol, in the mixture of freon solution, at 233 K,

1 for the free monomer. The as-

sociated bands appear near 3510, 3400 and 3332 cm-l. At

exhibits a peak at 3655 cm

lower temperatures a strong, low frequency band dominates the
spectrum. At 173 K the maximum for this strong band is near
3240 cm ': at 133 K it is at 3225 cm U, and at 83 K it has
reached 3157 cm_l. The associated bands have not been assigned
to particular species, rather a general approach is taken as
the species causing the associated bands of higher frequencies
are referred to as "oligomers", and the bands due to OH groups,
the oxygen of which acts both as a proton donor and acceptor,
are referred to as "polymer" bands. It is, thus, indicated
that at lower temperatures the "polymers" are the dominant
species and grow larger as temperature decreases. For
isopropanol and tert-butanol, at the concentration used, 0.2 M,

the associated bands remain very weak until about 233 K.

However, below this temperature the associated bands grow in
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intensity, and at 92 K the polymer band centres at 3231 and
3255 cm_l for isopropanol and tert-butanol, respectively.

The downward shift of the frequencies accompanying the
decrease in temperature has been attributed to gradual de-
crease in the average 0O....0 distance with slowing down

of thermal motion, making the hydrogen bond gradually strong-
er and more specific. It is also observed that the half width
of polymer band from 233 K to 93 K diminishes from 192 to

95 cm~ ' for isopropanol.

The infrared spectra of alcohols in liquid
soluLion usually give three bands. The bands due to associated
species are broad; therefore to assign them accurately to
certain species is often difficult. However, the matrix
isolation technique permits the identification of discrete
absorptions due to the various multimer species present because
the peaks due to multimers are sharp (8). Barnes and Hallam
(9,10) have studied methanol, and ethanol and their deuterated
analogues in an inert argon matrix at 20 K. The methanol
monomer absorbs at 3667 cm-l, and the open chain dimer gives
a band at 3541, 3533, 3528 and 3519 cm L. The open chain
trimer absorbs at 3505, 3495 and 3482 cm_l, while the open
tetramer gives peaks at 3458, 3446 and 3435 cm .  The cyclic

tetramer absorbs at 3379 and 3359 cm—l, and the high polymers

give peaks at 3297, 3254 and v 3200 cm-l. In the case of
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ethanol two rotamers have also been detected: monomer (gauche)
absorbs at 3662 cm—l and monomer (trans) shows an absorption

at 3658 cm-l. The bands which correspond to the open chain-
dimer are 3534, 3531, 3527, and 3522 cm_l. The open trimer
absorbs at 3506, while tetramer shows bands at 3453 and 3437 cm
The cyclic tetramer is assumed to give absorption at about 3368

cm-l and the high polymer at 3270 and ~3210 cm_l.

Besides concentration, temperature and type
of solvents, the structure of alcohols and the steric effect
in the vicinity of an OH group can also limit the polymeri-
zation through hydrogen bonding. Substituting bulkier groups in
the vicinity of an OH group will hinder the approach of
another OH group to form a hydrogen bond. Thus, it is expected
that in sterically hindered alcohols the association will be
limited perhaps to a few hydrogen bonds. Patterson and
Hammaker (11) have shown that di-tert-butyl carbinol in carbon
tetrachloride, from 263 K to 298 K, forms only linear dimers.
In addition, Becker et al (12), have studied 2,4-dimethyl-3-
ethyl-3-pentanol in carbon tetrachloride, from 272 K to 331.5 K.
Their result shows that this alcohol is in monomer-dimer

equilibrium, obviously due to severe steric factors.

Kolodziej and Malarski (13) carried out

the study of di-tert-butyl carbinol in n-heptane and carbon

1
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tetrachloride solutions. Dielectric studies were also carried
out, and it is concluded that di~tert-butyl carbinol is in
monomer —= open-dimers=—= cyclic-dimer equilibrium, and that

at lower temperatures the cyclic aggregates are more favourable.

Bourdéron, Péron and Sandorfy (14), carried
out the study of some sterically hindered alcohols at tempera-
tures ranging from 83 K to 293 K. 2,6-Dimethyl phenol at
a concentration of 0.095 M showed only free OH band at room
temperature. At lower temperatures a shoulder which centered
at about 3380 em b is assigned to "oligomer" ("oligomer" is
considered a generic name for dimer, trimer and tetramer) .and

1 is believed to arise from

a peak which centered at 3300 cm
the presence of a "polymer" (higher than a tetramer). The
first overtone spectrum gave the better way of finding
different associated species. 2,6-Di-isopropyl phenol, which
is most sterically hindered among alcohols studied, gave one
absorption at 3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>