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ABSTRACT
The effect of the physical state and chemical composition on
molecular interactions has been studied for a number of chemically
modified adsorbents.

During the course of the study a reaction scheme

was put together for the synthesis of a particular substituted crown
ether.

The synthesized allyl-benzo-15crown-5, which is not reported

in the literature to date, was silylated and immobilized on a silica
surface.

The bonded phase was characterized by UV spectroscopy and by

chromatography under both "normal" and "reverse" phase conditions.

UV

spectroscopy was also used to elucidate the physical state of several
other phenyl alkyl bonded phases.
Chromatographically, the bonded crown ether phase was found to
be more polar than a Cg stationary phase.

A comparison of the selec-

tivity of the two phases revealed that the former has a better selectivity towards a homologous series of alkyl benzenes under different
reverse phase conditions.

The selectivity of the crown ether phase

was found to be dependent on the nature of the organic modifier in the
mobile phase.

This dependence was considered to be added evidence for

the universality of the dynamic solvated stationary phase model.
Both normal and reverse phase chromatographic conditions indicated an acid-base type of interaction between the crown ether and a
number of substituted phenols.

This was reflected in an increase in

xii

xiii
the retention of these probes as a function of their increasing
acidity.
A dramatic temperature effect observed on the crown ether stationary phase under aqueous THF mobile phase, but not under aqueous
MeOH, was attributed to a temperature and/or solvent-induced phase
change.

A hysteresis effect, also seen only with aqueous THF, indi-

cated that the crown ether phase undergoes a solvent-assisted conformational change.

Further evidences for such a change was found

spectroscopically in the abrupt break in the UV absorbance of these
molecules as a function of temperature, as well as the irreversibility
of the absorbance of the n-n* band on cooling.
UV spectroscopy of bonded phenyl alkyls showed that there are
about two monolayers of water molecule strongly adsorbed to the surface and totally impermeable to lypophilic species.

Evidence for the

existence of a solvated crystal, or liquid crystal, like clusters was
rationalized with a cooperative sorption effect which may be dependent
on the reaction conditions during immobilization.

Despite a signifi-

cant increase in the liquid character observed as the chain length is
increased to 4-7 methylene groups, the bonded clusters still appear to
preserve a fairly ordered environment.

The physical state of the

immobilized species was found to change with the experimental conditions and the change was reflected on the selectivity of the system.

CHAPTER 1
INTRODUCTION
The superiority of chromatographic techniques in the field of
chemical separations lies in their ability to amplify slight differences in intermolecular interactions that exist among slightly different solute molecules and thereby make it possible to separate them.
This is a marvelous distinction that chromatography has over other
conventional separation techniques, since none of them can, for
example, provide a clean separation of two consecutive members of a
homologous series.
In the chromatographic system the solute molecules are swept
by the driving force of the flowing mobile phase, the moment they are
injected, to percolate through the column.

In the column they start

to distribute between the two immiscible phases, the mobile and the
stationary phase.

The latter acts as a retarding medium with respect

to the solute molecule.

Since different components are retarded dif-

ferently, depending on their relative affinities towards the stationary phase, a differential migration of these components will soon
establish.

The rate of this differential migration is determined by

the fraction of time each one of these components spends in the mobile
phase.

During this fraction of time the average solute molecules

travel down the column at a velocity equal to that of the mobile
phase.

Thus, the volume of mobile phase required to elute a given
1

2

component to the peak maximum is a measure of the affinity of that
component to the retarding phase.
In liquid-liquid chromatographic systems (LLC), the stationary
phase is a liquid which is physically coated on a solid support.

Here

the retention mechanism is predominantly the partitioning of solute
molecule between the two immiscible liquid phases.

In liquid solid

chromatographic systems (LSC), the retention mechanism is predominantly the adsorption of solute molecules on the solid stationary
phase.

In the bonded phase chromatographic systems the stationary

phase is chemically bonded to the solid support.

The retention mecha-

nism is largely dependent on the nature of the bonded moiety, and in
most cases is not quite understood.

Nevertheless, in recent years

bonded phase chromatography almost completely took over from partition
chromatography.

The reason is that the former solves many of the

problems associated with the latter.

For partition chromatography the

two liquid phases must be immiscible, and must have sufficient solubi-lity for all solute components of a sample.

These two requirements

are mutually exclusive, since it is unusual to find two completely
immiscible liquids which can both solubilize a given solute.

Not only

this, but for any two immiscible liquids there is always a finite
degree of miscibility which results in an interface layer that may be
significantly different from the bulk of the two phases.

The use of a

precolumn is necessary in LLC to saturate the eluent with the stationary
liquid phase and thereby reduce the dissolution of the stationary
liquid phase.

Gradient elution is not suitable with LLC.

The use of

3

high flow rates cannot be recommended in LLC since the high velocity
of the moving phase may physically strip off the mobile pha·se.
Dissolution or stripping off even small amounts of the stationary
phase may lead not only to the deterioration of the column with time,
but also to interference problems with the detection system.

The

control of the thickness of the liquid stationary phase, which can
be difficult, is important since thick liquid films generally result
in poor chromatographic performance.

Operation at relatively high

temperatures may significantly increase the mutual solubility of the
two phases.

All of these problems are largely eliminated when the

stationary phase is chemically bonded to the solid support.

The

bonded stationary phase can be made mechanically, thermally and
solvolytically stable, insoluble in all but the most corrosive
solvents, and posses good flow and packing characteristics (1). There
is no need for pre columns and no problems are caused by the dissolution of the stationary phases.

The column lifetime is much longer.

Gradient elution is feasible over the entire range of solvent polarity
with rapid equilibration and rapid return to the initial conditions.
Active sites of the solid support can be incorporated into the bonded
phase molecules, thereby improving the chromatographic properties of
the system.
As has been noted earlier, despite the popularity of bonded
phase chromatography, the mechanism of interaction between the solute
and the bonded stationary phases is not clearly understood.

Various

4
theories and descriptions have been provided in the literature (2-6,
13-16) but none of them seems to give a complete description of the
retention mechanism, and in particular, the role played by the stationary phase in the retention process.

A more realistic description

of the stationary phase seems to be as a solvated layer consisting of
the bonded molecules solvated by molecules of the mobile phase in
various proportions.

In the reverse phase system 1 this picture

translates into a dynamic stationary phase made up of a ternary mixture of components, the relative composition of which is largely dictated by the concentration of the organic modifier in the mobile phase
(Fig. 1.1).

In other words, the composition of the stationary phase

is not totally independent of the nature and composition of the mobile
phase, and neither is the selectivity of system (8,9).

This descrip-

tion is in contrast to others (2,3), which assume that the stationary
phase is a passive acceptor of the solute molecules and that the
selectivity is determined solely by the chemical nature and composition of the mobile phase.
The separation selectivity of a chromatographic system for two
given components is defined by the ratio of their capacity factors.
The capacity factor is an important retention parameter, the relation
between which and the retention volume will be considered next.
IThe term reversed phase was first introduced by Martin and Synge (2)
to describe a form of LLC in which the mobile phase is more polar than
the stationary phase.
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Capacity Factor and Retention Volume
The capacity factor, k~, is defined by the ratio of the total
amount of solute in the two phases:
amount of solute in the stationary phase
amount of solute in the mobile phase

(1-1)

(1-2)

i.e.

K
(1-3)

K

<p

where

<p =

Vs
Vrn

phase ratio

(1-4)

Where the subscripts sand m in the above expressions signify the stationary and the mobile phases respectively, V is volume, n is the
number of moles and C is the molar concentration of solute.
Although this expression serves an important purpose of
relating the capacity factor to the thermodynamic equilibrum constant
(at infinite dilution conditions), ,it does not make the experimental
determination of

k~

any easier than does the original definition.

Fortunately, another expression can be derived for k' in terms of some
measurable quantities.

If one defines the fraction of solute in the

mobile phase at any given time as R, and expresses it as a function of
the total moles of solute in the two phases, then

7

R
(1-5)

1

1 + k
Since

k~

= K(Vs/Vm),

(1-6)

the fraction R is constant as long as the phase

ratio is constant and K is constant (linear elution) (7).
migration velocity, ux •

The average

of the solute is equal to the mobile phase

velocity, u, times the fraction, R, of solute in the mobile phase.
( 1-7)

Now,

Ux =

time and u

L/tR , where L is the column length and tR is the retention
=

LIto.

Substituting these relationships in the above

expression and rearranging gives
tR

=

to

-R

(1-8)

or
VR

Vm
R

(1-9)

Now substituting for R in the above gives the fundamental relationships
between retention volume and

or

k~

or K:

(1-10)

or
(1-11)

8
It can be seen from equation (1-11) that a meaningful detemination
of k' can only be obtained if Vm is accurately deterIDlned.

Various

methods have been proposed for the determination of Vm (or to) and
they can be found elsewhere (10-12).
The importance of k' lies in the fact that it is related to the
thermodynamic equilibrium constant, and in this respect it can be used
to obtain some of the thermodynamic parameters· controlling the chromatographic separations.

Thermodynamics of Liquid Chromatography
For solute molecules to be retained on a chromatographic
column, they must interact with the stationary phase.

Since the mole-

cules are initially injected into the mobile phase, their retention
implies a transfer from the mobile phase to the stationary phase.
Their elution, however, indicates that they are distributed between
the two phases in an equilibrium which is regularly shifted down the
column by the flowing phase, making the solute transfer between the
two phases a continously reversible process.

Like all other chemical

processes, this process is governed by the energetics of the solute
intermolecular interactions with the two phases.

Thus it should be

possible, in principle, to derive and determine the essential thermodynamic parameters that determine the ability of a given solute to
interact with a given chromatographic system.

For this matter the

more relevant reference state of infinite dilution, where the activity
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coefficient is unity (y=1), can be chosen since it closely approximates
the chromatographic experimental conditions.

The standard state asso-

ciated with this reference state will then be the usual hypothetical
state of unit activity (a=yc=1).

In this case, one can assume that

the values of the activity coefficients of the solute in the two chromatographic phases are close to unity, and hence about equal.

If this

assumption is valid then one can substitute the concentration, c, for
the activity, a, of the solute in the expression relating the standard
free energy to the thermodynamic partition coefficient, K:

-RT tn K

bGO

(1-12)

-RT tn ai(s)
ai(m)

bGo

-RT tn

(1-13)

YiCi(s)
YiCi(m)

bGo

-RT

tn Ci(s)
Ci(m)

or

bGo

-RT tn K

Where K is the ratio of molar concentration in the two phases.

(1-14)
Even

with this relatively simple expression (1-14), there still remains the
problem of determining the solute concentration in the two phases.
However, this problem can be avoided since an expression can be
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derived to relate K to some other quantities, namely the capacity factor, k', and the volume ratio of the two phases (Vm/V s )'

In this

case, k' is an easily measurable quantity and so is Vm•

In systems

where the stationary phase is a physically coated liquid, Vs can be
measured, and an accurate K value can be obtained.

But, for bonded

stationary phases Vs poses another problem since there seems to be no
way of determining its value with sufficient accuracy.

Several

attempted determinations of its value have been reported

(10,11,17,18), but, they are more or less, shrouded in uncertainty,
and at best give only a rough estimate of Vs or the phase ratio

~.

The Free Energy Change
The two fundamental equations that define the free energy
change,

Where

~G,

~~

are as follows:
~G

= ~~ =

~G

=

-RT

~H

~G,.

K

(1-15)
(1-16)

T~S

is the change in the molar chemical potential of the solute

at a given temperature T in K.
that

~n

and accordingly the

It is clear from these expressions

parti~ion

coefficient, are determined by

the contributions of the change in two other thermodynamic properties,
namely the enthalpy change, 6H, and the entropy change 6S.

When the

solute molecules, initially in the mobile phase, distribute themselves
between the mobile and the stationary phases, the magnitude and sign
of the accolnpanying enthalpy change is given by the algebraic sum of
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the energy lost due to breaking of solvation bonds in the mobile phase
and the energy gained due to bond remaking in the stationary phase.
The former is a +ve quantity (endothermic) by the sign convention
whereas the latter is -ve (exothermic).

The entropy change may best

be thought of as the change in the probability of interaction in going
from one phase to the other.

Thus if a solute molecule has to assume

a very specific orientation to be able to transfer and interact with
another phase, 6S will obviously be unfavorable for that kind of
interaction.

This is because the probability of finding a significant

fraction of the solute molecules in that specific orientation at any
moment in time is exceedingly low.

An unfavorable, or less probable,

interaction has a negative entropy change whereas a more probable
interaction has a positive entropy change.

As can be seen from

equation (1-16) the contribution of the entropy change to the free
energy change is dependent on the temperature, in K, at which the
change occurs.

Thus, for example a small favorable entropy change at

about room temperature, will be magnified about 300 times and contribute favorably to the free energy change.
For a given solute to be chromatographed on a given system 6G
can either be zero or a small +ve or -ve quantity.

To illustrate this

using some numerical values, consider a case where K = Cs/C m

= 1,

and

assume, for simplicity, that the volumes of the two phases are equal
so that

~

= 1.

In this case 6G

= -RT

~n

1

= O.

With k being unity

this means that 50% of the solute molecules are in the mobile phase
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and 50% are in the stationary phase.

This distribution, of course,

indicates retention; and the retention volume required to elute this
compound will be the sum of the volumes of the two phases since
VR = Vm + KV s •

If Vs*Vm but, instead Vs is twice Vm, then this solute
will be retai~ed longer (k'= 2) when K = 1 and ~G
O. If, for
example, K is taken to be 3, so that £n K
-ve quantity (= -1 if

~

= 1).

less than unity (e.g. 0.1) then
and

~G

= +2.3 if

¢

= 1).

= 1,

then

~G

is a small

If, on the other hand, K is taken to be
~G

is a small +ve quantity (In k = -2.3

This illustrates that in cases where

~G

is a

small -ve or small +ve quantity, retention is possible and its extent
is determined by the actual value of K as well as the phase ratio,
provided the assumption regarding the equality of the activity coefficients in the two immiscible phases is valid.

Obviously if

~G

is a

large +ve quantity the solute will elute with the void volume unretained, whereas if

~G

is a large -ve quantity, the solute will be

infinitely retained.
However, regarding the assumption that activity coefficients in
the two phases are comparable and approximately equal to that of the
reference state, it has been argued (19) that the concentration of
solute in the center of a zone in a chromatographic system may be
large enough to cause y to deviate significantly from unity.

This is

specially likely to occur at the column inlet and in columns with low
stationary phase loading.

If this is the case, then as the chromato-

gram progresses and the zone broadens, the concentration at the zone
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center must decrease and y changes towards unity.

Such a non-constant

y is equivalent to a non-linear isotherm, a source of non-linear

chromatography (19).,

Although this argument is theoretically correct,

it need not be of much concern from a practical point of view as long
as the solute concentration is in a range of concentration small
enough to allow retention times to be reproducible within the limits
of experimental accuracy.

Non-linear chromatography is characterized

by retention times that change with solute concentration and lead to
asymmetric peak shapes.

The situation of changing Y at low con-

centration range, however, does not have the same effects and therefore the two situations are not quite the same.

Moreover any solute

sample, no matter how small its concentration is, when injected into a
chromatographic system, will behave in the same way with respect to
changes of concentration with zone spreading.

Such changes are more

likely to follow the same progression in both phases, so that in any
segment (or plate height) of the column y will be subject to comparable changes in both phases, and will then remain about the same.
Limitaions on experimental determination of thermodynamic parameters in
bonded phase chromatographic systems:
It has already been shown that determination of the free energy
change,

~G,

is impossible for bonded phases since neither the thermo-

dynamic equilibrium constant, K, nor the phase ratio,
accurately determined.

~,

can be

It is possible, however, to determine the dif-

ference in the free energy,

~~G,

between two solutes i and j, provided
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provided that

~

remains the same for both, a condition which holds

only when the two solutes are of similar sizes.
l1G
l1G

-RT in K = -RT
=

k"/~

~n

-RT ~n k" i + RT ~n ~

l1Gi - l1Gj = -RT
MGi-j =

If this is so, then

RT

~n

RT

~n

~n

ki + RT

(1-17)
~n

(1-18)

kj

kj

(1-19)

Ki

( 1-20)

a

where a = kj /ki is the selectivity of the system.
When a valid l1l1G can be calculated, a relative entropy change
can likewise be obtained provided that an accurate l1H can be
determined. In this case combining equation (1-16) and (1-20) gives:

However, these relative changes of l1l1G and l1l1S are of limited value
and may only be useful in comparing the contribution of substituents of
comparable sizes to the overall retention behavior of a given solute.
The only thermodynamic quantity that can generally be measured
accurately from chromatographic data is l1H.

The Clausius-Clapeyron

equation states that
d

~n

-l1H

K

~

d(I/T)

This integrates to
~n

K

- flH

RT

+ const

(1-21)
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where K = thermodynamic distribution constant, R = gas constant and

T

=

temperature in K.

This equation shows that a plot of

l/T result in a straight line with a slope of

-~H/R

~n

K vs.

(assuming

variation with temperature in the range used is negligible).

~H

A simi-

lar relationship can be obtained by combining the two expressions for
~G:
~G

i.e.

= -

RT

~n K = -

~n

~H

RT

K

=

+

~H

-

T~S

~S

R-

Since in chromatography, k" is the measurable quantity and is
related to K by
Vs
k"= K - -

Vm

one can substitute k" for k in the above expression to give
Vs
~S
+ ~n
+ RV;Hence a plot of

~n

k" vs. liT also allows the determination of

for a given solute in a given chromatographic system.

(1-22)
~H

As can be seen

from the above equation (1-22), the intercept on the ordinate will be
determined by two other quantities, the logarithm of the phase ratio
and

~S/R,

both of which are immeasurable quantities and variable with

T.
It should be emphasized, however, that the determination of
from a Van't Hoff plot of

~n

k" vs. l/T is only possible when the

physical state of the phases remain the same within the range of

~H
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temperature covered.

If, for example, a phase change is induced at

some elevated temperature, then the straight line obtained will show a
corresponding break where the slope of the line changes dramatically.
This break may be a limitation of the method if one needs to determine
AH in the vicinity of a phase change, but otherwise it is a very useful diagnostic property of' phase changes.
Characterization of Bonded Phases
The main goals of chemical modification of surfaces are, in
general, focussed on improving the selectivity as well as the efficiency of interactions in a given system.

However, in the field of

chemical separations, selectivity is of prime importance since no two
components can be separated in a given system if they have unit selectivity towards that system, regardless of how efficient the system may
be.

A better understanding of the chemically modified surfaces is

necessary in order to optimize their selectivity.

In addition, in

bonded phase chromatography in particular, a better understanding of
the retention mechanism will allow a more accurate prediction and a
more convenient experimental design of conditions necessary for a
given separation problem.

It will also help in preventing the spread

of specialty applications stationary phases such as has happened in
gas-liquid chromatography.

With a good understanding of the retention

mechanism, only a few stationary phases are necessary because of the
abiity to manipulate the mobile phase (20).
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When a species is chemically bonded to a surface, it is
generally of interest to know not only how much of the material is
bonded, but also in what physical state it exists.
A variety of analytical techniques have been employed to
characterize these bonded moieties.

Some of these techniques yield

information about their concentration and/or chemical composition.
Others may reveal information, or at least give cltles, as to their
physical nature in the bonded state.

With respect to the latter case,

spectroscopic techniques in general have always proved to be quite
informative.
In this work, the results from two projects designed to
investigate the chemical selectivity, the chemical composition, as
well as the physical state of bonded species will be presented and
discussed.

The first of these projects was to study the behavior of a

special class of macrocyclic compounds, namely crown ethers, as chromatographic stationary phases.
tuted crown ether,

For this purpose a specially substi-

3-(3~-benzo-15-crown-5)-propyldimethylchlorosilane,

was synthesized and immobilized on a silica surface.

The choice of a

crown ether for this study originated from our belief that liquid
chromatography can be used diagnostically to elucidate the types of
interactions that these compounds may have with neutral species.

In

this respect, it is also of interest to compare the selectivity of
such a bonded crown to that of a conventional bonded phase under different chromatographic conditions.
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The second project was based on the use of UV-spectroscopic
techniques in an attempt to quantitatively determine the concentration
of some chromophoric bonded materials.

The project was also aimed at

probing any possible changes in the physical states of these
materials that may be brought about by immobilization.

The bonded

materials used for these studies include the synthesized crown ether,
and a set of available silica-immobilized alkyl benzenes with variable
chain lengths.
The rest of this chapter will be devoted to a somewhat brief
review of the basic theory of ultraviolet spectroscopy along with some
comments on the effect of the physical state of matter on the electronic
spectra.
UV-Band Position and Shape
When a molecule absorbs UV-visible light of frequency v, an
electron undergoes transition from a lower to a higher energy level in
the molecule, such that 8E = hv.

Generally, a lone pair of nonbonding

electrons is the least strongly bound within a molecule, and among the
bonding electrons, n electrons are of higher energy than the

0

electrons; at the antibonding orbital level the order is reversed.
Thus, in the UV-visible spectra, bands due to n-n* transitions lie in
the longer wavelength region than those arising from n-rr*.
transition occurs in the far (vacuum) UV region.

A

The relative

energies of these transitions are summarized in Fig. (1.2).

0-0*
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anti bonding ---------- (0*)
anti bonding ---------- (n*)
nonbonding

---------- (n)

bonding

----------

bonding

---------- (0)

E

t

(n)

Fig. (1.2)
The total energy of a molecule is the sum of its electronic,
vibrational, and rotational energies:
~E = ~E

where

~E

(elec) +

~E

(vib) +

~E

(rot)

(elec) is the spacing between the quantized electronic

energy levels.

It is this spacing between electronic energy levels

that determines the position of a UV band of a corresponding transition.

However, along with such electronic transitions, the molecule

also undergoes changes in its vibrational and rotational energies.
The energy separation of different electronic states is of the
order of 10,000 cm- l ; the separation of different vibration states
associated with the same electronic state is of the order of 1,000
cm-l ; the separation of rotational levels belonging to the same vibrational state is much smaller, being of the order of 10-100 cm- l •
In a system at equilibrium, and in the absence of irradiation,
the number of molecules, N, occupying an energy level, E, is given by
the Boltzman distribution law,

Ni

=

No exp

(-~E/kT)
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where Ni and No are respectively the number of molecules occupying the
energy levels Ei and Eo; T is the absolute temperature;

~E

= Ei

- Eo'

and k is the Boltzman distribution constant.
The quantity kT at room temperature corresponds to a wavenumber
of about 200 cm-l • Therefore, at ordinary temperatures, excited
electronic states are never populated, and almost all the molecules
are in a large number of rotational levels of the lowest vibrational
energy

o~

the ground electronic state.

Accordingly, the main part of

an electronic absorption band will be due to a transition from the
ground vibrational state to various vibrational states of the excited
electronic states.

This gives rise to the so-called progression

series which will be considered in some detail later.

The population

of a large number of rotational levels within the ground vibronic
state and the presence of a large number of rotational levels within
each of the occupied vibrational levels belonging to the excited
electronic state lead to a broadening of the vibrational components
of the band.

The overall effect is the familiar broad band of the UV

spectrum, which consist of many individual lines (bands), and the
quantity of interest, the total energy absorbed, is thus the sum of
the contributions from all these lines (or bands).
UV Band Intensity and Selection Rules
The absorption of radiation by a molecule occurs mainly
through the interaction of the electric vector of the incident
radiation with the charged components (electrons or nuclei) of the
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molecule.

When

the UV region of

such a molecule absorbs a quantum of energy hv in
the spectrum, the energy of the electronic tran-

sition that may take

place is given by
6E = hclA

where h

= Plank

constant, c

= velocity

of light, A

= wavelength,

v =

frequency in Hertz g and-v ~ llA is the wavenumber of the transition.
The probability for such a transition to take place, depends upon the
magnitude of the vector quantity of the electric dipole moment between
the two energy states.
According to Beer's law, the integrated fraction of light
absorbed is directly proportional to the number of absorbing molecules
traversing the light path.

If the absorbing substance is dissolved in

a transparent medium, the amount of light absorbed by the solution
will be proportional to the concentration.

This proportionality is

expressed by the Beer-Lambert Law as:
A = log loll = abc
where 10 and I are respectively the incident and emergent radiation
intensities, a = absorptivity, an intrinsic molecular property independent of the concentration C, and b is the pathlength.
Although it is customary in UV spectroscopy to discuss the intensities of absorption bands in terms of the maximum molar absorptivity, E(max), the quantity of theoretical interest is the integrated
(absolute) intensity, I.

The evaluation of this integrated intensity,

which is the area under the absorption curve, requires that the band
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under consideration be isolated from all other bands.

For this

reason, such an evaluation is always somewhat arbitrary since in the
ultraviolet region overlapping bands are frequently encountered.

The

maximum absorptivity of an absorption band may be markedly affected by
a change of phase, or of solvent, but the band area A = JE ~v frequently remains constant, affording a better measure of the absorption
intensity.
The band area is related to the oscillator strength, f, which, in
the classical vibration theory, is the number of oscillators, N, each of
mass m, and charge e, giving rise to the absorption band (21),
f

=

(10 3 mc 3 In 10 / neN) JE ~v

(1-23)

In the case of smooth and symmetrical absorption bands, the
oscillator may be obtained in good approximation from the experimental
data by the empirical relation,
f =

2.2 x 10-9 E(max) ~vl/2

where ~vl/2 is the band width at half height in em-I.
In the quantum theory, however, the oscillator strength of an
absorption band depends upon the absorption frequency, v, and the
electric transition moment Q, such that:
f

=

1.085 x 10-5 v Q2

where v is in cm- l and Q in angstroms.

(1-24)

The transition moment (length)

is a measure of the mean displacement (or charge migration) of the
promoted electron during the transition, and is given by:
(1-25)
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Where

~n

and

~m

are the respective wave functions (probability of

finding an electron) of the ground and excited states, and r is a vector describing the position of the electron.
The transition moment has a sense similar to that of a dipole
moment.

The dipole moment of a molecule is defined as the distance

between the center of gravities of the positive and negative poles of
the molecules multiplied by the magnitude of the charge

~isp1aced.

Since, in the approximation usually used, location of nuclei poses no
problem, location of positively and negatively charged nuclei is
readily fixed.

Electrons, however, cannot be located, but are

described by a probability function, and the center of gravity of the
electron is consequently an average over that probability function.
The average distance between the positive and negative charges is eva1uated by averaging the distance r (with direction, i.e., the radius
vector) from the center of gravity of positive charge (on the nucleus)
to the electrons and the averaging is done over all nuclei.
Electronic displacements of

~-3

angstroms give an oscillator

strength of the order of unity, which corresponds to a maximum absorptivity', measured in solution, of about 105 (21).
As mentioned earlier, and like other transitions, electronic
transitions are not free to occur, but are governed by a certain set of
selection rules.

These selection rules can be summarized as those

conditions for which the oscillator strength, and thus the transition
moment, are of non-zero values.

When the conditions are such that the

intensity integrals of equation (1-22) vanish the transition is a
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forbidden one.

When the conditions are in favor of nonvanishing

integrals, the transition is allowed.

Fortunately it is usually

possible to tell, from the symmetry properties of the wave function
(orbital), whether or not equation (1-22) will vanish.

In other

words, relatively simple selection rules can be used to predict
the vanishing or non-vanishing of the intensity integrals.
However, in polyatomic molecules prohibited transitions may
become allowed with a finite probability owing to the perturbations
which mix in a component of an allowed transition with that of a formally forbidden transition.
or intramolecular (1).

These perturbations may be intermolecular

For example, singlet-triplet bands have

enhanced absorption intensities when measured in a solvent containing
a heavy atom or in media containing dissolved paramagnetic substances
(21-23).
Vibronic Structure of a UV-Band
The approximate selection rules are based on the assumption that
molecules have fixed shapes, which remain unchanged on excitation.
However, in a polyatomic system there are always some asymmetric
vibrations which periodically change the shape of the molecule.
Benzene, for example, is a highly symmetrical molecule of a D6h
point group and because of this symmetry some of its spectral transitions are forbidden.

In particular, one of the transitions which

may be ascribed to the excitation of one of the electrons in the
highest occupied molecular orbital, MO, to the lowest unoccupied MO,
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that is the lowest ~+~* (lB2u+1Alg), is forbidden by symmetry (22).
However, the statement that the benzene molecule is of D6h symmetry is
not quite precise.

The molecules are constantly undergoing

vibrations; although some of the vibrations are symmetric, during
others the symmetry is distorted.

Since electronic phenomena are far

more rapid than the motion of nuclei, benzene behaves with respect to
radiation absorption as if it were a mixture of many different
molecules; depending on their vibrational states, some have D6h symmetry but others are vibrationally distorted.

However, since in the

lower vibrationally excited states, the nuclei never move very far
from their equilibrium positions, the molecules always behave approximately as if they had D6h symmetry.
~+~*

In other words, while the first

transition is not completely forbidden for the distorted molecu-

les the transition becomes allowed only to the small degree that the
perturbing vibrations changes the electronic wave function and thus it
remains a low intensity transition.
The total symmetry of a vibronic state is specified by the direct
product of the representations to which the electronic and vibrational
wavefunctions belong.

Thus when the coupling of the electronic and

vibrational motions is taken into account, the symmetry selection rule
is modified into the following form:

the component of the transition-

moment of a given vibronic transition in the direction of a given
coordinate axis can be different from zero only if the direct product
of the representations to which the initial and final vibronic state
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functions belong is the same as, or contains at least once, the representation to which the coordinate axis belongs (22).
Considering again the above example of the lAl g +lB2u transition
of benzene, this gives rise to a "symmetry forbidden" band at about
260 nm.

The total symmetry of the ground vibronic state, that is, the

lowest vibrational state belonging to the ground elecronic state, is
the Al g •

The total symmetry of the lowest vibrational state asso-

ciated with the excited electronic state IB2u is B2u.

Therefore, the

transition from the ground vibronic state to the lowest vibrational
state associated with the electronic state IB2u, that is, the 0-0
vibrational component of the lAl g +lB2u electronic transition is
symmetry forbidden.

However, if the IB2u excited electronic state is

combined with a vibrational state in which a vibrational mode of symmetry E2g is excited by its one quantum, the total symmetry of the
vibronic state is El u (= B2u x E2g), and hence the vibronic transition
from the ground vibronic state to this excited vibronic state is
expected to be allowed and to be polarized in the xy plane (that is,
the molecular plane).

Futhermore, vibronic transitions consisting of

the allowed transition and totally symmetric vibrations superimposed
on it are also allowed, since the symmetry of the integrand of the
intensity-determining integral remains unchanged by the superimposition of the totally symmetric vibrations.
Actually, the 260-nm benzene band has a marked vibrational fine
structure, and the wave numbers of the absorption peaks are found to
obey the following expression,
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where n

0,1,2,3, and m = 0 or 1. The 0-0 component does not appear,

and the wave number of this component, vO-O, has been presumed to be
37,840 cm-l in the spectrum measured with the ethanol solution at
95°K.

vo, vI' and v2 are, respectively, one quantum of an E2g defor-

mation vibration mainly of the carbon skeleton, one quantum of the
Al g pulsation vibration of the carbon skeleton, and one quantum of the
Al g pulsation vibration of the C-H bonds, which are all in the IB2u
excited electronic state, and their values for benzene are 540, 930,
and 2520 em-I, respectively.
vibratipn (V2) with the

n~*

The coupling of the 2520-cm-l Al g
electronic transition is so weak that the

absorption peaks due to this coupling appear only faintly.

Th~s,

the

series of vibrational subbands starting from the 0-1 band at 37,840 +
540 em-I, and having the spacing of 930 cm- l , appears prominently.
This series is called the M series.

Such a series of bands whose

separation is almost constant or changes rather slowly is called a
progression.

The absence of the 0-0 band and the appearance of a

more or less well-developed vibrational fine structure are characteristics of electronic transitions which are symmetry forbidden but
are made allowed by coupling with a vibration of appropriate symmetry
(23).
For monosubstituted alkyl benzenes one can distinguish between
the same M series of benzene and another, K, series, such that
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K series = VO-O (allowed) + nVl + m(v2' v3 ••••• )
This K series in case of benzene appears only in the crystalline
state, and even then it appears much weaker than the M series.

This

is in contrast to monosubstituted benzene where the k series becomes
allowed due to lowering of symmetry on substitution (24).
Effect of Environment on UV-spectra .
The most discrete spectra, with well resolved rotational,
vibrational and electronic lines are obtained in the low pressure
gaseous stae of a compound.

The sharpness of such a spectrum is,

obviously, due to the absence of any significant intermolecular
interactions.

When the pressure is increased, collisions of molecules

lead to the broadening of rotational energy levels.

In the condensed

phases, free rotation of moe1cules is no longer possible and hence
rotational energy levels are obliterated.

As a result in spectra of

liquids, solutions and solids it is not possible to obtain rotational
lines.

Moreover, in liquids and liquid solutions, the vibrational

levels are also broadened, because of the random interactions between
molecules and their neighbors.

This broadening may often obscure most

or all of the vibrational structure of a band.
tions, the
solvent.

ex~ent

In the case of solu-

of this broadening depends on the nature of the

The stronger the solvent-solute interaction the greater the

broadening.
In the crystalline state the environment of different molecules
is much more uniform compared to the liquid phase, and consequently
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specra of solids and solid solutions generally show much more detailed
vibrational structure.
Spectra of Oriented Molecules
If incident light is linearly polarized, the probability of a
wavenumber

~

being absorbed by a randomized sample of molecules

depends not only on the magnitude of the transition moment, Q, but
rather, on its component in the direction of polarization.

This means

that the most effective light absorption occurs when the direction of
polarization of the incident radiation coincides with that of the transition.

Since molecules in the gas and liquid phases are generally

randomly oriented with respect to the incident radiation, there are
many possible relations between the direction of polarization of the
light and that of the transition.

In these cases, the absorption pro-

bability depends upon the average of the squares of the components of
the randomly oriented transition moments in the direction of the
polarization of the light.

By the same criteria, if ordinary

(nonpolarized) electromagnetic radiation is incident on a sample of
associated oriented molecules, the probability of interaction would be
expected to depend mainly on the magnitude of the vector component of
the radiation that coincides with the direction of the resultant transition moment of the oriented molecules as well as the magnitude of
the moment.

This probability would be different from that of ordinary

radiation falling on a sample of randomly oriented molecules; and, it
should not be surprising if some transitions that are allowed (or more
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probable) in the case of randomized molecules become forbidden (or
less probable) in the case of associated oriented molecules, and vice
versa.
It appears relevant at this point to consider the absorption
spectra of the crystalline" state, as a form of oriented molecules, in
comparison to the spectra of free molecules.
The absorption spectrum of a molecule in the pure crystalline
state is appreciably affected by the intermolecular interactions
(crystal field) in the cyrstal.

One effect of these intermolecular

interaction is a break down of the symmetry selection rule due to perturbations of electronic states by intermolecular interactions of closely packed molecules in the same way as it does due to vibrational
perturbations.

This breakdown of symmetry explains the appearance of

the 0-0 component of a forbidden transition in the spectrum of a
crystal.

In the crystal field, a mixing of different excited states

of different molecules can occur and, as a result of this mixing, the
intensities of the electronic transitions in the isolated molecule are
redistributed in the spectrum of the oriented close-packed molecules
of the crystal.
Another notable effect of the intermolecular interactions is
that an excited state of a free molecule is split in the pure crystal
into a number of states equal to the number (n) of molecules in a unit
cell.

Hence the transition from the ground state to the excited state

is split into n components polarized in different directions.

The
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magnitude of the splitting is proportional to the dipole strength of
the transition, and depends on the relative orientation of the molecules in the unit cell.

This

splitt~ng

is known as the Davydov

splitting, and can be explained by the so-called exciton theory (23,24).
A mixed crystal, on the other hand, represents a case of
oriented molecules that are not greatly affected by the intermolecular
interaction, provided that the solid solution is sufficiently dilute
and the solute is dispersed molecularly in an inert solid support
which is also transparent in the spectral region of interest.

In such

situations, the spectrum of the dilute mixed crystal is not greatly
perturbed by intermolecular interaction and does not display the
Davydov splitting and the 0-0 band appears only weakly.

This weak 0-0

band appearance is obviously due to the fact that the host molecules
cannot be entirely inert toward the guest molecules (25).
Along the same lines of solid crystals, it is perhaps equally
interesting to consider the nature of another type of crystals, namely
liquid crystals, as well as their electronic absorption properties
The liquid crystalline state is a state of aggregation that is intermediate between the crystalline solid and

th~

isotropic liquid.

Liquid crystals are strongly anisotropic in some of their properties
although they show some fluidity.
form liquid crystals.
three types:

A large number of organic molecules

Liquid crystals are generally classified into

nematic, smectic, and cholesteric.

Nematic crystals

have a high degree of long range orientational order of the molecules,

32
but no long range translational order.

Smectic liquid crystals

possess a stratified structure, but within each stratification different types of molecular arrangements are possible.

Cholesteric

liquid crystals have a nematic structure on which is superimposed a
screw axis normal to the preferred direction.

Mesomorphic transitions

can be brought about either by temperature variation or by action of
solvents.
Abrupt changes in the absorptivities of liquid crystals are
noticed at phase transitions.

Typical examples of these are the

alkali metal stearates which show breaks in transmittance curves indicating polymorphism (25).
Effects of Solvent on Position and Intensity of a UV-Band
The effect of solvents is of considerable interest since most
of the absorption spectra are measured in solution.

Such an effect is

directly related to the degree of solute-solvent interactions.

The

most common types of these interactions are the temporary dipoleinduced dipole forces (or London dispersion forces), which are predominant when both solute and solvent are nonpolar.

Permanent dipole-

induced dipole forces, which are in general stronger than London
dispersion forces, are the predominant interactions when either the
solvent or solute, but not both, is polar.

Dipole-dipole forces are

the stronger interactions that dominate when both solvent and solute
are polar.

In addition to these there is the more effective hydrogen-

bonding interaction which dominates when one component of the system
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acts as a hydrogen bond donor and the other as acceptor.

The effects

of these intermolecular interactions on the energies of the electronic
states, and on the oscillator strength of an electronic transition,
are generally different from one another.

This provides a reason for

the dependence of the position and intensity of an absorption band on
the solvent environment.
If the intermolecular interaction stabilizes an excited electronic state more than the ground electronic state, the position of the
absorption band due to a transition between the two states is shifted
to longer wavelengths from the position of the vapor spectrum, and
conversely., if the interaction stabilizes the excited state less than
the ground state, the position of the band is shifted to shorter
lengths (23).

~ave

In the case of a dipole-dipole type of interaction, the

direction and magnitude of the shift depend, respectively, on the sign
and magnitude of the change of the permanent dipole moment of the
molecule on excitation.

In the case of dipole-induced dipole interac-

tions, the direction and magnitude of the shift depend on the sign and
magnitude of the change of the molecular polarizability of the molecule on excitation (21,26,27).

In general, hydroxylic solvents shift

absorption bands that involve a lone pair of electrons, whether n+n*
or n+cr*, to shorter wavelengths as compared to non-polar solvents.
This is due to the stabilization of the lone pair of electrons by
hydrogen bonding in the ground state more than in the excited state.
This may be explained as follows.

The lone pair of electrons on an
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electronegative atom, e.g., a carbonyl oxygen, acts as an electron
donor to the hydrogen of the hydroxylic solvent to form a hydrogen
bond.

The formation of this hydrogen bond lowers the energy of the n

orbital by an amount approximately equal to the energy of the hydrogen
bond (22).

Now during the n+n* transition, which is responsible for

the long-wave low intensity band of the carbonyl compound, one of the
electrons is removed from the n orbital and promoted to an empty antibonding, n*, orbital.

The one n electron remaining on the oxygen atom

is no longer adequate to sustain the hydrogen bond.

Hence the hydro-

gen bond must be broken in the process of promotion, and the polar
solvent should not affect the energy of the excited state. The difference in the position of the wavelength maximum when the solvent is
changed from hexane to ethanol or water should, accordingly, be a
measure of the strength of the hydrogen bond in the latter solvents.
The shift is a hypsochromic or blue shift, and the extent of the blue
shift of the n+n* band has indeed been correlated with hydrogen bond
strength (22).

The effect of solvents on the n+n* transition in ace-

tone has been studied.

The effects are expected to follow the order

of the hydrogen-bonding ability of the solvents, water> methanol>
ethanol> chloroform> hexane, and the observed effects are precisely
in this order.

The energy associated with acetone absorption in water

at 264.5 nm is approximately 126 Kcal/mol, and in hexane at 279 nm
corresponds to about 121 Kcal/mol.

Thus the blue shift of 14.5 nm in

going from hexane to water corresponds to an energy change of about
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5 Kcal/mol, which is in quite good agreement with known energy
associated with a hydrogen bond (22).
In contrast to the n+n* transition in the above mentioned
example of a carbonyl compound, in most other compounds the lowest
energy n-n* transitions show a bathochromic (red) shift in going from
nonpolar to polar solvents.

However these longer wavelength shifts of

the n-'lf* transition are not as readily explained as the n-n* blue
shift and are best considered in terms of a general treatment of
solvent effects, which will be given next.

As has been mentioned

above the effect of solvent is a direct consequence of the degree of
molecular interaction between the solute and the solvent, which is
greater the more polar the solvent.

Solutions in the least polar

solvents, with the least solvating power, have the least effect on the
spectra.

However, such simple generalizations are not always ade-

quate, since there are certain other solvation effects which may
become of prime importance in some systems.
considered by Bayliss and McRae (27).

Such effects have been

These authors point out that,

because of the Franck-Condon effect, excitation from a solvated ground
state leads to a conformation which is not the energetically most
stable solvated conformation of the excited state.

This energetically

unfavorable conformation, which they call the Franck-Condon (F-C)
state, is geometrically identical to the solvated ground state and
necessarily has an energy higher than the equilibrium conformation
of the solvated excited state.

A number of factors are involved in
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the solvation of the ground and excited states, some of which occur in
all systems, others only in Some.

The most general interaction is

that due to polarization forces (London dispersion forces), which is
present even when both solvent and solute are nonpolar, and accordingly occurs in all systems.

Since polarization forces are the

weakest intermolecular forces, interactions arising from them are
likely to be overshadowed when either solvent or solute, or both, are
polar.

Bayliss (25) has treated these interactions in detail, both by

classical electromagnetic theory and by the quantum-mechanical method.
One of the effects considered by Bayliss and McRae (27), which
is likely to be present in all systems but frequently unimportant,
arises from the fact that the excited state usually has a different
geometry; in particular, most excited states have longer bond lengths
than ground states, and consequently the excited molecule is
compressed in the F-C state by the solvent cavity, which has the size
determined by the smaller ground state.

This effect is called packing

strain.
When the solvent, but not the solute, is polar, dipole-induced
dipole forces, in general larger than dispersion forces, contribute to
solvent effects.

In this case again, relations similar to those given

by Bayliss (22,28) obtain, and red shifts are anticipated.

When,

however, the solute is polar and the solvent nonpolar, the dipoleinduced dipole forces differ between the ground and the excited state
in different directions, depending on whether the dipole moment
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increases or decreases on excitation.

When the dipole moment

decreases a blue shift is expected; when it increases, as is usually
the case, a red shift results.

When both solute and solvent are

polar, the situation is most complicated, since then the solvent is
oriented around the solute molecule, leading to orientation strain.
Hydrogen bonding as described above is just a special and extreme
example of this situation.

In the case of polar solvent and solute,

the predominant interaction is of the dipole-dipole type, and again
the change of the dipole moment on excitation is important.

When the

dipole moment decreases on excitation (in the extreme case to zero),
the solute is in an oriented solvent cage, and the orientation strain
actually produces a solvation energy for the F-C state which is negative (22,44) and hence results in a blue shift.

On the other hand,

when the solute dipole moment increases on excitation, a red shift is
again expected.
In addition to these frequency shifts, the same considerations
lead to predictions concerning vibrational structure.

The F-C state

is very short lived, since the solvent rearranges to an equilibrium
configuration during a time of the order of a few molecular vibrations.

When the solute is nonpolar, the solvent, whether polar or

nonpolar, is substantially unoriented, and vibrational structure is
observed.

When the solute and the solvent are polar, however, the

rapid relaxation of the solvent cage prevents establishment of vibrational quantization of the solvent cage, and leads to the blurring of
vibrational structure of polar solutes by polar solvent.

Thus the
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vibrational structure is frequently observed for nonpolar molecules
(e.g., benzene) in all solvents, but the strong vibrational structure
of the spectra of polar molecules is generally completely blurred in
polar solvents (22).
From considerations of classical oscillators theory Chako (29)
concluded that the oscillator strength of an absorption band should
increase by a factor, l/y, equal to the ratio of the oscillator
strength in solution to that in the vapor state in going from the
latter state to dilute solution in a dielectric solvent.

This factor,

called the Lorentz-Lorentz correction factor, is given by
l/y = fsoln/fvap = (n 2 + 2)2/9n
where n is the refractive index of the solvent averaged over the wavelength range of the band.

This expression should be applied only to

allowed transitions in nonpolar systems.

The theory has been tested

experimentally for several systems, and it has been found to probably
be invalid for n+n* transitions in conjugated systems.

However, it

seems to be true that the oscillator strength of allowed n+n* bands
of conjugated hydrocarbons do not greatly change in going from the
vapor spectrum to the solution spectrum (of a nonpolar solvent),
whereas the intensities of absorption maxima may vary depending on the
phase and on the solvent (23).

However, various modifications and

explanations of the deviation from Chako's theory have been proposed
(30,31) and will not be discussed here.
When the distribution of conformations of a molecule in the
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ground electronic state is changed in going from one phase to another,
the f value of a band will naturally vary.

According to Almasy and

Laemmel (32), the average of the f value of the n-rr* band of biphenyl
near 240 nm at different temperatures above 170°C is 0.311±0.003,
while the f value of that band in a solution of n-hexane is 0.411.
Accordingly, the ratio of the f values in solution and vapor is 1.32,
which is in fair agreement with the theoretical value of 1.28
obtained from Chako's equation.

However, it has been suggested that

this agreement is probably pnly a result of coincidence, and the
increase in the f value in going from the vapor to the solution should
probably be attributed

n~inly

to the difference in the conformation

distribution between the different phases (23).
In contrast to allowed transitions, essentially forbidden transitions generally have intensities appreciably affected by changes of
the phase and of the solvent.

The intensities of singlet-triplet

(S-T) n+n* transitions (e.g., in benzene) are markedly influenced by
the solvent.

The intensities of n-n* transitions are also con-

siderably influenced by the solvent.

For example, the integrated

intensity of the n-n* of p-benzoquinone near 460 nm increases
progressively in changing the solvent from n-heptane, to dioxane, and
to carbon disulfide (23).

Also, while the band shows a well developed

vibrational fine structure in n-heptane, the structure is considerably
blurred in the other solvents.
Solvent-attributed changes in intensities that are not accom-
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panied by any noticeble wavelength shifts have also been reported
(22).

The

~-~*

transition in pyridine (near 252 urn) shows no wave-

length shift (or a minute bathochromic shift at times) in changing the
solvent from hexane to ethanol to water to 1:1 EtOH/HCl, and to 98%
H2S04'

Although in benzene the intensity of this band is insensitive

to solvent, in pyridine a polar solvent produces a considerable
hyperchromic effect (or increase in intensity).

Similar effects are

also noted in the spectra of methylpyridine and some other compounds.
This hyperchromic effect noted with these polar solvents has been
ascribed to hydrogen bonding of solvent molecules to the nitrogen lone
pair (22).
Temperature Effect on UV Absorption
In general, absorption bands possess a finer structure at low
temperature which broadens at higher temperature.

The intensities

usually decrease with increasing temperature since the absorptivity
often decreases linearly with increasing temperature.

In equilibrium

systems, large variations may cause profound changes in the spectra,
since the concentration of a particular absorbing species may be
markedly affected by the temperature change.

The variations of the

UV-absorbance as a function of temperature of 19 typical organic compounds have been studied in the temperature range 5-33°C, using methanol and iso-octane as solvents (19).

The variation ranges from 0.0%

per °C for acetone to 0.74% per °C for toluene.

CHAPTER 2
SYNTHESIS
The disadvantages of physically coated stationary phases for
high performance liquid chromatography (HPLC) stimulated a large
number of workers to consider ways of chemically bonding a stationary
phase to a solid support.

The surface of the silica, which is the

most widely used solid support for HPLC, has been modified in many
different ways and through different chemical bond linkages.

A sili-

cate ester linkage can be used to tie an alcohol to the silica surface
by reacting the surface silanol groups with the desirable alcohol
according to the following reaction:
Si -OH + R-OH

4'

Si -O-R + H-O-H

These silicate esters are commercially available as Durapack,
but suffer the known drawback that they are hydrolytically unstable,
and hence can only be used with nonaqueous mobile phases.

The

silicon-carbon linkage, which is very stable both solvolyticallY and
thermally, can be made by treating the surface silanol groups with
thionyl chloride and then reacting the chlorinated surface with an
organolithium or a Grignard reagent as shown below.
CI
8i-GH + O=S'
~l

+

Si-CI + HCI + 0=8=0

Si-CI + R-Li + Si-R + LiCI
41
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Unfortunately, most workers find the amount of bonded material
obtained by this method to be significantly low.
shown by elemental analysis does not exceed 3%.

The %C by wt as
The reason for this

unexpectedly poor yield of bonded materials is still speculative.
However some experts attribute it-to the persistence of significant
amounts of water molecules on the silica surface, which passivate the
organometallic reagent.

Others tend to believe that the thionyl

chloride is sterically hindered from entering the smaller pores of the
porous surface of the silica.
The Si-0-Si linkage is to date the most popular means of
immobilizing various species.

Even though it is not as rugged as the

Si-C bond, it nevertheless provides sufficient stability for virtually
all practical applications.

In other words, it can be used with

almost all kinds of solvents over a fairly wide range of temperatures.
It can also withstand significant changes in pH ranging from fairly
strongly acidic (about pH=1) to neutral or slightly basic pH values
(about pH=8).

Moreover, the synthetic procedures established to

obtain this kind of linkage allows the achievement of high surface
coverage of the bonded materials.

Furthermore, the commercial availa-

bility of various organosilanes in high purity and at a relatively low
cost adds to the versatility and popularity of this type of linkage.
The Si-O-Si linkage can be made by reacting the surface silanol
groups with a mono-, di-, or trichlororganosilane as shown in the
following example.
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=8i

=8i-OH

Io
I
=8i-OH

I '0
o
'SiR2
I 0/

+

+

2HCl

=8i/

Another way that is frequently used to obtain the same 8i-o-8i
linkage, is by treating the silica surface with a polymethoxy or
ethoxy organosilane as follows:
:8i-OH

+ MeO-8i-

+

:8i-o-8i-

+ MeOH

The synthesis of organosilanes themselves can be carried out
in different ways.

Barry (34) gives a classification and a detailed

account of the various preparative methods of organosilanes.

Pertinent

to this work is one of the methods he classified as direct methods,
namely, the silane-olefin addition.

In this method, the silylation of

an organic comound can be brought about by reacting the olefinic site
in that compound with a halo- or organo halo-silane.

The latter may

contain one or more hydrogen atoms bound to the silicon.

The reaction

can take place under relatively low temperatures in the presence of a
catalyst, whereas in the absence of a catalyst temperatures ranging
from 200 to 400°C may be necessary for the reaction to proceed at any
practical rate.

In the presence of the catalyst temperatures less

than 100°C are sufficient to effect the reaction at a fairly rapid
rate.

However, temperatures above 300°C generally promote the decom-

position of the desired product and may initiate undesirable side
reactions with other functional groups in the system.
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Various elements from different groups in the periodic table
have been reported to catalyze this silane-olefin addition (34,35).
Platinum appears to be the catalyst of choice for this reaction.
is usually used as hexachloroplatinic acid.

It

In this work both

hexachloroplatinic acid and platinized asbestos (5% Pt on asbestos)
were successfully used.

Palladium on carbon was also used success-

fully, though it seems that it is less efficient than Pt in the quantities used.
10-8

According to Barry (34) catalytic amounts as small as

moles of platinum per mole of olefin are sufficient to promote

this reaction.
An ionic mechanism has been proposed for this reaction to
rationalize the fact that the silane addition occurs at the terminal
carbon atom, rather than following a Markownikoff's pathway.

It is

even more interesting to note that this terminal addition is favored
whether the unsaturation site is terminal or internal within the
hydrocarbon chain.

In the case of internal double bonds, a migration

of the reactive site to the terminal carbon atom takes place and is
believed to be caused or assisted by the presence of platinum.

The

mechanism of this simple, efficient, and versatile addition reaction
is believed to follow either of the two courses shown below (34):

+

[R3Si

+

CH2CH2R"1

Pt
R3SiH

+

CH2

CHR"

+

or

+
[R3SiCH2CH2R"+ H)

+

R3SiCH2CH2R"

4S
Synthetic Scheme
Allyl benzo-IS-crown-S was made by modifying a method outlined
by Pederson (36) for the synthesis of benzo-IS-crown-S.

It should be

noted that at the outset our plan was to synthesize a benzo-lScrown-So and then through a Freidel-Crafts substitution reaction
insert an allyl side chain to the aromatic ring of the crown ether.
Benzo-IS-crown-S was prepared in the same way as in method V by
Pederson (36), as pure white, flaky crystals, in a fairly high yield.
However the introduction of the allyl side chain, which was attempted
out using allyl bromide in the presence of zinc chloride or aluminium
chloride as a catalyst, was unsuccessful.

This failure may be due to

a preferential interaction between the cation of the catalyst and the
cavity of the crown ether, thereby blocking the catalyst from access
to the desirable reaction site that favors the electrophilic aromatic
substitution.

Also, attempts to carry out a similar substitution of

the allyl function directly on resorcinol were not very successful.
However, a good yield of 3-allyl-l,2dihydroxy-benzene (or o-allyl
catechol) was obtained by molecular rearrangement of the monoallyl
ether of catechol (37,38).

The allyl catechol was then reacted with

the dichloro derviative of tetraethylene glycol (or l,ll-dichloro3,6,9-trioxaundecane) in the presence of a template ion (sodium) and
under high dilution conditions.

The obtained product was then

separated and characterized as allyl benzo-IS-crown-S.
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The experimental details of the syntheses, separations and
characterization of each of the intermediates are given under the
relevant subtitles.
Synthesis of Catechol Monoallyl Ether (I)
About 1.8 moles (198 g) of catechol (Aldrich Chemical Co.) and
a slight excess of potassium carbonate (1.85 moles, 258 g, Aldrich
Chemical Co.) were mixed in about 400 mIs of acetone in a 3-neck
round bottom flask.

The flask was fitted with a reflux condenser, a

separatory funnel and a thermometer.

Allyl bromide (1.8 moles) was

added slowly from the separatory funnel to the mixture with constant
stirring using a magnetic stirring bar.

This addition caused some

evolution of heat at first, but decreased progressively as more allyl
bromide was added, allowing addition of relatively larger quantities
of the allyl bromide at later times.

Reflux was continued for about

six to seven hours on a water bath or a heating mantle at a low temperature setting.

The reflux temperature stabilized at about 62-64°C.

The reaction mixture was then allowed to cool and the solid material
was filtered off and washed with about 100 mI of acetone.

The

washings were combined with the filtrate and the solvent was removed
by distillation.
under vacuum.

The remaining oil was then fractionally distilled

All the product that distilled over (between 90-110°C)

was initially collected.

This was then redistilled.

On redistilla-

tion, under about the same vacuum conditions, the main fraction came
over between 92 and 95°C.

This fraction, which proved to be the
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monoallyl ether of catechol, gave a high yield of about 76%.

It

should be noted, however, that the period of reflux is important in
obtaining optimum yields of this compound.

Prolonged reflux times

give smaller yields of the monoallyl and larger fractions of the
diallyl ether of catechol.

The latter distils at a significantly

higher temperature than the former (about 130°C at 1 rom).

Also, the

monoallyl ether can be quickly distinguished from the diallyl by a
simple chemical test.

The monoallyl ether gives an olive green

coloration with ferric chloride, the diallyl does not.

The proton nmr

spectrum (T-60 MHz) of the synthesized monoallyl ether of catechol was
obtained and found to be identical with the standard spectrum.
Preparation of 3-Allyl-l,2-Dihydroxybenzene (II)
Catechol monoallyl ether (I, 75 g) was placed in a round hottom flask fitted with a thermometer, a long condenser (or two short
condensers connected in series), and a drying tube.
then heated gradually up to about lRO°C.

Compound I was

At this point, the tem-

perature of the reactant suddenly shot up to ahout 270°C with vigorous
evolution of heat, and the whole reaction mass instantly turned into a
red color.

The heating mantle was immediately removed and the flask

was allowed to cool.
under vacuum.

The contents of the flask were then distilled

The fraction distilling between 110 and 115°C (at ahout

1 mm), was collected.

This product, 3-allyl-l,2-dihydroxy-benzene,

(II) a yellowish viscous liquid with a distinct phenolic odor, weighed
about 25 g (yield 33%).

A negligibly small fraction distilled at
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higher temperatures (125-135) and was discarded.

A large amount of

black tarry material was left behind after the distillation was over.
It was found more beneficial to pyrolyze smaller fractions (about 25 g
or less), one at a time, and combine them later for vaCUUTIt distillation.

This not only minimizes the violence of the reaction and the

amount of heat evolved, hut also improves the percent yield probably
by lessening the degree of resinification that accompanies the
rearrangement.
The product was characterized by comparing its IH nmr spectrum
(T-60 MHz) with the standard spectrum.

The two spectra were

found to be identical.
Synthesis of 1, II-Dichloro-3,6,9-trioxaundecane, III
This compound was prepared accorning to a method reported by
Pederson (8).

A mixture of 215 g (1.1 moles) of tetraethylene glycol

in a liter of benzene and 193 g (2.45 moles) of pyridine was heated
up to 3bout 88-90°C in reflux.

Then 290 g (2.45 moles) of thionyl

chloride was added dropwise from an additional funnel with continous
stirring.

The addition was completed over a period of about 2 hrs.

During this period the reflux temperature droppeo from 90 to 78°C.
Heating was continued overnight (about 10 hrs) after which the reaction mixture was allowed to cool.

After cooling, 50 mL of con-

centrated HCl (12 M) was diluted to 250 mL with distilled water, and
added dropwise in about 15 minutes. The precipitate started to
dissolve slowly during the acid addition until it finally dissolved
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and separated into a lower aqueous layer.

The upper layer of benzene

containing the product was then collected and benzene distilled off.
The remaining residue was then distilled under vacuum and the desired
product came over at about 115°C (1 mm).

In another case when the

distillation was carried out in a rotary vacuum evaporator, the product distilled over at about 96°C and 0.5 mm of Hg.
light yellow liquid, weighed about 235 g (92% yield).

The product a
Elemental ana-

lysis, C8H1603Cl2, %C calcd. 41.7, found 41.6 (University Analytical
Center, University of Arizona, sample #820042 dated July 21, 1981).
Synthesis of 2,3-(3'-Allybenzo)-1,4,7,10,13-Pentaoxapentadec2-ene, or O-allylbenzo-15-crown-5 (IV)
This compound was made by modifying a method outlined by Pederson for the synthesis of benzo-lS-crown-S (36).

To 30 g (0.2 moles)

of compound II in about 300 mL of I-butanol was added 17 g (0.42
moles) of NaOH dissolved in about 25 mL of distilled water.

The mix-

ture was placed in a round bottom flask that was purged with nitrogen,
and further stirred for about 5 minutes in a stream of nitrogen.

Then

46.2 g (0.2 moles) of compound III were added gradually from an addition funnel while stirring.
with continuous stirring.

The mixture was refluxed for about 10 hrs
After cooling to room temperature, the con-

tents were acidified with about 1.0 mL of cone HCl.

However, this

acidification step does not seem to have any significant impact on the
isolation of the final product, since in other instances about the
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same percent yield was obtained without acidification.

After cooling

the reaction mixture was filtered in a Buchner flask and the solid
washed with successive portions of methanol (totaling about 100 mL).
The filtrate and the washings were then combined and the solvent evaporated in a rotovap.

The residue, a viscous dark brown material, was

then extracted continuously in a soxlet extractor with n-heptane at
about 90°C for about 2 hrs.

As the heptane was allowed to cool, a

lower layer of a yellowish oily material separated.

The oily product

was isolated and characterized as allyl benzo-15-crown-5 (IV).
Characterization of Allylbenzo-15-crown-5 (IV)
Compound IV, a viscous yellow oil, gave a molecular ion peak,
M+ at 308.1 (calculated M.W. 308.4) and a fragmentation pattern
(Fig. 2-1) consistent with the structure of this macrocycle.

The

spectrum was obtained on a Varian mass spectrometer model MAT 311A
using a E1 source of 70 eV (College of Pharmacy, University of
Arizona).
The proton nuclear magnetic resonance, H nmr (Bruker WM-250)
gave a spectrum consistent with the structure of this compound:

a

multiplet at 0=6.85 ppm: aromatic protons; a doublet at 4.98: allylic
methylene protons; a multiplet at 5,80: allylic methine proton; and a
multiplet at 3.80:

sixteen alkoxy protons of the crown cavity.
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Synthesis of 3-(3'-benzo-15-crown-5)-1-propylchlorodimethylsilane V
The synthesis and immobilization of this compound was carried
out by the following method (35).
Twenty-five g of IV was mixed with about 35 mL of n-heptane
(Aldrich Chemical Co.) in a 300 mL round bottom flask equipped with an
addition funnel, a thermometer, an efficient condenser, and a drying
.tube.

A catalytic amount of platinized asbestos (5% Pt on asbestos)

was added and the mixture was heated to about 90°C.

On another occa-

sion, about 1 mg of hexachloroplatinic acid (Fisher Chemical Co.) was
substituted for the platinized asbestos and toluene substituted for nheptane.

A slight excess of chlorodimethylchlorosilane (Petrarch

Systems, Inc.) was added dropwise over about 2 hrs with continous
stirring so that the reaction temperature remains between 90-100°C.
The solution was allowed to reflux overnight (about 10 hrs) and the
product extracted continuously with n-heptane for about an hour.

The

extract was then allowed to cool and the product separated on cooling
as the lwoer layer of a yellowish oily material.

This layer was then

isolated and kept for several hours at about 80-90°C under reduced
pressure to allow traces of heptane to evaporate.

The product (yield

85%) was characterized as V.
Characterization of 3-(3'-Benzo-15-crown-5)-1-propyldimethylsilane (V)
The IH nmr spectrum of this compound gave the most definitive
initial proof of the success of its synthesis.

It showed a prominent
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singlet upfield at 0.40 ppm the integration of which corresponded to 6
. protons , presumably those of the two methyl groups directly attached
to the Si atom.

It also showed a distorted triplet at 0.8 ppm

corresponding to the 2 protons of the first methylene group in the
alkyl chain attached to the Si atom.

Multiplets corresponding to the

rest of the alkyl and alkoxy groups were also evident in the spectrum
as expected, as well as a complete disappearance of the absorbance
of the allylic methine and methylenic protons of the initial reactant
IV.

The mass spectrum of this compound did not show a molecular ion

peak, but did show a fragmentation pattern consistent with the structure of the compound (Fig. 2-2).

Elemental analysis, C19H3105SiCl,

C% calcd. 56.6 found 55.6 (Analytical Center University of Arizona,
sample #830083, dated August 16, 1981).
Immobilization of V on a Silica Surface
The silica used in this bonded phase preparation was Lichrosorb
SI 100 (E.M. Merck) of a 10 micrometer diameter, an average pore size
of 100 angstroms and an average surface area of 420 M2/g.
batch # of F1752 and a charge # of 9026682.

It had a

Five grams of this silica

was treated with 6 M HCl for about an hour at room temperature,
washed thoroughly with deionized distilled water and dried for about
24 hrs under vacuum at 150°C.

The prepared silica and 25 mL of dry

toluene, which had been distilled from and stored over calcium hydride
(Matheson Coleman & Bell Manufacturing Chemists), were placed in a 250
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mL round bottom flask fitted with an efficient condenser and a magnetic stirring bar.

The weight of V required to give about 5-6 fold

excess of the reactive silanol groups was calculated on the basis of
the surface area specified above and an average of 4.5 silanol groups
per nm2 •

This calculated amount (4 g V per 5 g silica), was diluted

with another 25 mL of dry toluene and added slowly to the silica
suspension while stirring.
reflux for about 6 hrs.
101°C.

The whole reaction mixture was allowed to

The reflux temp fluctuated between 93 and

The bonded phase was then suction filtered, washed thoroughly

with dry toluene and methanol, then continuously extracted with methanol for about 3 hrs and finally dried under vacuum at 70°C for about
20 hr.

This derivatized silica was characterized using elemental ana-

lysis, UV-spectroscopy and liquid chromatography as will be described
in the following chapters.
Characterization of the Crown-Silica Bonded Phase
Characterization of the silica-immobilized crown ether was
done mainly by elemental analysis and UV spectroscopy.

The former

gave a %C of 8.9 by weight of bonded material (Analytical Center, University of Arizona, sample #820470, dated March 2, 1982).

The UV

spectrum (see Chapter 3) gave two broad bands corresponding to a n+n*
centered at about 225 nm and an n+n* at 275.
tical with that of the free crown ether.

The spectrum was iden-
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CHAPTER 3
UV-SPECTROSCOPY OF THE IMMOBILIZED CROWN ETHER AND SOME ALKYL
SUBSTITUTED BENZENES
Introduction
With the growing interest in various types of chemically bonded
phases, there is also a growing interest in finding methods for their
quantitative determination with better selectivity than that provided
by elemental analysis.

Although elemental analysis is widely used and

sufficiently accurate for most practical applications, it has a
serious drawback by virtue of its indiscriminate nature.

In other

words, if a reaction scheme designed to derivatize and immobilize a
certain desirable hydrocarbon happens to follow a different course
and immobilize some other hydrocarbon, then elemental analysis cannot
differentiate between the two, and is apt to be misleading.

Since the

bonded materials used in this work contained an absorbing chromophore,

UV spectroscopy appears to be the method of choice.

However, the

obvious complicating problem here is the physical nature of the
sample.

The bonded chromophores are immobilized on solid, totally

porous silica particles of 10 pm diameter.

Such particles are infini-

te1y larger than the wavelength of incident radiation and hence
contribute to a large heterogeneous background of different reflective
and refractive properties.

The problem thus becomes that of a UV

quantitative (or qualitative) determination of a smaller absorbing
57
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concentration superimposed on a larger, transparent but highly
scattering background.
To alleviate this problem, if a solvent (or a combination of
solvents) can be obtained such that its refractive index closely
matches that of the silica used, then a throughput sufficiently
intense to allow the UV determination may be achieved.

Apart

from

its refractive index, such a solvent must possess other desirable properties.

It must be UV transparent and have UV cut-off sufficiently

removed from the region of the end absorption of the bonded chromophore.

Also it must have the right combination of viscosity, den-

sity and wetting properties to be able to solvate and to evenly
suspend the silica particles for a period of time long enough to run
the spectra.

Obviously all these requirements make the solvent choice

exceedingly limited.

Nevertheless, two sets of solvent systems were

found to meet the above specified conditions.

One of these, a com-

bination of carbon tetrachloride and cyclohexanol, was used and gave
satisfactory results, though it showed some limitations.

These

include a significant increase in the noise level that develops with
this solvent on standing, and the fact that cyclohexanol frequently
solidifies at room temperature making the preparation of a fresh mixture of the solvent a more difficult and time consuming task.

The

other solvent system that has been used and proved to be much more
suitable than the previous one includes various combinations of glycerol, butanol, and/or methanol.

A limitation encountered here is the
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relatively high viscosity of glycerol, the main component of the mixture, which make its quantitative transferrence less accurate or
otherwise time consuming.

However, the use of a syringe makes this

problem less serious and is necessary if quantitative determination is
desired.
Although the initial purpose of designing these UV experiments
was to quantify the bonded phases, the possibility of obtaining some
information about the structure of the bonded phase and its composition was also investigated.

Such information, if obtainable, was

expected to be reflected in shifts in the positions of some of the
bands, or in changes in their intensities, as the molecule goes from
the free to the immobilized state.

This spectral information did

reflect on some of the spectra and proved to be quite informative.
Its significance will be discussed in some detail in this chapter.

Experimental
UV Experiments With Bonded Materials
All UV spectra were obtained on a Varian spectrophotometer model
Cary 219 fitted with a home-made data acquisition system.

Except

when otherwise noted, the settings of the spectrophotometer used in
taking all of the spectra were as follows:

Absorbance range = 2, slit

width = 0.5 nm, scan rate = 1 nm/sec and chart display 5 nm/cm.
quartz cuvettes used were of 1 em pathlength.

The
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A binary solution of glycerol (MCB) and butanol (MCB) was made by
mixing a liter of the former with 208 mL of the latter to give a
solution whose refractive of 1.458 matches the refractive index of
silica gel over the wavelength range covered in these experiments.

An

example of the method used for calculation of thp. appropriate volumes
to give its refractive index can be found in the appendix and
elsewhere (38).
Another binary solution of glycerol and methanol (Fisher
Scientific Co.) of the same refractive index as above was prepared in
a similar way.

By mixing equal volumes of the two binary solutions a

ternary solution of glycerol, butanol and methanol was obtained.

This

ternary solvent appears to have somewhat better fluid properties than
either of the binary solvents.
The best combination of cyclohexanol and carbon tetrachloride of
1:2 was found empirically and used instead of the calculated combination which did not sustain the silica suspension long enough.
A silica suspension stable over a period of two hours or more
(after sonication) was obtained with both the ternary and the binarysolvent systems.

Beyond this 2 hour period the absorbance of the

sample starts to decrease due to sedimentation of the bonded particles
on standing.
Two different types of immobilized molecules were used in this
spectroscopic study:

A set of variable chain length alkyl substituted

benzenes, and an alkyl substituted crown ether.

A description of the

synthesis of the latter was given in Chapter 2 of this dissertation.
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Of the alkyl substituted benzenes I-phenylpropyl-2-dimethyl-silane
(Waters Associates) are commercially availahle.

The rest of them

synthesized by Blevins (39) are substituted benzenes with· variable
chain length of n carbon atoms where n = 4, 6 and 7.
Model Compounds
For each of the immobilized species a free model compound that
approximates the structure of the bonded molecule has been selected.
A listing of the immobilized species and the cor.responding model compounds are given in Table I below.
Table 1.

Model Compounds for Immobilized Species

Immobilized Species

Free Model Compound

1.

phenyldimethylsilane

phenyltrimethylsilane

2.

I-phenylisopropyldimethylsilane

isopropylhenzene (cumene)

3.

4-phenyl-l-butyldimethylsilane

n-butylbenzene

4.

6-phenyl-l-hexyldimethylsilane

n-hexylbenzene

5.

7-phenyl-l-heptyldimethylsilane

n-heptylbenzene

6.

3-(3'-benzo-IS-crown-S)propenyldimethylsilane

3-(3'-benzo-IS-crown-S)-.
propenylchlorodimethylsilane

In addition, benzyl alcohol was considered as a polar model compound for general comparison.

The spectra of the model compounds were

obtained under different solvent conditions.

A set of the spectra of

the nonpolar model compounds was obtained in n-hexane as a solvent.
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A second set of these spectra was obtained using the ternary mixture
of glycerol, butanol and methanol as the solvent.

A third set was

obtained in the same ternary solvent as above, except that both the
model compound in the sample cell and the solvent in the reference contained equal amounts of suspended silica.

This amount of silica is

comparable to the amount of silica present in the immobilized samples.
AII.the spectra of the bonded species were taken in the ternary
solvent, and in all cases whenever a spectrum was taken, the reference
cell contained the calculated amount of silica equivalent to that in
the bonded sample.
For the special case of immobilized phenyldimethylsilane, an
additional spectrum in cyclohexane was obtained (with difficulty due
to fast sedimentation of the bonded particles).
A study of the temperature effect on the immobilized species was
confined to the immobilized crown ether.

Tne study was carried out on

the same spectrophotometer fitted with a microcell adaptor and
equipped with a thermostated peristaltic pump (Gilson miniplus II).
Results and Discussion
Effect of the Environment on the Spectra of the Free Model Compounds
and the Immobilized Phenyl DMS
The spectra of the free model compound in the ternary solvent
system, in the presence and in the absence of a silica gel suspension
as well as in hexane are given in Figs. 3.1-3.5.
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The spectrum of anyone of the free model compounds in the ternary
solvent system is the same regardless of the presence or absence of
the silica beads suspension.

The spectra of benzyl alcohol in pure

methanol and in the ternary solvent system, with or without silica,
are also identical.

These similarities suggest that the hulk behavior

of these model compounds is not drastically affected by the differences in the relative polarity of the solvent, the presence or absence
of a suspended adsorbent, or the differences in other physical properties as the transition is made from pure methanol to the ternary
solvent system of glycerol, butanol and methanol.
A comparison of the spectr.a of each of the model compounds
obtained in hexane and in the ternary solvent systems reveals that
spectra in the former generally have much sharper and better resolved
vibrational bands.

This is expecten since it is well known that due

to their weak interactions, nonpolar solvents are consiclered good
spectroscopic solvents.

They generally provide spectra with sharper,

narrower and better defined vibrational structure, comparahle to that
obtainable from the gas phase.

However, there is no significant

bathochromic shift in the spectra of these nonpolar model compounds in
going from the nonpolar hexane to the polar ternary solvent.

It will

be recalled at this point that in most cases the transition from a
nonpolar to a polar solvent causes a red shift in the spectrum of
a nonpolar solute.

This is attributed to the fact that the excited

state of the nonpolar solute molecule is in most cases more polarizable
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than the ground state and thus a polar solvent is apt to stablilize
the

exc~ted

state more than it does the ground state and a red shift

is anticipated.

Conversely, in some cases the electronic transition

results in a decrease in the polarizability of the excited state relative to the ground and as a result a blue shift is observed as the
transition is made from the nonpolar to the polar solvents.
that

the~e

The fact

is no significant displacement in the spectra of the model

compounds between hexane and the polyhydric solvent system could only
indicate that the polarizability of the excited states and the ground
states of these molecules are about the same.

In other words, the

phenyl ring in this respect is an insensitive chromophoric probe for
solvent effects, i.e., in terms of wavelength shifts.

Also, whereas in

solutions of polar solutes in polar solvents the solvent molecules are
largely oriented around the solvent molecules, in solutions of nonpolar solutes in polar solvents the molecules of the latter are
substantially unoriented around the former and hence the solventsolute interaction is statistically less frequent.

Vor this reason,

the fine structure of the spectrum of a nonpolar solute is not drastically affected by a transition from a nonpolar to a moderately polar
solvent system.

But if the transition is made from a nonpolar to a

highly polar solvent with a large dielectric constant, such as water
or highly aqueous methanol, the effect is pronounced and only a hroad
structureless hump may be obtained.

This effect is evident in Vigure

3.1(iv) where the spectrum of trimethylsilane is shown in different
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water/metqanol proportions.
progressively
but

notic~able

alS

The vibrational structure is lost

the percentage of water is increased, with a slight

shift towards the blue.

This blue shift may be an

indicatioG that the polarizability of the phenyl ring does not
actually Femaio the same as suggested earlier, but may even undergo a
slight deqrease on excitation.
It

i~

interesting to note that the 3rd band (c) undergoes a

progressive increase in intensity relative to band (b) as the percent
of water iis inc.reased from 50% to 70% where both bands merge as a plateau of allout the same intensity, Figure 3.1(iv).

The relative inten-

sity of tqese two bands seem to be particularly sensitive to solvent
effects, 9nd malY thus serve as a useful indicator to probe the
environment of these molecules at the surface of the solid support.

A

comparisio,n of ,the spectrum of the immobilized dimethylsilane, Figure
3.1(i), also shows that the two bands merge as a single broad band,
though ban,d (c), becomes the more intense of the two - a situation
which is

~xact!y

opposite to that of the free model in 50% MeOR (the

solvent containing the least amount of water).

This ohservation tends

to suggest thatl the environment at the surface is probably a highly
aqueous one, and that the aromatic nucleus is probahly submerged in
that polar medium.

However, the significant loss of quantization of

vibrational levels (as indicated by the broadening of bands) in the
spectrum o,f phenyltrimethylsilane in the highly aqueous methanol
system is not matched by a similar loss in the vibrational structure
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of the immobilized molecules.

On the contrary, the rest of the vibra-

tional bands of the immobilized molecules preserve a much better
sharpness.

This sharpness may be indicative that these immobilized

molecules exist in clusters which are surrounded by a highly aqueous
environment.

In other words, these molecules are not existing as

hydrated liquids but rather as hydrated solid-like or hydrated
crystal-like entities.

The hydration cage in this case will be

thought of as being imposed on these hydrophobic immobilized molecules
by the polar nature of the silica surface surrounding them.

If this

is the case, then the redistribution of the intensities of the vibrational bands can be explained in terms of an orderly environment of a
hydrated "quasi-crystalline" state of small clusters of the immobilized molecules.

The presence of such small clusters or microcrystals

is not hard to envision in the light of the so called cooperative
sorption phenomenon which is believed to be operative during the immobilization step (40).

It should be emphasizen, however, that the

order mentioned at this point is an ordp.r of the immobilized molecules
in the cluster relative to their counterparts in thp. free solution.
Such an order is brought about, not only hy the restriction of motion
imposed on these molecules on immobilization, but also by the restriction of motion imposed by the absence of a lengthy alkyl side chain.
A closer look at the changes of the vibrational bands of the
immobilized phenyl DMS as compared to the corresponding bands in the
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A-comparison of the spectrum of immobilized
phenyldimethylsilane (dotted) to that of
phenyltrimethylsilane (solid) in the
same ternary solvent-silica environment.
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Spectrum of phenyltrimethylsilane in the
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silica suspension.
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Spectrum of phenyltrimethylsilane in
hexane.
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Spectra of phenyltrimethylbilane in aqueous
methanol solvents of varied water/methanol proportions.
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Fig. 3.l.(v) Spectrum of Phenyl OMS in cyclohexane.
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free solution reveals that the intensity of the first totally symmetric stretching band, c, is significantly enhanced relative to the
rest of the bands.

This band which corresponds to the sum of voo + vI,

is a band characteristic of the K series of vibrations.
Intensification of a K series is well known to occur in going
from the solution to the solid state of molecules.
fact,

th~

As a matter of

K series of some molecules (e.g. benzene) can only be seen

in the crystalline state (24), so, intensification of this K band may
also be indicative of a more crystal like structure in the immobilized
phenyl DMS.

However, no comparable intensification of the higher

energy harmonics of this totally symmetric stretch is observed in the
rest of the series, but an overall increase in the integrated intensity due to broadening of these bands (d and e) is noticeable.

This

broadening may be of a nature similar to that of the so called resonance hroadening which has been observed in molecular crystals and
attributed to the possibility of energy exchange between a molecule
and its neighbors (41).

Another effect, which may explain the fact

that the higher energy bands of the K series are not significantly
enhanced, is similar to a packing strain effect.

When the molecule

undergoes a totally symmetic stretch by absorbing a quantum of lower
vibrational energy, its dimensions become increased but not so much as
to experience a severe compression by the cage of water molecules.
However, when it tends to absorb higher energy quanta to vibrate
further to higher energy levels, the molecules become much bigger and
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experience a compression effect by the surrounding cage.

This results

in a less prohable transition and accordingly less intense banns in
the higher energy region compared to the lower energy region or the
spectrum.
The fact that the spectrum of the immobilized phenyldimethylsilane in cyclohexane, Fig. 3.1(v), is almost identical to its spectrum
in the polyhydric solvent system is consistent with the prediction
that these molecules exist in a totally aqueous environment near the
surface.

There seems to be a few layers of water molecules which are

strongly adsorbed to the surface and are totally impermeable to a
hydrophobic solvent such as hexane.
The Spectrum of I-Phenyl-2-propyldimethylsilane
In Fig. 3.2(i), the spectrum of the immobilized I-phenyl-2propyldimethylsilane is compared to the spectrum of isopropylbenzene
(cumene) as a model compound.

It may be noted that the structure of

this compound does not. quite represent the structure of the Immobilized molecule.

The reason is that the substituent directly attached

to the aromatic nucleus is a methylene group in the immohilized species whereas it is a me thine group in the model compound with an additional branch of a methyl group.

If hypercon.;ugation has any signifi-

cant effect on the spectra of these alkyl substituted compounds, then
a better approximation of the structure of this immohilized species
may be an alkyl substituted benzene \vith a methyl group directly
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A comparison of the spectrum of immobilized
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attached to the ring.

Hence, it appears to be more appropriate to

compare the spectrum of this species to some additional model compound
such as benzyl alcohol and n-butylbenzene.
The comparison of the spectrum of the immobilized I-phenyl-isopropylsilane to that of isopropyl benzene shows that the spectra
correspond closely to one another with a slight displacement to the
red on immobilization.

However the more striking difference is a

reversal of relative intensities of bands (c) and (d) but this may be
due to the dissimilarity of the structures of the first substituent
group of the alkyl chains in the immobilized species and this model
compound.

The slight shift may also be due to this same reason.

Comparing the spectrum of the immobilized species to that of benzyl
alcohol (Fig. 3.2(iii», shows that the spectra correspond to one
another very closely in positions of bands, i.e., there is no shift,
but the relative intensities of these bands are again different.

This

time, as in cumene, band (c) is less intense than (d), but it is much
less intense and much less sharp to the extent that it appears barely
as a shoulder.

Also band (b) relative to (a) is much more intense in

benzyl alcohol than in cumene, but the two bands are of about the same
intensity in the immobilized molecule.

Although the first substituent

on the aromatic ring of benzyl alcohol is a methylene group, the fact
that it carries a hydroxyl group may render benzyl alcohol another nonideal approximation of this immobilized molecule, due to possible
hydrogen bonding.

However, the best approximation seems to be an
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alkyl substituted benzene with 2 or more carbon atoms and no
heteroatom or hydrogen-bonding functionalities.

For this reason n-

butylbenzene seems to be an appropriate model for this species (as
well as for the immobilized 4-phenyl-n-butyldimethylsilane).

The

comparison of the spectrum of n-butylbenzene Fig. 3.3(i) and that of
immobilized I-phenylisopropyldimethyl silane, Fig. 3.2(i), shows no
significant shifts in the wavelength positions of the bands.

It is

interesting to compare the shape of band (b) of n-butylhenzene in the
polyhydric solvent (Fig. 3.3(i»

and in hexane (Fig. 3.3(ii»

to the

corresponding band (b) in the immobilized species in the former
solvent, Fig. 3.2(i).

In the spectrum of n-butylbenzene, this band is

not completely resolved from band (c) and appears only as a shoulder
in the polyhydric solvent, whereas it is completely resolved and very
well defined in hexane.

On the other hand, band (b) in the spectrum

of the immobilized species is completely resolved from (c), and
appears almost as sharp as the corresponding band in hexane,
even though the spectrum was taken in the polyhydric solvent.

It is

also interesting to compare the resolution of the two overlapping components of band (e) of the free model in the two solvent to that of
the immobilized species in the polyhydric solvent.

In the spectrum of

the model n-butylbenzene, the resolution of these two components is
much better in hexane than in the polyhydric solvent, whereas in the
spectrum of the immobilized species the resolution is intermediate
between the two cases.
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Looking at the spectra of all three model compounds (cumene, nbutylbenzene, and benzyl alcohol) and comparing them to the spectrum
of immobilized I-phenylisopropylbenzene, one can see that there are no
drastic changes in the relative intensities of the bands (b) and (c)
in going from any of the free models to the immobilized state. This
situation, in contrast to the previous situation of immobilized
phenyldimethylsilane, indicates that with a side chain length of only
about 2 carbon-carbon bondS, the effect of the aqueous environment at
the surface on the aromatic probe is largely offset.

This remarkable

diminution of the effect of the aqueous environment with such a short
chain length further suggests that the number of monolayers adsorbed
on the silica surface does not exceed two.

Also, if it is an accep-

table argument that n-butylbenzene provides a better approximation of
the structure of the immobilized molecule, then the sharpness of bands
(b) and (e) in going from the spectrum of n-butyl benzene in the polyhydric solvent to that of the immobilized molecule in the same solvent
can again be indicative of a situation where these immobilzed molecules exist in clusters of a solid-like nature with a fair amount of
order.

It should be noted, however, that with this particular sample,

the surface coverage of the immobilized species is much higher than
that of the previously discussed phenyl DMS. (See Table II.)
Spectra of the Longer Chain Immobilized Alkylbenzenes
As the chain length of the immobilized alkylbenzenes is
increased to four or more methylene groups, their spectra become very
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Table II.

A Comparison of the Concentrations of Bonded Species per
Gram Modified Silica. Values Calculated from Elemental
Analysis vs UV-spectroscopy at Different Wavelengths.

UV rnmole/g
Bonded
Species

C%
Elemental

mmole/g
(from C%)
A258

A264

A268

Phenyl DMS

4.53

0.47"

0.30

0.22

0.44

I-phenyl
Isopropyl OMS

9.33

0.71

0.63

0.68

1.05

4-phenyl-1buryl DMS

7.41

0.52

0.29

0.45

0.51

6-phenyl-1hexyl DMS

5.77

0.34

0.30

0.18

0.32

7-phenyl-1heptyl DMS

3.45

0.19

0.18

0.13

0.18

8.93

0.39

PB15C5

0.24
A = 228

0.16
A = 275
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similar to that of the co~responding free model compound in solution,
Fig. 3.3(i), 3.4(i) and 3.5(i).

This similarity strongly suggests

that as the chain length is increased, solution-like interactions
become predominant.

Thus solute-solvent interactions lead to a degree

of solvation of the immobilized molecules comparable to their solvation in the free solution state.

The same may be said about solute-

solute interactions between the immobilized molecles themselves.
However, the restriction of the translational motion imposed on these
molcules by way of immobilization
solution-like behavior.

~st

impose some limits on their

A solution-like environment of an immobilized

species cannot be as anisotropic as a free solution environment.

The

former must show some degree of structuring in its environment.

This

structuring probably explains why, even with longer chains, one can
still notice a slight enhancement in

t~e

sharpness of some bands.

Such enhancement can be more clearly seen if one compares band (b) in
the spectra of the immobilized butvl-, hexyl-, and heptyl-benzene in
the ternary solvent to the spectra of the free models in the same
solvent [Fig. 3.3(i), 3.4(i) and 3.5(i)].

It may also be noted that

the narrowness of this band is closer to its narrowness in the spectra
of the model compounds in the non-polar solvent hexane.

This may be

an indication that there is more interaction between the non-polar
immobilized molecules in the solution-like environment than there is
solute-solute interaction in the free solution environment of the
model compounds in the polyhydric solvent.

Alternatively, this

82
may indicate there is less solvent-solute interaction in the immobilized solution-like environment than there is in the free solution
environment of the model compounds in the same polar solvent.

In

any case, for these immobilized molecules to interact they must again
be in a vicinity, or in clusters, close enough to lessen the interference of solvent molecules.

Moreover, one cannot expect the

interaction between these immobilized molecules to be completely random in nature, but largely limited by their chain length.

For this

reason the immobilized molecule will still experience some degree of
uniformity in its environment, despite the fact that it is a liquidlike or a solution-like environment.

It is interesting to note that

band (b), which becomes much sharper on immobilization than the rest
of the bands, is the only band in the spectrum that is unique to an M
series.

An M series is a molecular series which arises

fro~

forbidden

transitions of the free molecule under conditions in which the selection rule forbidding the transition is lifted as a result of the molecular vibration which is not totally symmetric (24).

In contrast, a K

series arises from allowed transitions of the free molecule as well as
from transitions which are forhidden in the free molecule, when the
selection rule for the transition is lifted by the crystal field.

For

example, the K series, which appears only weakly in the solution
spectrum of benzene, becomes intense in the crystal state, and it is
for this reason that the series is called a K series (24).

The (b)

band mentioned above corresponds to a frequency v = voo + vo.

This
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Vo is the frequency of the non-totally symmetric vibration which makes

an M series allowed.

The enhanced sharpness of this particular band,

b, is more consistent with an increased uniformity in a liquid-like
environment rather than a solid-like environment.

An example of a

vibrational analysis in terms of the frequencies of the observed bands
and their origins is given in Table IV.

It should be noted, however,

that assignment of vibrational modes to these bands cannot be made
with any more certainty than the broadness of these bands would allow.
Quantitation of the Immobilized Alkylbenzenes
Because of the significant changes and redistribution of intensities that sometimes occur in the UV-spectrum of a given species on
immobilization, an accurate quantitative determination of the concentration of the immohilized molecules proved to be a difficult
task, if not impossible at times.

When the structure of the model

compound closely approximates that of the immobilized species there is
a chance of getting an accurate quantitative determination, provided
that the compound shows a structured spectrum.

In such a case, and

in particular, when the immobilized species is one of a short chain
length, good quantitation may only be obtained if the voo band intensity is used.

This is because the voo band is a pure electronic tran-

sition and is not affected by coupling to any vibrational mode that
may alter its intensity in the immobilized state relative to the free
state.

Thus, if the concentration of a short chain immobilized mole-
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Table III. Vibronic Analysis of a Representative Alkyl benzene,
Immobilized 4-phenyl-I-butyl DMS.

Band

*

A,nm

a-i*

type

a

268.2

37,285

0

b

264.5

38,807

522

v(O)

c

261.5

38,241

956

VI

d

259.5

38,536

1251

V2

e

255.0

39,216

1931

2V1

f

248.5

40,241

2956

3V1

g

243.0

41,152

3867

4Vl

a

i

V(O-O) band
bands b, c, d •••• repectively

v(O-O)
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Figure 3.3.(i)
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A.comparison of the spectrum of immobilized
butylbenzene (dotted) to that of free butylbenzene (solid) in the same solventsilica environment.
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Figure 3.3.(ii)
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Spectrum of free butylbenzene in hexane.
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Figure 3.3(iii)- Spectrum of free butylbenzene in the
ternary solvent containing a silica
suspension.
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Figure 3.4. (i)

Spectra of free (solid) and immobilized
(dotted) phenylhexane~ in glycerol, butanol and methanol ternary solvent
containing equivalent amounts of
silica particles.
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Figure 3.5.(ii)

Spectrum of free phenylheptane in hexane.
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cule is tested using different bands of the same standard model compound at the same concentrations, very different values will obtain.
However, with a longer chain length of 4 or more methylene groups these
differences diminish to fall within experimental error, and then comparable results are obtainable from any band in the spectrum.
However, it has been noted that at relatively high surface coverages
(>0.7 mmol/g), the agreement is exceedingly poor between the concentration values calculated on the basis of carbon analysis data and
those obtained from UV-spectroscopic determination, even when the voo
band intensity is used.

The reason for this disagreement at high sur-

face coverages may be attributed to the fact that the fractions of
absorbing molecules traversing the light beam per unit length neither
have the same population nor do they have the same random orientation
in the free solution versus the immobilized states.

If this is the

case, then serious deviations from Beer's Law may result from these
differences leading to erroneous UV-determination.

However, the par-

ticularly significant increase in the intensity of the v o - o band of
immobilized I-phenyl-2-propyl DMS [see Table II and Fig. 3.2(i)J,
suggests that there is some kind of a strong interaction or dimer-like
coupling between adjacent molecules.

Such an interaction may be

faciliated by the high surface coverage of this particular species.
Quanti-tation of the Immobilized Crown Ether
The crown compound gave two broad and structure less bands centered at about 225 nm and 275 nm, with no resolvable voo band. For
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Spectra of free (1) versus immobilized (2) crown
ether in CC14/cyclohexanol of 1:2 binary solvent
system, containing an equivalent amount of suspended silica.
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this reason, a quantitative determination with reasonable accuracy was
impossible to obtain.

Ouantitative results based on the shorter wave-

length gave values about 60% of that ohtained from carbon analysis,
whereas values based on the longer wavelength were about 40% of the
carbon analysis.

Such large deviations may be hest accounted for by

considering the effect of orientation on the spectra of oriented
molecule~.

When two oriented molecules are close enough to interact,

their coupled transition moment vector may either be the sum or the
difference between the two individual vectors.

When the resultant

transition moment is an outcome of a vector addition, its magnitude
relative to the individual vector is increased and

consequ~ntly

the

intensity of the corresponding hand in increased proportionately in
the spectrum of the oriented molecules relative to the individual
unoriented molecules.

When the transition momemt is a resultant of

vector subtraction, its magnitude is decreased relative to the individual molecule, and accordingly the intensity of the corresponding
band in the spectrum of the oriented molecules is similarlv decreased.
The large deviation of the UV-rneasured concentration of the
immobilized crown compound from that of carhon analysis points to the
possibility that the crown ether molecules are largely oriented on the
silica surface.

If this is so, then the fact that significantly dif-

ferent measurements are obtained depending on which of the two wavelength maxima is used, may further indicate that the coupling of the
moment responsible for the n+n* transition between the ad;acent
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molecules is not identical to that responsible for the n+n* transition
in the same molecules.

This can either be due to a difference in the

strength of coupling of the two moments or a difference in the direction of the two vectors of these moments.

In either case, this is

certainly suggestive of that the two parts of the crown ether molecules are not coplanar, that is, the aromatic ring and the crown ring do
not lie in the same plane.
Temperature Effect on the Electronic Absorption of the Immobilized Crown
As the temperature is increased the intensities of the two
bands centered at 225 and 275 remain the same up to about 305 0 K.
When the temperature is increased further the intensities of both
bands drop rather abruptly between 305 and 315 and then continue to
drop gradually but very slightly as the temperature goes up further
(Fig. 3.7).

Interestingly, as the sample is allowed to cool back to

room temperature and the spectrum taken again the intensity of the
shorter

wavelengt~

band goes back to its original value whereas the

original intensity of the longer wavelength band is never restored.
Instead, its intensity assumes an intermediate value of about the
average of the original maximum and the minimum obtained at the elevated temperature (see Table IV).

A similarly irreversible behavior

has been observed chromatographically also.

This was reflected in a

hysteresis effect in the retention of some probe molecules as the
heated crown ether stationary phase was allowed to cool to room temperature.

Further discussion of these observations will be given in
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Chapter 4.
The abrupt change in the intensities of both the shorter wavelength band which corresponds to a n+n* transition, and the longer
wavelength which corresponds to an n+n* transition, suggests that
there might be some reorientation or a "quasi" phase change that is
taking place somewhere in the temperature range 305-315°K (24,25).
The fact that the intensity of one of the bands does not go back to
its original value probably indicates that such a change is a largely
irreversible one, at least with respect to that part of the molecule
that is responsible for the irreversible hand.

The n-n* band is

attributed to a transition of an electron from one of the lone pairs
on the oxygen atoms of the crown part of the molecule to the n* orbital of the aromatic ring to which they are attached.

It seems reaso-

nable to speculate that on cooling the sample after such a concerted
temperature-induced change of the orientation of these molecules has
taken place, the short chain immobilized aromatic ring reorients
itself in a way that is independent of the more flexible part of the
molecule.

The net effect of this differential reorientation would

essentially be a conformational change of the crown part of the molecule with respect to the aromatic ring.
Further evidence regarding this phase-transition like behavior
has been obtained from chromatographic temperature dependence which
will be discussed in the next chapter.
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Table IV.

Absorbance of Silica-immobilized Crown in BuOR/glycerol/
MeOH Solvent as a Function of Temperature
ABSORBANCE

Run
Temp.
(OK)

Arnax (1)
275 nm

(UV)

Amax (2)
225 nm

Amax (1)
Arnax (2)

290

0.43

0.69

0.623

298

0.43

0.69

0.623

305

0.43

0.69

0.623

314

0.28

0.53

0.528

321

0.27

0.52

0.519

330

0.26

0.50

0.520

0.33

0.69

0.478

"298"rev

CHAPTER 4
CHROMATOGRAPHIC STUDIES ON THE SILICA-IMMOBILIZED
CROWN ETHER AS A STATIONARY PHASE
Introduction
Chemically bonded species are becoming a common factor of
interest among a number of different disciplines of chemistry.

Apart

from their successful use as chromatographic stationary phases, they
are also popular in other areas like electrochemistry, catalysis and
textile finishing--to name just a few.
Various disciplines of chemistry all show a considerable
interest in a class of macrocyclic compounds, which include (among
others) macrocyclic polyethers, commonly known as crown ethers
(44,45).
Crown ethers are uncharged macrocyclic polydentate ligands
characterized by a structural dualty in that they possess a polar
interior ring of oxygen atoms and a nonpolar exterior "collar" of
hydrocarbons.

Although the attention they received mostly stemmed

from their ability to complex ionic species (44-48), they are also
known to form adducts with neutral molecules (49-53).

This adduct

formation property of crown ethers has received very little at tention, and the exact nature of these adducts remains unknown (49,53).
However, liquid chromatography using crown ethers as stationary phases
under variable mobile phase conditions may provide some insight into
this type of molecular interaction.
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W2

In general, although crown ethers are labelled as compounds of
great analytical interest, as pointed out by Kolthoff (44), relatively
few studies dealing with them have been carried out from the analytical point of view as compared to extensive studies in a variety of
other non-analytical domains.

Along the same lines, little work has

been done to investigate the use of these compounds as stationary
phases in liquid chromatography.

Balusius et al. were pioneers of

using crown ethers and cryptands as anchoring groups in ion exchange
resins (54).

Smulek and coworkers (55) immobilized a

dibenzo-18-crown-6 on diatomaceous earth and separated alkali metal
ions.

Kimura and his group prepared poly- and bis(benzo-15-crown-5)

and also used it for alkali and alkaline earth metal ions separation
(56,57). However, in hoth cases they used an amide
immohilize the crown species to the silica snrface.

~rour

linkage to

19awa

~~.

also

chromatographed cations and anions over a polyamide resin which incorporates a dibenzo-18-crown-6 in a polymer chain, but they reported
that the resin could not be used in HPLC on account of its mechanical
weakness.

To overcome this prohlem they used the crown polymer as a

mere coating on the silica snpport and again used it for alkali metal
salts separation where they could only separate anions but not cations
according to their report (58).
In this work we have synthesized a particular substituted
crown ether, namely an allyl benzo-15-crown-5, and chemically immohilized it on a silica surface through a Si-O-Si-C linkage. The
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advantage of this linkage over the amide linkage of Kimura

~~.

is

that, first, the Si-O-Si-C is solvolytically more stable than the
amide linkage; and second, the former is significantly less polar and
hence will not be expected to severely compete with the bonded crown
in structuring or modifying the stationary phase by attracting the
more polar entities.
In this chapter chromatographic studies on the bonded crown
stationary phase in both reverse and normal phase modes under different mobile phase conditions will be reported.

The selectivity of

the immobilized crown ether compound in interacting with a wide
variety of neutral moleculs has been tnve"ltfp;ated.

Changes in the

chromatographic selectivity provide insight hoth into the chemical
composition of the stationary phase and the availability of the crown
ether for selective interaction with particular functional groups.
Temperature dependence studies have shown that the physical state of
the bonded moiety plays a major role in determining the chromatographic properties 'of the modified silica.
Experimental
Chromatographic Procedures
Most of the chromatographic measurement were made on a SpectraPhysics (Santa Clara, CA) gradient liquid chromatograph model 3500R
with a 10

~L

loop injector.

The detectors used were either a Spectra-

Physics 8200 UV detector (254 nm) or a Perkin Elmer variable
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wavelength model 55.

Some measurements were carried out on an Altex

model 332 with an Altex UV detector model 153 (Beckman Instruments,
Inc. Berkeley, CA).

Retention times were measured wi.th either a

Spectra-Physics system I integrator or Spectra-Physic:s model 4200 computing integrator.

All of the solvents used as mobile phases were

filtered through a 0.45 lJm pore size filter (Mi1lipore Corp.) and were
vacuum degassed prior to use.
potassium permanganate.

Water was redistilled from alkaline

Methanol was either of reagemt grade (Fisher

Scientific Co., Fair Lawn, NJ) or "distilled in glassl" (Burdick and
Jackson Laboratories, Muskegon, MI).

Tetrahydrofuran and dioxane

(Fisher, reagent grade) were stored over potassium hydroxide for at
least 24 hours, and then distilled from KOH.

Hexane (Burdick ann

Jackson) and dichloromethane (Fisher reagent p,rade) were used as
received.

Columns were maintained at the nesired temperature with a

Haake water circulated bath model E52 (Haake, Inc., Saddle Brook, NJ),
which controls the temperature to within O.l°C.
The silica particles used for immobilization OIf the crown
ether were of an irregular particle shape (Lichtosorb SI 100, E. Merck
Laboratories), and of 10 lJm average particle diameter.

The octyldi-

methylsilane (RP-8) used was a commercially available: hatch (Waters
Associates), obtained by modifying the same type of slilica mentioned
above with an octyldimethylchlorosilane.
The columns used in this study were of 10 ern length,
!od., and 114" o.d., and f 316 stainless steel tubing..

4.6 rom

They were fitten
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with 316 stainless steel Swagelock end fittings of 1/4" x 1/16"
reducing unions (Arizona Value and Fitting Co.).
frits of 2.0

~m

Stainless steel

pore size were used at hoth ends of the column to

exclude larger contaminant particles and to hold the packing material
in place.
The columns were packed using the following slurry packing
technique.

About 1.5 g of the bonded material was suspended in about

25 mL of a binary mixture of 37.5%

V/V methanol in dibromomethane

(Aldrich Chemical Co.) in a capped extraction tube.

The suspension

was then sonicated for several minutes to break up agglomerated particles.

The slurry was then poured into the column packing reservoir

and filled with methanol while stirring.

The column, with a frit at

the distal end, was fitted on the top of the reservoir.

The slurried

silica beads were then forced into the column with methanol using a
Haskell pneumatic amplification pump (model DST-150A, Haskell
Engineering and Supply Corp.).

The packing of the column as such

occurs in an upwaro direction at 6000 psi', and is complete in less
than 30 minutes.
Results and Discussion
Reverse Phase Chromatographic Behavior of Immobilized Crown Ether
In order to compare the behavior of two different bonded phases, or the behavior of a given bonded phase under different mobile
phase conditions, it will be more imformative to compare both the
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retention parameter, k', and the relative retention parameter, a.

To

compare the selectivity, a. of a given column towards a selected homologous series under different mobile phase conditions, it is more
beneficial to choose the mobile phase compositions that yield
comparable k' values for a reference member in the homologous series.
The same is also true when comparing the behavior of different columns
under certain mobile phase conditions towards a given homologous
series.

The reason is that when two k"'values are "isoelutropic" for

the reference solute on a given column under two different mobile phase
conditions, then the environment of the column under both conditions
will appear homoenergetic to the reference solute.
the change in the free energy of transfer,

~G,

In other words,

from one mobile phase

to the stationary phase, will appear to the reference as comparable to
that from the other mobile phase to the stationary phase, despite the
differences in the composition of the two mobile phases and in the
composition of the solvated stationary phase in the two situtations.
Of course, the implicit assumption here is that the phase ratios for
the column are comparable under the two mobile phase conditions.
Effect of Mobile Phase on the Selectivity of a Crown Ether Column
Mobile phase conditions were adjusted such that comparable k'
values for benzene on the immobilized crown ether compound were
obtained with both aqueous methanol and aqueous tetrahydrofuran mobile
phases.

These k' values were 1.16 and 1.13 at 40% MeOH and 30% THF

ID7

respectively.

Incidentally, the solubility'parameter for these two

mobile phase compositions turn out to be 17.7 and 17.8 for the aqueous
THF and the aqueous MeOH, respectively.

Under these connitions (see

Table V), the selectivity is much higher for the alkyl benzene homologs under aqueous MeOH than it is with the aqueous THF.

Also k~

values become increasingly larger as the chain length is increased
under aqueous MeOH conditions, whereas under aqueous THF conditions
the increase is only slight.

This significant increase in the reten-

tion of the longer chain alkyl benzenes must be due to an increase
in the effective non-polar character of the stationary phase (relative
to the mobile phase) under MeOH conditions, which is not matched under
THF conditions.

This may be interpreted as an indication that MeOH,

being the stronger hydrogen bond donor of the two, is more efficient
in solvating the polar part of the immobilized crown molecule, thereby
resulting in an increase in the apparent "lypophiltcity" of the
stationary phase.

Also as can be seen in Table IV, under the same

mobile phase conditions polar solutes are retained longer on the crown
column when aqueous THF, rather than aqueous MeOH, is the mobile
phase.

This also indicates a more polar stationary phase relative to

the mobile phase under aqueous THF than under aqueous MeOH.

It has

been reported (5,8), that THF has the ability of increasing the
aqueous character of the stationary phase especially when there is a
significant number of residual silanol groups or other polar groups on
the bonded moiety that are available for hydrogen bonning with water.

ID8

This behavior of THF has been attributed to its complete miscibility
with water as well as with hydrocarbons, and so when it solvates the
bonded hydrocarbons it brings along with it significant amounts of
water to impregnate the stationary phase.

This does not seem to be

the case with the bonded crown ether apparently because of the poor
miscibility of the crown compound in a 30% THF-aqueous solution,
though it is appreciably miscible in a 40% MeOH-aqueous solution.
However, despite the higher miscibility of the crown ether with
aqueous MeOH, the latter may not be expected to enrich the water content of the stationary phase since the crown is immiscible with water
itself.
As has been mentioned above, the column shows better selectivity towards alkyl benzenes under aqueous MeOH conditions than it
does under THF.

The greater selectivity of the methanol-solvated

stationary phase may be attributed to the weaker dispersive interactions of the MeOH as compared to THF.

Methanol with a dispersive

interaction solubility parameter of fi.2 (7), will undergo a weaker
interaction with a methylene group.

Whereas THF, whose solubility

parameter is 7.6 (7), will undergo a more effective interaction with a
methylene group.

Thus, for two solutes niffering by one or more

methylene groups, the difference will appear greater to MeOH than THF
since selectivity is reciprocally related to the solvent strength

(7,8).
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It can also be seen (Table IV) that whereas the crown column is
barely able to differentiate between phenol and benzyl alcohol under
the specified aqueous MeOR conditions, it can separate them completely
under the corresponding TRF conditions.

Also, this change in the

column selectivity results in a reversal of the elution order of benzyl alcohol and anisole as the transition is made from one mobile
phase condition to the other.

A similar reversal in the elution order

is also observed between chlorobenzene and p-chloroanisole.

These

observations clearly illustrate that significant changes in the selectivity of the crown ether stationary phase can be brought about by
changing the modifier component of the mobile phase.

Such selectivity

changes are certainly supportive of the view that the stationary phase
is one of a composite nature that is largely formulated by the nature
and composition of the mobile phase as well as the nature and composition of the bonded moiety and the solid support.

It should he

pointed out, however, that the above mentioned polar molecules (Tahle
IV) have been chromatographed under the same conditions ad;usted for
equivalent k' values of benzene, although more optimum conditions
could have been found for their separation.

Effect of mobile phase on the selectivity of a CR column
Chromatographic experiments similar to the ones discussed
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Table

V.

Effect of Mobile Phase on the Selectivity of Crown
Ether Stationary Phase
40/60
k'

MeOH/H20
ACH2t

30/70 THF/H20

a*

k'"

1.00

1.16

a*

ACH2t

benzene

1.13

toluene

1.60

1.42

1.42

1.38

1.19

1.1q

ethylbenzene

2.25

1.41

1.99

1.38

1.19

1.19

propyl benzene

3.43

1.52

3.04

1.96

1.20

1.69

butyl benzene

5.62

1.64

4.97

2.33

1.19

2.01

*

1.00

a relative to benzene

t ACH2

=

k'(n+l)/k'(n), calculated for each adjacent pair in the

homologous series.
Table VI.

Effect of Mobile Phase on the Retention of some Polar
Molecules on Crown Ether Column
40/60 MeOH/H20

30/70 THF/H20

a*

a*

phenol

0.R6

1.00

2.11

1.00

anisole

1.28

1.49

2.06

0.98

p-chloroanisole

2.50

2.91

3.66

1. 73

chlorobenzene

1.95

2.27

3.35

1.59

bromobenzene

2.38

2.77

3.65

1.73

*

a relative to phenol

III

above were carried out on an octyl column in order to compare the
selectivity changes caused by changing the mobile phase on this column,
to those observed on the crown ether column.

The aqueous mobile phase

conditions chosen for this comparison were 40% THF and 50%MeOH.

These

were the mobile phase compositions which gave equielutropic conditions
for benzene on the C8 column.

The results are shown on Table VII.

As in the case with the crown ether, the octyl column also showed
an improved methylene group

(~CH2)

that under aqueous THF conditions.

selectivity under aqeuous MeOH over
The values of the

~CH2

selectivity

shown in all the tables are calculated for each adjacent pair in the
homologous series, in order to allow one to see its variation as the
chain length increases.

Also similar to the crown column, the octyl

column shows longer retention for the larger memhers of the series
under aqeuous MeOH than it does under aqueous THF.

This is reflected

in the larger values of a relative to benzene under aqueous

Table VII.

MeO~.

Effect of Mobile Phase Changes on the Selectivity of a
C8 Column
50/50
k"

MeOH/H2 0
~CH2

40/60 THF/H20
a

k'"

~CH2

a

1.00

2.27

1.39

1.39

2.69

1.19

1.19

4.51

1.40

1.95

3.22

1.19

1.42

propyl benzene

6.36

1.43

2.75

3.88

1.20

1.71

butylbenzene

9.02

1.42

3.90

4.85

1.25

2.14

benzene

2.31

toluene

3.22

ethylbenzene

1.00
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Selectivity of Crown Ether vs. C8 Stationary Phases

A comparison of the crown ether and the octyl columns was made
under aqueous MeOH and aqueuous THF mobile phases which provide
equielutropic conditions for benzene on the two columns.

It is

interesting to note that with either of the binary mobile phases, it
takes twice the % organic modifier in the mobile phase to obtain similar k' values for benzene on the C8 column as compared to the crown
ether column (Table VIII and IX).

It can be seen from Table VIII that

the crown ether stationary phase shows a slightly better ACH2 selectivity than the C8 phase under the specified aqueous THF conditions.
Under the corresponding conditions using aqueous MeOH as the mobile
_phase the crown phase shows a much better selectivity than that of the
C8 phase (Table IX).

It may also be noted that, within experimental

error, the ACH2 selectivity remains fairly constant for all the members of the homologous series for both the crown and the octyl columns
under THF mobile phases.
aqueous MeOH.

The same is true for the octyl column under

However, for the crown column under aqueous MeOH, the

selectivity seems to vary with the length of the chain, being larger
for the larger alkylbenzenes (Table V and IX).

A plausible expla-

nation of this behavior may be that the bulkier molecules do not
penetrate deep into the unfavorably polar gradient of the stationary
phase towards the surface, and its retention occurs mostly in the
somewhat removed and favorably solvated "canopy" of the associaterl
crown molecules.
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Table VIII.

A Comparison of the Selectivity of Crown Ether and C8
Stationary Phases under Aqueous THF Mohile Phases

RP-8

Crown Ether
20/80

Probe
k"

40/60 THF/H20

THF/H20

t. CH 2

a*

k"

1.00

2.20

8CH2

a*

benzene

2.14

toluene

2.76

1.29

1.29

2.69

1.19

lu19

ethylbenzene

3.72

1.35

1.78

3.22

1.19

1.42

propyl benzene

4.91

1.32

2.29

3.88

1.20

1.71

6.72

1.37

3.14

4.85

1.25

2.14

*

1.00

a relative to benzene

Table IX.

A Comparison of the Selectivity of Crown Ether and C8
Stationary Phases under Aqueous MeOH Conditions
RP-8

Crown Ether
30/70

Probe
k"

60/40 MeOH/H20

MeOH/H20
ACH2

a*

k"

1.00

1.47

ACH2

a*
1.00

benzene

1.51

toluene

2.25

1.49

1.49

1.77

1.20

1.20

ethylbenzene

3.60

1.60

2.38

2.13

1.20

1.45

propylbenzene

5.83

1.62

3.86

2.57

1. 21

1.75

*

a relative to benzene
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It has been proposed by Brendsen et al. that at $ = I a MeOH
solvation layer of maximum thickness of 0.56 and 0.69 nm is formed
with RP-3 and RP-18 bonded phases, repectively (10).

They concluded

that this solvation layer corresponds to a layer between one and two
molecules thick.
thickness.

Snyder (60) proposed an average monolayer of 3.5a

With the immobilized crown ether, which possesses a number

of hydrogen bond acceptor heteroatoms, such a solvation layer may be
thought of as an extended layer over each cluster of crown molecules.
However, for the smaller homologs penetration

to the depth of the

stationary phase is facilitated by their smaller size and their
better compatibility with the aqueous mobile phase as compared to the
bulkier homologs.

The smaller members therefore sample an average of

the stationary phase gradient which is more polar than the
distal solvated region where the larger members are retained.

No

similar behavior has been observed for the bulkier molecules on the

Cs

stationary phase under aqueous MeOH conditions. This may be due to

the less effective association between the

Cs

chains as well as the

less effective solvation of MeOH to the chains as contrasted to the
crown ether.
The polarity of the immobilized crown ether stationary phase
may be best compared to that of C8 by comparing k' values for a given
probe molecule under the same mobile phase composition.

A list of k'

values for some typical probe molecules under such conditions is
given in Table X.

115
Table X.

k~ Values of Alkylbenzenes on Crown Ether and C8 Columns
Under Aqeous THF Mobile Phases

%THF

20%

30%

50%

Crown

RP-8

Crown

RP-8

Crown

RP-8

benzene

2.14

7.59

1.16

4.36

1.84

1.46

toluene

2.76

10.74

1.38

5.96

1.88

1.64

ethylhenzene

3.82

17.46

1.64

7.94

1.87

1.83

propyl benzene

4.76

1.96

9.27

1.90

2.04

butylbenzene

6.72

2.33

12.42

1.90

2.23

Column

Table XI.

k~
Values of Alkylhenzenes on Crown Ether and Cs Columns
Under Aqueous MeOH Mobile Phases

%MeOH

40%

50%

30%

Crown

RP-8

Crown

RP-R

Crown'

RP-8

benzene

0.77

2.32

1.13

4.32

1. 51

8.84

toluene

.80

3.23

1.60

7.11

2.25

ethylhenzene

0.92

4.51

2.25

11.87

3.60

propylhenzene

1.02

6.46

3.43

5.83

butylbenzene

1.17

9.02

5.62

9.62

Column
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Effect of Temperature on the Immobilized Crown Ether Phase
As mentioned before (Chapter I), a Van't Hoff type plot of In
k~ vs

liT can be diagnostic of a temperature induced change in the

physical state of the stationary phase.

Such a change may be

reflected in the plot either as a discontinuity or a change in the
slope of the line.
Fig. 4.1 is a Van't Hoff plot of some representative data
obtained for some typical probe molecules on the crown ether stationary phase under 30% THF-aqueous mobile phase conditions.

In this

plot k~ values show a significant jump as the temperature is increased
form ambient (25°C) to the viscinity of 35°C.

As the temperature is

increased further k~ values start to falloff in the normal fashion.
The jump in k~ values ranges from about two to three column volumes
for the smallest to the largest member of the homologous series
(Table XII).
In contrast to alkyl benzenes, a specifically interacting polar
molecule such as phenol, over the same 25-35°C temperature range,
undergoes a significant drop in its k' value comparable in magnitude
to the drop in k' of benzene and toluene.

This opposing temperature

effect on the retention of phenol results in an inversion of the elution order of phenol relative to the smaller members of the homologous
series at higher temperatures.

However, the fact that the retention

of phenol initially lies in between that of ethyl- and propylbenzenes, despite the highly aqeuous mobile phase, probably suggests
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the presence of a fair amount of hydrogen-bonding or acid-base type of
interaction between the acidic proton of phenol and the heteroatomic
cavity of the crown ether.

Recent evidence for such protic acid-base

interactions with crown ethers has been reported hy Kalthoff and
coworkers (61).

Furthermore, the fact that the retention increases

for the nonpolar probe molecules and decreases for the polar ones
indicates that some change is taking place in the chromatographic
system such that, relative to the mobile phase, the stationary phase
becomes more nonpolar after the change than before it.
The break in the straight line in Figure 4.1 provides evidence
for a temperature-induced phase change which is comparable to that
reported for GC with coated and uncoated CIs-bonded silica stationary
phases (62, 63, 65).
as follows.

Such a phase transition may he pictured

The bonded crown ether molecules may be initially

existing in a type of crystallized state probably resulting from a
leaning of the heteroatomic cavity of the molecule towards the surface.

Although such a position may require some twisting of the mole-

cules, it may not be expected to impose any significant energy barrier
on the crown molecule with its multiplicity of flexible C-O-C bonds.
Moreover such a position will allow access to the energetically
favorable hydrogen-bonding to the surface silano1 groups.
ture is similar to that proposed by Serpinet et al (62).

This picBased on

their GC studies, these workers suggested that the bonded C18 phases
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exist in a crystalline state which undergoes a phase transition into a
state of "melted" film at temperatures not very far from ambient.

The

picture is also comparable to the aggregate monel proposed by
Lochmuller and coworkers (65) based on their fluorescence studies
on immobilized pyrenes.

Such a crystalline state model is consistent

with what we observe as to the temperature effect on both the chromatographic and the spectroscopic behavior of our immobilized crown
ether.

The phase transition observed under aqueous THF conditions

occurs at about the same temperature range where the break in the UV
absorbance is observed.

This coincidence strongly suggests that both

the chromatography and the spectroscopy are probing the same phenomenon
of a phase change induced at about the same temperature range.
However, based on the break in the UV absorbance of both hands, we may
not rule out the possibility of a liquid cyrstal type of phase probably one with significant discrete short term order among nearest
neighbors of the bonded aggregate.
It is interesting to note that when the column was allowed to
cool to room temperature, and the retention of the probe molecules
measured again under the same conditions, the initial values of k~
were not restored (Fig. 4.2).

Instead, for any of the probes a

k~

value was obtained, which is intermediate between the initial "alue
before heating and the final value attained at the highest temperature, though the intermediate value is closer to the higher
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temperature value.

This phenomenon is in a sense similar to the

hysteresis effect reported by Gilpin (66).

It is interesting at this

point to recall that an effect similar to this chromatographically
observed hysteresis has also been noted to occur with one of the UV
absorption bands of the immobilized crown ether (Chapter 3).

The

intensity of the n-n* absorption band decreases as the temperature is
increased, and on cooling, it also assumes a value intermediate between
the initial and the final values.

This hysteresis effect suggests

that the phase change which took place is largely irreversible by a
cooling action.

However, since the hysteresis effect observed spec-

troscopically reflects only on the n-n* transition and not on the n-n*
transition, one may gather that it is probably the heteroatomic part
of the crown molecule that is mainly responsible for the phase irreversibility.

This may be because of a new conformation that the

flexible heteroatomic ring in the molecule irreversibly assumes during
the phase transition.

H nmr and x-ray crystallographic studies have

shown evidence that some aromatic crown ethers may assume one of three
stable conformations on complexation (42,43).

These include a confor-

mation where the aromatic and the crown rings in the molecule are
coplanar, a conformation where one of the rings is in a plane perpendicular to the plane of the other, and a conformation where the two
arms of the crown ring are twisted such that one arm lies above the
plane of the other, which lies slightly above the plane of the aromatic ring.

However, it should be emphasized that these conformations
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have been reported for crown complexes and are thought to be dependent
on tile size of the complexi ng ion.
It is quite predictahle that if a temperature induced phase
change takes place in the stationary phase of the silica-immobilized
macrocyclic molecules, then such a change must disrupt the equilibrium
interactions between the various components of the system.

The phase

change is probahly induced by breaking the intermolecular association
between the polar parts of the immobilized molecules and the surface
silanol groups on one hand, and between the immobilized molecules themselves on the other hand.

As a result of this thermally induced tran-

sition a new solvent-solute-surface equilibrium interaction will be
established.

When the system is allowed to cool, solvent molecules

may remain frozen in between the surface and the immobilized molecules, and thereby largely stabilize the immohilized molecules in their
new arrangement.

The net effect is that the flexible part of the

molecules fails to restore its original position hecause of the
solvent interference.

However, if this is the case, then it is

usually possible to largely remove the trapped solvent by flushing the
column with a strong solvent such as dioxane or dimethylformamicle.
Indeed, when such a flush was made using dioxane (distilled over KOH)
the behavior of the column under both aqueous THF and aqueous MeOH
mobile phase conditions was reproduced.
A similar study of the temperature effect on the retention
behavior of the same alkyl benzene homologous series was also carried
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out on the crown ether column under aqueous MeOH mobile phase conditions.

The results are plotted in Fig. 4.3.

Interestingly, unlike

the case with aqueous THF, under aqueous MeOH conditions the Van't
Hoff plot does not show any break or discontinuity in the straight
line.

Instead the plot shows the usual straight line obtainable in

the absence of phase changes, i.e. with constant slope.

Fig. 4.4

shows the .Van't plot obtained under similar conditions on the

Cs

column, for comparison.
The difference in the behavior of the immobilized crown ether
under the two aqueous mobile phase conditions may be explained in
terms of the difference in the ability of the two phases to solubilize
the silylated alkyl-substituted crown ether at room temperature. The
latter is highly soluble in 40% MeOH-aqueous solution whereas it is
highly insoluble in a 30% THF-aqueous solution.

This indicates that

the MeOH solution effectively solvates the crown ether and accordingly
one might expect a solvent induced phase change to have occurred at
room temperature.

This may also explain the fact that, unlike the

situation with THF, no hysteresis effect has been observed under
aqueous MeOH conditions on cooling to room temperature.
A batch experiment has indicated that the solubility of the
derivatized crown in aqueous solutions of 30% and 20% THF is significantly enhanced when the temperature is raised to about 40°C.

This

may also suggest that the phase change observed with aqueous THF is
probably enhanced by a concomitant increase in the solvation energy at
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the elevated temperature.

Figure 4.5 is a Van't Hoff plot for some of

the probe molecules on the immobilized crown at 20% THF, which is very
similar to that obtained at 30% THF - aqueous mobile phase.
Normal Phase Chromatographic Result
The silica-immobilized stationary phase of propyl benzo-15crown-5 was used in a normal phase chromatographic study with two
binary solvent systems as the mobile phase.

In both systems, hexane

was used as the primary eluent with either dichloromethane or tetrahydrofuran as the more polar modifier.

A variety of more or less polar

solute molecules were used as the probe molecules.

The capacity fac-

tor, k', values for these solute molecules at different mobile phase
compositions are listed in Tables XII-XV.
A comparison of k' values of a numher of the polar solutes e~a
mined reveals that again significant changes in selectivity are
obtained on changing the mobile phase modifier from THF to CH2C12.
For some solutes the mobile phase changes may have opposing effects
on their retention and hence lead to reversals in their elution order.
Phenol, for example, is eluted by a little less than two column
volumes of a mohile phase of 70% CH2Cl2 in hexane (Table XII).

With

the same mobile phase composition, m-nitrobenzaldehyde elutes at about
half a column volume.

When the two solutes are chromatographed on the

same column using 15% THF in hexane as the mobile phase, it -takes
about one column volume to elute the phenol and a little less than two
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column volumes to elute the m-nitrobenzeldehyde.

A similar reversal

of elution order is also noted between m-nitrophenol and mnitrobenzaldehyde when a similar change of the mobile phase modifier
is made.

Such reversals of elution order may be attributed to dif-

ferent solvation interactions between the relatively more polar modifiers and the stationary phase.

It appears that the major mechanism

of interaction between the phenols and the bonded crown is between the
acidic proton of the former and the polar cavity of the crown.
Evidence for this type of interaction can be seen when one examines
the retention behavior of the three positional isomers of nitrophenolo

At both mobile phase conditions the magnitude of k' increases in

the following order:
nitrophenol.
in all cases.

o-nitrophenol

< phenol < m-nitrophenol < p-

o-nitrophenol is eluted much faster than phenol itself
This is understandable since intramolecular hydrogen

bonding is extensive in this solute molecule.

With m-nitrophenol it

takes more than four column volumes to elute at 70% CH2C12, whereas it
takes more than seven column volumes to elute the para isomer at the
same mobile phase composition.

A similar elution order is also

observed with THF/hexane mobile phase solvent system.

This order

follows closely the order of the acidity of the phenolic proton of
-these isomers.

This strongly points to the possibility_ that these

phenols specifically interact with the bonded crown through their acidic protons, rather than through more dipolar interactions.

If polar
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interactions are the more important type of interactions, then one
would anticipate a different order of elution, or at least smaller
differences in k'values.

Further evidence that phenols interact with

the bonded crown mainly by this specific type of interaction can also
be seen in the behavior of dinitro substituted phenols (Table XII).
2,4-Dinitrophenol is retained substantially longer than
2,5-dinitrophenol.

This obvioU"sly is because the substituents in the

2,4-isomer, being ortho and para in position with respect to the phenolic group, are more effective in increasing the acidity of the phenol than when they are in an or tho and meta position as in the case of
the 2,5-isomer.

Also, the acidity of p-bromophenol lies intermediate

between that of phenol and m-nitrophenol, and so does its retention
para~eter

on the crown stationary phase.

All these observations are

in support of the view of that a specific type of interaction is
taking place between the acidic protons of phenols and the basic
heteroatomic cavity of the crown ether.

Table XII.
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Table of Normal Phase Capacity Factors of Some Polar
Probe Molecules at Different Mobile Phase Compositions
on Crown Column
% CH2C12 in Hexane

% THF in Hexane

70%

15%

Probe

phenol

1. 70

0.88

benzaldehyde

0.3

0.73

o-nitrophenol

0.18

0.55

m-nitrophenol

4.84

1.51

p-nitrophenol

7.43

2.6

m-nitrobenzaldehyde

0.45

1.70

nitrobenzene

0.16

0.65

Table XIII.

Effect of Substituent on k' of Some Mono- and
Disubstituted Phenols. Column: PB15C5; mobile phase:
methylene chloride/hexane.

% CH2Cl

phenol

10%

25%

55%

14.5

5.92

2.59

o-nitrophenol

0.76

0.48

0.34

m-nitrophenol

--

--

4.84

p-nitrophenol

--

--

7.43

2,4-dinitrophenol

5.62

1.87

0.84

2,5-dinitrophenol

0.70

0.48

0.53
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Table XIV.

Normal Phase Capcity Factors for Some Polar ~olecules
on Crown Column at Different Mobile Phase Compositions

10% CH2Cl2
in Hexane

25% CH2Cl2
in Hexane

5% THF
in Hexane

nitrobenzene

0.30

0.45

0.89

benzaldehyde

1.46

0.81

0.82

acetophenone

2.39

1.10

0.97

m-Nitrobenzaldehyde

4.70

1.54

4.92

Probe

Table XV.

Comparison of k' Values of Some Probe Molecules Obtained
Under Some Normal and Reverse Phase Conditions.
Normal

Mobile Phase
Composition

55% CH2Cl
in hexane

Reverse
15% THF
in hexane

30% THF
in water

phenol

2.59

0.62

2.11

m-nitrophenol

7.90

2.60

----*

anisole

0.32

0.38

2.06

p-chloroanisole

0.32

0.46

3.66

*solute not chromatographed under these conditions
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Table XVI. Comparison of k' Values of Some Phthalates Under Some
Normal and Reverse Phase Conditions.
Normal
Mobile Phase
Composition

25% CH2C12
in Hexane

Reverse
15% THF
in Hexane

30% THF
in Water

40% MeOH
in Water

dimethyl
phthalate

4.24

0.95

1.28

1.19

diethyl
phthalate

3.22

0.66

l.8R

1. 74

dibutyl
phthalate

1.77

0.50

6.74

5.83

CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES
Various conclusions regarding the physical state, chemical composition and chemical interactions of the bonded stationary phases
have been arrived at as a result of this work.
divided into three major parts:

,The project may be

synthesis, TN spectroscopy and

chromatography.
On the synthesis part a procedure has been put together for the
synthesis of a particular substituted

c~own

ether, that is, allyl

benzo-15-crown-S, which has not been reported before in the literature.

The compound was successfully silylated and immobilized on a

silica support in accordance with established procedures.
From a relatively simple spectroscopic techniQue such as UV,
some important conclusions have been made.

Based on the

si~ificant

changes in the spectrum of the phenyl group directly immobilized on
the silica surface, it was concluded that phenyldimethylsilane is an
excellent probe for the environment immediate to the surface.

The

change that occurred in the spectrum of this immobilized molecule indicated the presence of a highly aqueous near-surface environment.

The

spectrum of I-phenyl-2-propyl DMS indicated that as the phenyl probe
is removed from the surface by about two C-C bonds, the aqueous effect
is largely offset.

This lead to the estimation that there are about

two monolayers of water that are strongly adsorbed on the surface.
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The similarity of the spectra of the longer chain immobilized
molecules to the spectra of the corresponding free models in solution
indicated that for a chain of 4 methylene groups or longer, the
immobilized molecules assume a highly liquid-like nature.

However,

the sharpness of some of the bands in the spectrum of the immobilized
molecule was comparable to that of the corresponding model in nonpolar
environments.

Therefore it was concluded that a significant amount of

interaction may be experienced between the immobilized molecules themselves.

From this and other clues it was inferred that these alkyl

molecules are immobilized in a state of solvated crystal-like
clusters, probably due to a cooperative sorption effect that took
place during the process of immobilization.
The relative intensification of bands that are characteristic
of a K progression series, such as the (vO-O + vI) band, was taken as
consistent with a solid-like nature, whereas the relative intensification of bands that are characteristic of an M progression
series, such as the (vO-O + vI) band, were taken as consistent with a
more liquid-like nature.
The break observed in the UV absorbance of the immobilized
crown ether as a function of temperature coincided with the break in
.the chromatographic retention observed in a Van't Hoff plot of In
vs liT.

k~

This behavior provided evidence for a phase change that

takes place at a certain range of temperature.

Such a phase change

implies that the immobilized crown ether molecules exist in a type of
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a crystalline, or liquid-crystalline, state consisting of discrete
closely packed oriented clusters of molecules.

A hysteresis effect

has been observed both chromatographically and spectroscopically.
This was interpreted to be a consequence of the irreversibility of
the temperature-induced phase change by a cooling action.
reversibility of the

~~*

However the

absorption intensity, irrespective of that

of the n-n*, pointed to the possibility that the phase change is
reversible with respect to the aromatic ring portion of the molecule
but irreversible with respect to the crown ring portion.

From this it

was concluded that the crown portion may have assumed a conformation
after the transition different from its initial conformation relative
to the plane of the aromatic ring.
Chromatographic results showed that the immobilized crown is
more polar than the octyl stationary phase.

In the reverse phase

system, it takes about half the concentration of the organic modifier
in the mobile phase to
molecules.

pro~uce

equielutropic

k~'s

for small non-polar

A comparison of the retention parameters of different

probe molecules, both in normal and reversed

phase~,

dence for an acidic proton-crown ether interaction.
phase,

k~

provided an eviIn the normal

values of mono- and disubstituted nitrophenols were found to

follow closely the order of their respective acid dissociation
constants in aqeuous solution.
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It was also found that large changes in the selectivity of the
crown ether stationary phase are obtainable by changing the mobile
phase conditions.

These selectivity changes confirm the picture of a

dynamic solvated stationary phase, the composition of which is determined by the nature and composition of the mobile phase, the bonded
moiety, and the solid support.

The crown ether stationary phase

generally showed better se1ectiviy under aqueous methanol conditions
than under aqueous tetrahyrlrofuran.

The selectivity of the immohi-

1ized crown ether under normal phase conditions is rather poor compared to its selectivity under reverse phase conditions.

The selec-

tivity of the crown ether under reversed phase conditions is better
than that of the octy1 stationary phase particularly unner aqueous
MeOH conditions.
Further investigations are necessary to confirm a number of the
above mentioned conclusions.

On the IN part, to clarify the picture

further, one may recommend additional studies on a set of immohi1ized
alkoxybenzenes with variable chain lengths.

Such molecules will have

an n-n* band which is more sensitive to the surrounding environment
than the phenyl n-n*.

Moreover, these monosubstituted molecules will

be expected to display a well structured UV spectrum.

Therefore the

spectra of such a homologous series could provide additional confirmatory information about the physical state of the immobilized molecules.

A phenoxydimethylsilane may thus be very useful in probing the

near-surface environment.

The use of plane polarized light may
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provide some more definitive information as to the relative orientation
of the immobilized molecules used in this study, as well as the
suggested alkyl phenyl ether homologs.
A study of the effect of systematically varying the size of the
crown ether cavity, and the effect of these variations on the chromatographic selectivity may provide further insight into the molecular
interactions with crown ethers.

Also, a comparison of the behavior of

the present crown ether to another, with the same number, but different nature, of hetero atoms (e.g. a thioether), seems to be an
attractive study.

Such a study may shed more light on the molecular

interactions between various probes and both types of crown ethers.
The effect of varying the chain length of an immobilized crown and its
effect on the chromatographic selectivity of the systems may yield
more information as to the factors controlling the formation of the
stationary phase.

If would be of interest if such a chain length

variation was carried out, not only on a silica support, but also on a
less polar support such as a carbon substrate.
Finally, complexing a cation, such as sodium, to the cavity of
the immobilized 'crown ether may make it possible to ohtain additional
information ahout the· physical state (i.e. liquid versus solid),
through the use of 23Na nmr which may be quite informative for such a
complex system.

Moreover, it will be interesting to test the effect

of such a complexed ion on the normal phase chromatographic selectivity of the crown ether stationary phase.

APPENDIX
Sample Calculation
The composition of a binary solvent system with a given
refractive index.
Suppose it is desired to prepare a binary mixture made up of
lL of glycerol and x mL of MeOH so that the refractive index of the
mixed solvent is 1.4588.

Calculate x.

Density, Pgly = 1.2552,

PMeOH = 0.7867

Refractive index, ngl y = 1.4735,

nMeOH

1.3286

Assume that temperature variation has a negligible effect on
P and n.
The refractive index of the mixture, nmix, is given by
2 Pmix • Ymix + 1
1 - Ymix • Pmix
where Ymix is the specific refractive index of the mixture.
The specific refractive index, y, is given by
n2 - 1

Y

n2 + 2
or

Y • P

n2 - 1
n2 + 2
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1
P

cm 3
g
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Ymix

0.4735)2 - 1

1

cm 3/g

1.2552

0.4735)2 + 2

(1.3285)2 - 1

YMeOH

0.2237

1
0.7867

(1.3285)2 + 2

0.2583

To calculate the weight of the mixed solvent, wmix'
the weight of glycerol, Wgly

=

1000 mL x 1.255 g/mL

the weight of MeOH, wMeOH = x mL x .7867 g/mL

=

1255

=

g

O.7867x g

Wmix = (1255 + 0.7867x) g
Pg1y

1255 g x 0.2237 cm 3 /g = 280.7933 cm 3

"gly

PMeOH • "MeOH
=

i.e. "mix

Pmix

(0.7867x)(0.25.87)

=

O.203197x cm 3

280.7933 + 0.2032x
1255 + 0.7867x

(1255 + O.7867x)
1000 + x

"mix • Pmix

i.e.

280.7933 + 0.2032x cm 3 /g • 1255 + 0.7867x g/mL
1255 + 0.78675x
1000 + x
35245.75 + 475.9708x + O.15987x 2
1255000 + 2041.95x + O.78675x 2

=

0.2733

342012.2696 + 558.0098x + 0.21499x 2
=

35245.75 + 4759708x + O.15987x 2

(1.4588)2 - 1
(1.4588)2 + 2
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i.e.

O.05513x2 + 82.039030 - 9439.48

0

To solve for x,
x =

x -=

b 2 - 4ac

-b ±

2a
-82.03903 ±

11.8333
0.11026
107 mL MeOH

6730.4024 + 2081.5943
0.11026

107.32
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