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ABSTRACT

Solvent-solute interactions have been characterised by 
investigating the effect a solvent or polymer has on the 
wavelength at maximum absorption of a solvatochromie dye. 
This allowed the solvent or polymer to be characterised in 
terms of hydrogen bond basicity, Pi, hydrogen bond acidity, 
« 1  and dipolarity tti . Inverse gas chromatography (IGC) has 
also been used to characterise the polymer-solute 
interactions; specific retention volumes Vg, for a set of 
solutes (or probes) were obtained on various polymeric 
phases, and the logVg values regressed against the solute 
descriptors in a multiple linear solvation equation,

l o g V g  = c + rR2 + s 7T^2 + aZaHg + bZP^2 + 1 logL^G

The solute descriptors denoted by subscript 2 are R2 the 
excess molar refraction, 7̂ 2 the solute dipolarity/ 
polarisability; Dp^2 and La^2 are the solute hydrogen 
bond basicity and acidity respectively. is the partition
coefficient of the solute on hexadecane at 298K and it is a 
measure of dispersion interaction. The constants r,s,a,b and 
1 are the characteristic properties of the polymer 
complimentary to the solute descriptors.

Solvatochromie parameters have been determined for pure 
solvents and polymers including polystyrene (PS) , 
polyvinylmethylether (PVME) , a blend of PS and PVME, 
polyethylene glycol, polyester polyols and polyether 
polyols. IGC has been used to characterise PS, PVME, a blend 
of PS and PVME, polyacrylic acid (PAA) , polyethylene oxide 
(PEG), a complex formed from PEG and PAA, and 
polyethyleneglycol. Literature data on retention volumes 
have also been analysed by the application of the linear 
solvation equation.
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CHAPTER 1

1.0 INTRODUCTION TO CHROMATOGRAPHY

1.1 BACKGROUND

Chromatography is a migration process in which sample 
components are distributed between a stationary and a 
mobile phase. Depending on the affinity of a component for 
either or both of these phases the rate of migration varies 
from zero to the velocity of the mobile phase. 
Chromatography is therefore a method for the separation^ of 
the components of a mixture of compounds by distribution 
between the mobile phase and the stationary phase.

Chromatography was d i s c o v e r e d 2  / 3 by the Russian botanist, 
Tswett in 1906. This technique which later became known as 
liquid solid chromatography (LSC) involved the use of 
powdered calcium carbonate (the solid) packed as a column to 
separate green leaf pigments into a series of coloured bands 
by allowing a solvent (the liquid) to percolate through the 
column. As Tswett^/l obtained discrete bands of coloured 
material he termed the process of separation chromatography, 
which literally means 'colour writing'. His procedure 
remained unnoticed for about twenty five years and was 
rediscovered in almost the same form by Kuhn, Winterstein 
and Lederer^ who used chromatography to resolve plant
carotene into its components. The word chromatography as 
used today is a misnomer^ since the method is being employed
in separating colourless materials; nevertheless the
technique is currently so well established it is unlikely 
it will be replaced with another name.

Following Tswett's discovery, substantial contributions to 
the theory of chromatography have been made by many
scientists. LSC was further developed by the Swedish



scientists Tiselius^/f and Claesson^-io both of whom 
introduced the frontal analysis and displacement techniques. 
From 1943 onwards Cremerli, Turner^^, Claesson^ and other 
workers applied adsorption chromatography to mixtures in the 
form of gases and vapours resulting in another type of 
chromatography known as gas solid chromatography. Martin and 
Syngei4 invented partition chromatography for which they 
were awarded the Nobel prize in 1952. In the same year 
James and Martinis introduced the technique of gas-liquid 
chromatography (GLC) . Between 1937 and 1972 twelve IS Nobel 
prizes were awarded based on work in which chromatography 
played a very important role.

1.2 CHROMATOGRAPHIC METHODS

The main chromatographic methods can be distinguished in 
terms of the properties of the mobile phasei. In 
supercritical fluid chromatography the mobile phase is a 
dense gas (fluid) which is generally above its critical 
temperature and pressure, in liquid chromatography the 
mobile phase is a liquid of low viscosity and in gas 
chromatography the mobile phase is an inert gas.

The stationary phase in gas chromatography often consists 
of a porous, granular powder packed into a tube or column as 
a dense homogeneous bedi. However, a similar solid can be 
modified by bonding a ligand to its surface or used as a 
support for a thin film of liquid. The stationary phase can 
be distributed as a thin film or layer on the wall of an 
open tube of capillary dimension leaving an open passageway 
through the center of the column. In thin layer 
chromatography (TLC) the sorbent is spread as a thin 
homogeneous layer on a flat glass or on inert backing plate 
in which case the mobile phase moves through the stationary 
phase by capillary forces. Paper chromatography uses highly



purified cellulose paper containing sufficient adsorbed 
water to provide an aqueous stationary phase. Other types of 
liquids can be made to displace the water thereby producing 
a different type of stationary phase so that for example 
paper treated with silicone or parafin oil allows 
reversed-phase chromatography where the mobile phase is a 
polar solvent. In addition there are commercially available 
special papers containing an adsorbent or ion exchange resin 
thus permitting adsorption and ion exchange paper 
chromatography respectively.

1.21 GAS CHROMATOGRAPHY

Gas chromatography is a collective name for a number of 
chromatographic methods in which the mobile phase is a gas. 
The stationary phase may be a solid for gas solid 
chromatography (GSC) or liquid as in gas liquid 
chromatography (GLC) in which an involatile liquid is coated 
on a suitable adsorbent or inert support. The main features 
of a gas chromatograph as shown in Figure 1.1, include a 
flow control device which provides a regulated flow of 
carrier gas to the column, a thermostated oven to house the 
column and optimise the temperature for the separationi. An 
injection system consists of an inlet to vaporise and mix 
the sample with the carrier gas and finally a detector to 
monitor the separation by recording and manipulating the 
chromatographic data. The basic components of gas 
chromatographs are the same but the mode of operation is 
however not universal a^ with modern technology, instruments 
tend to differ in their degree of sophistication, automation 
and recording procedure. The system requires a constant flow 
of gas usually controlled by a precise regulating system of 
the inlet and outlet gas pressures. Where the outlet 
pressure is atmospheric, only the inlet gas pressure need be 
controlled.



Figure 1.1 Schematic diagram of a Gas Chromatograph
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Usually, the stationary phase is packed into a tubular 
column and gas is passed through the system. The analyte is 
placed at the head of the column and passed down the column 
under the influence of a carrier gas. Liquid samples are 
most commonly introduced by means of a syringe and 
hypodermic needle. The sample is injected through a self 
sealing serum cap or septum into the head of the column or 
into a vapo'risQ t) chamber from which the sample is
rapidly NtnpoT'sed and carried by the mobile phase to the 
head of the column. The vapour Is is maintained at a
temperature sufficient to enable rapid vapO'X'jsa fc i_on of the 
sample. Solid samples are introduced for analysis by 
dissolving the solid in a solvent of lower molecular weight 
which would have a relatively short retention time and would 
not interfere with the analysis.

The flow rate of the carrier gas in the column depends on 
its moving force, the column inlet pressure and the back 
pressure created by the column. However, the rate at which 
the solute molecules pass through the column is dependent on 
their affinity for the stationary phased?. Thus, a molecule 
with a high affinity for the stationary phase is retained 
longer on the column than the one whose affinity tends to be 
weak. A molecule which has no affinity for the stationary 
phase can be used to measure the dead volume of the sample 
introduction device, the column and the detector.

A detector is placed at the column exit in order to detect 
the presence of solutes as they elute from the column. The 
detector signal is amplified and displayed on a moving chart 
recorder with variable amplification and chart speed. The 
display on the chart recorder is known as a chromatogram and 
it is a function of the detector response with respect to 
time. Since the components of a mixture spread out during 
the separation, Gaussian peaks representing this spread are 
p r o d u c e d l 7 . Peak areas can be used to provide information



about the amount of each compound present in a sample 
mixture and the position of peak on the time axis to 
identify sample components.

1.22 TYPES OF DETECTORS

The two main types of detectors are differential and 
integral detectors^?, a  differential detector responds to 
instantaneous concentration of the solute and the display 
takes the form of a series of Gaussian peaks. When a 
component of a mixture is eluted and detected, the signal 
produced is proportional to the concentration of that 
component. The integral detector however gives a continuous 
signal which is proportional to the amount of sample eluted 
producing a chromatogram which shows a series of steps each 
step indicating the presence of at least one component in 
the mixture.

A GC detector is required to have sufficient sensitivity to 
monitor the eluted sample components of a mixture in very 
low concentrations for the main eluting component and the 
carrier gas and a rapid response to the changing 
concentration of the minor component. The noise^S contained 
in a detector signal may be subdivided into long term noise 
and short term noise. Long term noise causes slow base line 
drift and may be ascribed to temperature fluctuations, 
bleeding of stationary phase, variation in flow rate or 
pneumatic leaks. Short term noise is characterised by small, 
sharp spikes which are of shorter duration than peaks from 
sample components and usually stem from the detector.



1.23 FLAME IONISATION DETECTOR (FID)

The FID can be regarded as a near universal detector^ as it 
finds its application in various routine and general purpose 
analysis. It has outstanding features which include: high
sensitivity to almost all organic compounds, little or 
hardly any response to water or carbon dioxide, both of 
which happen to be the common carrier gas impurities. The 
FID therefore, gives a zero signal when no sample is 
present. As the FID is not significantly affected by 
temperature fluctuations, flow rate of carrier gas and 
pressure, it gives a stable baseline which is very important 
in chromatography.

The FID consists of a small hydrogen flame burning at a 
small jet. The hydrogen is introduced into the column eluent 
and thoroughly mixes before emerging at the jet into the air 
stream, where the mixture burns. When organic compounds 
elute from the column they burn and form ions in the flame. 
The processes occuring in the flame are complex and direct 
ionisation only makes a slight contribution. The organic 
molecules undergo reactionsis such as thermal degradation, 
chemi-ionisation, ion molecule and free radical reactions 
producing charged species. As the organic molecules emerge 
into the flame the thermal energy available causes cracking 
and stripping of protons and terminal groups. For a pure 
hydrogen-air flame the radicals H- , O* , OH- HO- are 
obtained as well as excited species but no ions are formed. 
However, ionisation occurs when organic molecules are 
present in the flame. The extent of ionisation is 
proportional to the number of carbon atoms present in the 
sample. The initial flame process involves mainly the 
formation of CH- which reacts with oxygen radicals almost
instantaneously giving the equation: CH- + O  ►  CHO+ + e~
The effectiveness of the carbon atom in producing the 
response in the flame depends on the chemical nature of the



organic molecule. The current observed is approximately 
10"14a  due to the concentration of the charged species 
present in the flame and the chemical structure of the 
molecules. Therefore, the total response varies slightly for 
a given type of compound and carbon number. The signal is 
amplified by an amplifier to produce an output signal 
typically O-lOmV or 0-lV to enable a chart recorder, 
integrator or computer to be used as a monitor for the 
results.

1.24 THERMAL CONDUCTIVITY DETECTOR (TCD)

The TCD responds to an overall physical p r o p e r t y i s  of 
sample molecules. The response of the carrier gas forms the 
baseline signal and any change in the composition of the 
eluent produces a change in the overall physical property 
being monitored by the detector and hence a change in the 
detector signal. The TCD is sensitive to variations in 
temperature, flow rate, pressure and carrier gas purity. The 
bulk property most commonly measured is the thermal 
conductivity of the gaseous eluent. The preferred mobile 
phase is helium as it produces a suitable baseline signal 
and maximum signal differences for eluted organic materials 
and inorganic gas. The TCD is sensitive to all types of 
organic and inorganic compounds including those not detected 
by the FID.

1.25 THE CHROMATOGRAPHIC SUPPORT MATERIAL

Solid supports hold the stationary phase in place so that 
the surface area exposed to the mobile phase is as large as 
possible. The ideal support is one which has small, uniform, 
spherical particles, good mechanical strength and specific 
surface area at least lm2/g. in addition to these qualities



the support material should be inert at elevated 
temperatures and uniformly wetted by the liquid phase.

Silicates were the first supportshS to be used in gas 
chromatography and they were prepared from naturally 
occurring diatomaceous earth consisting of skeletons of 
thousands of species of single celled plants. These were 
plants which received their nutrients and got rid of their 
waste by molecular diffusion through their pores. 
Consequently, the remains of these plants are excellent 
source of support material as gas chromatography is also 
based on the same mechanism of molecular diffusion.

Chromosorb P, one of the two supports made from diatomaceous 
earth is prepared by crushing, blending and briquetting the 
diatomaceous earth as obtained from the earth followed by 
heating to above 1173K. The resulting bricks are ground and 
screened according to particle size. Chromosorb G or W, the 
second type of support material is prepared by mixing the 
diatomaceous earth with sodium carbonate flux before heating 
to about 117 3K. Chromosorb G or W is more rugged than 
chromosorb P and has a less tendency to adsorb solute than 
the latter. Consequently, chromosorb P tends to be used for 
the separation of hydrocarbons and moderately polar 
compounds. The specific surface area on chromosorb W or G is 
lm2/g while that of chromosorb P is 4m2/g. Since chromosorb 
G has a low surface area and higher density it is employed 
with a lower liquid phase loading. A 5% liquid loading on 
chromosorb G corresponds to a 12% loading on chromosorb W. 
A common problem with the use of solid supports is the 
physical adsorption of polar or polarisable solutes such as 
alcohols on the surfaces of the support. Adsorption results 
in distorted peaks which are normally broad and show signs 
of tailing. Adsorption takes place due to the formation of 
silanol groups which occur when the surface of diatomaceous 
silicates come into contact with moisture.



A fully hydrolysed silicate surface has the structurels

OH OH OH OH

\ l/°\ 1/
Si Si Si Si

The silanol groups thus formed have a strong affinity for 
polar organic molecules and tend to retain them by 
adsorption. The support material can be deactivated by 
silanisation with dimethylchlorosilane (DMCS) or 
hexamethyldimethylsilazane (HMDS).

Silanisation of support material with DMCS

/  - T "  / T "
— Si— OH + Cl— Si— Cl  ► — Si— O — Si— Cl +  HCl

\  I \  I
CHs CH ,

Washing with methanol replaces the second chloride with a 
methoxy group

/  T" /  T" •
— S i— O — Ç — Cl + CH ,O H   ► — S i— O — S i— O C H , +  HCI

C H , C H ,

Supports which have been treated with DMCS can still show 
residual adsorption due to the presence of mineral
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impurities in the diatomaceous earth. These impurities can 
be removed by washing the diatomaceous earth with acid 
before silanisation hence these are designated as AW DMCS.

1.26 THE GLC COLUMN

The solid support is usually coated by dissolving a known 
amount of the stationary phase in a volatile solvent such 
as ether, toluene, methanol and 1,2-dichloroethane, just to 
mention a few. Ideally, the resulting mixture should
contain a uniform distribution of stationary phase on the 
support. Less volatile solvents can be removed by the
application of gentle warming and thorough agitation of the
mixture to ensure that the stationary phase is evenly
distributed on the inert support, while taking care not to
break the particles down to a fine powder. The coated
solid can also be dried in an air oven for several hours.
Repeated weighings of the flask and its contents until 
constant weight is attained ensures that all the solvent has 
been removed and therefore the packing is dry and ready for 
use. However, a freshly made column is believed to contain 
small amounts of solvents remaining from the coating process, 
water and other volatile compounds. The stable baseline
obtained after conditioning the column is an indication of 
complete removal of all possible contaminants.

The efficiency of the column operation depends on how well 
the column is packed. As a carefully and properly packed 
column is vital, the idea is to aim for an even filling of 
the packing in the column. The column is usually
constructed from a material which is inert to solutes and 
upon which no adsorption or reaction occurs. Examples of 
materials used are glass, stainless steel or copper. Glass 
has the advantage that the packing can be seen while filling 
the column.

11



1.27 COLUMN AND COLUMN TEMPERATURE

The separation process occuring in a chromatographic column 
involves an equilibrium established by the solute between 
the stationary and mobile phase. The partition coefficient 
involved in this process depends on the vapour pressure of 
the solute and the thermodynamic properties of the bulk 
solute and is a function of temperatureis. Solutes with long 
retention time have a higher heat of solution in the 
stationary phase. As the distribution of a solute between 
the two phases is temperature dependent, increasing column 
temperature will shift distribution more in favour of the 
moving phase and thereby increase the velocity of all the 
sample components in their passage down the chromatographic 
column. Hence, the relative retention of the two components 
of a mixture will decrease as the column temperature 
increases. Packed columns which have high stationary phase 
loadings require higher temperatures to obtain elution times 
equivalent to a lower stationary phase loading of the same 
material. However, when the amount of stationary phase and 
the column temperature are reduced, the eluted peaks tend to 
have poorer separation. Therefore, a balance of stationary 
phase loading is required. Usually, a 10-15% loading is used 
for small molecules up to C8 and up to 3-5% for C9-C20. 
After choosing a stationary phase the two factors which can 
be modified to optimise the separation of the sample 
components are temperature and flow rate of carrier gas. The 
latter is most often preset but computer controlled systems 
allow the flowrate and temperature to be changed between 
runs.

In practice a temperature is selected to give reasonable 
analysis times without undue sacrifice in column resolution. 
The vapour pressure of a liquid stationary phase must be low 
enough at the column temperature in order to prevent 
volatilisation of appreciable amounts of the liquid.

12



Ideally, the stationary phase should be thermally stable for 
a reasonable length of time as any chemical change will 
seriously affect its resolving behaviour.

Temperature control is vital in chromatography as this is 
required for reproducible chromatograms so as not to affect 
results and conclusions drawn from them. This is especially 
so in isothermal analysis where retention time is being 
measured and also for the separation of closely related 
compounds which are within a narrow boiling point range. The 
oven in the gas chromatograph can operate froml8 about lOK 
above ambient temperature up to 723K. Subambientf work can 
be carried out to about 173K but this requires cryogenic 
cooling using the boil over vapours obtained from liquid 
nitrogen or carbon dioxide mixed with air and circulated at 
high velocity in the oven. The uniformity of temperature 
throughout the oven depends on the geometry of the oven, the 
location of the heater and sensor, and the pattern of mixing 
and circulating of air. For the least volatile compounds 
which take too long to elute from the column and form broad 
tailing peaks, the column temperature can be increased 
progressively while the flow rate is kept constant.

The injector and detector are thermostated separately from 
the column. In general^ these are insulated metal blocks 
which are heated by cartridge heaters controlled by 
sensors. The temperature of detector block is selected to 
minimise detector contamination due to condensation arising 
from column bleed or sample components and to optimise the 
response of the detector to samples injected onto the 
column. The temperature control requirements of injectors 
may be different depending on the design of the injector and 
may sometimes include provision for a temperature program 
operation.

13



1.3 THEORETICAL BASIS OF CHROMATOGRAPHY

The separation in chromatographic processes is due to 
differences in the distribution constants of the individual 
components of the sample. When a solute is injected on a 
column, an equilibrium is set up in which the solute is 
distributed between the two phases under a given set of 
conditions of temperature and pressure^?:

-m Co and

K = Cg/Cm [1.1]

Where, Cg and C^ are the concentrations of solute in the 
stationary phase and mobile phase respectively and K is the 
partition or distribution coefficient equivalent to the 
Ostwald solubility coefficient, L. The larger the value of K 
the greater the affinity of the solute for the stationary 
phase. The value of K varies for different solutes and as a 
result, each of the components of a mixture of compounds in 
a homologous series will proceed through the chromatographic 
column at differing speed. Ideally, K is constant over a 
wide range of solute concentrations. Thus, Cg is directly 
proportional to . Chromatography carried out under
conditions in which K is more or less constant is termed 
linear chromatography. However, significant departures from 
linearity are observed at high solute concentrations.

1.31 RETENTION TIME AND VOLUME

Sample molecules spend part of their time in the mobile 
phase, as well as the stationary phase, during their passage 
through the chromatographic column. All molecules spend the 
same amount of time in the mobile phase referred to as the 
column dead time or holdup time, t̂ i, equivalent to the time

14



required for an unretained solute to reach the detector from 
the point of injection^. The retention time of a solute, t^, 
is the time the average molecule of solute takes to travel 
the whole length of a chromatographic column and is measured 
to the midpoint of the elution curve, Figure 1.2.

Figure 1.2 Diagram of a typical chromatogram

Elution of non-sorbed sample

[SOLUTE]

Elution of solute peak

Solute Injection

T IM E

The measured t^ includes the time, taken by the solute
to pass through the carrier gas from the column inlet to 
outlet. The retention volumes V̂ . and are obtained when
tj- and tm are respectively multiplied by the gas flow rate.

15



F, at the column outlet presure. Under a given set of 
operating conditions F is a constant and therefore t^ can 
be used in place of . The true retention time, t^', or 
retention volume, V^', of the solute is found by subtracting 
tm from or from as appropriate. Within a
homologous series, retention time increases with increasing 
molecular weight. In gas chromatography the retention 
volume has to be corrected for the compressibility of the 
gaseous mobile phase due to the pressure differential along 
the column. Thus, as the measurements of retention times are 
made at the outlet pressure there is the need to correct 
to mean column pressure. To do this, a pressure gradient 
correction termi9,J, is introduced. As a consequence, the 
net retention volume, which can be used to calculate
equilibrium thermodynamic parameters such as the activity 
coefficient can be calculated as follows:

Vr' = V r  - V m = F ( t r  - tm) [1 .2 ]

tr' = t r  - [1 .3 ]

V n = J F t r ' = J V r ' [1 .4 ]

The quantities and or t^ and t^ include any extra
column dead spaces which are swept by the gas between the 
centres of the detector and the injector. Nevertheless, 
these dead spaces do not contribute to because they
cancel out when is subtracted from or t^ is subtracted 
from tr. In practice, the net retention time is usually 
obtained by measuring the distance t^ on the recorder chart 
between the peak of a non-sorbed solute and that of the 
sorbed solute. As the flow rate is determined with a soap 
film meter it is necessary to correct this value for both 
the vapour pressure of the soap solution which is assumed to 
be equal to the vapour pressure of pure water at the
meter temperature and also for the difference between the 
column and flow meter temperature. The gas hold up volume, 
V^/ or retention time, t^/ is commonly determined by the
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air peak or inert gas peak method which merely requires 
injecting a sample of air or other non sorbed gas whose 
retention volume is taken as the gas hold up. The choice of 
a non sorbed gas depends partly on the detector and the 
carrier gas, as the carrier gas is chosen to maximise the 
detector response. In the case of a TCD any gas which has a 
thermal conductivity different from the carrier gas can be 
used. Thus, for hydrogen or helium as carrier gas it is 
convenient to include a small volume of air with the sorbed 
solute. However, a flame ionisation detector (FID) does 
not normally respond to inorganic materials making it 
necessary to use methane for the inert gas peak for GLC 
work.

1.32 RELATIVE RETENTION TIME AND SPECIFIC RETENTION VOLUME

The relative retention time is defined by the ratio of 
adjusted retention time of a solute and a standard 
determined under identical conditions. The specific
retention volume, Vg, is the net retention volume per unit 
mass of the stationary phase at the column temperature. Vg° 
is the specific retention volume corrected to 273K. Vg is 
related to the Ostwald solubility coefficient L or partition 
coefficient (defined by equation 1.1) through equation 
[1.5],

L = p.Vg [1.5]

where p is the density of the stationary phase at the column 
temperature. The relative retention time is obtained from 
the chromatogram as follows:

t-rel ~ ̂  ~ -t^) / ( tj-l-tj^) [1.6]

where t^ei or t is the relative retention time and t^2 , tj-1
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and tin are the retention times of solute, standard and air 
peak respectively. Usually, an n-alkane is chosen as the 
standard, since alkanes are readily available in the pure 
form. The use of relative retention times has the advantage 
that effects of slight variation of column temperature, 
injection technique, and stationary phase loading are 
minimised because the retentions of both standard and solute 
are affected to the same extent.

1.33 FACTORS INFLUENCING THE RETENTION MECHANISM

The distribution of a solute between the stationary and 
mobile phase in chromatography can be attributed to 
molecular interactions comprising of a combination of polar 
forces arising from induced and permanent electric fields 
and London's dispersion forces^-8,20 _ Chromatography is 
controlled by intermolecular forces but in general polar and 
dispersion interaction forces make a major contribution to 
the overall interactions^^. Polar forces include 
dipole-dipole interactions and hydrogen bonding. As 
molecules with permanent dipoles ar̂ morg strongly attracted to 
those of the same species than to non-polar ones association 
occurs between these molecules. Thus, components with similar 
dipoles will disperse in the solvent to produce 
solute-solvent pairs. In the liquid phase dipole pairs 
orientate with mutual attraction. Molecules of non polar 
solutes are not attracted by polar solvent molecules but 
disperse in a nonpolar solvent. Not only does hydrogen form 
a single covalent bond but it can also engage in association 
or weaker bonds with electron rich molecules. Hydrogen 
bonding may be formed either through intramolecular or 
intermolecular association. The strength of the bond between 
solute and solvent molecules depends on the electronic 
effects of neighbouring atoms or groups, acid-base character 
and stereochemistry. In general hydrogen bonded solvents
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attract polar solute molecules but show varying degrees of 
repulsion to nonpolar solvent molecules. Thus, in a 
chromatographic system, the solute molecules will be 
attracted towards the phase of similar polarity be it the 
stationary or the mobile phase.

Dispersion forces, the most universal intermolecular forces 
are the main interactive forces in non-polar solvents such 
as h y d r o c a r b o n s ^ ^ ' 2 0  _ They are producedlB as a result of 
dipoles formed between electrons and nuclei interacting on 
the polarisable electronic system of other atoms. Dispersion 
forces are relatively weak and so similar non-polar 
molecules are not repulsed.

1.34 PEAK WIDTH AND SHAPE

If no other forces are operating apart from those of 
distribution as in the ideal casein, the chromatogram 
produced shows a series of narrow peaks whose breadth 
depends on the initial distribution of the sample at the 
head of the column. Usually, the chromatographic column is 
assumed to function as a Gaussian operator. However, in 
practice the chromatographic peaks are rarely Gaussian and 
calculations based on the assumption can lead to significant 
errors. Nevertheless, the Gaussian model is appropriate when 
there is only a slight degree of peak assymetry. Peak 
assymetry occurs as a result of incomplete resolution of 
sample components, chemical reactions and the formation of 
voids in the column. During the lifetime of a
chromatographic column, voids are gradually formed as a 
result of bed shrinkage culminating in progressive peak 
broadening and or distortion. A void formed over the entire 
cross section of the column near the inlet produces more 
band broadening than assymetry. Tailing, fronting and 
splitting of peaks occur when the voids occupy only part of
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the cross section along the column bed. The separation 
factor, a measure of relative peak separation is constant 
for a given set of analytical conditions such as stationary 
phase temperature and is independent of column type and 
dimension!. The degree of separation between two peaks is 
defined by their resolution Rg, the ratio between the 
separation of the two peak maxima and the average base width 
of the two peaks. An Rg value of 1 corresponds to a peak 
separation of about 94% which is an adequate goal for an 
optimised separation. The extent of peak broadening which is 
an indication of the column efficiency is expressed in terms 
of, n, the number of theoretical plates of the column!^ ;

n = 1 6  (tr')^/w2 or [1.7]

n = 5.545 tr'/(Wi/2)2 [1.8]

where w is the peak width at the baseline between the 
intercepts of the tangent to the peak at the point of 
inflection as shown in Figure 1.2 and W 1/2 is the peak width 
at half height of Gaussian peaks.

1.4 FACTORS AFFECTING THE EFFICIENCY OF THE COLUMN

The plate theory assumes that a chromatographic column can 
be divided into a number of sections called plates!. 
Partitioning of a solute between the mobile and stationary 
phase at each plate is rapid and equilibrium is reached 
before the solute moves to the next plate. In all the plates 
the distribution or partition coefficient is the same and is 
independent of solute concentration.

A theoretical plate is defined^ as a section of the column 
in which the vapour leaving the section of the column has
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the composition that would be in equilibrium with the 
average concentration of liquid solution within the section. 
The overall separation achievable on a column depends on the 
separation factor and the number of plates. The number of 
theoretical plates in a column depends on factors such as 
the rates of diffusion in the two phases, thickness of 
liquid layer, uniformity of column packing, nature of 
carrier gas and its flow rate.

The height equivalent to the plate, H, is related^? to the 
number of theoretical plates (n) by the equation:

H = 1/n [1.9]

Where 1 is the length of the column. Good columns have H of 
the order of 0.1cm or less. The plate theory is a useful way 
of evaluating the efficiency of a column. However, it does 
not determine the factors required to optimise the column in 
order to achieve the best efficiency. The rate theory of Van 
Deemter developed for linear non ideal chromatography 
provides a very useful basis for considering the effects of 
several column and operational parameters involved in 
causing broadening of chromatographic bands as they move 
down the column. A combination of the rate theory and the 
plate theory makes it possible to qualitatively and 
quantitatively explain the numerous parameters operating in 
gas liquid partition chromatography.

In ideal chromatography^] it is postulated that the 
proportion of the mobile and stationary phases is constant 
at all points of the column, the mobile phase flow rate is 
constant, there is no longitudinal diffusion of the solute 
molecules in either of the two phases and the equilibrium 
between the two phases is instantaneous. Linear ideal 
chromatography is achieved when the partition coefficient of 
a solute does not depend on the concentration, i.e. when the
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distribution isotherm is linear. In practice, chromatography 
is neither ideal nor linear but for the low concentration of 
vapour usually employed in gas liquid partition 
chromatography a linear isotherm can be assumed so that for 
small amounts of solute samples linear non ideal
chromatography is assumed. In practice provided the column 
is properly packed the proportion of the two phases is 
constant at all points.

The flow of the mobile phase through the column is 
non-uniform because the pressure gradient along the length 
of the column causes the linear carrier gas velocity to 
increase as it travels from the column inlet to the 
outleti3. As this non uniformity affects all solutes to 
the same extent it does not cause band broadening. Also, 
because of the presence of the packing material in the 
column the gas molecules travel through the column along 
many different paths which have unequal lengths. These 
effects cause gas and solute molecules in the 
chromatographic column to spread, resulting in the depletion 
and widening of peaks. Peak widening is a function of the 
particle size of the packing material and the packing 
density. The effect of molecular diffusion is more 
pronounced than the forced carrier gas velocity and tends to 
enhance or counteract the transport of the solute molecules 
but in the liquid phase the corresponding effect is 
negligible. Instantaneous equilibrium or an infinite rate of 
mass transfer between the two phases is invalid for high 
flow rates used in GLC, although the high dispersion of the 
liquid phase is a very effective means of ensuring the 
establishment of equilibrium. As a consequence of the finite 
rate of mass transfer, the solute molecules either fail to 
go into solution and then travel ahead the band or are slow 
in getting into the mobile phase and then lag behind the 
band causing tailing or fronting respectively.
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The three factors which contribute to band broadening in 
chromatography are, eddy diffusion, molecular diffusion and 
resistance to mass transfer as shown in the simplified 
Van Deemter equation given as :

H = A + B/U + ( Cl + C 2 )U [1.10]

Where, A is eddy diffusion term which is a characteristic of 
the column packing resulting from the irregular paths that 
the gas takes through the packed column and depends on the 
particle size and the packing density of support material. 
The A term does not depend on the properties of the solute, 
solvent or operating conditions. The eddy diffusion term 
consists of the terms X and dp. Where X, a function of the 
packing density is constant with values from 1-8, and dp is 
a measure of the average particle diameter of the support 
and of their homogeneity. Columns which are badly packed 
have high value of X conversely good columns have low values 
of X. When the average particle size and range are reduced 
the plate height decreases and according to the theory this 
will have a beneficial effect on H. However, in practice, 
the associated pressure drop restricts the minimum particle 
size. An extremely finely divided solid support gives a 
lower efficiency than a more coarsely granulated material. A 
c o m m o n l y i 7  used mesh range of particles is 80-100 mesh 
(ESS) 130 microns.

The B term, is the longitudinal diffusion occurring in the 
column which depends on the diffusivity of the carrier gas 
along the column. Its contribution to band broadening 
increases with the amount of time the solute spends in the 
column. The B term comprises of three factors, namely 
tortuosity (Y) , gaseous diffusivity coefficient (Dg) , and 
the average linear gas velocity (U) . Y describes the path 
along which the solute molecules follow in their passage 
down the column and has values which range^^ from 0.5 to
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1.0 unit. Dg may be influenced by the choice of carrier gas 
and the pressure. The rate of molecular diffusion is high in 
hydrogen and helium as compared with that found in nitrogen 
and carbon dioxide the gases most commonly used as carrier 
gas in gas chromatography. If hydrogen and helium are used 
it is important to operate the column at high gas velocities 
in order to make the diffusion term as small as possible. 
As hydrogen and helium have low viscosities the pressure 
drop over the length of one theoretical plate is smaller for 
these gases than for nitrogen or carbon dioxide, although
this length may be appreciably smaller with the latter
gases. The contribution of the B term to the HETP de.creases 
with increasing molecular weight of the carrier gas. Thus, 
nitrogen, argon and carbon dioxide are preferable to 
hydrogen and helium with regard to column efficiency. 
Diffusion decreases with increasing pressure of the carrier 
gas while increasing temperature increases diffusion.

Cl is the resistance to mass transfer in the liquid and is a 
function of liquid film, partition ratio and the diffusivity 
in the liquid phase. On average, solute molecules spend the 
same length of time in the gaseous phase although they pass 
through the column in times which depend on their partition 
coefficient. The difference in retention occurs because the 
molecules of the solute do not spend the same length of time 
in solution in the liquid phase (or adsorbed on the surface 
of an adsorbent) . The time spent in the gas phase is 
determined by the free spaces in the column and the average 
linear velocity which corresponds to the time taken by an
unabsorbed solute to pass through the column. A decrease in
column temperature will increase the viscosity of the 
stationary phase liquid resulting in a decrease in the 
diffusivity, D^, of the solute in the liquid stationary 
phase. The overall effect is a decrease in mass transfer 
term. However, some liquids eg. phthalic esters tend to form 
a glass at low temperatures and then D^ will have quite low
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values giving the mass transfer term a control of the
separation under any set of conditions.

The H term will be reduced by gases which have a high 
molecular weight and therefore low diffusivity coefficient 
and with high linear velocity. Hence, H will be reduced if 
the stationary phase coating is reduced and the diffusivity 
in the liquid phase is high. The efficiency of the column 
can be increased by a low average linear velocity but this 
is however in contrast with the B term.

The term C] describes the resistance to radial mass transfer 
caused by particles of the support material. It is related 
to the particle diameter and the diffusion coefficient of 
the solute in the mobile phase. C2 has negligible effect at 
normal flow rates and may be disregarded in this case.

In practice the optimisation of these three terms depends on 
whether high separatory power or high analysis speed is
required. For high efficiency^? of separation Ci should 
have the greatest effect whilst for high speed of analyses B 
must have the greatest effect. Of the three mechanisms only 
Eddy diffusion does not depend on the carrier gas flow rate. 
Molecular diffusion has a large effect at low flow rates 
hence long retention times. The effect is inversely 
proportional to the linear velocity. The resistance to mass
transfer increases with increasing gas rates. In the
derivation of the van Deemter equation, it was assumed that 
the resistance to mass transfer is fully located in the 
liquid phase. This is permissible because of the high 
diffusivity in the gas phase compared to the diffusivity in 
the liquid phase. The equation!] is that of a hyperbola with 
a minimum at u = (B/C) 0 .5 and H=A+2 (BC) ° • 5 . This implies
that at this value of u the column operates under the most 
efficient gas velocity. However, as the flow gradually 
increases along the column length from inlet to outlet, due
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to the compressibility of the gas phase, only a very small 
section can operate at maximum efficiency.

Other factors affecting the efficiency of the column include 
sample size which should be as small as possible and the 
length of the column should be as long as is compatible with 
reasonable analysis time^^. in order to obtain high column 
efficiency appropriate gas velocities have to be employed 
and means of making the three terms in the Van Deemter 
equation as small as possible should be sought for. Very low 
gas flows can at times impair column efficiency thus the 
relation between the carrier gas velocity and the ratio of 
inlet and outlet pressure of the column is extremely 
important. Thus, column diameter, and the inlet and outlet 
pressure ratio should be as small as possible.

1.5 APPLICATIONS OF GAS CHROMATOGRAPHY

Gas chromatography is principally used as an analytical 
technique for the separation, identification and 
quantitative determination of volatile compounds. Thus, GC 
finds its application in the analyses of volatile compounds 
both liquids and solids as in petroleum products, solvents, 
aerosols, trace analyses of pesticides and pollutants and 
miscellaneous environmental samples. Non-volatile organics 
can be analysed after derivatisation to form volatile 
compounds. GC is also useful for the analyses of permanent 
gases.

Some of the advantages of using GC are that only a small 
sample size is required, most analyses are carried out with 
reasonable ease and relatively short analysis time is 
involved. GC makes it possible to measure properties of 
impure samples and to work at a wide range of temperatures 
hence its use in preparative procedures for isolating
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components of mixtures and impure samples. Gas 
chromatography is commonly used for the determination of 
thermodynamic properties of solutions such as partition 
coefficient and other physical quantities such as adsorption 
isotherms. The application of GC to the study of polymers 
has been hampered by their negligible volatility. However, a 
solution to the problem is the extension of GC to the 
characterisation of polymers as stationary phases in terms 
of solute-solvent interactions. As the stationary phase is 
the object of interest the technique is termed inverse gas 
chromatography (IGC) . In IGC a non volatile material is 
immobilised on a GC support and the stationary phase is 
subsequently chaiaacterised by monitoring the passage of 
volatile probe molecules of known properties as they are 
carried through the column by an inert gas. IGC was invented 
in 1969 by Smidsrod and Guillet^l. Initially the technique 
was used only in the study of synthetic polymers but today 
its widespread application includes the study of biological 
polymers, co-polymers, polymer blends, glass and carbon 
fibers, coal and solid foods.
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CHAPTER 2

2.0 INVERSE GAS CHROMATOGRAPHY OF POLYMERS

2.1 INTRODUCTION TO POLYMERS

Polymers are large molecules consisting of covalently bonded 
simple repeat units called monomers. The two main classes of 
polymers are natural and synthetic polymers. -Natural 
polymers consist of proteins, polysaccharides and gums. 
Synthetic polymers can be grouped into three main 
categories, namely!, elastomers, thermoplastics and 
thermosets. Thermoplastics are further subdivided into
crystalline and amorphous polymers.

At sufficiently low temperatures all polymers are hard rigid 
solids. Nevertheless, as temperature rises, a polymer 
obtains sufficient thermal energy to allow its chains to 
move freely enough to behave as a viscous liquid.

An amorphous polymer is so named because the polymer chains 
in the matrix are arranged completely randomly. An increase in 
the molecular motion of an amorphous polymer results in the 
sample passing from a glassy state through rubber-like state 
until finally melting to a viscous liquid. However, the 
polymers which crystallise do not form perfectly crystalline 
materials, instead, are in practice semi-crystalline^ 
comprising of both crystalline regions characterised by 
three dimensional ordered regions called crystallites and 
amorphous or disordered regions. The amorphous regions 
fill the intervening space between the crystalline regions. 
The crystalline phase of such a polymer is characterised by 
its melting temperature T̂ ,̂ the temperature at which all 
crystallinity vanishes. However, many thermoplastics are 
completely amorphous and hence unable to crystallise. 
Amorphous polymers and amorphous phases of semi-crystalline
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polymers are characterised by their glass transition 
temperature Tg, the temperature at which a polymer loses its 
glasslike properties and assumes those commonly identified 
with a rubber. Thus, a semi-crystalline polymer exhibits 
both Tg and T ^ . Below the Tg the polymer chains are unable 
to move and are 'frozen' in position. Thermoplastics soften 
when heated above the Tg or T̂ i and can be shaped and 
hardened on cooling, a process which can be repeated many 
times. Tm and Tg are influenced by chain symmetry, and 
flexibility. Thus, a highly flexible chain has a low Tg 
which increases as the rigidity of the chain becomes 
greater. Strong intermolecular forces also tend to raise 
both Tg and T^. The Tg and T^ are therefore important 
properties that control the applicable ranges of polymers. 
In general thermoplastics do not crystallise easily on 
cooling to the solid state because this requires ordering of 
the highly coiled and entangled macromolecules present in 
the liquid state.

Thermosets are rigid network polymers in which chain motion 
is greatly restricted by a high degree of crosslinking. 
Thermosets may soften on the first cycle of heat and then 
reset but cannot be subsequently resoftened to the point of 
flowing.

Elastomers are networks of rubbery polymers which can be 
stretched and also recover their original position when the 
stress applied is released. The rubbery polymer chains 
become extended upon deformation but are prevented from 
permanent flow by crosslinks and retract to their original 
position when the applied stress is removed. Elastomers are 
already above their glass transition temperature and have 
low or negligible crystalline content.

Polymer blends are defined^ as intimate mixtures of two 
kinds of polymers with no covalent bonds between them. The
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constituents of a polymer blend adhere together only through 
van der Waals forces, dipole interactions or hydrogen 
bonding.

2.2 EXPERIMENTAL TECHNIQUES FOR STUDYING POLYMER BLENDS

Fourier Transform Infrared Spectroscopy is an appropriate 
technique^ for studying polymer-polymer interactions. Other 
methods used for this purpose include thermal analysis^X) 
which may be differential thermal analysis or differential 
scanning calorimetry to determine the Tg, Nuclear Magnetic 
Resonance?, heat of mixing measurements^/9 ̂ small angle 
neutron scatteringlO/ll, inverse gas chromatography^^, 13-2 6 
(IGC) and melting point depression^?.

The polymer-polymer interaction parameter, x> is determined 
by traditional methods such as light scattering28,29 ̂ 
osmotic pressure^o, vapour sorption technique?' and inverse 
gas chromatographyi3-2 6 , Unfortunately, most of these 
techniques are hampered by practical problems. For instance, 
in the vapour sorption method, the weight gained by a 
polymer sample after being placed in an atmosphere of 
constant solvent vapour pressure is measured. This requires 
a long time to reach equilibrium between the vapour and the 
polymer. In IGC, where the solvent is used as a probe 
solute and the polymer is the stationary phase, the 
concentration of the probe solute is always so small that 
equlibri uitA. between the gas phase and the polymer on the 
chromatographic column is established almost instantly. Both 
the vapour sorption and IGC are applicable to a mixture of 
two amorphous polymers. However, if one of the polymers is 
crystalline the vapour sorption method is no longer 
suitable^? as a result of the uncertainty in the degree of 
crystallinity of the crystalline component in the blend. In 
IGC the polymer is present in its most concentrated form
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approximating conditions used in processing while in the 
other techniques dilute solutions of the polymer are used.

2.21 PREVIOUS WORK ON IGC OF POLYMERS

The use of IGC in measuring the polymer-probe interaction 
parameter, was initiated by the work of Smidsrod and
Guillet^l. The technique was further extended to measuring 
polymer-polymer interaction demonstrated by Deshpande and 
co-workers22 and by Olabisi^^. The formeras suggested the 
technique is useful for characterising a mixture of low 
molecular weight polymers using a mixture of tetracosane and 
dioctylphthalate and a mixture of tetracosane with 
polydimethylsiloxane as stationary phases. Since the early 
work of Simdsrod and Guillet^l, IGC has been extensively 
carried out on a range of polymers with varying functional 
groupsi3-26,32-37 , Polymers used as stationary phases in IGC 
include polyethyleneoxide (PEG) 38^ polystyrene (ps) 15,39,40 
polyvinylchloride (PVO^l, polyvinylmethylether (PVME) 18, 
polymethylmethacrylate (PMMA)41,42 and polydimethylsiloxane 
(PDMS),19 / 20. In addition, polymer blends studied
include, PDMS/polycarbonate42, PS/PVME15,43,44^ PS/PDMS^5 and 
the PVC/polycaprolactonei3 and polyepichlorohydrin/ 
polymethyTacryTatei4, systems, to mention a few.

IGC has been employed in a wide variety of areas because of 
its simplicity, speed, accuracy, wide applicable temperature 
range and ease of application. These include measurement of 
Tg3i, 38,39 ̂ Tm^9,41 ̂ adsorption studies42,47 ̂ determination of
acid-base32,47 interactions for specified adsorbate/
adsorbent pairs and determination of phase diagrams and 
polymer-polymer compatibility.

Adsorption data of gases^? and vapours on polymeric 
materials obtained by IGC offer an easy and simple approach
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as conventional equilibrium absorption experiments are time 
consuming. IGC was used by Gray and Vukov^^ to study the 
surface properties of carbon fibers by adsorption of vapour 
at a gas-solid interface. IGC enabled adsorption data to be 
measured down to low vapour concentration where the surface 
coverage approaches zero and the adsorption isotherm is 
essentially linear. At zero coverage adsorbate/adsorbent 
interactions are negligible and thermodynamic functions such 
as the heat of adsorption can be calculated. Gray and 
Vukov47 also carried out IGC at finite concentration where 
the shape of the adsorption isotherm reflects the build up 
of a multilayer on the surface. In this concentration range, 
surface adsorption leads to nonlinear isotherm in which the 
partition coefficient and retention volumes depend on the 
adsorbate concentration in the gas phase resulting in 
assymmetric peaks. This dependence has proved to be a useful 
and rapid way of determining adsorption isotherms. 
Thermodynamic data may be determined as a function of 
surface coverage from temperature variation of the 
adsorption isotherms.

Guillet and co-workers^s used IGC to estimate the degree of 
crystallinity in semi-crystalline polymers such as 
polyethylene and to compute the surface area of polymer 
powders. In determining the polymer crystallinity, Guillet 
and co-workers49 assumed that the probe only interacts with 
the amorphous phase and that the crystalline region is 
impenetrable and does not contribute to retention of the 
probe.

Guillet and co-workers'^^ carried out surface area 
determination below the Tg where retention of a solute is 
adsorption at the polymer surface. The adsorption isotherm 
was simply determined by the elution technique where the 
probe was injected on the column and the shape of the 
isotherm found from a single asymmetrical peak. By knowing
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the volume of probe injected and the retention volume, the 
amount of probe adsorbed on the polymer surface was 
calculated.48 as well as the surface area through the 
Brunauer Emmett Teller equation. Advantages of IGC in 
determining surface areas of polymers over classical methods 
such as nitrogen adsorption is the speed of the 
determination and the ability to carry out the determination 
at a range of temperatures.

Acid base interactions of polymers and glass fibers have 
also been studied by Osmont and S c h r e i b e r ^ S ,  using IGC and a 
comparative index based on Drago^o acid/base concepts. The 
glass fiber surfaces were modified by coupling with 
chlorosilane which gave strong surface acidity and surface 
treatment with hexyldimethoxysilane which generated 
increased degree of basicity. Also, Voelkel and c o - w o r k e r s 3 2  

used IGC followed by the Gutman's s c a l e ^ l  to evaluate the 
ability of a polymer surface to interact as electron 
acceptor or electron donor.

The solubility parameter of a polymer can be determined by 
swelling, solubility and viscosity measurements but these 
methods are time consuming. Dipaola-Boranyi and Guillet^2 
developed a method for calculating this parameter which 
involved the use of IGC data and determination of the 
polymer solvent interaction parameter which is related to 
the solubility parameter through known equations^?.

2.3 RETENTION OF SOLUTES (PROBES) ON POLYMERIC STATIONARY 
PHASES

Polymers lie between conventional crystalline solids and 
ordinary liquids with respect to viscosity and diffusivity 
of small molecules as probes in the polymer. As a result the 
two main mechanisms of sorption of solutes considered are
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absorption of solutes in the bulk polymer phase and 
adsorption of solutes on the surface of the polymer. The 
problem of adsorption on the chromatographic support can be 
dealt with by using the appropriate support material which 
is usually non-polar with high stationary phase loading as 
well as very small solute sample size. Also, working at 
elevated temperatures reduces the extent of adsorption on 
the support material.

Specific retention volume of a solute varies with 
temperature and the variation is such that a plot of the log 
of the retention volume (InVg) versus reciprocal of the 
absolute temperature called a retention diagram is linear, 
shown by the relation, ÔlnVg/Ô(l/T) = -AH/R where R is the 
gas constant and T is the column temperature in Kelvin. The 
slope of this straight line is related to the enthalpy AH of 
the process which may be the enthalpy of solution in GLC or 
the enthalpy of adsorption for GSC.

Figure 2.1 (from reference 49) shows a graph of the general 
behaviour of logVg vs 1/T of a solute on a semi-crystalline 
polymer. In this diagram^S a b  represents the behaviour of 
the polymer at temperatures below its Tg where the retention 
of solute by the polymer is due to adsorption of the solute 
onto the surface of the polymer. This is because the rate of 
diffusion of the probe through the polymer is too slow for 
bulk interaction to be significant or the solute is unable 
to diffuse into the bulk of the polymer. The slope of 
segment AB is given by

(AHv- AHa) /2.3R [2.1]

where Ah ^ is the latent heat of vaporisation and AHa is the 
enthalpy of adsorption of the probe on the polymer surface.
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Figure 2.1 Retention diagram of a semicrystalline polymer 
from reference 49.

D»
o>

l/T

At temperatures below the melting temperature of a 
semi-crystalline polymer, polymer-solute interaction are 
restricted to the amorphous domains due to a difference in 
solubility of the solute in crystalline and amorphous 
phases. On melting, the stationary phase the amorphous 
content becomes larger leading to an increase in retention 
volume.

BC describes nonequilibrium absorption because as 
temperature increases, the increasing penetrability of 
solutes counteracts the effect of increasing vapour pressure 
of the polymer so that retention volumes increase with 
increasing temperature. Thus, close to the Tg both surface 
adsorption and bulk absorption contribute to the retention 
volume of a probe solute. The minimum at B corresponds to 
equal rates of change of bulk sorption and surface 
adsorption with temperature.
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At least 4OK above the Tg, the retention volume is a measure 
of the interaction of the probe with the bulk polymer. 
Ideally, thermodynamic measurements of polymers obtained by 
IGC have to be made at least^z 5 ok higher than the Tg of 
the polymer and at a temperature higher than the melting 
temperature, T^, in the case of semicrystalline polymers, in 
order to avoid problems with a slow attainment of 
equilibrium on the column.

CD reflects the equilibrium absorption of the solute into 
the amorphous phase where retention volume decreases with 
increase in temperature. The slope of segment CD is given by

(AHv- AHin) /2.3R [2.2]

where AH^ is the latent heat of vaporisation and AH^ is the 
enthalpy of mixing of the probe with the polymer. When the 
increases] in bulk sorption (caused by an increase in probe 
diffusion) is balanced by the decrease in retention (due to 
increased volatility of the probe) the maximum point at C 
is reached.

Segment DF represents the melting process and FG the 
solution of the probe in the molten polymer. The slope 
reversal indicate phase transition.

The retention mechanism of a probe on a GC stationary phase 
which may be polymeric can be described^]-, 54 by equation 
[2.3] assuming there is no adsorption on the support 
material. At temperatures lower than the Tg, polymer-probe 
interactions are predominantly surface adsorption. At 
temperatures higher than the Tg however, the polymer-probe 
interaction involve both bulk and surface adsorption.

Vg = Kl Vl + Kg Al [2.3]
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Where Kl and Kg are the partition coefficient due to 
bulk sorption and surface adsorption respectively. Al and 
V l are the area and volume of stationary phase respectively.

The surface to volume ratio can be varied either by changing 
the amount of polymer on the support or choosing a support 
material with a different surface areaQodIrretention diagram 
will depend on the experimental conditions. Re-arranging 
equation [2.3] gives

Vg. = Kl V l + Kg [2.4]
A-L Al

By plotting V g / A j ^ against Vl/Al , Kl can be obtained from 
the slope and Kg from the intercept. In the absence of 
surface adsorption the plot is a horizontal line. The 
maximum point, C  in Figure 2 . 1  v a r i e s 5 3  with the stationary 
phase thickness. Thinner coatings show lower maxima because 
the distance the probe molecule diffuse through is less. As 
stationary phase loading is decreased the specific retention 
volume of a solute increases. This is because Al changes 
very little with changes in Vj^, and as Kl and Kg are 
constants for a particular probe system it follows that as 
the weight or volume of stationary phase is reduced, Kg 
becomes larger. At very low loading Kg may become comparable 
in magnitude to the first term in equation, therefore in 
such a situation the adsorption term will no longer be 
negligible^].

2.31 POLYMER-POLYMER INTERACTIONS IN POLYMER BLENDS

Polymer-polymer interactions in polymer blends can be 
studied by IGC by making at least threel^ q C columns ; two 
from the homopolymers and the third or the rest from a blend 
using the same samples of homopolymers to prepare the blend

3 8



at varying compositions. Subsequently, the three or more 
columns are studied under identical conditions. The 
retention behaviour of one or more blends is compared with 
those of the two homopolymers. The excess retention can be 
characterised and treated as a measure of polymer-polymer 
interactions. Thus, the miscibility of two polymers can be 
studied using the retention volumes of molecular probes in 
the blend compared to the average of the retention volumes 
of the same set of molecular probes in the two homopolymers.

The retention volume of a solute in an immiscible pair of 
polymers is a linear combination's, 55 of the retention 
volumes of the solute in each polymer component given by the 
sum of the product of the retention volume of the solute in 
the respective homopolymers and their corresponding weight 
fraction (w) or volume fraction(v):

V g  (23 ) =  V g i 2 W 2  +  V g i 3 W 3  +  V g '  (23 ) ̂ 2 ^ 3  [2.5]

where Vgi2 and Vgi3 are the specific retention volumes of the 
solute in polymer 2 and 3 and W 2 and W 3 are the respective 
weight fractions of the polymers. The third term in equation 
[2.5] is the contribution from the polymer-polymer 
interface.
In the case of a system in which the polymers are totally 
immiscibleSS^ there will be minimal interface and so 
equation [2.5] reduces to:

Vg (23 ) - Vgi2W 2 + Vgi3W 3 [2.6]

Thus, if a polymer blend is phase separatedlS the retention 
volume is the same as the average value of the homopolymers. 
This is because the interactions are strongest when the 
probe is in contact with incompatible polymer blends which 
behave as perfectly separated homopolymers. However, when
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there is some compatibility, the interactions between the 
probe and the polymer blend are weaker. This is because the 
probe molecules compete with one of the miscible polymers 
for sites of interaction, thus giving a shorter elution time 
and hence lower specific retention volume.

2.32 THE FLORY-HUGGINS INTERACTION PARAMETER, %

X is a temperature dependent dimensionless quantity which 
serves as a measure of polymer-probe interactions^. The x 
parameter contains, enthalpic(Xh) / and entropie(Xs), 
components :

X = X h + Xs  [2.7]

Xh = -T(dx/dT) and Xs = d(Tx/dT)

X is related to the solubility parameter through the
equations^ =

X = Vi(0i-02)2/RT + Xs [2.8]

Where and Ô2 are the solubility parameters of the probe 
and polymer respectively (the nomenclature used in polymer 
chemistry) and V]_ is the volume of the probe. R and T are 
the gas constant and column temperature. Rearranging 
equation [2.8] gives:

^  25201 - ^ ^ X s  [2.9]
RT Vl RT RT Vl

A plot of the left hand side of the equation versus 5i 
should be linear and Ô2 can be calculated from the slope. 
5]_ can be obtained for various probes at the experimental 
temperature from the corresponding enthalpies of
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vapourisation AH^ using the equation:

ôi2 = (AHv - RT)/Vi [2.10]

The interactions of a polymer blend depend on the nature of 
the system components. Thus, when both the polymer and the 
probe are apolar, the interactions would be due to 
dispersion forces with the lowest x values corresponding 
to great similarity between the two substances. Where both 
polymer and probe, or one of them, is polar, polar/ 
polarisable specific interactions are involved giving rise 
to low values of x which may be negative. Thus, usually non 
polar probes tend to have positive values of x giving the 
indication that there are no complex interactions involved. 
However, specific interaction probes give negative x 
values. The specific interactions with probes of the latter 
kind consist of at least four different types namely tt 
electrons, dipolar, n electron and proton donor acceptor 
interactions.

Deshpande and c o - w o r k e r s 2 2  started from the Flory-Huggins 
expression for the free energy of mixing AG^ for a binary 
system of a polymer in solution and extended it to three 
component systems consisting of probe 1, polymer 2 and 
polymer 3 , denoted by subscripts 1, 2 and 3 respectively as 
used in polymer chemistry. Deshpande and c o - w o r k e r s 2 2  then 
proposed a method of analysis of IGC measurement on polymer 
blends yielding the polymer-polymer interaction parameter 
X23 • The calculated X23 of the polymer blend, however, 
depended on the chemical nature of the probe solute. 
Deshpande and c o - w o r k e r s 2 2  could not eliminate this 
dependence either by using the molar volumes of the probes 
or the molar surfaces.
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2.4 THERMODYNAMICS OF POLYMER SOLUTIONS AND MIXTURES 

The free energy of mixing is given by:

AGm =  Mira - TAS^ [2.11]

To have miscibility it is neccessary for the value of AG^ to 
be negative. This alone is not a sufficient criterion for 
miscibility because the binary mixture has to be stable in 
order to prevent phase segregation. As a result, an 
additional requirement!! must be met.

d2AGm / d<J>i2 > 0  [2.12]

Where <|>i is the volume fraction of component i of the
mixture. From a knowledge of retention volumes of various 
probes, their respective enthalpies of solution (Hg) can be
calculated at different temperatures. This is done by a 
combination of Clausius-Clapeyron equation with Dalton's and 
Henry's Law resulting in the equationSG ;

A H = - R  d l n V g / d { l / T )  [ 2 . 1 3 ]

InVg = - Hg + const [2.14]
RT

The linear relation between I n V g  and 1/T yields a slope 
corresponding to the enthalpy of solution and an intercept 
as 1/T approaches zero corresponding to the constant 
temperature in the above equation. The intercept contains an 
entropy term:

Intercept = ASg/R - In M2/273R [2.15]

Where AS g is the entropy of solution and M 2 is the molecular 
weight of the stationary phase. The equation can be
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re-written as:

Intercept = AS^g/R ~ In (1000/273R) [2.16]

AS^s is the partial molar entropy of solution. The partial 
molar heat of mixing AĤ  ̂can also be given as:

AHm = R dlnQi/d(l/T) [2.17]

Where is the weight fraction activity coefficient of the 
probe at infinite dilution. The entropy of mixing according 
to the liquid lattice theory is given by2:

ASm = -k(ni In&i + ri2 ln<|>2) [2.18]

AHni = z Awi2 X ni<|)2 and x=zAwi2 x/kT also

AHm = kT X ni(l>2 [2.19]

Where, x is the number of s e g m e n t s 2  in the polymer chain, 
Awi2 is the change in energy for the formation of unlike 
contact pair, k is the Boltzman constant and z is the 
lattice coordination number. The interaction parameter x is 
sometimes expressed as^G;

X = BVi/RT [2.20]

Where B=z Awi2 /Vg ; Vi is the molar volume of the probe and Vg 
is the molecular volume of a segment of the polymer. The 
quantity B, represents the interaction energy density which 
is a charateristic of the polymer-probe pair.

From the above equations of entropy and enthalpy of mixing, 
Flory and Huggins expressed the free energy of mixing as :

AGm = RT [ ni +  112 ln*2 + ni<|>2Xi2 ] [2.21]
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where subscript 1 and 2 denote the probe and polymer 
respectively and n^ is the number of moles of component i . 
R and T are the gas constant and temperature, respectively 
and Xi2 is the Flory-Huggins interaction parameter.
The derivative of the above equation!! with respect to the 
volume fraction of the probe , Dq is given by:

Dq = RT [ In (t>i + 1 - V 1 /V2 + X12 ] [2.22]

For a system in equilibrium, the chemical potential of a
component i is related to the activity a^ by the standard 
thermodynamic relation:

jii - = RT lnaj_ [2.23]

where is the chemical potential of component i in its
standard state and is the partial molar Gibbs free
energy change of mixing.

Pi - PiO= -RT<1)2/x  + RT(x-0.5) <|>22 [2.24]

where x is the number of segments in a polymer chain. This 
equation can be separated into ideal and non-ideal
contributions. Thus, the first term in the above equation is 
the ideal contribution and the second, the non-ideal
contribution :

( P i  -  P i O ) i d e a l  =  -RT(|>2 /x [2.25]

( P i  - p^o) non-ideal =  RT (x~ 0 . 5 ) (|>22 [2.26]

The term (-O.SRT#^^) arises from the connectivity of 
polymer chain segments while the term (RTx<!>2 )̂ results from 
contact interactions. When x=0.5 the two effects described

44



compensate each other, (p̂ -jî ô)non-ideal = q and the dilute 
polymer solution behaves ideally. The term,

ig negative when x < 0.5 thus, promoting 
mixing. Therefore, a x value less than 0.5 is an 
indication that the probe will be a good solvent for the 
polymer in terms of the dissolution and mixing process.

The interaction parameter can also be expressed as:

Xi2 = ln(273 .15RV2) / (VgOViPiO) - 1 + V 1 /M2V 2 - (Bn-Vi) PiO/RT
[2.27]

InQ = ln(273 .15R) / (VgOMiPiO) - (Bn-Vi ) PiO/RT [2.28]

where and V 2 are the molar volume of the probe and the 
specific volume of the polymer stationary phase (at the 
column temperature) respectively. and M 2 are the
molecular weights of the probe and polymer respectively. 
Pi° is the vapour pressure of the probe and B n  is the 
probe's second virial coefficient in the gas phase. Thus, 
the weight fraction activity coefficient Cl is related to 
the X“ parameter through the equation:

Ina = X - ln(V2/Vi) + 1 [2.29]

When the interaction under consideration is between a blend 
of two polymers (represented by subscripts 2 and 3) with a 
probe solute then AG^ for the three component system is 
given asi4.

AGmix = RT [ niln<J>i + n2ln^2 + n3ln(|>3 + ni(|>2Xi2 + X13 +
^2^3 X23 ]

[2.30]

This equation is satisfactory for most non polar mixtures.
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Xij is considered as independent of the composition of the 
mixture. The derivative of the above equation is given as:

Dq = RT [ ln(|>i + 1 - Vi/V2(|)i - Vi/Vgc))] + ^ 2X 12 + 4>3Xl3 "
V1/V2 <!>2<I>3X23 ]

[2.31]

For a polymer mixture, V 2 is replaced with W 2V 2 + W 3V 3 where 
W 2 and W 3 are the weight fractions of the two polymers in 
the blend.

In 273.15R { (W2V2 + W 3V 3 )/VgOViPiO} - 1 - (Bn-Vi) Pi/RT =
(X12“Vi/M2V2 ) + <|>3 {X13“Vi/^3V3 ) - <l>24>3 X23V1/V2

[2.32]

X'23 = CVl/Vs) X23 ^ . 3 3 ]

By knowing Xi2 and Xi3 / X'23 can be calculated. Comparison
of the equations for polymer-probe and polymer-polymer-probe 
interactions show that the study of polymer-polymer 
interactions will require three GC columns two from 
respective homopolymers and a third from a blend of the two 
polymers. Thus, a combination of equations [2.27] and [2.32] 
yields :

X '23app “ X'23 ~
[ln{Vgbiend/ (W2V2+W3V3) } - (|>2ln{Vgi2/V2 } - (t>3ln{Vgi3/V3 } ]/<j>2(l)3

[2.34]

The polymer-polymer interaction parameter X'23 however 
depends on the nature of the probe. The theory of the 
Flory-Huggins equation applied to a polymer blend system 
predicts that the relation, X'2 3 /^1 =X2 3 / ^ 2 is independent of 
the nature of the probe and depends only on the nature of 
the two polymers. Equation [2.21] and [2.30] suggest that
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the interaction free enthalpies are proportional to the 
volume fractions of the individual components. Many 
workersis have suggested that the molecular surfaces rather 
than the volumes are important for contact interaction. One 
of the suggested equationsis is;

AGm=RT[niln<l>i + n] ln(|>2 + niln<|)3 + n]_a2Yi2 + niasVia +
n3a3Y23] [2.35]

CTi = niSi/ ZnjSj [2.36]

Si is the molar interacting surface for component i and 
is its surface fraction. Yij is the contact interaction 
parameter similar to Xij but defined with regards to 
surface fractions.

X'23app- Y2 3 S1 /S2 (<|>a2 /a3 +<|)a3 /a2 ) + Y12 (i-^3/ ^ 2 ) +Yi3 (1 -^2 / & 3 )

[2.37]

Where a^ is the surface to volume ratio. The first term in 
the above equation is proportional to the polymer-polymer 
interaction coefficient Y2 3 /S2 and depends on the nature of 
the probe only through its molar surface area similar to the 
dependence of X'23 on vi. The value of X'23app also depends 
on Y12 and Yi3 • The significance of this dependence varies 
from blend to blend. Thus, if the surface to volume ratio is 
very close or the same for both polymers in the blend, then 
the variation is insignificant. On the other hand, the 
variation may be significant if the interaction coefficients 
Yi2 and Y13 are very different.

Another methodic, 57 for calculating the real polymer 
-polymer interaction parameter for ternary systems 
consisting of two polymers and a probe involve using the IGC
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data to obtain the equation:

X'23app= (X23 ) true S1 /S3 + (X1 2 -X1 3 ) (S3 -S2 ) V 2 /V1 (V2 S2 +V3 S3 )
[2.38]

where ipi is the segment fraction, Vi the characteristic 
molar volume and s^ the number of contact sites per segment 
of component i. From this equation, the dependence of the 
interaction parameter determined by IGC on the probe is 
explained by the fact that they depend on the difference in 
quality of the probe with regard to the two polymers in the 
blend, X1 2 -X13 / and on the number of contact sites per 
segment of the probe s^.

In order to obtain %23 the equation can be rewritten^ as: 

X'23app/V2Si = (X23 ) true/V2S3 + (Xl2-Xl3 ) (S3 -S2 ) * (IP2 S2 +
t p 3 S 3  ) V 2 / V 1

[2.39]

A plot of X'2 3app/V2 Si against (X1 2 -X13 )/ViSi should be linear 
with an intercept (X23 ) true/V2 S3 . Prolonge and co-workersl^ 
applied this approach to blends of polyvinylacetafe and 
poly(4-hydroxystyrene), (P4HS), and obtained values of 
X23true/V2 of -0 .0 0 1 ,-0 .0 0 2 2 ,-0 . 0 0 1  and 0 . 0 0 1  mo 1 cm-3 for 
P4HS volume fraction 0.25,0.37,0.50 and 0.75 respectively. 
Alfgaeme and co-workersi^ also obtained X23true of -0.15 for 
a 40:60 blend of polyvinylmethyl ether and poly(hydroxy 
ether bisphenol-A). Thus, with this approach a single value 
of X23 is obtained.

Limitations of the IGC method also include substrate 
contribution to Vg, which will introduce error in all 
subsequent thermodynamic calculations. This can however be 
minimised using relatively high stationary phase loading (> 
10%w/w) and if applicable at high column temperatures. The
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main source of error stems from the method of coating the 
support material with the stationary phase and the inability 
to obtain uniform coverage. Other sources of error are the 
variation in column temperature and pressure drop along the 
column, but these can also be minimised by measuring the 
retention times of probes relative to a standard(Chapter 1) 
and then converting these relative values to absolute 
specific retention volume to be discussed in Chapter 6 . The 
variation of the polymer-polymer interaction parameter with 
the probe solute is also a considerable limitation. IGC 
can be used for measuring x for only homogeneous blends of 
polymers. This is because of the inability to account 
quantitatively for effects due to interfaces.

49



2.5 REFERENCES

1. J. M. G. Cowie 'Polymers: Chemistry and Physics of 
Modern Materials', Blackie and Son Ltd. London,
2nd Edn., 1991.

2. P.J. Flory, 'Principles of Polymer Chemistry', Cornell 
University Press, Ithaca, New York, 1953.

3. J. A. Manson and L.H. Sperlin, 'Polymer Blends and 
Composites', Plenum Press, New York, 1976.

4. D. Garcia In 'Current topics in polymer science'
Polym. Chem. Phys., Eds., S.Inoue, R.M. Ottenbrite and 
L.A. Utracki, Hanser Publishers, New York, 1987,1,187.

5. M. Bank, J. Leffingwell and C. Thies, Macromolecules, 
1971, 4, 43.

6 . B. Beach and A.R. Shultz, Macromolecules, 1974,2,902.
7. T.K. Kwei, T. Nishi and R.F. Roberts, Macromolecules 

1974, 7, 667.
8 . J.I. Eguiazabal, J.I. Iribarren, J.J. Iruin,

C. Uriarte, Macromolecules, 1987, 2_0, 3038.
9. J. W. Barlow and D.R. Paul, Polym. Eng.Sci.,

1987, 27, 1982.
10. G . Haziioannou and R. Stein, Macromolecules,

1984, 12, 567.
11. J. Jelenic, R. G . Kirste, R. C. Oberthur, B. J. Schmitt 

and S .Schmitt-Strecker, Makromol. Chem., 1984.185.129.
12. Z.Y. Al-saigh and P. Chen, Macromolecules.1991.24.3788.
13. O. Olabisi, Macromolecules, 1975, 8., 316.
14. Z.Y. Al-Saigh and P. Munk, Macromolecules, 1984.17.803.
15. S. Klotz, R. H. Schester, H-J. Cantow., Makromol.Chem., 

1986, 182, 1491.
16. C. S. Coll, E. G . Lezcano and M. G . Prolongo, 

Macromolecules, 1992, 25., 6849.
17. M.R, Becera , E. Fernandez-Sanchez,

A. Fernandez-Torres, J .A.Garcia-Dominguez and 
J.M. Santiuste, Macromolecules, 1992, 2_5, 4665.

50



18. J. Alfgaeme, A. Exteberria, J.J. Iruin and 
C. Uriarte, J. Chromatogr., 1992, 607. 227.

19. M.R. Becera, E. Fernandez-Sanchez,
A. Fernandez-Torres, J.A. Garcia-Dominguez and 
J.M. Santiuste, J. Chromatogr., 1991, 547. 269.

20. E. Fernandez-Sanchez, A. Fernandez-Torres, J.A. 
Garcia-Dominguez, Garcia-Munoz, V. Menendez, M J Molera 
and J.M. Santiuste, J. Chromatogr., 1987, 410. 13.

21. E. Fernandez-Sanchez, A. Fernandez-Torres,
J.A.Garcia-Dominguez, E . Pertierra-Rimada and J.M. 
Santiuste, J. Chromatogr., 1988, 457. 55.

22. D.D. Deshpande, D. Patterson, H.P. Schreiber and 
C.S. Su, Macromolecules, 1974, 1_, 530.

23. M. J. El-Hibri, W. Cheng, P. Hattam and P. Munk In 
'Inverse Gas Chromatography of Polymers and Other 
Materials' Ed. D.R. Lloyd, ACS symposium series, 
Washington D.C., 1989, 391. 122.

24. S. Holtz, H. Grater and H. J. Cantow In'Inverse Gas 
Chromatography of Polymers and Other Materials'
Ed. D.R. Lloyd, ACS symposium series, Washington D.C., 
1989, 391, 136.

25. A. C. Su and J. R. Freid In'Inverse Gas Chromatography 
of Polymers and Other materials' Ed. D.R. Lloyd,
ACS symposium series, Washington D.C., 1989, 391. 156.

26. G. Dipaola-Baranyi, W.M. Prest and J. Richer, Can. J. 
Chem., 1985, 223.

27. D.R Paul and S. Newman, 'Polymer Blends', Academic 
Press, New York, 1978.

28. H.E. Stanley and W.H. Stockmayer, J.Chem.Phys.,
1950, 18, 153.

29. T. Fukuda, H. Inagaki and M. Nagata, Macromolecules, 
1984, 17, 548.

30. K. Imai, K. Kohno, T. Shiomi, T. Tomita and K. Yoneda, 
Macromolecules, 1985, 18., 414.

31. O. Smidsrod and J.E.Guillet, Macromolecules,
1969, 2, 272.

51



32. A. Voelkel, E, Andrzejewska, R. Maga and
M, Andrzejewski, Polymer, 1993, 3_4/ 3109.

33. M. A. van Dijk and A. Wakker, Polymer, 1993, 3 A ,  132.
34. M.H. Abraham, R.M. Doherty, W.J. Shuely and 

G.S. Whiting, J. Chromatogr., 1990, 518. 329.
35. M.H. Abraham, P. Sakellariou and G.S. Whiting, Colloid 

Polym.Sci., 1994, 272, 872.
36. U.Panzer and H.P. Schreiber, Macromolecules,

1992, 25, 3633.
37. D.D. Deshpande and A. M. Farooque, Eur. Polym. J.,

1992, 28, 1597.
38. D.C. Bonner and Y. L. Cheng, Macromolecules,

1974, 7, 687.
39. R. D. Newman and J.M. Prausnitz, J.Phys.Chem.,

1972, 76, 1492.
40. L. Bonifaci and G. P. Ravanetti, J. Chromatogr.,

1993, M i ,  301.
41. J.M.Braun, A.Lavoie and J.E.Guillet, Macromolecules,

1975, 8 , 311.
42. G . DiPaola-Baranyi and J.E. Guillet, Macromolecules,

1978, 11, 228.
43. T. K. Kwei, B.Y. Min and E. M. Pearce, J. Macromol. 

Sci., 1984, A21, 1181.
44. J.M. Elorza, M.J. Fdez-Berridi, J.J. Iruin and 

C. Uriarte, Makromol.Chem., 1988, 189. 1855.
45. M. Galin and M.C. Rupprecht, Macromolecules,

1979, 12, 506.
46. J.E. McGrath, J.S. Riffle, D. P. Sheehy, T. C. Ward, 

Macromolecules, 1981, 14, 1791.
47. D. G . Gray, D.R. Lloyd and A. Vukov In'Inverse Gas 

Chromatography of Polymers and Other Materials'
Ed. D.R. Lloyd, ACS symposium series,Washington D.C., 
1989, 391, 168.

48. E. Osmont and H.P. Schreiber In 'Inverse Gas 
Chromatography of Polymers and Other Materials'
Ed. D.R. Lloyd, ACS symposium series, Washington D.C.,

52



1989, 391, 230.
49. J.E. Guillet, R. van der Mark, G.J. Price and

M. Romansky, In 'Inverse Gas Chromatography of Polymers 
and Other Materials' Ed. D.R. Lloyd, ACS symposium 
series, Washington B.C., 1989, 391, 20.

50. R.S. Drago and B. Wayland, J. Amer.Chem. Soc.,
1965, 87, 3571.

51. V. Gutman, ' The Donor-Acceptor Approach to Molecular 
Interactions', Plenum Press, New York, 1978.

52. A. Lavoie and J. E. Guillet, Macromolecules,
1969, 2, 443.

53. J.M. Braun and J.E. Guillet, Macromolecules,
1975, 8 , 882.

54. R.L. Martin, Anal. Chem., 1961, 13., 347.
55. J.M. Braun and J.E. Guillet, Macromolecules,

1976, 9, 341.
56. G.E. Figgins, B.L Reinbold and T.H. Risby,J.Chromatogr. 

Sci., 1977, 15, 208.
57. A. Horta, R.M. Masegosa and M.G. Prolongo, 

Macromolecules, 1989, 22., 4346.

53



CHAPTER 3

3.0 SOLVATOCHROMIC PARAMETERS FOR SOLVENT-SOLUTE AND 
POLYMER-SOLUTE INTERACTIONS

3.1 INTRODUCTION TO SOLVENT POLARITY AND SOLVENT EFFECTS

The pronounced effects of solvents on organic reactivity and 
physico-chemical properties such as absorption spectra has 
prompted extensive studies aimed at producing scales of 
solvent polarity. The term solvent polarity is commonly used 
to relate the capacity of a solvent to solvate dissolved 
charged or dipolar species. The concept of solvent polarity! 
has been quantitatively expressed mainly in terms of 
physical properties of solvents such as the dielectric 
constant, dipole moment or refractive index.

Solvent effects on nonelectrolytes^ have been studied using 
a single parameter such as the cohesive energy density (CED) 
as 5^2 where is the Hildebrand solubility parameter. CED
is defined through the equation,

Ôh2=(AHv -RT)/Vi [3.1]

Where AH^ is the heat of vapourisation of the solvent at 
298K and Vi is the molar volume of the solvent. Raoults 
law activity coefficient of a solute Y2 can be calculated 
as :

RTlnV2 = V2(Ôh2-Ôh)2 [3.2]

Where V 2 is the molar volume of the solute and 6^2 is the
solubility parameter of the solute parameter. Since the
Gibbs energy of transfer of the solute from the standard 
solvent A to any other solvent B is given by
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AGo= RTlnv2 (A)/Y2 (B) [3.3]

then equation [3.2] is equivalent to an equation^ for the 
solvent effect ■ on the Gibbs energy of the given
nonelectrolyte.

For a dipolar solute Kirkwood^ calculated the electrostatic 
contribution to the Gibbs energy of transfer from a solvent 
medium of dielectric constant unity to one of dielectric 
constant e through equation [3.4].

AGe°= RTlny2 = e -  1 [3.4]
r2^ 2e + 1

Where the dipolar species is considered as a dipole of 
moment P2 a sphere of radius r2 .

For ionic species the Born^ equation has often been used to 
analyse solvent effects on the Gibbs energy of ions or of 
pairs of dissociated ions,

AGe° = 1 - 1  [3.5]
2 £j- r

AGgO is the electrostatic contribution to the Gibbs energy 
of transfer of an ion of charge Z and radius r from 
dielectric of 6=1 to a dielectric continuum of e . The use of 
the Born equation has not been very succesful as it assumes 
that the bulk solvent dielectric constant is up to the 
surface of the ion. This problem has been overcome by 
Abraham and Liszi^ who proposed that the solvent around an 
ion could be represented by a series of concentric layers 
each with a different dielectric constant.

A single parameter can be used to correlate some particular 
process when there is one type of solute-solvent interaction
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that is quantitatively much larger than any other type and 
if the parameter itself includes various interaction that 
correspond to the solute-solvent interactions taking place 
in the process.

A more general definition! of solvent polarity includes the 
solvation capability of reactants and activated complexes as 
well as molecules in the ground and excited states which 
depend on specific and nonspecific intermolecular forces 
between solvent and solute molecules. The intermolecular 
forces consist of the Coulomb interactions between ions, 
directional interactions between dipoles, inductive,
dispersion, hydrogen-bonding and charge-transfer forces, as
well as solvophobic interactions. Interactions leading to
chemical processes such as oxidation, protonation, reduction 
and complex formation causing definite chemical change of 
the solute molecules are excluded.

The first empirical parameter of 'solvent ionising power' 
was the Y scale derived from the S^l solvolysis of t-butyl 
chloride introduced by Winstein and Grunwald^ in 1948. In 
1951 BrookerS suggested solvatochromie dyes might be used as 
indicators of solvent polarity but Kosower^ was the first to 
set up a comprehensive spectroscopic solvent polarity scale 
in 1958 called the Z-scale. The Z-scale involved the use of 
the intermolecular charge transfer absorption of 
l-ethyl-4-methoxy carbonyl pyridinium iodide (known as
Kosower's dye) as solvent-sensitive reference process. The 
Z-scale suffered from limitations in that the values were 
both temperature and pressure dependent.

In 1963 Dimroth, Reichardt and co-workersio proposed a new 
UV/Vis spectroscopic indicator, pyridinium-N-phenoxide 
betaine (Reichardt's dye) as a measure of solvent polarity 
called Et (30) based on the transition energy of the longest 
wavelength absorption band. Reichardt's dye is a good
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hydrogen bond base and a nonprotonic indicator whose 
spectrum is shifted hypsochromically with increasing solvent 
dipolarity due to stabilisation of the electronic ground 
state, an ion pair, compared to the first excited state 
which is a radical. When the stabilising effect of the 
solvent on ground state-ion pair is stronger than the 
radical pair excited state, which is less dipolar, the 
transition energy becomes higher corresponding to a high 
solvent polarity. In hydrogen bond donor solvents the shift 
in the spectrum of the dye is pronounced because the 
solute acts as a hydrogen bond acceptor and the solvent as 
the hydrogen bond donor to the phenoxide oxygen.

The use of Reichardt's dye overcame^ some of the practical 
limitations of Kosower's dye. The major advantage of using 
the Et (30) scale is that, the solvatochromie absorption band 
is at longer wavelengths for the betaine dye than for 
Kosower's dye leading to a wide range of wavelength for 
solvatochromie behaviour from X=810nm for diphenylether and 
^max=453nm for water. These values correspond to Et (3 0) 
values of 35.3 and 63.1 kcal“imol~i for diphenylether and 
water respectively. Thus, a hypsochromic shift of more than 
3 50nm is observed for a solvent change from diphenyl ether 
to water.

Figure 3.1 Structure of Reichardt's dye

-  ©
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Most of the solvatochromie range lies within the visible 
region of the spectrum. The large shift in the 
solvatochromie absorption band of the pyridinium dye 
provides an excellent and very sensitive characterisation of 
the polarity of solvents.

A major limitation is that no Et (30) values can be 
measured for acidic solvents such as carboxylic acids. 
Addition of a trace amount of an acid to solutions of the 
primary and secondary betaine dye immediately changes the 
colour to pale yellow due to protonation at the phenolic 
oxygen atom of the dye. The protonated form no longer 
exhibit the long wavelength solvatochromie absorption band. 
However, the excellent linear correlation between the 
Et (30) values and Kosower's Z values which are available for 
acidic solvents allows calculation of Et (30) values for such 
solvents. The second limitation was that it was not possible 
to measure the absorption maximum of the standard betaine 
dye in the gas phase as reference state. The Et (30) values 
are also temperature and pressure dependent.

The definition of solvent polarity! cannot be measured by an 
individual physical quantity such as the dielectric constant 
or dipole moment; hence the need for other indices of 
solvent polarity. The Dimroth and Reichardtio Et(3 0) and 
Kosower's Z values^ are based on a single parameter so 
empirical scales of solvent p o l a r i t y i 5 - 2 0  have been 
introduced based on solvent sensitive reference processes 
which sum up a wide variety of possible intermolecular 
interactions such as dipole-dipole, dipole-induced dipole 
and hydrogen bonding. Kamlet and co-workers defined four 
p a r a m e t e r s i 5 - 2 0 ; solvent dipolarity/polarisability 
polarisability correction factor Ô, solvent hydrogen bond 
acidity «i, and solvent hydrogen bond basicity Pi, to 
describe the solvent effects in IR, UV, NMR shifts and rates 
of reactions.
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3.2 THE THEORY OF SOLVENT EFFECTS ON UV/VIS ABSORPTION 
SPECTRA

When the absorption spectra of a solute dissolved in 
solvents of different polarity are obtained, it is found 
that the position, intensity and shape of the absorption 
bands are usually modified by these solvents^. These
changes are due to intermolecular solute-solvent interaction 
forces such as ion-dipole, dipole-dipole, dipole-induced 
dipole and hydrogen bonding which tend to alter the energy 
difference between the ground and excited state of the 
absorbing species containing the chromophore.

Baylis and M c R a e ^ i  described four cases in which 
intramolecular electronic transitions in solution can be 
considered. In the case of a nonpolar solute dissolved in a 
nonpolar solvent only dispersion forces contribute to the 
solvation of the solute. These forces cause a small
bathochromic shift the magnitude of which is a function of 
the refractive index, n, of the solvent, the intensity of 
the transition and the size of the solute molecule. This 
bathochromic or red shift is accounted for by the function 
(n2 - 1) / (2n2 + 1) .

When a nonpolar solute is dissolved in a polar solvent, 
there is no significant o r i e n t a t i o n 2 i  of solvent molecules 
around the solute molecules due to the absence of a dipole 
moment. A red shift is expected depending on the refractive 
index of the solvent.

However, when a dipolar solute is dissolved in a nonpolar 
solvent, dispersion forces and dipole induced dipole
contribute to the solvation of the solute. If the dipole 
moment of the solute increases during the electronic
transition, the Franck-Condon excited state is more solvated 
by solvent polarisation. Here again, a red shift is expected
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depending on the refractive index of the solvent and the 
change in the dipole moment of the solute. On the other hand 
the Franck-Condon excited state becomes less solvated when, 
during the electronic transition, the dipole moment of the 
solute changes resulting in a blue shift depending on the 
refractive index of the solvent and the dipole moment of the 
solute. In the latter case, the resultant shift may be red 
or blue depending on the relative magnitude of the red shift 
caused by polarization and the blue shift.

For a dipolar solute in a polar solvent2i, mainly 
dipole-dipole forces contribute to the solvation of the 
solute and as a result there exists a solvent cage around the 
dipolar solute molecules which leads to a net stabilisation 
of the ground state solute molecules. The Franck-Condon 
excited state is formed in a solvent cage which already has 
partly oriented solvent dipoles if the solute dipole moment 
increases during the electronic tvansitioirv (/D3 As the
stabilisation of the excited state is better than that of 
the ground state with increasing solvent polarity, the 
resultant shift is bathochromic. The magnitude of the shift 
will depend on the extent of the change in solute dipole 
moment during the transition, the value of the solvent 
dipole moment and the extent of interaction between the 
solute and the solvent molecules as illustrated in Figure 
3.2. The energy of the ground state is lowered more than 
that of the excited state with increasing solvent polarity 
and hence produces a hypsochromic shift. The superimposed 
bathochromic shift due to polarisation is usually less, 
leading to a net hypsochromic shift. The induced wavelengths 
of strong solvatochromie compounds cannot be explained only 
in terms of a change in the permanent dipole moment on 
electronic transition (pg = fĵ ) . Another factor which needs 
to be accounted for is the change in the solute dipole 
moment in the ground state induced by the solvent cage 
(jLig surrounding it.
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Figure 3.2 Solvent effects on the electronic transition 
energy of dipolar solutes in polar solvents
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The dipolar solute molecules cause an electronic 
polarisation of the surrounding solvent molecules affecting 
the solute ground state dipole moment Pg. Thus, the 
interaction of the dipolar solute molecules with the induced 
reaction field caused by the permanent and induced dipole 
moment of the solvent molecules may lead to an alteration 
of the electronic structure of the chromophore.

3.3 SOLVATOCHROMISM

The term solvatochromism^ is used to describe the pronounced 
change in position of an UV/Vis absorption band resulting 
from a change in the polarity of the medium or solvent. 
Increasing solvent polarity leads to a hypsochromic or blue 
shift known as negative solvatochromism while a bathochromic 
or red shift is termed positive solvatochromism. Literally 
solvatochromism means 'solvent colour' and the change in 
position of wavelength of maximum absorption is brought
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about by the change in colour of a dye due to its 
interaction with a solvent.

Solvatochromie compounds are solutes which induce a change 
in the colour of the solution with a change in solvent 
polarity. This colour change is remarkably observed when 
Reichardt's pyridinium-N-phenoxide betaine dye is dissolved 
in a series of solvents. For instance Reichardt's dye is red 
in methanol, violet in ethanol, green in acetone, blue in 
isoamyl alcohol and greenish-yellow in anisole, making 
possible visual estimation of solvent polarity.

The highly dipolar zwitterionic ground state of Reichardt's 
dye is stabilised by a solvent relative to the less dipolar 
excited state results from the following properties of the 
betaine molecule. Firstly, the betaine dye exhibits a large 
permanent dipole moment suitable for taking part in 
dipole-dipole and dipole-induced dipole interactions. Also, 
Reichardt's dye possesses a large polarisable n  electron 
system capable of dispersion interactions and also the 
phenoxide oxygen atom has a highly electron pair donor 
center which can interact with Bronsted acids through 
hydrogen bonding and Lewis acids via electron pair 
donor-electron pair acceptor bonding. The positive charge on 
the pyridinium moiety is delocalised and sterically shielded. 
Therefore, the charge transfer absorption of the dye depends 
strongly on the electrophilic solvation power of the 
solvents, their HBD ability and Lewis acidity, electron pair 
acceptor behaviour, rather than on their nucleophilic 
solvation capabilityandelectron pair donor. Reichardt's dye 
is protonated in stronger acidic solvents and the 
solvatochromie charge transfer absorption band disappears.

The betaine dye is only sparingly soluble^ in water and less 
polar solvents but insoluble in non-polar solvents such as 
aliphatic hydrocarbons. The lack of solubility in non-polar
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solvents required the use of the more lipophilic
penta-tert-butyl substituted betaine dye as a secondary 
reference probe. This improved on the solubility in a wide 
range of solvents and the sensitivity of the bathochromic 
absorption band. The Et (3 0) values obtained from primary 
and secondary betaine dyes correlate very well linearly and 
so Et (30) values for solvents in which the primary betaine 
solvatochromie indicator dye is not soluble can be
calculated. High Et(3 0) values correspond to solvents with 
high polarity. Et(30) values for various organic solvents^ 
and some binary solvent mixturesH~i4, polymers^G, 27 and 
aqueous polymer solutions^S are known.

The solvatochromie comparison methodic,22,23,29-31 describes 
solvent-solute interactions in terms of dipolarity/ 
polarisability, size and the hydrogen-bond acidity/
basicity of the species. The solvatochromie method is used 
to evaluate a beta (Pi) scale of solvent hydrogen bond 
acceptor(HBA) basicities, an alpha («i) scale of hydrogen
bond donor (HBD) acidities, and a tti* scale of solvent
dipolarity/polarisability by employing UV/Vis spectral data 
of solvatochromie compounds which have been further 
developed over the years.

3.31 THERMOSOLVATOCHROMISM

Laurence and Nicolet32 found the indicator dyes for 
determining the solvent dipolarity/polarisability and the 
hydrogen bond basicity (such as N,N-dimethyl-4-nitroaniline 
and 4-nitroaniline) to be temperature dependent and called 
this phenomenon 'thermosolvatochromism'. The effect of 
temperature on these dyes were not as pronounced as in the 
case of Reichardt's dye. A solution of Reichardt's dye in 
ethanoli whose X̂ iax was 568nm at 351.2K and blue-violet in 
colour, turned red at 195.2K with Xmax-513 corresponding to
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a hypsochromic shift of the charge transfer band of the dye 
by -55nm with a decrease in temperature of 156K. The lower 
the temperature the higher the Et (30) value. Temperature 
dependence! is caused by increased stabilisation of the 
dipolar electronic betaine ground state with decreasing 
solution temperature. At low temperatures the specific and 
non specific intermolecular interactions between betaine and 
solvent molecules are strengthened without any alterations 
of the chemical structure of the dye.

3.32 PIEZO-SOLVATOCHROMISM

Piezo-solvatochromism is the effect of pressure on the 
solution spectra of Reichardt's betaine dye. Tamura and 
I m o t o ^ l  found a hypsochromic shift with all the solvents 
they studied of the longest wavelength absorption band with 
increasing pressure. The hypsochromic shift of a betaine 
solution in acetone ran up to 9nm (674-665nm) when the 
pressure was c h a n g e d . 2 6  from 1 to 192 0 bar. The higher the 
pressure the more polar the solvent and the higher the 
Et(30) value.

3.33 SOLVENT DIPOLARITY/POLARISABILITY

The TTi* p a r a m e t e r i s ,  1 9 , 2 3  i s  a combination of solvent 
dipolarity and polarisability which measures the ability of 
a solvent to stabilise a charge or a dipole by means of the 
dipole-dipole and dipole-induced dipole forces which exist 
between the dipolar solute and the solvent. The scale of
solvent dipolarity/polarisability by Kamlet and T a f t ! 5 , l 9 , 2 3  

was so named because it is derived from solvent effects on 
the TT-TT* electronic transition of a variety of aromatic 
compounds examples of which are l-ethyl-4-nitrobenzene, 
4-dimethylaminobenzophenone, N,N-diethyl-3-nitroaniline,
N,N-dimethyl-4-nitroaniline, N-methyl-2-nitro-p-toluidine
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4-methoxy-p-nitrostyrene and 4-nitroanisole. These 
indicators are insensitive to the HBD and HBA properties of 
solvents and respond solely to their polarity/ 
polarisability. Solvent effects on the X^ax of these primary 
solvatochromie indicators were employed in the initial 
construction of the tt̂ * scale defined to be 0 . 0  for 
cyclohexane and 1 . 0  for dimethyl sulphoxide.

For some classes of solvents the tt̂ * parameter does not 
fully account for the polarity and polarisabilty effects and 
so a polarisability correction parameter was introduced 
by Kamlet and co-workers^^. The values of were defined to 
be 0.00 for all nonchlorinated aliphatic compounds, 0.50 for 
polyhalogenated aliphatics and 1 . 0  for aromatics.

In the solvatochromie comparison method, the solvatochromie 
shift of the absorption maximum of a hydrogen-bond acid 
indicator in a solvent was compared with that of a reference
indicator. The two types of indicator chosen by Abraham,
Kamlet, Taft and c o - w o r k e r s 3 3  were either 4-nitrophenol 
/4-nitroanisole or 4-nitroaniline/4-nitro-N,N-dimethyl 
aniline. The latter set of indicators are both capable of 
acting as HBA substrates at the nitro oxygens in HBD
solvents but only 4-nitroaniline can act as a HBD substrate 
in HBA solvents. The polarity of a solvent is measured by 
the bathochromic shift relative to cyclohexane of the tt-tt* 
transition of non HBD indicators of for example
4-nitroanisole or 4-nitro-N,N-dimethylaniline. The UV/Vis 
spectrum of 4-nitro-N,N-dimethylaniline, is shifted
bathochromically in hydrogen bond acid solvents with 
increasing solvent dipolarity. The values can be
calculated.33 from equation [3.6]:

TTi* = 8.006 - 0.2841 Vmax v^ax in 10"3 cm'l [3.6]

From the wavelength at maximum absorption of 4-nitroanisole
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(02) 7Ü1 * (can be denoted by subscript OH to differentiate it 
from the above calculation) can be obtained through the
equation34,

TTi* OH = 14.2167 - 0.41667 v^ax 02 [3.7]

Thus, with a known v^ax of the dye in a solvent, can be
calculated for the particular solvent.

3.34 SOLVENT HYDROGEN BOND BASICITY

The hydrogen bond b a s i c i t y 2 2 - 2 5 , 33 of the solvent whose 
dipolarity/polarisability has been obtained above, can be 
measured by the supplementary bathochromic shift -AAv^ax 
brought about by the HBD indicator 'homomorph' of the tti* 
indicator. Thus, if 4-nitroanisole is used as an indicator 
to measure the polarity of a solvent then its 'homomorph' , 
4-nitrophenol can be used to measure the solvent hydrogen 
bond basicity as the interaction at the nitro group cancel 
out. The wavenumber at maximum absorption, v^ax' of a HBD 
indicator (i) as a function of its non HBD homomorph (j) for 
the non HBA solvents gives a reference line of the equation:

'max(i)~ ^(ij ) •''max( j ) + b(ij) [3.8]

As a result of the specific nature of the HBD-solute 
/HBA-solvent interaction, all HBA solvents fall below this 
line, the higher the basicity the lower the position. tti* 
and Pi are normalised values of -Av^^ax(j ) and -AAv^iaxd-j )
respectively in equations [3.9] and [3.10] below where 
subscript CH refers to cyclohexane.

( j ) “ ^max ( j ) “ Ymax CH ( j ) [3.9]

( 1_ j ) = [ ̂  (i j ) Vmax ( j ) + ~ Vmax(i) [3.10]
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Thus, the determination of pi by the solvatochromie method 
requires the use of two indicators which are highly 
sensitive to the electron pair donation ability of the 
solvent and may be either 4-nitroanisole and 4-nitrophenol 
or 4-nitro-N,N-dimethylaniline and 4-nitroaniline. 
Comparison of the wavenumber at maximum absorption of the 
neutral indicator 4-nitro-N,N-dimethylaniline or
4-nitroanisole with the acidic indicator 4-nitroaniline or 
4-nitrophenol leads to a measure of solvent basicity. The 
magnitude of the enhanced shifts in HBA were determined for 
4-nitroaniline relative to N,N-diethyl-4-nitroaniline its 
homomorph. Hexamethylphosphoric triamide, a strong HBA 
solvent was chosen as a single fixed reference point with 
Pi=1.0. With this a p-scale of HBA basicities for HBA 
solvents was developed by Kamlet and Taft. Kamlet and Taft 
originally a v e r a g e d 2 2 - 2 5  values from various indicator
pairs and formation constants determined in dilute solution 
in carbon tetrachloride but Abraham and c o - w o r k e r s 3 3  

determined the hydrogen bond basicity from the wavelength of 
maximum absorption of 4-nitroaniline (Nl) a good hydrogen 
bond acid, in the polymer or solvent and 4-nitro 
-N,N-dimethylaniline (N2), a poor hydrogen bond acid using 
equation.33 [3.11] leading to a scale of hydrogen-bond

Pi = [ 30.91 - 2.6047ri*-Vmax (N2)]/3.550 [3.11]

basicity for non-associated solvents. Thus, determination of 
Vmax(Nl) in a solvent will give tti* and determination of 
Vmax(N2 ) in the same solvent gives Pi.

The solvent hydrogen bond basicity can also be calculated^^ 
from the oxygen indicators, 4-nitroanisole (v^ax 02) and 
4-nitrophenol (v^ax 01) via equation.

Pi OH = [ 1.0381.Vmax 02 - 0.3839 - v^ax 01 ]/2.0316 [3.12]
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3.35 SOLVENT HYDROGEN BOND ACIDITY

Indicators suitable for measuring the solvent hydrogen bond 
a c i d i t y ' 23,35,36,38 , are highly sensitive to the hydrogen
atom donation ability and least sensitive to the 
non-specific interactions and to the basicity of the 
solvent. There are no matching pairs of indicators for the 
determination of ai as there is for the Pi determination. 
However, Kamlet showed^^ that Et (30) values obtained by 
Reichardti for the betaine dye were a combination of tti* and 
(%l parameters. Using the same solvatochromie method, the 
enhanced solvatochromie shift in HBD solvents for
4-nitroanisole and the pyridinium-N-phenoxide betaine 
primary standard, an «i scale of HBD acidities was 
evaluated. Since the structure of Reichardt's dye differs 
from 4-nitroanisole, any solvent interaction at the nitro 
group will influence the value of «i. Taking methanol, a 
strong hydrogen bond donor solvent as a fixed reference 
point « 1=1 . 0 0  , an «i scale of solvent HBD acidities for HBD 
solvents was established by Kamlet and Taft. «i can be 
calculated from the relation^?:

« 1  = [Et - 30.2 - 12.35 7Ti*]/15.9 [3.13]

Et the electronic transition energy is given by:

Et = h.c.Vniax-NA = 2.8591Vjnax 10“3cm-i [3.14]

Et has units kcal“imol~i, h is Planck's constant, c is the 
velocity of light, v^ax is the wavenumber at maximum 
absorption which is produced by the electronic excitation of 
the ground state to the first excited state, and NA is 
Avogadro's number.

The solvent hydrogen bond acidity can also be calculated 
using the wavenumber at maximum absorption of 4-nitroanisole

68



from the equation's ;

«1 = (VmaxRD+ 1.873 Vmax 02 - 74.587)/6.24 [3.15]

The solvent dipolarity/polarisability together with the 
scale of solvent HBD acidities and the Pi scale of HBA 
basicities were all scaled in the range of 0 . 0 0  to 1 . 0 0  so 
that these parameters can be used in a multiparameter 
equation.

3.4 MULTIPARAMETER EQUATIONS

The Abraham, Kamlet and Taft solvatochromie parameters have 
been used in correlations consisting of multiparameters 
which involve different combinations of these parameters 
called the Linear Solvation Energy Relationships (LSER's). 
These parameters can also be used as descriptors for 
interactions between solute and solvent in Multiple Linear 
Regression Analysis (MLRA) but the cavity term that involves 
solvent-solvent interactions must be obtained separately.

The solvation process can be subdivided into specific and 
non-specific effects. Specific effects consist of the 
localised donor-acceptor involving specific orbitals of the 
solvent and solute molecules. Non-specific effects involve 
the interactions modelled by the reaction field. 
Solvatochromie effect on indicators in non-hydrogen bonding 
solvents depends only on the non-specific interactions of 
the medium.

The solvation process is based on a simple cavity theoryLB 
in which the solvent reorganises to form a cavity of 
suitable size to accommodate the solute with stabilisation 
resulting from the solute dipole/induced dipole with the 
internal relative permittivity of the cavity. Solvent
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rearrangements ard induced dipole tend to create an internal 
permittivity different from the bulk relative permitivity. 
The cavity forms so as to maximise the non-specific 
solvent-solute interactions at the expense of 
solvent-solvent interactions. The cavity size varies with 
solute dimensions as well as the strength of the 
non-specific interactions with strong interactions leading 
to short solute-solvent distances. When the solvent/solvent 
and or solute/solute interactions are comparable to
solute/solvent, aggregation of the solute occurs. When they 
are much larger the solute is insoluble.

Abraham, Kamlet and Taft^S suggested that the Hildebrand
cohesive energy density term could be used as a measure of
solvent-solvent interactions that are interrupted in 
creating a suitably sized cavity for the solute in the 
solvent. All these descriptors were combined into the 
general solvation equation resulting in an empirical
equationis based on a variety of solvent dependent 
phenomena :

logSP=SPo + A7ri*7T2 + BaiP2 + Cpi« 2 + D (6h2 ) i (V2 /lOO ) [3.16]

Here SP is some solvent dependent property, SPq is a
constant, 5^ is the Hildebrand solubility parameter which is 
the energy required to form a cavity in the solvent, the 
size of the cavity is taken as a volume parameter, V 2 , of 
the s o l u t e 3 9 , 4 0  or a combination of volume and dispersion
forces of the solute. The volume term V 2 /IOO is used in the 
above equation so that the cavity term covers roughly the
same numerical range as the other parameters in the
equation, and 7T2 are the dipolarity/polarisability of
the solvent and solute respectively. The parameters and 
(%2 refer to the solvent and solute hydrogen bond acidity 
respectively and Pi and P2 are respectively the solvent and 
solute hydrogen bond basicity. A-D are constants. In the
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solvatochromie equation the subscripts 1 and 2 apply to the 
solvent or polymer and the solute respectively contrary to 
the nomenclature used in polymer chemistry. In processess 
which involve the SP of a single solute in a series of 
solvents the solute parameters are constant and can be 
incorporated in A-D resulting in the coefficientslB l,s,a 
and b as in equation [3.17]:

SP = SPq + 1(5h^)i STT]̂ * + bPi + aoĉ  [3,17]

When SP is the maximum absorption of an indicator dye in a 
series of solvents the cavity term, 1 (0h^)i drops out 
because according to Frank-Condon Principle, the size of the 
cavity remains unchanged when the dye goes from the ground 
state to the excited state. The equation then reduces to:

SP = SPq +s%2 * + bP]̂  9-0(1 [3.18]

However, for a process involving the SP of a series of 
solutes in a single solvent as in IGC, the solvent parameter 
is constant and can be incorporated into A-D giving the 
coefficients m,s',b',and a' in the equation^O [3.19].

SP = SPq + s'%2 * + b'p2 + a'02 + mV 2 [3.19]

3.5 PREVIOUS WORK ON SOLVATOCHROMISM OF POLYMERS

To date only a few w o r k e r s 2 6 - 2 8 , 4 1  have determined 
solvatochromie parameters for polymers using the 
solvatochromie comparison method and Reichardt's Et(3 0) to 
polymers.

Carr and co-workers'll have determined values for a
series of liquid polymeric siloxanes, the methyl-phenyl OV 
type GO stationary phases by dissolving the appropriate dyes
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directly in the viscous liquids. Drickamer and c o - w o r k e r s ' ^ ^  

have also studied the effect of pressure on solvatochromism 
of Reichardt's betaine dye dissolved in polymethyl 
methacrylate and polystyrene. However, they did not 
determine solvatochromie parameters for these polymers but 
they found a good correlation between the peak position of 
the charge absorption band with solvent polarity.

McGill and c o - w o r k e r s 2 6  used the solvatochromie method to 
characterise polymers as solvents by preparing thin films of 
these polymers with dissolved dyes and obtaining the 
UV-visible absorption spectra of the films. The polymers 
studied by these workers covered a whole range of 
functionality and included polyvinylpyrollidone (PVP) 
polystyrene (PS), polyisobutylene (PIB), polyvinylchloride, 
polycarbonate, polyvinylacetate (PVAc), fluoropolyol (FPOL), 
and polymethylmethacrylate (PMMA). Solvatochromie parameters 
were also determined for solvent models which were chosen to 
have similar structures to the particular polymer. The 
solvatochromie parameters obtained by McGill and 
c o - w o r k e r s 2 6  for the polymers and their respective solvent 
models are in Table 3.1.

The solvatochromie parameters are in good agreement with 
chemical intuition because they showed that PVP has 
significant basic sites while PHEMA has acidic sites, FPOL 
has the highest «i, and PS has a dipolarity/polarisability 
higher than PIB.

In general the monomeric liquid solvents are good models for 
the polymeric solid solvent except for the solvatochromie 
parameters for PIB and PVAl which had values greater than
0.2 for their corresponding solvent models. Low values of 
the hydrogen bond acidity for PVAl of 0.29 compared to its 
solvent model which has a value of 0.66 and for PHEMA an 
a^value 0.67 compared to its model ethyleneglycolmonoacetate
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Table 3.1 Solvatochromie parameters of Polymers and their 
model solvents26

Polymer/Solvent 7Ti Pi « 1 Eij>(30)

PS/ethylbenzene 0,. 6 5 / 0 . 4 6 0 . 0 6 / 0 , .12 0,. 0 8 / 0 . 0 0 4 2  .2 / -

PVP/MP 0.. 9 1 / 0 . 9 1 0 . 7 8 / 0 , .78 -0,. 1 2 / - 0 .0 5 4 0 . 8 / 4 2 , .0

PHEMA/EGMA 0,. 9 8 / 0 . 8 0 0 . 4 3 / 0 , .45 0,. 6 7 / 0 . 7 4 5 5 . 0/53,.7
PIB/hexane 0.. 1 6 / - 0 . 0 6 0 . 0 4 / 0 , .04 0,.33/0. 0 0 3 9  .8/30,.9
PVC/DCB 0,. 8 7 / 0 . 6 8 0 . 0 7 / 0 , .01 0,. 0 6 / 0 . 1 8 4 2  .9 / 4 2  ,.5

PC/- 0,. 7 6 / - 0 . 2 1 /  - -0,. 0 3 /  - 4 0 . 3 /  -

PMMA/MA 0.. 7 6 / 0 . 6 1 0 .38/0,.35 0,. 2 4 / 0 . 0 9 4 4 . 0/38,.7
PVAc/EA 0,. 7 6 / 0 . 57 0 . 4 4 / 0 , .40 0,. 0 2 / 0 . 03 4 0 . 0/37,.9
PE-PVAc/- 0., 5 4 / - 0 . 5 7 /  - 0..23/ - 4 1 . 6 /  -

PVAl/BD 1., 1 1 / 0 . 8 4 0 . 5 2 / 0 , ,72 0,, 2 9 / 0 . 6 6 4 9 . 3 / 5 2 , .6

FPOL/- 0..80/ 0.'4 2 /  - 0., 8 4 /  - 5 4 . 4 /  -

MP- Methylpyrollidone , EGMA- Ethylene glycol monoacetate 
DCB- 1,3-Dichloiobutane, BD- 1,3-Butanediol,

MA- me thylace ta te and EA- Ethylacetate

with « 2  value 0 . 7 4 .  McGill and c o - w o r k e r s 2 6  explained this 
by the possible intermolecular hydrogen bonding in PVAl 
which reduces the effective hydrogen bonding acidity of the 
polymer. Et (3 0) values for the polymers were within 1 0 %  of 
the solvent model except PS, PIB and PMMA which had values 
much higher than their respective model solvents. McGill and 
c o - w o r k e r s 2 l  attributed the unusual high values of Et (30) 

and « 1  of PS, PIB and PMMA to the possibility of the 
presence of small acidic groups in the polymers. These 
w o r k e r s 2 G  observed significant shifts in X^ax of Reichardt's
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dye in polymer films exposed to moisture corresponding to 
significant changes in . However, and tti* did26,27 not 
show any significant difference when polymer-dye films were 
exposed to moisture because the indicators 4-nitroaniline' 
4-nitro-N,N-dimethylaniline and 4-nitroanisole are less 
sensitive to moisture than Reichardt's dye as the water 
taken up by these indicators is insufficient to 
significantly alter their basicity or dipolarity. A detailed 
study on the effect of varying levels of relative humidity 
on films of Reichardt's dye and PMMA, PVP, PVAc and PVC was 
carried out by McGill and c o - w o r k e r s 2 7  concentrating 
mainly on their £^(30) and values.

C. Reichardt and c o - w o r k e r s 2 8  studied the aqueous solutions 
of polyethylene glycol at six different molecular weights, 
by the solvatochromie method using a water soluble 
carboxylate substituted betaine dye and triphenyl methane 
dye (thymol blue) as indicators. The molar transition energy 
for the solvatochromie band of the former dye was used as a 
measure of the solvent polarity of the aqueous solutions 
studied. Plots of vs concentration of polymer in wt %
were initially linear and followed the relation:

Et = a + Pi Ci [3.20]

a  and Pi are constants and Ci is the concentration of the 
ith polymer. The above equation is valid up to a limiting 
polymer concentration C^im determined as the point of 
discontinuity of the plot. The a values for PEG of 
different molecular weights were essentially equal to and 
close to the value of Et for water. Thus, the Pi values 
characterising the effect of polymer concentration on the 
solvent polarity of the aqueous medium depend on the nature 
of the polymer.
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3 . 6 EXPERIMENTAL PROCEDURE IN THE DETERMINATION OF
SOLVATOCHROMIC PARAMETERS

The main objective of this work is to obtain the 
solvatochromie parameters of some solvents and a variety of 
polymers at 298K. The solvatochromie parameters of solvents 
obtained in this work using nitrogen and oxygen indicators 
as well as Reichardt's dye will be compared with literature 
data.

3.61 SOLVATOCHROMIC PARAMETERS OF SOLVENTS

Liquid solvents were simply characterised by dissolving the 
dye in the solvents and measuring the UV-visible absorption 
spectra of the resulting solution.

Solvents were pretreated by drying with anhydrous sodium 
sulphate or activated molecular sieves. The former drying 
agent was used mainly for the ketones and the latter for all 
other solvents. A small amount of the dye was dissolved in 
the solvent in order to obtain an absorbance between 0 and
1. Sample solutions were scanned on a Perkin Elmer Lambda 16 
Spectrometer thermostated at 298K. When an appreciable 
spectrum was obtained it was saved on a disk and then a 
blank, usually the dried solvent was run in the same cell 
and the spectrum saved on a disk and subtracted from the 
sample spectrum. The wavelength of maximum absorption of the 
resultant spectrum was obtained by computer print out. The 
instrument was regularly calibrated with a Perkin Elmer 
holmium oxide glass filter.

The values of peaks between 279-42 0 nm were reproducible to 
within ± 0.2 nm and agreed within 0-0.3 nm with the accepted 
values. In Table 3.2 are respectively the wavelength and 
wavenumber at maximum absorption of the solvatochromie dyes, 
4-nitrophenol, 4-nitroanisole, N,N-dimethyl-4-nitroaniline
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Table 3.2 The wavelength at maximum absorption of 
solvatochromie dyes in some solvents at 298K

Nl N2 0 1 0 2 RD

Hexane 320,.0 351,.6 285. 1 292 .4 -

Cyclohexane 322..0 355,.4 286. 6 293. 7 -
Benzene 344,.0 384,.4 298. 9 304. 6 828,.2
Toluene 343 ,.3 379,.1 297. 3 304. 7 842 ,.6
Tetrahydrofuran 363 ,.4 386,.4 318. 2 318. 2 429,.2
DimethyIformamide 383 ,.5 399,.3 319. 2 313 .4 646,.1
Dimethylacetamide 384,.8 398,.0 320. 0 312 .4 660 ,.4
Chloroform 348,.5 391,.8 310. 9 308. 1 711,.8
Butyl chloride 342 ,.7 377 ,.5 - - -
Propanone 367 ,.5 390,.6 329. 6 327 .5 680 ,.0
Butanone 367..2 389,.8 326. 9 326. 3 -
Pentan-3-one 366.,5 388..4 - - -
Heptan-3-one 366.,3 386..1 - - -
Heptan-4-one - 386..8 330. 6 330. 5 -
Octan-2-one 365.,1 386..9 327 .8 327 .1 -
Cyc1ohexanone 369.,6 392 ..7 339. 5 338. 4 -
Diethylether 349..9 369..8 302 .2 299. 3 823 ,.7
Butylether 345..9 366..8 304. 1 297. 8 -
Ethyl acetate 356..5 382.,5 305. 4 304. 6 751..8
Methanol 370.,6 389..8 311. 9 306. 4 517 ..7
Octan-l-ol 369.,9 381.,7 312 .7 302. 7 592 ,,4
Decan-l-ol 366..8 379..9 312 .5 302. 7 594..7
Water 378.,6 410..2 317 .4 317. 3 -
TFE 368..5 413 ..8 312 .7 314. 4 -
HFIP 369..8 431..5 309. 2 320. 0

Nl - 4 -Nitzoaniline N2

01 - 4 -Nitrophenol 02

RD - Reichardt's dye 
TFE -2,2,2-Tiifluoioethanol

N, N-dimethyl-4-nitroaniline 
4 -Ni troanisole

HFIP -1,If 1,3,3,3-Hexafluoxoisopropanol

76



4-nitroaniline, and Reichardt's betaine dye in a few
select solvents. Also, in Tables 3.4 and 3.5 are the 
solvatochromie parameters of these solvents calculated from 
the wavenumber of maximum absorption in Table 3.3.

Table 3.3 The wavenumber (Vmax) dyes in Table 3.2

Nl N2 01 02 RD

Hexane 31 .25 28,.44 35 .07 34 .20 -
Cyclohexane 31 .06 28,.14 34 .89 34 .04 -
Benzene 29,.07 26,.01 33 ,.45 32 .84 12 .07
Toluene 29 .13 26,.38 33 ,.64 32 .82 11 .87
Tetrahydrofuran 27 ,.52 25,.88 31 .43 31 .42 23 .30
Dimethylformamide 26,.08 25,.05 31,.33 31 .91 15 .48
Dimethylacetamide 25,.99 25,.13 31,.25 32 .01 15 .14
Chloroform 28,.69 25,.52 32,.16 32 ,.46 14 . 05
Butylchloride 29,.18 26,.49 -
Propanone 27 ,.21 25,.60 30,.34 30 .53 14 .71
Butanone 27 ,.23 25,.65 30,.60 30 .65 -
Pentan-3-one 27 ,.29 25,.75 - -
Heptan-3-one 27 ,.30 25,.90 - -
Heptan-4-one 25,.85 30,.24 30 .26 -
Octan-2-one 27,.39 25,.85 30,.51 30 .57 -
Cyc1ohexanone 27,.06 25,.47 29,.46 29 .55 -
Diethylether 28 .58 27,.04 33 ,.09 33 .41 12 .14
Butylether 28,.91 27,.26 32,.88 33 ,.58 -
Ethyl acetate 28 .05 26,.14 32 ,.75 32,.83 13 .30
Methanol 26 .98 25,.65 32,.06 32 ,.64 19 .32
Octan-l-ol 27,.04 26,.20 31,.98 33 ,.04 16 .88
Decan-l-ol 27,.26 26,.32 32 ,.01 33 ,.04 16 .82
Water 26,.41 24,.38 31,.51 31,.51 -
TFE 27,.13 24..16 31,.98 31,.80 -
HFIP 27 ,.04 23 ..17 32,.35 31,.25 -
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Table 3.4 Solvent dipolarity/polarisability (%i*) 
hydrogen bond basicity (pi) from nitrogen indicators

and

7Ti*a ^1*b P l b

Hexane -0,.07 -0 .08 -0 .04 -0,.08
Cyclohexane 0,.01 0 .00 -0 .05 -0..06
Benzene 0,.62 0 .07 0,.03
Toluene 0,.51 0 .49 0 .12 0,.13
Tetrahydrofuran 0,.65 0 .63 0 .48 0,.44
Dimethylformamide 0,.89 0 .87 0 .71 0,.70
Dimethylacetamide 0,.87 0 .85 0 .75 0,.74
Chloroform 0,.75 0 .73 0 .07 0,.04
Butyl chloride 0,.48 0 .45 0 .13 0,.13
Propanone 0,.73 0 .71 0 .50 0,.48
Butanone 0,.72 0 .70 0 .51 0,.49
Pentan-3-one 0,.69 0 .51
Heptan-3-one 0,.65 0 .54
Heptan-4-one 0..66
Octan-2-one 0..66 0,.51
Cyclohexanone 0..77 0 .75 0,.52 0 ..51
Diethyl ether 0..32 0 .31 0,.42 0..40
Butyl ether 0..26 0 .24 0,.37 0 ,.25
Ethyl acetate 0..58 0 .56 0,.38 0 ,.38
Methanol 0..72 0 .72 0,.58 0..56
Octan-l-ol 0..56 0 .54 0,.68 0..67
Decan-l-ol 0..53 0 .52 0,.64 0..65
Water 1..08 1 .29 0,.47 0..34
TFE 1..14 1 .13 0,.23 0..22
HFIP 1..42 1 .42 0,.05

^  This work b Calcul a ted from ref.34

TT* 1
Pi

= 8.00586

= [30.91

■ 0.284 09 V m a x  

2.604m* - V

N2

max
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Table 3.5 Solvent dipolarity/polarisability (%!*) and
hydrogen bond basicity• (Pi) from oxygen indicators

%l*a Pia Plb

Hexane -0.03 -0.11 0.02 -0.02
Cyclohexane 0.03 0.00 0.03 -0.01
Benzene 0.54 0.55 0.12 -
Toluene 0.54 0.49 0.02 0 .11
Tetrahydrofuran 1.12 0.54 0.40 0.59
Dimethylformamide 0.92 0.88 0.69 0.70
Dimethylacetamide 0.88 0.84 0.78 0.79
Chloroform 0.69 0.69 - -0.08
Butyl chloride - 0.40 - 0.13
Propanone 1.50 0.62 0.48 0.49
Butanone 1.45 0.60 0.41 0.55
Pentan-3-one - 0.57 - -
Heptan-3-one - - - -

Heptan-4-one 1.61 - 0.39 -

Octan-2-one 1.48 - 0.42 -
Cyclohexanone 1.90 0.68 0.41 0.52
Diethyl ether 0.30 0.24 0.59 0 . 60
Butyl ether 0.23 0.17 0.78 0.65
Ethyl acetate 0.54 0.45 0.46 0.49
Methanol 0.62 0.56 - 0.70
Octan-l-ol 0.45 0.43 0.95 0.94
Decan-l-ol 0.45 0.40 0.94 0.96
Water 1.09 1.06 0.41 0.44
TFE 0.97 0.94 0.32 0.21
HFIP 1.19 - -0.14 -

 ̂T h i s  work b Calculated from ref.34

n * i  = 1 4 . 2 1 6 7  - 0 . 4 1 6 6 7  0 2

Pi = [ ( 1 . 0 3 8 1  Vjnax - 0 . 3 8 3 9 )  - 0 1 ] / 2 . 0 3 1 6
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The 7Ü1* and Pi of the solvents determined with oxygen 
indicator were not always in agreement with the values from 
the corresponding nitrogen indicator. This has also been 
observed by other workers34,39. in the case of the ketones 
the 7t1* values obtained with the oxygen indicator was 
consistently greater than those of the nitrogen indicator. 
The experimental values of ttI* and pi of the solvents 
determined by the nitrogen indicators listed in Table 3.4 
show good agreement with the corresponding literature 
values. The Et(30) values of solvents presented in Table 3.6

Table 3.6 Reichardt's E-p and hydrogen bond acidity (ap) of 
some solvents

Solvent Eip Et^ « 1  (a) «1 (b)

Benzene 34. 52 34. 30 -0 .21 -0. 16
Toluene 33 .93 33 .91 -0 .16 -0. 20
Dimethylformamide 44. 26 43 .20 0 .19 0. 11
Dimethylacetamide 43 .29 42 .90 0 .15 0. 08
Chloroform 40. 17 39. 10 0 .04 0. 04
Di-iodomethane 37 .50 36. 50
Propanone 42 .05 42 .20 0 .18 -0. 43
Diethylether 34. 71 34. 50 0 .03 0. 02
Ethyl acetate 38. 03 38. 10 0 .04 0. 03
Methanol 55. 23 55. 40 1 .02 0. 94
Octan-l-ol 48. 26 48. 30 0 .70 0. 67
Decan-l-ol 48. 08 47. 70 0 .71 0. 66

from reference 1

This work: £>p 2.8591 * Vmax RD

« 1  (a) =  [Eip - 30.2 - 1 2 . 3 5 n i * N] /is. 9

«1 (b) ~  [ Vmax RD  + 1. 873 Vmax 74.58 ]/6 .24
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show good agreement between experimental values determined 
in this work and literature values. As a result, the 
procedure can be extended to determine the solvatochromie 
parameters of polymers.

3.62 SAMPLE PREPARATION AND EXPERIMENTAL DESIGN FOR 
SOLVATOCHROMIC PARAMETERS OF POLYMERS

Solid polymers were characterised by preparing thin films of 
the polymers with dissolved dyes and measuring the 
UV-visible absorption of the films. Solvatochromie 
parameters were obtained for polystyrene (PS), 
polyvinylmethyl ether (PVME), blends of PS and PVME, 
polyethers, polyesters, polyethylene glycol and aqueous 
solutions of polyethylene glycol.

Mixtures of polymer/dye solutions were made in order to get 
a reasonable absorbance, usually between 0.3-1.2 . The
initial aim was to look for the solvents in which all the 
polymers and dyes were soluble. Though the polystyrene and 
polyvinylmethyl ether vvferc. soluble in toluene, solubility of 
the dyes in this solvent was very low and infact almost 
insoluble in the case of Reichardt's dye. Chloroform was 
found to be a suitable solvent for all the dyes and the 
polymers.

Table 3.7 Concentration of solutions

Weight Volume of Chloroform

2g Polyvinylmethyl ether 
2g Polystyrene
0.025g Dimethyl-4-nitroaniline 
0.017g 4-Nitroaniline 
0.055g Reichardt's dye

10 ml 
10 ml 
10 ml 
10 ml 
10 ml
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Polymer/dye solutions were made up as shown in Table 3.7 but 
it was necessary at times to dilute the concentration 
further to obtain a measurable absorbance. The polymer and 
dye were mixed and left overnight to ensure that the dye 
dissolved in the polymer.

A mechanical spreader was designed specifically to coat a 
slide with the polymer/dye/solvent mixtures. The mechanical 
spreader consisted of movable and stationary parts. The 
stationary part was made up of a graduated metal piece for 
adjusting the thickness of the film and also served as a 
support for the system. The movable part was made up of a 
horizontal metal surface on which a glass plate was placed, 
and a handle for spreading.

The quartz slide was placed on the glass surface and the 
required thickness between 0.21 - 0.32 mm was chosen by
first taking the thickness of the slide as a zero position. 
Some polymer/dye mixture (about 10 drops) or polymer 
solution was transferred on to the top end of the slide 
using a pasteur pipètte,» The handle was moved forward and 
backward in order to spread the solution on the slide. By 
adding more polymer/dye solution this action could be 
repeated over and over depending on the required film 
thickness. The procedure was repeated until a uniform film 
was obtained. The slide was then placed in a vacuum 
desiccator for about an hour to remove excess chloroform and 
traces of water. For solutions containing Reichardt's dye 
and the polymer, the slide was left in the vacuum desiccator 
overnight since the dye easily absorbs water and causes 
large shifts in the wavelength of maximum absorption and 
hence misleading results. After drying, the slide was 
scanned using the Perkin Elmer Lambda 16 spectrometer. The 
slide was then cleaned by soaking in toluene for about 15 
minutes, wiped clean with a tissue, rinsed in toluene and 
finally in 1,2-dichloroethane to remove grease from the
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surface of the slide which would otherwise make spreading 
difficult. A blank was prepared on the same slide and from 
the same polymer solution (but without the dye solution) and 
using the same thickness and conditions similar to the 
corresponding sample which had already been run. Sample 
solutions containing Reichardt's dye were ran in an 
atmosphere of dry nitrogen to prevent absorption of water 
during the scan.

3.63 SOLVATOCHROMIC PARAMETERS OF POLYSTYRENE AND
POLYVINYLMETHYL ETHER

The polystyrene sample consisted of colourless pellets and 
the polyvinylmethyl ether a colourless viscous liquid. As 
Polyvinylmethyl ether is hygroscopic it was necessary to 
leave samples made with this polymer in the vacuum 
desiccator longer than those of polystyrene and to run them 
in an atmosphere of dry nitrogen. However, polymer 
/4-nitroaniline slides could not be left in the vacuum 
desiccator longer than necessary because it was observed 
that when left for more than 24 hours the slide showed 
little or no absorbance and the spectrum appeared like that 
of a blank. Probably prolonged exposure to vacuum results in 
loss of 4-nitroaniline.

The solvatochromie parameters of films of PS and PVME cast 
from toluene are in Table 3.8 and those made from G'nlovofoTinA' 
are in Tables 3.9 and 3.10. The parameters determined for 
films cast from toluene were close to those from chloroform 
for both homopolymers and the 50:50 blend. As an example, 
for a 50:50 blend of PS/PVME, was 0.65 for both types of 
films and the were 0.46 and 0.42 for films cast from
toluene and chloroform respectively. This showed that the 
blend cast from chloroform was not phase separated as 
indicated by the clear solution obtained when the
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Table 3.8 Solvatochromie parameters of Polystyrene and
Polyvinylmethyl ether and blends of these polymers

%PVME Nl N2 Nl N2 %1*N Pin
îtiaxnm Vmax 103cm-l

0.0 348.0 386.0 28.74 25.89 0.65 0.14
7.3 355.6 387.0 28.12 25.84 0.67 0.30

25.5 356.9 387.0 28.02 25.84 0.66 0.33
49 .9 362.8 386.2 27.56 25.96 0.65 0.46
75.1 363.0 386.3 27.55 25.89 0.65 0.47
90.0 362.7 384.9 27.57 25.98 0.62 0.48

100.0 364.7 385.7 27.42 25.96 0.63 0.48

Nl 4 -Nitzoaniline N2 N, N-dimethyl -4 -nitroaniline

Ttl*N = 8.00586 - 0.28409 vmax N2

Pi# = [30.91 - 2.60411^* - Vmax Nl] /3 .55

homopbfym^ra were mixed. The values of 0.14 or 0.19 for 
polystyrene appear to be higher than expected because 
polystyrene does not have any acidic sites in its 
structure. McGill and co-workers^G also found an value of
0.08 for polystyrene. These non-zero hydrogen bond acidity 
values can be explained by the ease with which Reichardt's 
dye absorbs water. The water molecules hydrogen bond with 
the basic sites on the dye resulting in absorption at low 
wavelength and hence large apparent value of and hence of 
« 1 . As described earlier, attempts were made to exclude 
moisture in the UV/Vis experimentation but it was almost 
impossible to rigorously exclude all traces of moisture. 
Also, the end groups and other substances contained in the 
polymer may have some acidity which would also contribute to 
the 01; of the polymer.
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Table 3.9 Solvatochromie dyes in Polymers cast from
chloroform

Polymer Nl N2 01

^max

02 RD

Polystyrene 
Polyvinylmethylether 
50:50 blend

349.8
362.8 
360.6

386.2
385.2 
386.0

304.8
310.8 
309.7

307.6
305.7 
306.6

688.5
662.8
682.0

Polymer Nl N2
V

01

max 10^ cm

02
-1

RD

Polystyrene 
Polyvinylmethylether 
50 : 5 0 (PS/PVME)

28.59
27.57
27.73

25.90 
25.96
25.91

32.81
32.18
32.29

32.52
32.72
32.62

14.52
15.09
14.66

Nl 4 -Ni troaniline N2 N,N-dimethyl-4-nitroaniline

01 4 -Nitrophenol 02 4 -Nitroanisole RD Reichardt's dye

The wavelength of maximum absorption of polymer/ 
4-nitroaniline or 4-nitro-N,N-dimethylaniline mixtures 
however did not change significantly when exposed to 
moisture. Ethylbenzene was chosen as a solvent model for 
polystyrene and for polyvinylmethyl ether, diethyl ether was 
chosen. For both polystyrene and polyvinylmethyl ether, the 
Til* values appear to be higher than the corresponding models 
(0.46 for ethylbenzene and 0.32 for diethyl ether) while the 
respective Pi values (0.12 for ethylbenzene and 0.42 
diethylether) are in good agreement. The tti* appear to be 
larger than expected because there could still be some 
double bonds in these polymers which would cause an increase 
in the tti* value.
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Table 3.10 Solvatochromie parameters from oxygen and
nitrogen indicators and Reichardt's dye

Polymer % 1 * 0 H Pin P l O H

Polystyrene 0.65 0.67 0.18 0.28
Polyvinylmethyl ether 0.63 0.58 0.48 0.69
50:50 PS/PVME blend 0.65 0.62 0.42 0.59
Av. PS/PVME (0.64) (0.63) (0.33) (0.44)

Polymer Eip « 1  (a) «1 (b)
Polystyrene 41.53 0.14 0.19
Polyvinylmethyl ether 43.14 0.29 0.36
50:50 PS/PVME 41.92 0.19 0.25
Av. PS/PVME (42.34) (0.22) (0.28)

= 8.00586 - 0.28409 Vmax N2

P p N = [30.91 - 2. 604 Til* - Vmax Nl]/3 . 55

Tt* lOH = 14.2167 - 0.41667 vmax 02

P l O H = [(1.0381 Vmax 02 - 0.3 839) - Vmax 01 7 / 2

E p = 2.8591 * vmax RD

ai(a) = f E p  - 30. 2 -12 .35m*N] /15 .9

ai(b) [ vmax RD + 1.873 vmax 02 - 74.58]/6 .24

From Table 3.8, the hydrogen bond basicity of the polymer 
mixtures increased with increasing content of 
polyvinylmethyl ether as expected. The dipolarity/ 
polarisability of the polymer mixtures however did not 
change very much with increasing polyvinylmethyl ether 
content. Although solvatochromie values obtained with the 
oxygen and nitrogen indicators differ slightly, they both 
show that polystyrene and polyvinylmethylether have similar 
ability to interact through dipole-dipole interactions but 
the latter is far more active where basicity is concerned.
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The average values of the solvatochromie parameters 
calculated for the blend are close to the corresponding 
experimental values.

3.64 SOLVATOCHROMIC PARAMETERS OF POLYESTER POLYOLS AND 
POLYETHER POLYOLS

STRUCTURES OF THE POLYESTER POLYOLS

EA2 0 is a polyester made from the condensation of 
ethyleneglycol and adipic acid in a 1:1 molar ratio qndi hosthe 
average backbone structure;

TA20, a polyester made from the condensation of 
ethyleneglycol, 1,4-butanediol and adipic acid in a molar 
ratio of 1:1,

Daltorez 1422 Polyester made from the condensation of 
1,4-butanediol and adipic acid in a molar ratio of 1:1

o o
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STRUCTURES OF POLYETHER POLYOLS 

PPG 2 000 is polypropyleneglycol

 (O C H C H -)n

C H 3

Poly THF 2000 is Polytetrahydrofuran

-(OCH2CH2CH2CH2)-n

PBA513 0 is an ABA block co-polymer of polyethylene and 
polypropylene glycol,

H(OCHjCH2)n (OCH^CH)m(OCH^CH^)nOH

^ 3  " = 3 m= 30

F2805 is an AB block co-polymer of polyethylene and 
polypropyleneglycol

CH j-O — (CH—CH—O— )n (CH—CH—O— )mH

C H -O — (C H -C H -O — )n (C H -C H -O — )mH

CH—O— (CH—CH—O— )n (C H ^ H —O— )nJi

n = 30 m= 7

The polyester polyols were white hard solids while the 
polyethers were colourless viscous liquids except for Poly 
THF which was semi-solid.
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The solvatochromie parameters of PPG2000, F28805 and PBA513 0 
were obtained by adding the dye to the neat liquid-like 
polymers as shown below but further dilutions with the neat 
polymer were often necessary to bring the absorbance up to 
in the range 0.4-1.0 as these solutions (stock) were too 
concentrated. This may be a dilution in the ratio of Ig of 
stock mixture and lOg of neat polymer. The UV spectra of 
these polymer solutions in quartz cells were obtained using 
the lambda 16 UV/Vis spectrophotometer. The solids were 
dissolved in dye solutions made up in chloroform. These were 
then spread on quartz slides left in vacuum desiccator for 
about two hours to remove the solvent before the spectra 
were taken. Blank samples were prepared in a similar way but 
ommitting the dye.

Weight of Samples

PPG200 or PBA5130 or F2805 lOg
4-Nitroaniline 0 .0007g
N,N-dimethyl-4-nitroaniline 0 .0011
4-Nitrophenol 0 .0007
4-Nitroanisole 0 .0012
Reichardt's dye 0 .0007

Polyesters and Poly THF
Weight (g) per
10ml chloroform

Polymer 1 .0
4-Nitroaniline 0 .02
N,N-dimethyl-4-nitroaniline 0 .03
4-Nitrophenol 0 .03
4-Nitroanisole 0 .03
Reichardt's dye 0 .06
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3.65 RESULTS AND DISCUSSION SOLVATOCHROMIC PARAMETERS OF
POLYESTER POLYOLS AND POLYETHER POLYOLS

The solvatochromie parameters have been calculated using the 
wavelength at maximum absorption of the oxygen indicators 
and nitrogen indicators and applying their respective sets 
of equations.

Table 3.11 Wavelength and wavenumber at maximum absorption 
of solvatochromie dyes in Polyester polyols and Polyether 
polyols

POLYMER Nl
^max
N2

nm
01 02 RD

TA2 0 367 .5 389 .8 313.0 309 .0 585 .5
PBA513 0 368 .5 385 .6 315.6 308 .8 669 .2
DALTOREZ 368 .4 391 .3 314.2 307 .8 586 .5
EA2 0 368 .5 394 .7 311.4 306 .0 556 .7
PPG2 000 365 .1 383 .3 310.6 304 .7 707 .7
F2805 368 .0 385 .2 314.3 307 .8 673 .1
THF2 000 365 .9 386 .9 313.1 306 .4 639 .6

Vmax lO^cm-i
POLYMER Nl N2 01 02 RD
TA2 0 27. 21 25. 66 31.95 32 .37 17. 08
PBA513 0 27 .13 25. 93 31.68 32 .38 14. 94
DALTOREZ 27 .15 25. 56 31.83 32 .49 17 .05
EA2 0 27 .13 25. 34 32.12 32 .68 17 .96
PPG2 000 27 .39 26. 09 32.20 32 .82 14. 13
F2805 27 .17 25. 96 31.82 32 .49 14. 86
THF2 000 27 .33 25. 85 31.94 32 .64 15. 64

Nl 4 -Nitioaniline N2 N,N-dimethyl-4-nitzoaniline

01 4 -Nitrophenol 02 4 -Nitroanisole RD Reichardt's dye
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Table 3.12 Solvatochromie parameters of Polyester polyols
and Polyether polyols

Polymer %1N Pin %10H PlOH

TA2 0 0.717 0.52 0.730 0.63
PBA513 0 0.638 0.60 0.724 0.76
DALTOREZ 0.746 0.51 0.681 0.74
EA2 0 0.808 0.47 0.601 0.70
PPG2 000 0.595 0.55 0.543 0.73
F2805 0.630 0.59 0.679 0.75
THF2 000 0.663 0.52 0.616 0.77

Tll*N = 8.00586 - 0.284 09 VmaxN2

= [30.91 - 2.604 711* - Vmax NlJ/3.55

71* lOH = 14.2167 - 0.41667 vmax 02

PlOH = [(1.0381 vmax 02 - 0.3839) - Vmax 01 J/2.0316

The individual results obtained with the indicator pair 
4-nitrophenol/ 4-nitroanisole and the indicator pair 
4-nitroaniline/N,N-dimethyl-4-nitroaniline (the oxygen and 
nitrogen indicators) are not in good agreement probably due 
to dependent behaviour in the former pair of indicators as 
observed by McGill and c o - w o r k e r s ^ G .  in Table 3.13 are the 
hydrogen bond acidity and Et(3 0) values obtained for the 
polyether polyols and polyester polyols.

From the solvatochromie parameters obtained, the hydrogen 
bond acidity and Et (3 0) values of the polyethers are much 
less than those of the polyesters with PPG 2 000 being the 
least acidic = 0.16 or 0.22 . EA20 and Daltorez 1422
have similar structures except that the latter has two extra 
methylene groups which makes it slightlymor-e baSic than EA20 as
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Table 3.13 Polymer hydrogen bond acidity and

Polymer «la «lb Eip

TA2 0 0,.50 0,.60 48..83
PBA513 0 0,.16 0,.23 42 ..73
DALTOREZ 0..53 0..64 48..75
EA2 0 0,.74 0,.86 51..36
PPG2 000 0..16 0..22 40..40
F2805 0..18 0,.24 42 ..48
THF2 000 0,.35 0,.43 44..70

E ip
OL^(a)

a ^ ( b )

2 . 8 5 9 1  * m a x  RD 

[Erj, - 3 0 . 2  - 1 2  . 3 S n i * N j  / 1 5  . 9  

[ v m a x  RD + 1 . 8 7 3  Vmax 0 2  - 74 . 5 8 ] / 6 . 2 4

manifested in their respective ap and Pi values. As 
expected the polyesters have more dipolarity /polarisability 
than the polyethers because of the presence of delocalised 
electrons on the carbonyl oxygen in the ester group. EA2 0 
and Daltorez 1422 have the same number of carbonyl groups 
in identical environments and their tti* and Pi values are 
also similar. The tti* of TA2 0 was expected to be slightly 
higher than that of EA20 and Daltorez 1422 because of the 
additional carbonyl group as found by the calculation using 
the oxygen indicators but the nitrogen indicator show tti* 
for TA2 0 is lower. From Tables 3.12 and 3.13 it can be
deduced that EA20 is the most polar as it has the highest 
values of Erp(30) and TTp* and is also more acidic.

FTIR spectra of the polyester polyols and polyether polyols 
Figures 3.3-3.9, showed a band at about 3 600 cm-l indicating
the presence of OH group in all the polymers. A carbonyl
band at about 1750 cm-l in EA20, DALTOREZ and TA20 were

92



also observed. The presence of -OH groups would explain the 
hydrogen bond acidity of the polymers obtained while the 
ether oxygen and the carbonyl group are responsible for the 
hydrogen bond basicity of these polymers.

Figure 3.3 FTIR spectrum of Daltorez 1422
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Figure 3.4 FTIR spectrum of Poly THF 2000
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Figure 3.5 FTIR spectrum of PPG 2000
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Figure 3.6 FT IR  spectrum of PB A 5130
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Figure 3.8 FT IR  spectrum of TA20
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3.66 SOLVATOCHROMIC PARAMETERS FOR POLYETHYLENE GLYCOL 400 
AND ITS AQUEOUS SOLUTIONS

3.67 PREVIOUS WORK ON AQUEOUS SOLUTIONS OF POLYETHYLENE 
GLYCOLS

Dwivedi and co-workers^3 studied aqueous solutions of PEG
600 and PEG 1000 and showed that in solutions having PEO 
weight fraction greater than or equal to 0.55 for PEO 600 
and >0.45 for PEO 1000 all the water is bound to the
polymer. Through FTIR studies, Dwivedi and J a y a s u r i y a ^ ^  

found PEO goes through conformational changes and depending 
on the degree of hydration three complexes containing 1,2 
and 4 molecules of water per EO monomer unit was f o r m e d . 4 4 .

Also K i n g 4 3  studied the solubility of the gases, argon,
methane, ethane, and propane in aqueous solutions of PEG 2 00 
and 400 and found a remarkable change in character at a 
composition greater than ~7 0wt%PEG corresponding to a 1:1
mol ratio of water to ethylene oxide monomer. At this 
composition and beyond, the solubility of the gases 
increased markedly with increasing PEG content. K i n g ^ 3  

proposed the enhanced sorptive capacity exhibited by these 
solutions at PEG concentrations in excess of 70% reflects 
the presence of hydrophobic regions within the solution 
which result from weak association of incompletely hydrated 
PEG molecules. However, for PEG solutions rich in water, the 
gas solubilities were low and did not vary significantly 
from the respective solubilities in pure water even at 
concentrations in excess of 50% wt PEG. At concentrations 
<50%wt PEG, the aqueous solutions exhibit solvent properties 
associated with water and dilute aqueous solutions while at 
PEG concentrations >-70% the solutions develop oil-like 
characters which increase with PEG concentration.

Other solubility studies of methane and ethane in aqueous
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solutions of ethanol44 and p-dioxane45 did not exhibit a 
sharp break at high concentration but rather showed a 
monotonie rise with added alcohol or ether which began at 
the lowest concentration of the organic compound and 
continued smoothly into the respective solubilities in the 
pure organic components.

In studying aqueous solutions of PEG at six different 
molecular weights in terms of E<p(30), Reichardt and 
co-workers assumed that the hydration shell of a polymer 
consists of an inner and an outer hydration zones. The inner 
zone consists mainly of water molecules hydrogen
bonded to the polymer chain (called bound water) while the 
outer zone is made up of 'unbound' water molecules which are 
under structuring or destructive influence of the polymer 
competing with the normal tetrahedral-like order in the 
solvent. The water-water interactions in this zone are 
mediated by the presence of large molecules in the 
neighbourhood. The ability of the water molecules in this 
zone to participate in hydration interactions with a solute 
is likely to be altered correspondingly. Some portions of 
water in the polymer may exist in an unperturbed state, the 
so-called bulk water similar to bulk water. If the dye is 
located in the bulk water zone no solvatochromie effect will 
be observed.

3.68 DETERMINATION OF SOLVATOCHROMIC PARAMETERS FOR PEG 400 
AND ITS AQUEOUS SOLUTIONS

Polyethylene glycol with average molecular weight 400 is a 
colourless, viscous and water-soluble liquid. The 
solvatochromie parameters of aqueous solutions of PEG 400 in 
the solvatochromie compounds were obtained as described in 
the experimental section by dissolving the dyes directly in 
the neat polymer or aqueous solutions. Addition of
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Reichardt's dye to aqueous solutions containing 55% PEG 400 
and below were pale yellow in colour and so no absorbance 
was obtained. The wavelength and wavenumber at maximum 
absorption of the dyes N,N-dimethyl-4-nitroaniline,
4-nitrophenol, 4-nitroaniline,4-nitroanisole and Reichardts 
betaine dye are in Tables 3.14 and 3.15.

Table 3.14 Wavelength and wavenumber at maximum absorption 
of solvatochromie dyes in PEG 400 and its aqueous solution

%PEG N1
^max

N2
nm

01 02 RD

0 380.4 422 . 0 317.4 317.3
20 384.6 420.1 318.3 317.2 -
40 387.9 419.3 319.6 317.0 -
55 387.1 416.1 320.2 317.0 -
71 386.2 411.0 320.4 316.0 547.8
83 385.0 408.3 320.7 315.5 556.5
95 381.8 400.4 319.9 314.0 569.9

100 380.0 398.1 320.0 313.3 572.9

Vmax 10-3 cm'l

%PEG N1 N2 01 02 RD
0 26.29 23.69 31.51 31.51 -

20 26.00 23.80 31.41 31.53 -
40 25.78 23.85 31.29 31.54 -
55 25.83 24.03 31.23 31.55 -
71 25.89 24.33 31.21 31.65 18.25
83 25.98 24.49 31.18 31.69 17.97
95 26.19 24.98 31.26 31.84 17.55

100 26.31 25.12 31.25 31.92 17.45
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Table 3.15 Solvatochromie parameters of PEG 400 and its 
aqueous solutions

%PEG %1*N %10H Pin PlOH

0 1.27 1.09 0.37 0.41
20 1.24 1.08 0.47 0.46
40 1.23 1.07 0.54 0.53
55 1.18 1.07 0.57 0.56
71 1.09 1.03 0.61 0.62
83 1.05 1.01 0.62 0.66
95 0.91 0.95 0.66 0.69

100 0.87 0.92 0.66 0.74

%PEG Efp «la (%ib

20 57.93* - -
40 55.63* - -
71 52.19 0.47 0.58
83 51.38 0.44 0.55
95 50.17 0.42 0.52

100 49.90 0.43 0.53

* Estimated from reference 28

The hydrogen bond basicity increased with increasing content 
of PEG 400 in the solutions for both oxygen and nitrogen 
indicators Figure 3.10, as the presence of increasing basic 
etheric oxygens provides the enhanced basicity. The 
dipolarity/polarisability term, %i*, decreased with increased 
content of PEG, Figure 3.11. This can be explained by the 
probable repulsion of the electron pairs on the oxygen of 
water and those from the etheric oxygen in PEG.
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Figure 3.10 Hydrogen oond basic:?/ vs "orEG -00

0.75
0.70
0.65
0.50
0.55
0.50

.40
0.35-f—  0.00 40.0020.00 60.00 "00.00

•  N itcrgen indicator 
■  O xvgen indicate''

Figure 3.11 DipoiariTy/poiarisabiiiîy vs %PEG 400
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Figure 3.12 ET(5C) vs % PEG 400
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Figure 3.13 Hydrogen bond acidity vs %PEG 400
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The presence of PEG may have probably changed the structure 
of water leading to alterations in the hydration capability 
of water. The decrease in the E-p(30) values with increasing 
PEG content may have been caused by the intermolecular 
hydrogen bondingof PEG with the water molecules thereby 
reducing the ability of the water molecules to donate lone 
pairs of electrons.

At PEG Conc^sn-tra-ti on greater than 70 wt%, tti* varies 
linearly with concentration. However, deviation from 
linearity is observed below this concentration as the values 
increase gradually until a plateau is reached. King found 
a remarkable change in character of PEG aqueous solution at 
-7 0% wt PEG which he attributed to the transition from water 
to oil being complete at -71 wt %PEG causing an increase in 
hydrophobic character. In this study no such obvious change 
was observed in the hydrogen bond basicity or acidity nor 
dipolarity/polarisability of the aqueous solutions of PEG, 
Figures 3.10 to 3.13. A marked decrease in hydrogen bond 
acidity and basicity would be expected if there was a marked 
increase in hydrophobic character.

Et (30) values of solutions below 70% could not be obtained 
probably because of protonation of the phenoxide ion which 
resulted in the solutions in Reichardt's dye being pale 
yellow. In the concentration range 71-100 wt% PEG only a 
slight increase in hydrogen bond acidity was observed. 
Et (30) values for PEG 400 at 20 and 40%wt were estimated 
from plots obtained by Reichardt and c o - w o r k e r s 2 8  for 
Et (30) values of aqueous buffer solutions of PEG 200, 300
and 600. These values were found to be 57.93 and 55.63 for 
an aqueous solution containing 2 0 and 40 wt% PEG 400 and 
fitted the experimental values in this work as shown in 
Figure 3.12. This plot gives a picture of the behaviour of 
the polymer solution at the whole concentration range from 
0-100% PEG content. The plot does not show any sharp break
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at 51% or 71% if at all there is a break it must be very 
minimal as the decrease in E>p is small from concentration to 
concentration.

In conclusion, following the study of solvatochromie 
parameters of solvents by the Abraham, Kamlet and Taft 
solvatochromie comparison method, the approach has been 
successfully applied to a variety of polymers. An important 
advantage is that the method has allowed the dipolarity 
/polarisability, hydrogen bond basicity and acidity of these 
polymers to be obtained at 298K which would have otherwise 
been difficult or almost impossible by Inverse Gas 
Chromatography.
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CHAPTER 4

4.0 THE GENERAL SOLVATION EQUATION

4.1 INTRODUCTION

The simple cavity model described in Chapter 3 can be used 
to explain the concept of gas liquid partition. In such 
partitions cavity formation in the dissolution process is 
endoergic and involve breaking solvent-solvent bonds, 
leading to negative values of the log partition coefficient, 
logL. Re-organisation of the solvent molecules in the 
cavity and finally introduction of the solute into the 
cavity results in exoergic solvent/solute interactions all 
of which lead to positive values of logL.

The possible solute/solvent interactions include general 
dispersion interactions that will invariably be more 
exoergic the larger the solute size, dipolar interactions 
which include dipole-dipole or dipole-induced dipole 
effects, hydrogen bonding interaction between solute 
acid-solvent base and solute base-solvent acid and possible 
specific interactions involving n -  or n- electron pairs. 
Abraham and c o - w o r k e r s h a v e  developed solute parameters 
that correspond to either simple fundamental properties or 
to known combination of properties. These solute parameters 
will be dealt with in detail later on.

4.2 CONSTRUCTION OF THE GENERAL SOLVATION EQUATION

Abraham and co-workers^-io constructed various multiple 
linear regression equations to account for solubility 
related properties of a series of solutes in a given solvent 
or stationary phase. The equations contain up to five 
explanatory variables in accordance with principal
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components analysis and factor analysis which both show that 
several factors are necessary to account for retention data. 
These equations were derived from the general equation 
developed by Abraham, Kamlet, Taft and their co-workers 
for solubility related processes of the form,

logSP = SPq + ATT27̂ 2 + Botip2 + CP%(%2 + D ) 1 ( V 2 /10 0 )
[3.16]

Where subscript 1 denotes solvent property and 2 the solute. 
The solvent and solute terms are respectively, hydrogen bond 
acidity «i and «2/ hydrogen bond basicity Pi and P2 / and 
dipolarity/polarisability tti* and 7T2 , and the solute molar 
volume, V 2 . When SP is the solubility property of a series 
of solutes in a given solvent, all solvent parameters in 
equation [3.16] are taken as constants and the equation is 
re-written as,

log SP = SPq + s^ 2 aoc2 + b ^2 IÏ1V 2 [4.1]

The coefficients or constants s, a, b and m are 
characteristics of the solvent. The s-constant characterises 
the interactions of the solvent with dipolar/polarisable 
solutes. The a-constant is the hydrogen bond basicity of the 
solvent and measures the ability of the solvent to interact 
with a hydrogen bond acid solute. Conversely, the b-constant 
is the solvent hydrogen bond acidity, a measure of the 
extent of interaction with hydrogenbond base solute.

To improve the multiple linear regression an extra term was 
required to account for polarisability effects. For a set of 
solutes consisting of aromatic or polyhalogenated compounds, 
an approximation of a polarisability term^-4 dÔ2 was included 
in the equation. The term, Ô2 was defined to be 0.0 for 
non-polyhalogenated aliphatics, 0.5 for polyhalogenated 
aliphatics and 1.0 for all aromatics. The equation then
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became,

logSP = SPq + (5.52 + S7T2 + a(%2 + bp2 mV2 [4.2]

Abraham and c o - w o r k e r s i 5  then, replaced the dÔ2 term by R2 , 
the excess molar refraction. R2 is easily determined or 
calculated and more specifically related to the 
polarisability of the solute as regards interactions due to 
the presence of polarisable electrons. Also, the « 2 P2
terms were replaced by another scale of hydrogen bond 
acidity and basicity denoted by 0)̂ 2 developed by
A b r a h a m 3 - 6  from the 1:1 complexation in carbon tetrachloride 
to be discussed in the next section.

4.3 THE SOLUTE CAVITY/DISPERSION PARAMETER

4.31 PROCESSES WITHIN CONDENSED PHASES

For the transfer of a solute from a liquid to another 
liquid, the change in dispersion interaction can be assumed 
to be negligible. This is because a solute molecule is 
surrounded by other species in both cases (solute-solute or 
solute-solvent) so that dispersion interactions cancel out. 
The cavity size formed to accommodate a solute molecule in a 
solvent was originally taken to be proportional to the 
solute molar v o l u m e ^ - ^ ,  17  ̂ V 2 at 298K. This is calculated as 
the bulk molar volume which is the solute molecular weight 
divided by tine, solute, density. The product is then divided by 
100 just to obtain a value in the same range as the polarity 
and hydrogen bonding parameters. For aromatic and cyclic 
compounds 10 cm^mol"! was added to V 2 leading to V2adj • These 
two cavity size terms are not exactly solute parameters as 
they are measured as bulk solvent properties. The use of 
molar volumes is inconvenient as it is confined to compounds 
which are liquids at room temperature. The intrinsic volume
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of LeahylS, Vj, calculated by computer is preferred since it 
can be measured for any solute and leads to improved 
correlations of MLRA when used instead of V 2 or V2adj •

Another volume term considered was McGowan's volumei9-2i 
obtained by the addition of characteristic atomic volumes 
for the elements constituting a solute molecule and 
subtracting 6.56 cm^mol"! for each bond. The same constant 
term is subtracted for all bonds, no matter whether single, 
double or triple. Abraham and McGowan22 found Vj and V% 
produced similar solvation equations and correlation 
coefficients as well as standard deviations. V% and are 
correlated22 through the equation,

V i =0.597+0.6823 [4.3]
n=209 p=0.9988 sd=1.24

Where V% and have the units cm^mol'i, n is the number of 
data points, p is the correlation coefficient and sd is the 
standard deviation. Since can be simply calculated for 
any compound it is chosen in preference to Vj and V2adj •

4.32 PROCESSES IN GAS TO CONDENSED PHASES

For the transfer of a solute from the gas phase to the
liquid phase, there will be no cancelling out effect as
found in condensed phases, and so dispersion interactions 
are significant in gas to condensed phase systems. This is 
because in the gaseous state there is no interaction between 
solute molecules and as the gaseous solute dissolves in a 
solvent, dispersion interactions will be set up between the 
solute and solvent molecules. Abraham and co-workersl'2 
devised a solute parameter denoted by logLiG to account for 
the cavity size and dispersion interactions, where is
the Ostwald solubility coefficient23 at 298K, in
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hexadecane. For gas to condensed phase systems the volume 
term in equation [4.1] is replaced by logL^^. The solute 
parameters put together give the general solvation 
equations,

logSP=SPo + rR] + s7T2 + aaHg + + vVx [4.4]

logSP=SPo + rR2 + STt2 + aa^2 + ^ ^ ^ 2 + iLogLi^ [4.5]

The logLbS equation gives better MLRA results for gas to
condensed phase systems than for processes in condensed 
phases. The coefficient of the logL^G term is always 
positive indicating that the energy released from dispersion 
interactions between the solute and the solvent is greater 
than that required for cavity formation. An increase in
cavity effects would lead to a decrease in the 1-coefficient 
which is unity for hexadecane and it is the basis for 
comparing all other phases. The solute parameters R2 , « ^ 2

and p^2 are discussed below.

4.4 SOLUTE HYDROGEN BOND ACIDITY

The solute hydrogen bond acidity 0 ^ 2 scale was constructed
by Abraham and co-workers^. 4 from logK equilibrium constants
for the 1:1 complexation of a series of hydrogen bond acids 
with a reference base in tetrachloromethane as solvent at 
298K.

A-H + B — ►  A-H • • • • B [4.6]

The hydrogen bond acids and reference bases were present in 
low concentration so that in solution they were both 
monomeric, nonassociated solutes. Abraham and co-workers^ / 4 
studied forty five reference bases which yielded forty five 
equations in terms of log K for equation [4.7] .
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log K(series of acids against reference base B)
= LglogKH^ + Db [4.7]

Where Lg and Dg characterise the base and values of logKH^^ 
characterise the acids. Plots of logK for a series of 
hydrogen bond acids in a reference base against any other 
reference base resulted in a series of lines which 
intersected at a point where log =logK = -1.1, where K
is in molar concentration units. This point of intersection 
corresponds to the origin of the scale of hydrogen bond 
acidity and so solutes with no hydrogen bond acidity have 
logK^^ = -1.1 units. The origin of the scale was shifted to 
zero and compressed by converting logK^^ to a ^ 2  using the 
defining equation,

a ^ 2 =  (logKH^ + 1.1)74.636 [4.8]

4.5 SOLUTE HYDROGEN BOND BASICITY

LogK values for thirty four bases against a given reference 
acid were used by Abraham and c o - w o r k e r s ^ / 6 to construct a 
scale of solute hydrogen bond basicity similar to the solute 
hydrogen bond acidity scale. The thirty four equations in 
terms of logK were of the form,

log K(series of bases against reference acid A)
= L^logK^g + D^ [4.9]

L^ and D^ are characteristics of the acid and logKHg 
characterises the hydrogen bond basicity of the series of 
bases. These equations also intersected at the point where 
logK^B =-1.1. The hydrogen bond basicity was defined by 
equation [4.10] where the factor 4.636 was chosen so that 
^^2 = 1  for the stong hydrogen bond base, hexamethylphospho
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triamide.

PH2 = (logKHg + 1.1)/4.636 [4.10]

A combination of the a^2 and scales and the logK
values for the 1:1 complexation in tetrachloromethane at 
298K g a v e ;

log K= 7.354 _ 1.094
n=1312 p=0.9956 sd=0.09 [4.11]

The above equation has been used to calculate further solute 
a ^ 2  on values when either a^2 on and logK values are
known. Equations [4,8]-[4.11] are not completely general 
since some acid-base combinations of weak acids, such as 
pyrrole with bases including pyridine, amines and ethers are 
excluded. These hydrogen bond acids give a different 
electrostatic to covalent ratio in their complexes, with a 
Maria Gal24 value larger than about 75°. However, a 
combination of these acids with other bases are included in 
the scale.

Within families there exists a connection between hydrogen 
bond acidity or basicity and full proton transfer acidity or 
basicity but such a connection breaks down across families. 
Thus, as an example the a ^ 2  for phenol(0.60) is greater than 
for simple carboxylic acids (0.54) and P^2 is larger for 
DMSO (0.78) than for triethylamine(0.67).

4.6 POLARISABILITY

The term polarisability refers to the formation of a dipole 
in a non-dipolar molecule or structural unit exposed to an 
electric field. Molar refraction MR^, is used as a measure 
of polarisability and is defined as;
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MRx= 10 [n2 - l]/[n2 + 2]Vx [4.12]

Where n is the refractive index at 20°C with the sodium D 
line and is McGowan's characteristic volume with units 
cm2mol"i/100. The excess molar refractionis Rg (the molar 
refraction in excess of of the molar refraction of an alkane 
of the same characteristic volume) is defined as;

R2 = MRx - MRx(alkane) [4.13]

By subtracting the molar refraction of an alkane, 
MRx (alkane) ̂ of the same characteristic volume as the 
solute, the dispersive component of the molar refraction 
already accounted for in the logLiG term is removed. 
Polarisability is promoted by the presence of aromatic 
groups or heavy halogen atoms in a compound. However, 
fluorine substituents lower the excess molar refraction 
below the alkane level resulting in negative values of R2 .

4.7 EFFECTIVE SOLUTE PARAMETERS

It was not clear whether the 0^2 and parameters
determined by the 1:1 complexation method outlined earlier 
apply to a situation whereby a solute molecule is surrounded 
by solvent molecules and hence undergoes multiple hydrogen 
bonding. Abraham and co-workers? therefore set up a new 
scale using GLC data so that a whole range of solute types 
could be included. Effective or summation hydrogen bond 
acidity ^ « ^ 2  / hydrogen bond basicity and Y/k ^ 2 were
obtained for polyfunctional compounds. Abraham and 
co-workers? used multiple linear regression equations and 
back calculated the solute hydrogen bond parameters. 
Abraham and co-workers? found that in general the 1:1 scales 
of « ^ 2 and P^2 for monofunctional solutes could be used as 
solute parameters even for a situation where the solute
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molecule is surrounded by a large excess of solvent 
molecules. As multifunctional solutes cannot be dealt with 
in 1:1 complexation, they are back calculated using multiple 
linear regression equations. In this method Abraham and 
c o - w o r k e r s 7  used specific retention volumes, Vg of 37 6 
solutes determined by M c R e y n o l d s ^ s  on 77 stationary phases 
at 3 93K. Of these phases 75 had no hydrogen bond acidity and 
equation [4.5] reduced to.

Log VgO= c + rR2 + s7T2 + aEa^2 + 1 Logics [4.14]

Then Multiple Linear Regression Analyses (MLRA) of these 
solutes with the corresponding solute parameters R2 , ^ 2 ,

X a ^ 2 f  logLiS yielded 75 equations, each with its own
independent characteristic constants. The equations were 
arranged in a vertical matrix where the Vg were then
regarded as the dependent variable and the constants r^, s^/
an and In (where n=l-75) were the explanatory variables 
and R2 , 7T2 , EaHg, logL^G were the unknown resulting in a
reverse matrix. As the input data are all purely related to 
the solute parameters 712 was replaced by the 71^2 determined 
experimentally;

V g  = R2rn + nH2Sn + «ZH2an + logLi^ In [4.15]

Abraham and c o - w o r k e r s ?  carried out an analyses by forcing 
the equation through the origin and obtained reasonable 
values of R2 , 71̂ 2 , and logL^^ for the solutes. However,
Abraham and co-workers? preferred to use equation [4.16] 
as it required fewer explanatory variables and r 2 is easily 
determined or calculated.

LogVgO - c - rn.R2 = ^ ^ 2 • Sn + (XZH2 . an + logLiG.i^ [4.16]

The ^ ^ 2 values determined from this equation are for a 
solute surrounded by an excess of solvent molecules and so
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may be correctly denoted as ^^^2 •

Also, Abraham and c o - w o r k e r s ?  regressed retention data of 
240 solutes on five stationary phases obtained by Patte and 
c o - w o r k e r s 2 8  using an equation of the form,

Log L' = c + rR2 + stï2 +  a'La'^2 + 1 Log Ll^ [4.17]

Where Log L'= log L - logL (decane) which only affects the 
c-constant in the regression equations. To this data Abraham 
and co-workers? could not apply the 'reverse' MLRA used for 
the McReynold's data because the reverse matrix requires no 
less than fifteen stationary phase. Solving the unknown 
parameters through simultaneous equations proved 
unsuccessful probably because the coefficients in the 
solvation equations were not very different from each other. 
Abraham and co-workers? then correlated the solute 
parameters with Patte and c o - w o r k e r s 2 6  characteristic 
solute parameters derived from the 240 solutes and five 
stationary phase and calculated 7T̂ 2 • Also, 71^2 could be 
back calculated for solutes for which R2 , EaHg, Log Li^ were 
known for all five phases and the results averaged.

The EaHg values calculated from equations [4.16] and [4.17] 
follow closely the original solute hydrogen bond acidity 
obtained by the 1:1 complexation method. The only exception 
was with carboxylic acids where Ea^2 has values of 0.6 unit 
which differed significantly from 0 ^ 2= 0.54 units. Abraham 
and co-workers? noted that regression equations obtained 
with the effective solute parameters were much better than 
the old ones in terms of the correlation coefficient and the 
standard deviation. However, these did not greatly change 
the solvation constants r,s,a, and 1. As logL or logVg, the 
dependent variable from which n ^ 2  and EaHg, ZpHg, logL^G 
are obtained is free energy related, it follows that these 
solute parameters are also related to the Gibbs energy.
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The effective or summation solute paramters now replace the 
respective solute parameters and the revised general
solvation equations are,

Log SP = c + rR2 + sii^2 + aEa^2 + + vV^ [4.18]

Log SP = c + rR2 + 371̂ 2 + aZa^2 + bZpHg + i Log L^^ [4.19]

4.8 MULTIPLE LINEAR REGRESSION ANALYSIS (MLRA)

In this linear regression as in all other linear 
correlations, it is assumed that there is a linear relation 
between the dependent variable, logSP, and the explanatory 
variables R2 , and logL^G. In general, when a
correlation consists of several explanatory variables, there 
will be some degree^? of correlation between one explanatory 
variable and another or in some cases between two or more of 
the explanatory variable. This is commonly known as 
multicollinearity. Ideally, the correlation coefficient 
between the explanatory variables should be close to zero27, 
a situation which is rarely achieved in physical organic 
chemistry because there is nearly always some physical 
connection, between the properties described by the various 
explanatory variables. Multicollinearity has the effect of 
increasing the standard errors of the regression 
coefficients. This will invariably result in problems in 
interpreting the final regression equation as it becomes 
difficult to decide which of the collinear variables to 
exclude or include. Outliers in the regression caused by 
poor measurements can also present problems as they may 
indicate the presence of a secondary process. These can be 
excluded from the regression but the danger is that it fits 
the regression to a particular model and the final equation 
may not fully represent the processes being studied. The 
higher the value of the overall correlation coefficient,p
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the more reliable the equation and the lower the standard 
deviation. The F-Statistic gives an indication of the 
goodness of fit of the regression equation.
Regression of the log solubility property of the solvent 
against the five solute parameters generate an equation 
characteristic of the particular solvent. The magnitude of 
the coefficients of the solute parameters indicate the 
extent of the various solute-solvent interactions and allows 
for the process being studied to be understood. As well as 
giving information about the chemical properties of the 
solvent the characteristic constants also provide 
information on separation. Thus, a large value of s-constant 
indicates that the solutes can be separated on the basis of 
dipolarity or a large value of 1-constant shows that 
separation between homologues is favoured. Table 4.1 shows 
regression of logVg of solutes calculated from activity 
coefficient data (details in Chapter 9) presented by Alessi 
and co-workers28 for palmitic acid at 345.7K .

Table 4.1 A Multiple Linear Regression Analysis Output for 
logVg on palmitic acid at 345.7K

Correlation coefficient between variables 
R2 EaHg ZpHg logLlG

ti^2

EaH2

logLlS
Yobs

0.396
0.118
-0.014
0.137
0.306

0.155 
0.727 

-0.449 
-0 .222

0.496
-0.594
-0.239

-0.660
-0.333 0.885

R 2 71̂ 2 EaHg ZpHg logLiG Const
Coeff (0.079) 0.138 1.271 0.562 0.725 -4.491
sd 0.053 0.050 0.083 0.069 0.014 0.042
Ttest 0.84819 0.98865 1.00000 1.00000 1.00000 1.00000
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Table 4.1 (continued)

Overall correlation coefficient 0.9971
Std. dev. Yobg-Ycaic 0.032
Degrees of freedom 23
Number of data points 29
F-Statistic 802.7

The solvation equation for palmitic acid at 345.7K can then 
be represented by,

L o g V g =  —4.49 + (0.08)R.2 + 0. 147T̂ 2 1.2 72̂ 01̂ 2 0.56)CP^2 ■*"
0.725LogLl6

[4.20]

The coefficients in the above equation for R 2 , 
and logLiG are the characteristic properties of palmitic 
acid. The magnitude of the coefficients reveal the dominance 
or triviality of the various interactions quantified. To 
obtain a satisfactory regression the number of data points 
should be a minimum of five times the number of explanatory 
variables. However, the solutes should be chosen to have a 
whole range of functional groups.

In the above regressions, there appears to be some 
correlation between and 7T2 (0.727) and between logLiS
and EpHg, 7:2 and Ea^2 of -0.66,-0.449 and 0.496 respectively. 
The standard deviation and Students Ttest for each 
coefficient are also shown in Table 4.1. The Students Ttest 
expressed in confidence levels of each coefficient is 
disregarded for values of less than or equal to 0.950 as the 
inclusion of the term in the equation is regarded as 
statistically insignificant so that the rR2 term has to be 
removed. The regression output also includes the overall
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correlation coefficient and standard deviation as well as 
the Fischer Statistic which all point to a good correlation 
in the case of palmitic acid. Exclusion of the rR2 term gave 
the same correlation between variables as in Table 4.1, but 
the coefficients of the regression differed slightly as 
shown in Table 4.2.

Table 4. 
the rR2

2 MLRA 
term

output for logVg on palmitic acid exluding

Correlation coefficient between variables
EaHg logLiG

n ^ 2

EaH2 0.155
0.727 0.496

logLlS -0.449 -0.594 -0.660
Yobs -0.222 -0.239 -0.333 0.885

Z a ^ 2 logLlG Const

Coeff 0.193 1.344 0.503 0.734 -4.510
sd 0.034 0.069 0.058 0.013 0.041
Ttest 0.99999 1.00000 1.00000 1.0000 1.00000

Overall correlation coefficient 0.9969
Std. dev • Yobs Ycalc 0.033
Degrees of Freedom 24
Number of data points 29
F-Statistic 955.1

The overall correlation coefficient changed by 0.0002 and 
the standard deviation by 0.001 units. This shows that the
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rR2 term does not make any significant contribution to the 
regression equation for palmitic acid and can therefore be 
left out. Hence, the final regression equation representing 
the solvation characteristics of palmitic acid at 345.7K is,

L o g V g =  -4.51 + 0.1971^2 + 1.34Z«H2 + 0.50ZpH2 + 0.73 0 LogLiG

[4.21]

As the present work concerns the transfer of solute from gas 
to condensed phase, equation [4.19] will be used throughout 
this thesis.
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CHAPTER 5

5.0 AIM

The surface properties of polymers significantly influence 
their adhesive properties, wettability, coating ability, 
permeability, corrosion and compatibility. These properties 
may be useful in the manufacture of protective clothing and 
surface coatings in paints and pharmaceuticals. The presence 
of acidic and basic sites on the polymer surface increase 
specific intermolecular interactions with solvents, 
plasticisers, fillers and other polymers. The search for new 
polymers with given desired properties has prompted the 
widespread use of polymer blends and the ability to 
characterise the thermodynamics of polymer-polymer systems.

It is the purpose of this work to characterise polymeric and 
other materials by investigating the nature of the 
interactions that are set up when solute probes dissolve in 
polymeric and other phases. The interactions considered are 
those described by the simple cavity model namely, 
dipolarity/polarisability, hydrogen bonding ability and 
dispersion. Methods used to characterise materials will 
include solvatochromie measurements, and particularly 
inverse gas chromatography (IGC) where the polymer is used 
as a stationary phase. The IGC work starts with a simple 
system consisting of methylene iodide, as the stationary 
phase, followed by polymers which include polystyrene 
(PS), po lyvinylme thy 1 ether (PVME) , polyethylene oxide (PEG), 
polyacrylic acid (PAA) and polyethylene glycols (PEG) and more 
complicated sytems consisting of blends of PS/PVME and 
PAA/PEO. As well as characterising these stationary phases 
the thermal dependence of the solvation properties of the 
PS/PVME system will also be investigated by carrying out IGC
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at different temperatures. The effect of relative humidity 
on the solvation properties of PEG will be studied to 
ascertain how the relative humidity alters these properties. 
Literature data will also be analysed through the general 
solvation equation. Solvatochromie parameters of solvents 
and polymers will be determined by employing the 
spectroscopic approach and compared with available 
literature data.
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CHAPTER 6

6.0 EXPERIMENTAL PROCEDURE IN  GAS CHROMATOGRAPHY

6.1 COLUMN PREPARATION

The inert support used for this work was chromosorb G AW 
DMCS with 40/60 mesh size and was obtained from Analytical 
Columns. The aim was to make up a high loading of 10-15% 
stationary phase to inert support in order to eliminate 
adsorption effects completely. However, this was not always 
possible especially for high molecular weight polymers. This 
is because the packing became sticky when the percentage 
loading was high so a much lower loading had often to be 
used.

Solvents most commonly used for dissolving the stationary 
phases in this work included methanol and toluene. The 
solution of stationary phase and solvent was quantitatively 
transfered to a round bottomed flask containing a known 
amount of the inert support by washing the beaker containing 
the solution with the solvent about three or four times and 
transfering the washings to the flask. The resulting slurry 
was stirred and mixed using a rotary evaporator with the 
vacuum turned off. When this had been done the vacuum was 
switched on and the solvent was slowly stripped off to 
ensure uniform coating of the stationary phase. When 
methanol was used as the solvent, the chromosorb was 
thoroughly mixed in the liquid coating by stirring and left 
to stand to slowly evaporate off from the solvent. The 
packing was dried in a vacuum desiccator for about three 
days. Sometimes it was necessary to purge the column with 
the carrier gas overnight or for a few hours at a 
temperature higher than the operating temperature to remove 
traces of solvent and volatile impurities which may have
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been picked up from the glassware, solvent or present in the 
stationary phase. The percentage loading (|) is defined as:

<|> = mass of stationary liquid phase [6.1]
mass of support + mass of stationary liquid phase

In this work, the actual percentage loading on the support 
was determined by firing. This involved burning a known 
quantity of the coated support in duplicate as well as the 
uncoated support on a Bunsen burner until constant weight 
was attained. Depending on the expected loading on the 
column, the weight of the packing was chosen so that a 
measurable amount of the stationary phase was lost after 
firing. The resulting weight loss was corrected for the loss 
in weight associated with the inert support (blank).

6.11 COLUMN PACKING

Glass columns were used throughout this work. Two teflon 
plugs were placed at each end of the empty column and plugs 
were weighed. The coated support was placed in a reservoir 
while the preweighed column was connected to it by a rubber 
tube. Nitrogen was applied at the inlet at low pressure so 
as to blow the packing into the column slowly. Thus, only a 
small quantity of the packing was added at a time. When an 
appreciable quantity of the packing had been packed the 
column was then subjected to gentle vibration (as excessive 
mechanical vibration tends to break diatomaceous support 
materials to fine particles) in order for it to settle and 
consolidate properly. The packed column plus teflon plugs 
was then weighed. The weight, length, internal and external 
diameter of the column were noted. The packed column was 
then mounted in the gas chromatograph. The presence of 
leaks at both ends of the column was checked by allowing
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nitrogen, the carrier gas, to pass through the system and 
applying a soap solution at the connections. Formation of 
soap bubbles is an indication of leakage in which case the 
connection needs tightening. The column was conditioned by 
passing nitrogen through overnight.

Figure 6.1 Diagram of packing apparatus

N j l O  ( b / i n ^

c o l u m n  p a c k i n g  
r e s e v o i r

p l a s t i c  t u b i n g

g l a s s  c o l u m n

PROCEDURE OF COLUMN PACKING

(a) The empty glass column was cleaned and dried. This
was then weighed with two teflon plugs at both ends.

(b) The packing was transfered into 3, Figure 6.1.
(c) The teflon plug at the long arm or the inlet end

of the glass column was removed and attached at 5.
(d) Tap 4 was opened and closed by rotating it through an

angle of 180° as quickly as possible to allow only a
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small amount of the packing in the rubber tube.
(e) Tap 1 was opened for the carrier gas to force the 

packing down the column. It was closed and opened 
again to push the packing further down the column.

(f) Steps d and e were repeated until the approximate 
required length was reached.

(g) The teflon plug was replaced and the column was gently 
tapped with a pencil until all the particles were 
consolidated and therefore well packed.

(h) The glass column and plugs and its contents were 
weighed and the length, internal and external diameter 
were also measured.

(i) The packed column was now ready for use.

6.2 EQUIPMENT

Retention measurements were carried out by employing a 
Perkin Elmer gas chromatograph model F33 equipped with a 
flame ionisation detector throughout this work. Nitrogen 
was used as carrier gas and for conditioning the columns 
while hydrogen and air were used to ignite the flame. These 
gases were supplied from high pressure gas cylinders 
directed through silica gel traps to reducing valves. The 
silica gel traps remove low molecular weight hydrocarbons 
which might interfere with the analyses and also moisture. 
Water is not inert so that when it is introduced onto a 
chromatographic column even in trace quantities it acts as a 
deactivating agent causing poor reproducibility of the 
retention times of solutes. Precise flow regulation was made 
possible by the use of flow regulators placed before the 
column inlet. Carrier gas flow rates usually used were in 
the range 2 0 - 3 5 ml/min.
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The FID consists of a hydrogen flame burning at a jet in a 
supply of filtered air. The insulated metal jet tip is 
connected to a stabilised 150V supply via a polarising ring. 
Connected to the polarising supply is an ignition coil for 
igniting the flame. Above the jet is the cylindrical 
collector electrode which is connected to the ionisation 
amplifier. The carrier gas flowing from the end of the 
column mixes with hydrogen and passes through the jet. Changes 
in ionisation current due to components in the gas stream 
are detected and fed to the amplifier which converts 
impedence to a value matching that of the chart recorder. 
When no carrier gas flows into the FID very little current 
flows between the electrodes. However, if an organic 
compound elutes from the column, this is ionised in the 
flame and produces an increase in current which is then 
displayed as a peak on the chart recorder. The carrier gas 
flow rate was measured directly through the detector jet 
outlet sealed to a flow meter while the flame is out and the 
air and hydrogen supplies are switched off. The oven is 
surrounded by four insulating walls. A fan motor drives a 
cooling fan under the insulating slab of the oven. The 
amplifier was always left switched on to minimise baseline 
drift and prevent condensation on high resistance components 
and insulators.

The instrument was allowed to warm up for about an hour to 
ensure drift free operation of the amplifier. Retention 
measurements were made when a steady baseline was obtained. 
In all cases methane was used as a non interacting marker to 
correct for dead volume in the columns and the 
chromatographic system. The net retention time of a solute 
was determined by measuring the time between the injection 
point to the peak maxima and correcting for methane.
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6.3 SAMPLE INTRODUCTION

Solutes used were of reagent grade obtained from standard 
sample sources such as Aldrich and used without further 
purification since solute purity is not of major importance 
in these measurements. In this work a Hamilton microliter 
and gastight syringe were used to sample the solutes and the 
gas respectively. Solutes were introduced by direct 
injection on the column. A suitable sampling size is around 
a total volume greater than 0.03 jil because smaller samples 
tend to be difficult to reproduce with the smallest standard 
syringes available which have a capacity of 0.5-1.0 |il. 

However, where the retention time is of more interest than 
the area of the chromatograph, as it is the case in this
work, injection volumes as small as 0.01 jil can be made
because at infinite dilution the retention time of a solute 
is independent of sample size. Solute sample size was kept 
as small as possible, usually less than 0.2 jil . However, 
for large compounds which took several hours or few days to 
elute a sample size of about 1. Ojil was required to produce a 
measurable peak. The contents of the syringe were injected 
through a septum into a small heated chamber of the
chromatograph. While in the chamber, the solute is 
\/Qpor\seol* Rapid vaporisation . . is required in order to 
reduce peak tailing and so the evaporator temperature is 
usually about 323-273K above the boiling point of the
solute. An ideal septum material should be durable, reseal 
leak tightly after an injection, and have a low bleed rate 
at temperatures up to 573K and resistant to solvent
attack. In this work a plain silicon rubber septum was 
used.

Some alkanes were injected onto the column in order of 
increasing molecular weight. The solute which produced 
symmetrical sharp peaks and had moderate retention time was
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chosen as the standard. Retention of other solutes were 
measured relative to the chosen standard.

6.4 ABSOLUTE MEASUREMENTS

The absolute partition coefficients were measured on the 
same Perkin Elmer F33 gas chromatograph used for the 
relative measurements. Absolute values for about ten or more 
key solutes with varying functional groups were obtained. 
The logT of these solutes were subtracted from the 
corresponding absolute logVg values. The result were 
averaged and the value used to convert the rest of the 
relative values to absolute values. The measurements 
required are inlet and outlet pressure, temperature, flow 
rate and retention times of the chosen solutes at these 
settings.

The pressure drop across the column was measured with a 
simple mercury manometer made of sufficiently thick glass to 
resist pressure from the carrier gas. This measurement was 
carried out by turning off both hydrogen and air and 
allowing only nitrogen to flow through the system. The 
nitrogen outlet was connected to the manometer. The inlet 
pressure to the column was usually about 40 psi. The carrier 
gas flow was controlled by needle valves. The difference 
between the two arms of the manometer (pressure drop) was 
measured and the atmospheric pressure of the day was also 
recorded using the barometer in the laboratory. The 
atmospheric pressure was taken as the outlet pressure.

The column temperature was recorded in degree centigrade 
using a digital electronic thermometer which was connected 
to the column in the thermostat oven by winding the wire 
from the thermocouple round the top of the column. The
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temperature of the soap solution for measurement of flow 
rate was also recorded by dipping the thermocouple in the 
solution.

The flow rate of the gas was measured using a bubble meter 
which consists of a soap solution contained in a reservoir, 
a 10 ml burette, teat pipette and rubber tubbing. The set 
up was supported on a burette stand. With the flame off, the 
flow rate of the carrier gas was measured by connecting the 
tube from the bubble meter to the flame jet. The time taken 
for a soap bubble to travel from 0 to 10cm.3 in the burette 
was measured with a stopwatch. Six replicate measurements 
were made and the mean of these taken as the flow rate. Soap 
bubbles were formed by squeezing the rubber teat and were 
moved in the path of the carrier gas flow. Since the 
carrier gas is not saturated with water vapour, 
ir-reproducible flow rates are obtained if the walls of the 
burette dry up. In order to prevent this from happening, 
the walls of the burette were wetted by sending many bubbles 
throughout the length of the burette before measuring the 
flow rate. The flow rate determined is corrected for the 
vapour pressure of water which is little affected by the 
pressure of the detergent and therefore insignificant. The 
temperature of the soap solution was measured and the 
corresponding vapor pressure found from tables.

6.41 CALCULATION OF ABSOLUTE VALUES OF L AND Vg

The various pressures, temperature and flow measurements 
needed to calculate the partition coefficient, L were made 
after the system had settled down. Values of the adjusted 
retention time, were then obtained for a number of
solutes, and then the pressure, temperature and flow 
measurements were repeated. The actual values used to
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calculate L from t^' were taken as the average of the 
initial and final measurements. If the density of the 
stationary phase is not known the specific retention volume.
Vg, is calculated instead of L. The relation between L and 
Vg is given in equation [6.2]:

K = L =  C o / C m [1 .1 ]

L - V g  * Pl [6 .2 ]

The pressure correction term J is given by

j 23 = 3 [(Pi/Po)2 - 1]/ 2[(Pi/Pg)3 - 1]

“ ^  / [Vl X  P q X  T^]

[6.3]

[6.4]

Pressure drop
Atmospheric Pressure
Inlet Pressure Pi
Temperature of bubble meter
Vapour Pressure of water
Temperature of column
Flow rate
Mass of Phase
Density of phase
Volume of phase

P
Po 

= Po 
Tw 
Pw 
Tc 
Fw 
Ml 
Pl  

Vl

+ P

mmHg
mmHg
mmHg
K

mmHg
K

cm3/s
g
cm3 /g 
cm2
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CHAPTER 7

7.0 THE CHARACTERISATION OF METHYLENE IODIDE AS A SOLVENT

7.1 INTRODUCTION

A large number and variety of solvents ô e available covering 
a wide range of chemical and physical properties. Thus, 
solvents can be selected on the basis of hydrogen-bond 
acidity or hydrogen-bond basicity, as characterised by the 
Kamlet-Taft solvatochromie parameters!^! and Pi. Or they
can be selected in terms of polarity or dipolarity as 
measured by dielectric constant^ or dipole moment^, or the 
Kamlet-Taft solvatochromie parameters . Although, it is 
well known that certain classes of solvents are more 
polarisable than others, for example, aromatic solvents in 
general, solvent polarisability has not been a property that 
has been much used in the selection of solvents. As a 
measure of polarisability, it is convenient to take the 
refractive index ng^o  ̂or even better, the recently defined 
excess molar refraction^, R. in Table 7.1, are listed a few 
solvent parameters including ng2 0 and R .
Of all organic compounds that are liquid at ambient 
temperature, methylene iodide has the highest refractive 
index, and hence the highest value of f(n), the refractive 
index function:

f(n) = (n2 - D/(n2 + 2) [7.1]

and also the highest excess molar refraction. It seemed 
useful, therefore, to examine the effect of the very large 
solvent polarisability. Although, methylene iodide suffers 
as a solvent somewhat through its comparative involatility, 
this property can be used to advantage in the determination 
of the solubility of gases and vapours.
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Table 7.1 Some solvent parameters^

Solvent «1 Pl TTi* fnd Rd Erp,e

Hexane 0. 00 0. 00 -0. 08 1,.90 0,.00 0,.229 0 .000 30..9
Diethylether 0. 00 0. 47 0. 27 4,.22 1,.15 0,.217 0 .041 34,.6
Propanone 0. 08 0. 48 0. 71 20..42 2..88 0,.220 0 .179 42 ..2
Nitromethane 0. 22 0. 25 0. 85 38,.60 3 ..46 0,.233 0 .313 46..3
DMSO 0. 00 0. 76 1. 00 46..68 3 ..96 0,.283 0 .522 45..0
CS2 2 ..62 0..00 0,.357 0 .877 32 ..6
Water 1. 17 0. 18 1. 09 78..36 1..87 0,.206 0 .000 94..6
Methanol 0. 93 0. 62 0. 60 32 ..62 1..70 0..203 0,.278 55..5
Benzene 0. 00 0. 10 0. 59 0..00 0..295 0 .610 34..5
lodobenzene 0. 00 0. 05 0. 81 4.. 62 1..70 0..351 1,.188
Acetophenone 0. 00 0. 49 0. 90 17..48 3 ..00 0..312 0,.818
Nitrobenzene 0. 00 0. 30 1. 01 34.,82 3 ..93 0..322 0,.871 42 ..0
Benzylalcohol 0. 80 0. 50 0. 98 13 .,10 1..70 0..314 0,.803 50..8
CH2 I2 1. 12 1.,11 0..404 1,.453

^  Solvatochromie parameters from ref. 7
At 29 8 K from ref.3 (except benzyl alcohol where it is at 293K) 

c  Derived from ref.4 
^  Calculated as described in ref.6
® Reichardt' solvent parameter in Kcal/mol ref.8

Since methylene iodide is reasonably involatile, it can be 
used as the stationary phase in a gas-liquid chromatographic 
experiment, and gaseous solubilities then obtained through 
the determination of specific retention volumes, Vg, of 
various solutes injected onto the column of the methylene
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iodide stationary phase

7.2 EXPERIMENTAL

Methylene iodide, the stationary phase, was coated onto an 
inert support (chromosorb GAW DMCS) with an expected 
loading of 5.46% using 1.15g methylene iodide and 19.91g 
support. Toluene was used as solvent and was removed by 
rotary evaporation. The coated support was packed into glass 
columns of length 80cm with internal and external diameters 
of 3 mm and 6mm respectively. The weight of the column was 
3.39g. Preliminary work on the column showed that methylene 
iodide was stripped off the column as the carrier gas was 
passed through, so subsequent columns were purged for about 
half an hour at the operating temperature, 298.15K, since 
high temperature would contribute to the bleeding of the 
column. Absolute measurements were not made on the methylene 
iodide columns because the exact weight of stationary phase 
was not known due to bleeding of the methylene iodide. All 
other measurements were done as described in chapter 6.

7.3 RESULTS AND DISCUSSION

7.31 IGC OF METHYLENE IODIDE

Since methylene iodide boils at 454K, it was thought that it
would be involatile enough to use as a GLC stationary phase
at 298K. Results from preliminary work showed that the 
methylene iodide readily leached from the stationary phase 
even at 298K as nitrogen was passed through, so that it was 
quite impossible to determine absolute values of L. However, 
a reasonable set of relative retention times, t was 
obtained. Leaching of methylene iodide from the column
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indicated that as time went on there was little or no 
stationary phase coated on the support. This called for the 
need to collect data on more than one column but made from 
the same packing material and with solutes passed through 
each one for a short period of time. Therefore, three GLC 
columns of methylene iodide were made up and by using each 
column for a few hours it was possible to obtain relative 
retention times of reasonable number of solutes. 
Fortunately, Carr, Fritz, Hussam and ParklO have determined 
absolute L values for six solutes on methylene iodide at 
298K using a static head-space analysis method, and so the 
relative retention times could be matched to absolute 
L-values as shown in Table 7.2. With the exception of 
ethanol solute, probably rather difficult to deal with by 
either method,there is excellent agreement, with the 
equation log L=logT + 3.37 [7.2], so that all the logr
values can be converted into absolute logL values as shown 
in Table 7.2, with a standard deviation of 0.02 log units.

Table 7.2 Comparison of log L and logr on methylene iodide 
at 298K

Solute LogL& Logrh A

Octane 2 .46 -0.90 3.36
Nitromethane 2 .75 -0.59 3.39
Butanone 2.82 -0.56 3.37
Toluene 3.32 -0.08 3.40
Dioxane 3 .60 0.25 3.35

Average 3.37
Standard deviation 0.02

Ethanol 2.08 -1.24 3.32

r e f .  9 this work relative to decane
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Table 7.3 LogL values for solutes on methylene iodide at 
298K

Solute LogT Log L

Argon -1,.46b
Methane -1,.07b
Ethane -0,.25b
Hexane -1,.86 1,.51
Heptane -1,.28 2 ,.09
Octane -0 ,.90 2 ,.47
Nonane -0,.45 2 ,.92
Decane 0,.00 3 ,.37
Undecane 0,.45 3 ,.82
Dichloromethane -1,.32 2 ,.05
Tetrachloromethane -1,.07 2 ..30
1,2-Dichloroethane -0,.64 2 ..73
1,4-Dioxan 0,.25 3 ..62
Acetone -0..94 2 ..43
Butanone -0..56 2 ..81
Pentan-2-one -0..28 3 ..09
Methyl formate -1..50 1..87
Ethyl formate -1..18 2 ..19
Methyl acetate -1..05 2 ..32
Nitromethane -0..59 2 ..78
Nitroethane -0..23 3 ..14
Methanol -1..49 1..88
Ethanol -1.,24 2..13
Propan-l-ol -0..78 2 ,.59
Propan-2-ol -1..20 2 ..17
Butan-l-ol -0..34 3 ..03
Butan-2-ol -0..71 2 ..66
Pentan-l-ol 0..13 3 ..50
2,2,2-Trifluoroethanol -1..51 1..86
1,1,1,3,3,3-Hexafluoropropan-2-ol -1..57 1..80
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Table 7.3 continued

Solute Logr Log L

Benzene -0.56 2 .81
Toluene -0.08 3.29
Ethylbenzene 0.30 3.67
1,3,5-Trimethylbenzene 0.59 3.96
Butylbenzene 0.94 4.31
3-Chlorotoluene 0.75 4.12
4-Chlorotoluene 0.63 4.00

LogL = LogT + 3.37 
^  this work b  from ref .10

For very volatile solutes such as the rare gases and lower 
alkanes, measurements by the GLC method discussed above are 
very difficult to make, and a number of L- values were 
determined by Professor Urieta (Zaragoza) using the 
classical static methodio. The only previous measurements 
with methylene iodide are the six L-values reported by Carr 
and co-workers^. For the rare gases and alkanes, all the 
solute descriptors in the general solvation equation are 
zero, except for logLiG. Hence a plot according to the 
reduced equation [7.3] should be a straight line for rare 
gases and alkanes,

logL = c + 1 logLlG [7.3]

This is indeed so as shown in equation [7.4], so we can take 
it that the two very different methods for obtaining values 
of L have yielded quite compatible results.
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logL = -0.78 + 0.887 logLlG [7.4]
n=9 r=0.9996 and sd = 0.057

Also, given in Table 7.3 are the absolute values for argon, 
methane and ethane obtained by the usual gas volumetric 
technique. These are quite important because they extend the 
range of experimental log L values by no less than 3 log
units, i.e from 2.8 log units to 5.8 log units.

7.32 APPLICATION OF THE GENERAL SOLVATION EQUATION

The full set of 37 compounds consisting of solutes and gases 
can now be analysed using the general solvation equation. 
The descriptors needed are in Table 7.4 and result in 
equation [7.5] . It is noteworthy that the c - and 
1-constants in equation [7.4] are very close to those in 
equation [7.5] as required by the method of analysis. The 
final result for the absolute logL values for the solutes 
after application of the general solvation equation is :

logL — —0.74 + 0.32R.2 + 1.3471^2 0.83£ot^2 1.19£P^2 +
0.866 logLlG [7.5]

n=37 r=0.9979 sd=0.089 F=1461

The various terms in the equation can be interpreted as 
follows. The r constant of 0.32 is positive as expected for 
a polarisable solvent such as methylene iodide, but a much 
more significant term is the s n ^ 2  term. Here, the s-constant 
is quite large at 1.34. Now methylene iodide does not have a 
very large dipole moment and so most of the s-constant must
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Table 7.4 Solute parameters

Solute %2 Tl2^ «2^ p2% LogLlS

Argon 0 .000 0 .000 0 .000 0 .000 -0,.688
Methane 0 .000 0 .000 0 .000 0 .000 -0,.323
Ethane 0 .000 0 .000 0 .000 0 . 000 0,.492
n-Hexane 0 .000 0 .000 0 .000 0 . 000 2 ,.668
n-Heptane 0 .000 0 .000 0 . 000 0 .000 3 ,.173
n-Octane 0 .000 0 .000 0 .000 0 . 000 3 ,.677
n-Nonane 0 .000 0 .000 0 .000 0 .000 4,.182
n-Decane 0 .000 0 . 000 0 .000 0 .000 4,.686
n-Undecane 0 .000 0 .000 0 .000 0 .000 5,.191
Dichloromethane 0 .387 0 .570 0 .100 0 .050 2 ,.019
Tetrachloromethane 0 .458 0 .380 0 . 000 0 .000 2 ,.823
1,2-Dichloroethane 0 .416 0 .640 0 .100 0 .110 2 ..573
1,4-Dioxane 0 .329 0 .750 0 .000 0 .640 2 ,.892
Propanone 0 .179 0 .700 0 .040 0 .510 1,.696
Butanone 0 .166 0 .700 0 .000 0 .510 2 ..287
Pentan-2-one 0 .143 0 .680 0 . 000 0 .510 2 ,.755
Methyl formate 0 .192 0 .680 0 . 000 0 .380 1,.285
Ethyl formate 0 .146 0 .660 0 .000 0 .380 1..845
n-Butyl formate 0 .121 0 .630 0 . 000 0 .380 2 ,.958
Methyl acetate 0 .142 0 .640 0 . 000 0 .450 1..911
Nitromethane 0 .313 0 .950 0 .120 0 .270 1..892
Nitroethane 0 .270 0 .950 0 .050 0 .270 2 ,.414
Methanol 0 .278 0 .440 0 .430 0 .470 0,.970
Ethanol 0 .246 0 .420 0 .370 0 .480 1,.485
Propan-l-ol 0 .236 0 .420 0 .370 0 .480 2 ,.031
Propan-2-ol 0 .212 0 .360 0 .330 0 .560 1,.764
Butan-l-ol 0 .224 0 .420 0 .370 0 .480 2 ,.601
Butan-2-ol 0 .217 0 .360 0 .330 0 .560 2 ,.338
Pentan-l-ol 0 .219 0 .420 0 .370 0 .480 3 ,.106
TFE 0 .015 0 .600 0 .570 0 .150 1..224
HFIP -0 .240 0 .550 0 .770 0 .030 1..392
Benzene 0 .610 0 .520 0 . 000 0 .140 2 ..786
Toluene 0 .601 0 .520 0 .000 0 .140 3 ..325
Ethylbenzene 0 .613 0 .510 0 . 000 0 .150 3 ..778
1,3,5-Trimethylbenzene 0 .649 0 .520 0 . 000 0 .190 4..344
n-Butylbenzene 0 .600 0 .510 0 .000 0 .150 4..730
3-Chlorotoluene 0 .736 0 .670 0 . 000 0 .090 4..176
4-Chlorotoluene 0 .705 0 .670 0 .000 0 .090 4,.197

TFE - 2,2,2-Tiifluoroethanol

HFIP - 1,1,1,3,3,3- Hexafluoropropan-2-ol
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be due to the polarisable nature of the solvent. It seems 
also that methylene iodide can act as a rather weak base 
(a=0.83) and as a weak acid (b=1.19) as well. The 1-constant 
is reasonably large, showing that methylene iodide can 
differentiate between homologues rather well.

In conclusion, the large polarisability of methylene iodide, 
as shown by refractive index measurements, is revealed more 
by the large s-constant than by the r-constant in the 
solvation equation.

144



7.4 REFERENCES

1. M.J. Kamlet and R.W. Taft, J .A m .Chem.Soc.,
1976, M ,  2886.

2. M.J. Kamlet and R.W. Taft, J.Am.Chem.Soc.,
1976, 98, 377.

3. M.H. Abraham, Progress in Phys. Org.Chem.,
1974, 11, 1.

4. A.L. McClellan, 'Tables of Experimental Dipole 
Moments', Rahara Enterprises, California, 1974, Vol. 2

5. M.J. Kamlet, J.L. Abboud and R.W.Taft, J.Am.Chem.Soc.,
1977, 99, 6027.

6. M.H. Abraham, G.S. Whiting, R.M. Doherty and
W. J.Shuely J.Chem.Soc. Perkin Trans.2, 1990, 1451.

7. M.H. Abraham, M.J. Kamlet, J.L. Abboud and R.W. Taft 
J.Org.Chem., 1983, 48, 2877.

8. C. Reichardt, Angew. Chem.Internat. 1965, 4,
9. J.H. Park, A.Hussam, D.Fritz and P.W.Carr, Anal.Chem, 

1987, 59, 1970.
10. Professsor J. Urieta, Personal Communication

145



CHAPTER 8

8.0 STUDIES ON POLYSTYRENE/POLYVINYLMETHYL ETHER BLENDS

8.1 PREVIOUS WORK

There are only a few pairs of chemically dissimilar polymers 
which demonstrate compatibility over the whole concentration 
range. Among these is the polystyrene/polyvinylmethyl ether 
system which various workers^'^i have studied. These studies 
span a whole range of techniques including NMRi'2^ DSC^, 
FT1R4, 5 ̂ vapour sorption^ and IGC^"^ .

Polystyrene(PS) and polyvinylmethyl ether(PVME) form clear 
filmsl'3 with a single Tg intermediate of the homopoymers 
when cast from toluene or benzene. Cloudy films are however 
formed with glass transition temperatures characteristics of 
the homopolymers when cast from trichloroethylene or 
chloroform. For a polymer blend in which specific
interactions play a part in the miscibility of the two 
homopolymers, these interactions should decrease when a
miscible PS/PVME blend is heated above the Lower Critical 
Solution Temperature, LCST, where phase separation occursio.

Garciaio used FTIR to show the presence of specific 
molecular interactions in PS/PVME miscible blends and the 
absence of these in phase separated blends of the same 
polymers. Several studies have shown that blends of 
polystyrene and polyvinylmethylether exhibit solvent
dependent miscibility charateristics^ / 6,10-12 , These studies 
have shown that compatible and incompatible blends of these 
polymers can be obtained by choosing a suitable solvent. 
However, other workers have shown that phase separation can 
be thermally induced^, 13-16 in compatible polymer blends by 
heating the mixture to about 423.15K. Subsequent cooling of 
the phase separated film to room temperature again results
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in a compatible mixture. However, thermal treatment cannot 
render an incompatible film compatible.

Klotz and co-workers^ studied the PS/PVME system at various 
compositions and found a small activity coefficient and 
Flory-Huggins polymer/probe interacting parameter with 
ethylbenzene. This was attributed to the favourable 
interaction between the methoxy group of PVME and the
aromatic ring of ethylbenzene. Since ethylbenzene and the 
monomeric unit of polystyrene are similar Klotz and 
co-workers? suggested there may be a cross reference for the 
miscibility of PS and PVME. It was? concluded that, specific 
interactions between the methoxy groups of PVME and the
aromatic rings of PS is the reason behind the miscibility 
of the two polymers. This is in agreement with findings 
from other workers^ , 5 , 1 0 , 1 7  ,

Negative values of the polymer-polymer interaction parameter 
,X2 3 / which indicate favourable interactions and good 
miscibility between the two polymers have been obtained by a 
number of workers^'?'18-20 _ Klotz and co-workers? obtained 
large negative %23 values for all mixtures with polystyrene 
/polyvinylmethyl ether composition of 75/25, 15/85, 25/75 at 
temperatures ranging from 408K to 483K. However, for the
50/50 blend the interaction parameters were positive at 
temperatures which ranged from 393K to 423K. These
interaction parameters were obtained when the polymer blend 
had already phase separated and the %23 values increased 
with increasing temperature. In the work of Klotz and 
co-workers? the probe to probe variation of %23 was 
investigated. Polar probes such as acetone and ethylacetate 
showed considerable variation in X'23 whereas the variation 
of this parameter with non-polar probes like cyclohexane and 
ethylbenzene was somewhat smaller. The probe dependence was 
explained by the change of Vi, the normalising quantity in 
X'23 = (X23 V1/V2) [2.33] and Scotts'24 treatment of Flory
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Huggins theory of ideal random mixing of both polymers and 
the average thermodynamic properties of the mixture assumed. 
Thus, the sites of probe molecules available for interaction 
with the homopolymer may not be available in the blend of 
the polymers.

Figure 8.1 is the cloud point curve of polystyrene 
/polyvinylmethyl ether system obtained by P. S a k e l l a r i o u 2 5 .

Figure 8.1 The cloud point c u r v e Z S  of PS/PVME 
150
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At temperatures below the LCST the binary mixture is 
completely miscible at all composition. Above the LCST the 
system is heterogeneous.

The purpose of this work is to investigate the changes in 
the solvation constants as a polymer blend goes from
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one-phase system (homogeneous) to two-phase (heterogeneous) 
one. To do this retention data for a series of solutes will 
be obtained on a blend as well as the homopolymers at 
temperatures above and below the LCST of PS/PVME. Using the 
linear solvation equation the characteristic constants of 
the polymers and the blends can be obtained and quantified 
at the various temperatures.

8.2 PREPARATION OF PS, PVME AND PS/PVME COLUMNS

Polystyrene with average molecular weight 43 0,165 and 
polyvinylmethyl ether with inherent viscosity 0.57, were 
obtained from Aldrich Chemical Co and used as received. The 
probes were of analytical grade and used without further 
purification.

Polystyrene was dissolved in toluene and polyvinylmethyl 
ether in chloroform. The blend was formed by dissolving 
polystyrene and polyvinylmethyl ether of known weight in 
toluene. The solution was mixed with the inert support, 
Chromosorb GAW DMCS, with gentle stirring and evaporation 
of the solvent. The packing was vacuum dried and packed into 
glass columns as described in the experimental section in 
Chapter 6. The weight of the stationary phase on the support 
or loading was obtained by ashing. In all cases the aim was 
to achieve a 10% loading but this proved to be impossible as 
the coated support formed lumps. An 8% loading was slighlty 
better but a better coating was achieved at the lower 
loading shown in the table below. All the parameters 
required for the calculation of the specific retention 
volume were determined as set out in Chapter 6.
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STATIONARY PHASE AND COLUMN PARAMETERS

Polymer loading weight of 
polymer

column 
1 id od

wt% g cm mm mm
PS 2.37 0.2054 204.5 3 6
PVME 4.45 0.3871 200.6 3 6
PS-PVME 4.07 0.3631 195.0 3 6

Where PS is polystyrene and PVME is polyvinylmethyl ether. 
1, id and od are respectively the length, internal and 
external diameter of the column. The blend was made with 
0.600g PS and 0.564g PVME.

8.3 RESULTS AND DISCUSSION

Symmetrical elution peaks were obtained in all cases at the 
temperatures studied. This is an indication of the 
attainment of equilibrium sorption conditions.

Retention volumes of thirty three solutes with varying
functional groups including alkanes, haloalkanes, ketones, 
alcohols, carboxylic acids, aromatics, haloaromatics and
phenols were obtained on the three columns made from PS, 
PVME and the blend of PS and PVME. These were chosen so that 
the solvation equation is obtained with solutes of varying 
chemical nature in order to get a complete overview of the 
nature of polymer stationary phase. As a result, any 
deduction from these equations can be made with a high
degree of confidence making it possible to predict logVg
for other solutes so long as their parameters are known.
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Table 8.1 Solute parameters

Solute R2 2 Za^2 EPH2 LogLlG
n-Decane 0. 00 0. 00 0 .00 0 .00 4,.686
n-Undecane 0. 00 0. 00 0 . 00 0 .00 5..191
n-Dodecane 0. 00 0. 00 0 .00 0 .00 5,.696
n-Tridecane 0. 00 0. 00 0 .00 0 .00 6,.200
n-Tetradecane 0. 00 0. 00 0 .00 0 .00 6,.705
n-Pentadecane 0. 00 0. 00 0 .00 0 .00 7,.209
n-Hexadecane 0. 00 0. 00 0 .00 0 .00 7 ,.714
n-Heptadecane 0. 00 0. 00 0 .00 0 . 00 8,.218
n-Octadecane 0. 00 0. 00 0 . 00 0 . 00 8..722
n-Nonadecane 0. 00 0. 00 0 .00 0 . 00 9..226
3-Methylbutan-2-one 0. 13 0. 65 0 .00 0 .51 2 ,.692
Octan-2-one 0. 11 0. 68 0 . 00 0 .51 4,.257
Nonan-2-one 0. 12 0. 68 0 .00 0 .51 4,.735
Nonan-5-one 0. 10 0. 66 0 .00 0 .51 4,.698
Decan-2-one 0. 11 0. 68 0 .00 0 .51 5,.245
Propanoic acid 0. 23 0. 65 0 .60 0 .45 2 ..290
Butanoic acid 0. 21 0. 62 0 .60 0 .45 2 ..830
Hexanoic acid 0. 17 0. 60 0 .60 0 .45 3 ..920
Octanoic acid 0. 15 0. 60 0 .60 0 .45 5..000
Heptan-l-ol 0. 21 0. 42 0 .37 0 .48 4,.115
Octan-l-ol 0. 20 0. 42 0 .37 0 .48 4,.619
Octan-2-ol 0. 16 0. 36 0 .33 0 .56 4,.339
Decan-l-ol 0. 19 0. 42 0 .37 0 .48 5,.628
Benzene 0. 61 0. 52 0 .00 0 .14 2 ,.786
Toluene 0. 60 0. 52 0 . 00 0 .14 3 ..325
Ethylbenzene 0. 61 0. 51 0 .00 0 .15 3 ,.778
3-Chlorotoluene 0. 74 0. 67 0 . 00 0 .07 4,.179
4-Chlorotoluene 0. 71 0. 67 0 . 00 0 . 07 4,.205
Benzonitrile 0. 74 1. 11 0 .00 0 .33 4,.039
m-Cresol 0. 82 0. 88 0 .57 0 .34 4..310
2-Isopropylphenol 0. 84 0. 88 0 .52 0 .38 4..816
3-1s opropyIpheno1 0. 81 0. 92 0 .55 0 .38 4..951
3-Chlorophenol 0. 91 1. 06 0 .69 0 .15 4..773
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The parameters of the selected solutes are shown in Table 
8.1. The retention volumes of these solutes were obtained on 
PS at 385.9K, 403.3K, 424.8K and 443.9K. For PVME, as well 
as these temperatures, retention volumes of the solutes were 
obtained at 366.1 K. However, for the blend of PS-PVME three 
lower temperatures 336.0 K, 346.OK and 364.8K were included 
because the blend has a much lower Tg than the homopolymers. 
The glass transition temperatures for polystyrene is 
378.15K, and for polyvinylmethyl ether is 242.2K. The 
calculated Tg of the blend, using the Fox^S equation, was 
calculated at 297.3K. Thus, all the retention times were 
obtained well above the Tg of the respective polymer.

Given in Tables 8 .2-8.4 are the logVg of the solutes on the 
three columns at the various temperatures studied. These 
logVg values were regressed against the solute parameters by 
using the method of multiple linear regression producing the 
coefficients in equation [4.19] for each data set.

LogVg= c + rR2 + 371̂ 2 + a L a ^ 2  + bZ^H^ + 1 LogLlG
[4.19]

The overall correlation coefficient for the data sets 
ranged from 0.9930 to 0.9990 with standard deviations 
between 0.02-0.09 showing excellent correlation between the 
observed logVg and the solute parameters. The solvation 
equations obtained for polystyrene, polyvinylmethyl ether 
and the blend should be compared for those at the same 
temperatures, same set of solutes and solute parameters in 
order to draw sound conclusions. However, a difficulty 
arises when a solute parameter is statistically significant 
on one column but not on the other. In this case the rR2 

term was statistically significant on polystyrene but not on 
polyvinylmethyl ether or the blend so the term was first 
removed from the equations. This resulted in a marked 
reduction in the F statistics of all the equations on
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Table 8.2 LogVg of solutes on polystyrene

Solute
Temperature in K 
385.9 403.3 423.8 443.9

Decane 1.81 1.83 1.67 1.47
Undecane 2.03 2.05 1.90 1.69
Dodecane 2.32 2.31 2.13 1 . 8 8
Tridecane 2.63* 2.57* 2.34* 2.06*
Tetradecane 2.96* 2.79* 2.57* 2.29*
Pentadecane 3.28* 3.04* 2.79* 2.48*
Hexadecane 3 .57* 3.29* 3.00* 2.68*
Heptadecane 3.87* 3.53* 3.21* 2.87*
Octadecane 4.12 3.73 3.41 3.06
Nonadecane 4.37 3.95 3.62 3.28
3-Methylbut-2-one 1.31 1.36 1.24 1.04
Octan-2-one 2.30* 2 .1 1 * 1.90* 1.69*
Nonan-2-one 2.52 2.36 2.19 1.92
Nonan-5-one 2.44 2.27 2 . 1 1 1 . 8 6
Decan-2-one 2.81* 2 . 60* 2.39* 2.14*
Propanoic acid 1.62 1.48 1.27 1.03
Butanoic acid 1.70 1.57 1.45 1.24
Hexanoic acid 2.39 2.16 1.98 1.77
Octanoic acid 2.92 2.61 2.42 2.15
Heptanol 2.23 2.08 1.92 1.69
Octan-l-ol 2.55 2.32 2 . 1 1 1.92
Octan-2-ol 2 .2 2 * 2.06* 1.90* 1.69*
Decan-l-ol 3.08* 2.81* 2.57* 2.30*
Benzene 1.47 1.46 1.33 1.19
Toluene 1.80 1.73 1.59 1.41
Ethylbenzene 1.95* 1 .8 6 * 1.76* 1.54*
3-Chlorotoluene 2.37 2.23 2.07 1.87
4-Chlorotoluene 2.44 2.23 2.06 1.85
Benzonitrile 2.69 2.45 2.28 2.05
m-Cresol 3.02 2.63 2.46 2.18
2 -1 s opropyIpheno1 3.22 2.85 2.65 2.36
3-Isopropylphenol 3.26 2.97 2.75 2.46
3-Chlorophenol 3.35 2.98 2.76 2.51

*■ - absolute value

polystyrene but an increase in F was observed on 
polyvinylmethyl ether and the blend. The rR] term was 
therefore included in all equations for the comparison.
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Table 8.3 LogVg of solutes on polyvinylmethyl ether

Solute 366.1

Temperature in 

386.0 403.8

K

425.2 444.0

Decane 2.35 2 . 1 1 1.83 1.55 1.35
Undecane 2 . 6 6 2.39 2 . 1 2 1.80 1.59
Duodecane 2.96* 2.62* 2.33* 2.07* 1.81*
Tridecane 3.24* 2 .8 8 * 2.56* 2.28* 2.05*
Tetradecane 3.53* 3.13* 2.87* 2.49* 2.23*
Pentadecane 3.82* 3.39* 3.02* 2.70* 2.42*
Hexadecane 4.1 0 * 3.65* 3.34* 2.90* 2.62*
Heptadecane 4.39 3.95 3.58* 3.11* 2.80*
Octadecane 4.69 4.20 3.75 3.35 3.03
Nonadecane 4.97 4.48 3.98 3.56 3.20
3-Methylbut-2-one 1.82 1.56 1.49 1.13 1.13
Octan-2-one 2 .8 6 * 2.54* 2.26* 2.04* 1.78*
Nonan-2-one 3.15* 2 . 81* 2.53 2.24 1.98
Nonan-5-one 3.03 2.64 2.43 2.13 1.89
Decan-2-one 3.44 3.06* 2.73* 2.45* 2.17*
Propanoic acid 3.23 2.81 2.56 2.24 1.93
Butanoic acid 3 .37 2.94 2.67 2.34 2.04
Hexanoic acid 3.93 3.63 3.14 2.78 2.45
Octanoic acid 4.72 4.21 3.71 3.35 2.97
Heptan-l-ol 3.23 2.81 2.56 2.24 1.96
Octan-l-ol 3.53 3.07 2.82 2.46 2.16
Octan-2-ol 3.21 2.83* 2.50* 2 .2 2 * 1.98*
Decan-l-ol 4.11 3.68 3.33* 2 .8 8 * 2.61*
Benzene 1.85 1.59 1.52 1.28 1 . 1 0
Toluene 2 . 1 0 1.89 1.71 1.46 1.27
Ethylbenzene 2.42* 2.15* 1.94* 1.70* 1.49*
3-Chlorotoluene 2.85 2.56 2.33 2.03 1.79
4-Chlorotoluene 2.85* 2.54* 2.31 2.06 1.78
Benzonitrile 3.31 2 . 8 8 2.73 2.41 2.14
m-Cresol 4.39 3.95 3.55 3.15 2.81
2-Isopropylphenol 4.40 4.12 3.69 3.28 2.92
3-Isopropylphenol 4.60 4.31 3.78 3.45 3.08
3-Chlorophenol 4.80 4.52 4.10 3.66 3.28

absolute value
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Table 8.4 LogVg of solutes on PS and PVME (50:50) blend

Temperature in K

Solute 336.0 346.0 364.8 384.9 403.5 422.6 442.5

Decane 2 .8 6 * 2.72* 2.40 2 . 1 2 1.87 1.67 1.48
Undecane 3.22* 3.07* 2.70 2.41 2.14 1.91 1.71
Duodecane 3 .57* 3.39* 3.02* 2.67* 2.38* 2 .1 0 * 1 .8 8 *
Tridecane 3 .92* 3.72* 3.31* 2.94* 2.63* 2.34* 2.08*
Tetradecane 4.22 4.02 3.61* 3.20* 2 . 87* 2.56* 2.29*
Pentadecane 4.54 4.34 3.90* 3.46* 3.10* 2.78* 2.49*
Hexadecane 4.87 4.66 4.17 3.72* 3.34* 2.99* 2 .6 8 *
Heptadecane 5.21 4.96 4.46 3.99 3.57* 3.20* 2.87*
Octadecane 5.35 5.26 4.74 4.24 3.80 3.40 3.06
Nonadecane 5.84 5.58 5.05 4.50 4.03 3.61 3.25
3-Methylbut-2-one 2.13 2 . 1 2 1.78 1.51 1.43 1.18 1.06
Octan-2-one 3.34* 3.17* 2.83* 2.49* 2.24* 1.99* 1.76*
Nonan-2-one 3 .69 3.50 3.12* 2.77* 2.47 2 . 2 1 1.96
Nonan-5-one 3.56* 3.38* 2.99 2.67 2.39 2 . 1 2 1.90
Decan-2-one 4.03 3.81 3.39 3.04* 2.72* 2.44* 2.17*
Propanoic acid 3.59 3.39 2.97 2.61 2.29 2 . 0 1 1.75
Butanoic acid 3.77 3.55 3.11 2.75 2.41 2.13 1.85
Hexanoic acid 4.41 4.14 3.66 3.25 2.89 2.56 2.26
Octanoic acid 5.13 5 . 01 4.48 3.98 3.52 3.13 2.77
Heptan-l-ol 3.67 3.45 3.03 2.70 2.38 2.14 1 . 8 6

Octan-l-ol 4.03 3.77 3.34 2.98 2.65 2.35 2.09
Octan-2-ol 3.67* 3.46* 3.07* 2 . 8 8 2.38* 2.09* 1 . 8 6

Decylalcohol 4.71 4.42 3.93 3.50 3.13* 2.79* 2.49*
Benzene 2.17 2.13 1.81 1.70 1.46 1.33 1.14
Toluene 2.54 2.47 2.13 1.93 1 . 6 8 1.58 1.30
Ethylbenzene 2.85* 2.75* 2.45* 2.18* 1.93* 1.74* 1.58*
3-Chlorotoluene 3.31* 3.18* 2.81 2.55 2.29 2.05 1 . 8 6

4-Chlorotoluene 3.32 3.17 2.76* 2.55* 2.30 2.05 1.84
Benzonitrile 3.74 3.57 3.04 2.69 2.60 2.35 2 . 1 0
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Table 8.4 continued

Solute 336.

Temperature 

0 346.0 364.8 384.9

in K 

403.5 422 .6 442.5

m-Cresol 4.71 4.61 4.12 3.69 3.29 2.94 2.64
2 -1 s opropyIpheno1 5.04 4.87 4.35 3.89 3.46 3.10 2.78
3-1 s opropyIpheno1 5.23 5.06 4.53 4.06 3.63 3.25 2.92
3-Chlorophenol 5.43 5.22 4.69 4.23 3.80 3.42 3.07

* - absolute value

The initial regression equations on PS, Table 8.5, show
small positive b- values which apart from the value at
385.9K increased by up to 0 . 0 1 units from 403.3K to 443.9 K
for each 20 K rise.

Table 8.5 Solvation equations obtained for PS

385.9 K
c r s a b 1 n sd P F

-0.78 0.42 0.72 0.51 0.25 0.558 33 0.06 0 .9973 989.3
0.06 0.09 0.10 0.05 0 . 1 1 0 .0 1 *

-0.73 0.26 0.89 0.56 - 0.552 33 0.06 0 .9968 1078.1
0.06 0.06 0.06 0.05 - 0 . 0 1

-0.76 - 1.09 0.55 - 0.555 33 0.08 0 .9943 840.3
0.08 - 0.06 0.07 0 . 0 1
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Table 8.5 continued

403.3K
c r s a b 1 n sd P F

-0.36 0.31 0.56 0.33 0.13 0.470 33 0.03 0.9989 2393.6
0.03 0.05 0.05 0.03 0.06 0 . 0 1

-0.33 0.23 0.65 0.35 - 0.467 33 0.04 0.9987 2696.9
0.03 0.03 0.03 0.03 - 0 . 0 1

-0.36 - 0.81 0.35 - 0.469 33 0.06 0.9961 1232.3
0.06 0.04 0.05 0 . 0 1

424.8K
c r s a b 1 n sd P F

-0.36 0.34 0.50 0.28 0.15 0.435 33 0 . 0 2 0.9993 3983.2
0 . 0 2 0.03 0.04 0 . 0 2 0.04 0 . 0 0

-0.33 0.25 0.61 0.31 - 0.432 33 0.03 0.9990 3655.8
0.03 0 . 0 2 0.03 0 . 0 2 - 0 . 0 0

-0.36 - 0.79 0.30 - 0.435 33 0.06 0.9953 1019.7
0.06 0.04 0.05 0 . 0 1

443.9K
c r s a b 1 n sd P F

-0.43 0.37 0.45 0.24 0.16 0.403 33 0.03 0.9985 1821.7
0.03 0.05 0.05 0.03 0.06 0.03

-0.39 0.27 0.55 0.27 - 0.399 33 0.04 0.9981 1881.3
0.03 0.03 0.04 0.03 - 0 . 0 1

-0.42 - 0.76 0.26 - 0.403 33 0.07 0.9930 687.3
0 . 06 - 0.05 0.05 - 0 . 0 1

* standard deviation of regression coefficient

157



8.31 HOMOPOLYMERS

Though polystyrene (PS) has no hydrogen atoms which will 
take part in hydrogen bonding the small positive acidity ,b, 
may be due to the slight acidity of the vinyl protons on the 
polystyrene main chain. It is possible this may have been 
caused by adsorption on the support because of the low 
%loading but this will be discussed later. On the other hand 
the regression equations obtained on polyvinylmethyl ether 
(PVME), Table 8 .6 , with the full set of five parameters had 
small negative b values. Apart from the value at 366.IK, 
the b-constant for PVME slightly decreased in magnitude or 
became less negative with increasing temperature having 
values of -0.36, to -0.23 from 386K to 444K.

There are no hydrogen bond donor sites or acidic protons on 
PVME so it is possible that these negative b-values may be 
due to an artifact though slightly large in magnitude to be 
overlooked. As a result of the rather low loading, 
adsorption on the support may be a contributing factor but 
this will be investigated later. There is also the 
possibility of end group effect or some sort of additive in 
the polymer, however these b-constants can be disregarded 
because of their low t-test. Thus, the b coefficient on all 
three columns was found to be statistically insignificant 
and was therefore not included in the final equations. The 
exclusion of the bZpH2 term from the equations is in 
agreement with analysis of the structure of polystyrene and 
polyvinylmethyl ether :

POLYSTYRENE [-CH2 CH(CgHs)-]n

POLYVINYLMETHYLETHER [-CH2 C H (OCH3 )-]%

The structures of polystyrene and polyvinylmethyl ether have 
no hydrogen bond donor atoms in either of the two different
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Table 8.6 Solvation equations obtained for PVME

366.IK 
c r s a b 1 n sd P F

-0.18 -0.26 1.26 2.23 -0.25 0.554 33 0.09 0.9955 598.7
0.09 0.13 0.14 0.08 0.17 0 .0 1 *

-0.23 -0 . 1 1 1.09 2.18 - 0.560 33 0.09 0.9952 718.5
0.09 0.08 0.09 0.07 - 0 . 0 1

-0 . 2 2 - 1 . 0 1 2.18 - 0.559 33 0.09 0.9949 934.0
0.09 0.07 0.07 0 . 0 1

386 . OK
c r s a b 1 n sd P F

-0.33 -0.18 1 . 2 2 2.13 -0.36 0.519 33 0.07 0.9973 988.3
0.07 0 . 1 0 0 . 1 1 0.06 0 . 1 2 0 . 0 1

-0.40 0.05 0.98 2.07 - 0.527 33 0.07 0.9964 978.6
0.07 0.07 0.07 0.06 - 0 . 0 1

-0.41 - 1 . 0 1 2.07 - 0.528 33 0.08 0.9964 1328.1
0.07 0.05 0.06 0 . 0 1

403.8K
c r s a b 1 n sd P F

-0.27 -0.14 1.14 1.82 -0.33 0.461 33 0.05 0.9979 1272.3
0.05 0.07 0.08 0.04 0 . 1 0 0 . 0 1

-0.33 0 . 06 0.92 1.76 - 0.468 33 0 . 06 0.9970 1151.2
0.06 0.05 0 . 06 0.05 - 0 . 0 1

-0.34 - 0.97 1.76 - 0.469 33 0.06 0.9968 1519.8
0.06 - 0.04 0.05 — 0 . 0 1
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Table 8.6 continued

425.2K
c r s a b 1 n sd P F

-0.40 -0.13 1 . 1 0 1.67 -0.31 0.429 33 0.06 0.9968 836.9
0 . 06 0.09 0.09 0.05 0 . 1 1 0 . 0 1

-0.46 0.06 0.89 1.61 - 0.436 33 0.07 0.9958 837 . 6
0.06 0.06 0.06 0.05 - 0 . 0 1

-0.47 - 0.94 1.61 - 0.437 33 0.07 0.9957 1113.0
0.06 0.05 0.05 0 . 0 1

444 . OK
c r s a b 1 n sd P F

-0.44 -0 . 1 1 0.99 1.47 -0.23 0.395 33 0.04 0.9983 1571.6
0.04 0.06 0.06 0.03 0.07 0 . 0 1

-0.49 0.31 0.83 1.42 - 0.401 33 0.04 0.9976 1481.5
0.04 0.04 0.04 0.04 - 0 . 0 1

-0.49 - 0 . 8 6 1.42 - 0.401 33 0.04 0.9979 1999 . 0
0.04 - 0.03 0.03 - 0 . 0 1

* standard deviation of regression constant

molecules or a hydrogen bond donor site available in the 
polymer chain. However, the a- constant is significant in 
both polymers at all temperatures with the a-constant of 
PVME just over four times greater than that of PS. For 
example, at 403K the a-constant of PS and PVME is 0.35 and 
1.76, respectively, and 0.27 and 1.42 at 444K. Thus, PVME 
has a stronger hydrogen bond basicity than PS. The moderate 
basicity shown by PVME may be due to the presence of ether 
oxygen in the molecule. Again, PS and PVME would be expected
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to be more 'basic' rather than 'acidic' because in PS the 
delocalised electrons on the benzene ring makes it 
susceptible to attack by electron deficient species while in 
PVME the lone pair of electrons on the oxygen atom is 
available for hydrogen bonding. PS and PVME have similar
values of 1-constant between 0.4-0.5 so neither of the two 
polymers is a strong dispersion interactor at the 
temperatures studied. The r- constant of PS is higher than 
that of PVME with the latter having values of 0.03-0.06 
while those of PS range from 0.23 - 0.27 units.

The s- constant on PVME is slightly greater than that of PS
by about 0.31 units at the most at the range of
temperatures studied. The s-constant for PS ranged from 
0.89-0.55 while s values on PVME are 0.98-0.83 from 385.85 
-443.85K. Some degree of polarity and polarisability is
expected on PS due to the presence of benzene ring and for 
PVME this can be attributed to the lone pair electrons on 
the oxygen atom.

Anomalous, solvation constants were obtained on PS at 
385.85K probably because the partition coefficients were 
measured near the Tg (378.2K) which makes absorption more 
difficult, and sorption, a mixture of solute absorption in 
the polymer and adsorption on the polymer surface, occurs. 
As a result the regression equation on PS at 385.85K will 
include a contribution from surface adsorption.

8.32 PS/PVME blend

Table 8.7 shows regression equations on the blend of 
polystyrene and polyvinylmethyl ether at the various 
temperatures. Like the individual polymers the b- constant 
of the blend is statistically insignificant ranging from 
-0.332 at 336.OK to -0.313 at 442.5K. The a- constant of
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Table 8.7 Solvation equations for the PS/PVME blend.

336.0
c

K
r s a b 1 sd P F

-0.03 -0.29 1.82 2.27 -0.35 0.631 0.08 0.9978 882.1
0.08 0 . 1 2 0.13 0.07 0.15 0 .0 1 *

-0 . 1 0 -0.09 1.09 2 . 2 0 - 0.639 0.09 0.9964 971.0
0 . 08 0.08 0.08 0.07 - 0 . 0 1

-0.09 - 1.03 2.26 - 0.638 0.09 0.9962 1281.0
0.08 - 0.06 0.07 - 0 . 0 1

346.0 K
c r s a b 1 sd P F

- 0  . 08 -0.23 1.31 2.16 -0.40 0 . 611 0 . 08 0.9972 948.9
0.08 0 . 1 1 0 . 1 2 0.07 0.14 0.08

-0.16 0 . 0 2 1.04 2.08 - 0.620 0.08 0.9963 953.0
0 . 08 0.07 0 . 08 0.07 - 0 . 0 1

-0.16 - 1.05 2.08 - 0 . 621 0 . 08 0.996 31313.8
0.08 0 . 06 0.07 0 . 0 1

364.8 K
c r s a b 1 sd P F

-0 . 2 2 -0.19 1.15 1.99 -0.34 0.569 0.07 0.9969 869.2
0.08 0 . 1 1 0 . 1 2 0.06 0.14 0 . 0 1

-0.29 0 . 0 2 0.92 1.92 - 0.577 0.08 0.9962 922.5
0.08 0.07 0 . 08 0.06 - 0 . 0 1

-0.29 - 0.94 1.92 - 0.577 0.08 0.9962 1270.6
0.07 - 0.06 0.06 - 0 . 0 1
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Table 8.7 continued

384.9 K
c r s a b 1 sd P F

-0 . 2 2 0 . 0 1 0 . 8 8 1.75 -0.17 0.511 0.07 0.9965 760.1
0.07 0 . 1 0 0 . 1 1 0.06 0.13 0 . 0 1

-0.26 0 . 1 1 0.77 1.71 - 0.515 0.07 0.9963 930.5
0.07 0.06 0.07 0.06 - 0 . 0 1

-0.27 - 0.85 1.71 - 0.516 0.07 0.9958 1147.9
0.07 - 0.05 0.06 - 0 . 0 1

403 .5 K
c r s a b 1 sd P F

-0.27 -0.16 1.09 1.49 -0.38 0.467 0.05 0.9981 1413.4
0.05 0.07 0.08 0.04 0.09 0 . 0 1

-0.35 0 . 08 0.83 1.42 - 0.476 0.06 0.9968 1079.1
0.06 0.05 0.06 0.05 - 0 . 0 1

-0.36 - 0.89 1.43 - 0.477 0.06 0.9965 1372.7
0.06 0.04 0.05 0 . 0 1

422.6
c r s a b 1 sd P F

-0.28 -0.07 0.95 1.31 -0.34 0.422 0.05 0.9976 1125.2
0.05 0.07 0.08 0.04 0.09 0 .0 1 *

-0.35 0.14 0.72 1.25 - 0.430 0.06 0.9963 928.8
0.05 0.05 0.06 0.05 - 0 . 0 1

-0.36 - 0.82 1.25 - 0.432 0.06 0.9952 998.8
0.06 - 0.05 0.05 - 0 . 0 1
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442 .5K
c r s a b 1 sd P F

-0.38 -0.05 0.88 1.16 -0.31 0.396 0.04 0.9986 1373.3
0.04 0.06 0.06 0.03 0.07 0.01

-0.40 0.14 0.67 1.10 - 0.397 0.05 0.9967 1052.9
0.05 0.04 0.05 0.04 - 0.01

-0.41 - 0.78 1.09 - 0.399 0.06 0.9954 1038.5
0.05 - 0.04 0.05 - 0.01

* standard deviation of regression constant

2.26 at 336. OK decreased to 1.1 at 442.5K. This suggests 
that the blend becomes increasingly attractive towards 
hydrogen bond acid solutes as temperature is reduced. 
However, as applied to the other two columns, the large 
a-constants as well as the slightly large s values imply 
that the phases are both dipolar and hydrogen bond bases. 
Therefore, PS, PVME and the 50/50 blend will not selectively 
separate dipolar/polarisable solutes but will separate 
hydrogen bond acids.

The value of the constants a, s and 1 decrease with 
increasing temperature as shown in Figures 8.2 to 8.4. This 
trend was also observed with the specific retention volumes 
of the respective polymers in the temperature range studied. 
A decrease in the hydrogen bond capability and 
polar/polarisable properties of the polymer is expected due 
to the increased kinetic motion at higher temperature and 
hence weakened bond strength and interactions. Figure 8.5 
shows retention diagrams of three solutes adapted from 
reference 8, showing a slight deviation from linearity 
between the temperature range 378.2-398.2 K for the 50:50 
PS/PVME blend in agreement with this study.
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Figure 8.2
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Figure 8.4 i-constants of PS, PVME and 50:50 blend vs 1000/T
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The results obtained on the individual homopolymers wgrg. 
used to predict the specific retention volumes of the 
solutes on the blend as well as the solvation parameters.

The first approach referred to as pred 1 involved predicting 
the specific retention volume of solutes on a blend using 
the relation,

Vr - Vgi2<t>2 + Vgi3(l>3 [8 .1 ]

where Vgi2 and Vgi3 are the specific retention volumes of the 
solute in polymer 2 and 3 and 4>2 are their respective
volume fractions, Table 8.8.

Table 8.8 Calculation of volume fraction of polymers in the 
blend of PS and PVME

Temperature 
in K

PVME
cm3

PS
mol"l

d>3 <l>2

336 . 0 0.5476 0.5727 0.4888 0.5112
346.0 0.5476 0.5760 0.4874 0.5126
364.8 0.5477 0.5823 0.4847 0.5153
384.9 0.5478 0.5891 0.4818 0.5182
403.5 0.5479 0.5955 0.4792 0.5208
422.6 0.5480 0.6021 0.4765 0.5235
442.5 0.5481 0.6091 0.4736 0.5264
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The volume of PVME at the column temperatures were 
calculated from equation's [8.2].

V = Vrt + 4.8x10-4(T - Tr t) [8.2]

Where Vrt is the molar volume of PVME at room temperature, 
Tr t, and V is the molar volume of PVME at the required 
temperature, T. The density^ p̂  of PS at temperature, t, in 
centigrade was calculated from the equation^?:

p = 1.0865 - 6.19x10-4 t + 1.36 x 10-?t2 [8.3]

Table 8.9 shows the calculated logVg of solutes on the blend 
using this approach. Comparison of the predicted logVg with 
the actual logVg of the polymer blend at the various
temperatures studied show very good agreement.

Table 8.10, shows both standard deviation and average
deviation less than 0.04 at the high temperatures except 
for the data at 3 84.9K which showed standard deviation of
0.107 and average deviation 0.09.

These values are higher at 3 84.9K mainly because at this
temperature, PS was just about 8K above its Tg. This shows 
that, at these temperatures, the polystyrene and 
polyvinylmethyl ether in the blend may have been phase 
separated in which case there would have been little or no 
interaction between them.
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Table 8.9 Calculated LogVg for solutes for PS and PVME 
through equation 8.1

Solute 384.9

Temperature in K 

403.5 422.6 442.5

Decane 1.99 1.83 1.61 1.41
Undecane 2.25 2.09 1.85 1.64
Dodecane 2.50 2.32 2.10 1.84
Tridecane 2 .77 2.56 2.31 2.06
Tetradecane 3.06 2.83 2.53 2.26
Pentadecane 3.34 3.03 2.74 2.45
Hexadecane 3.61 3.32 2.95 2.65
Heptadecane 3.91 3.55 3.16 2.84
Octadecane 4.16 3.74 3.38 3.05
Nonadecane 4.43 3.97 3.59 3.24
3-Methylbut-2-one 1.46 1.43 1.18 1.09
Octan-2-one 2.44 2.19 1.98 1.74
Nonan-2-one 2.69 2.46 2.21 1.96
Nonan-5-one 2.56 2.36 2.12 1.88
Decan-2-one 2.96 2.67 2.42 2.16
Propanoic acid 2.55 2.31 2.00 1.69
Butanoic acid 2.67 2.41 2.11 1.82
Hexanoic acid 3.37 2.89 2.55 2.25
Octanoic acid 3.95 3.45 3.11 2.75
Heptanol 2.62 2.39 2.11 1.85
Octan-l-ol 2.89 2.65 2.33 2.06
Octan-2-ol 2.64 2.34 2.10 1.87
Decan-l-ol 3.48 3.16 2.76 2.49
Benzene 1.54 1.49 1.30 1.15
Toluene 1.85 1.72 1.53 1.34
Ethylbenzene 2.06 1.91 1.73 1.52
3-Chlorotoluene 2.48 2.28 2.05 1.83
4-Chlorotoluene 2.49 2.27 2.06 1.81
Benzonitrile 2.80 2.61 2.35 2.10
m-Cresol 3.71 3.32 2.94 2.61
2-1s opropyIpheno1 3.88 3.46 3.08 2.73
3-1s opropyIpheno1 4.06 3.56 3.24 2.89
3-Chlorophenol 4.26 3.84 3.43 3.06
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Table 8.10 Predicted-Observed LogVg of solutes on PS/PVME

Temperature in K 

Solute 384.9 403.5 422.6 442.5

Decane -0 .13 -0 .05 -0 .06 -0 .07
Undecane -0 .16 -0 .05 -0 .06 -0 .07
Dodecane -0 .18 -0 .06 0 .00 -0 .04
Tridecane -0 .17 -0 .07 -0 .03 -0 .03
Tetradecane -0 .14 -0 .04 -0 .03 -0 .03
Pentadecane -0 .12 -0 .07 -0 .03 -0 .04
Hexadecane -0 .11 -0 .02 -0 .04 -0 .03
Heptadecane -0 .08 -0 .02 -0 .04 -0 .03
Octadecane -0 .07 -0 .05 -0 .03 -0 .01
Nonadecane -0 . 07 -0 .06 -0 .02 0 .00
3-Methylbut-2-one -0 . 05 0 .00 0 .01 0 .03
Octan-2-one -0 .05 -0 .04 -0 .01 -0 .02
Nonan-2-one -0 .07 -0 .01 0 .00 -0 .01
Nonan-5-one -0 .11 -0 .02 0 .00 -0 .02
Decan-2-one -0,.08 -0 .04 -0 .01 -0 .02
Propanoic acid -0,.06 0 .02 -0 .02 -0,.05
Butanoic acid -0,.07 0,.00 -0 .02 -0,.03
Hexanoic acid 0,.12 0..01 -0 .01 -0,.01
Octanoic acid -0,.03 -0 .07 -0 .02 -0 .02
Heptanol -0,.07 0 .00 -0 .03 -0 .01
Octan-l-ol -0 .09 0 .00 -0 .03 -0 .02
Octan-2-ol -0 .25 -0 .04 0 .00 0 .01
Decan-l-ol -0 .02 0 .03 -0 .03 0 .00
Benzene -0 .16 0 .03 -0 .03 0 .00
Toluene -0,.08 0 .04 -0,.06 0 .04
Ethylbenzene -0,.12 -0 .03 - 0 ..01 -0 .06
3-Chlorotoluene -0,.07 -0 .01 - 0 ..01 -0,.03
4-Chlorotoluene -0,.05 -0,.02 0,.00 -0,.03
Benzonitrile 0,.11 0,.01 0,.00 0 .00
m-Cresol 0,.02 0,.03 0,.00 -0 .03
2-1s opropyIpheno1 -0,.01 0,.00 -0 .01 -0,.04
3-Isopropylphenol 0,.00 -0,.07 -0 .01 -0 .03
3-Chlorophenol 0,.03 0,.04 0 .01 -0 .01

Av deviation! 0. 090 0 .032 0. 020 0. 02(
St deviation^ 0. 107 0. 039 0. 026 0. 03/

Pied-obs!/n (Pred-obs)2/n-l] 1 / 2
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The other approach referred to as pred 2 was by direct 
multiplication of each of the solvation constants of the 
homopolymers by their respective volume fractions and 
combining the corresponding values.

K = K2(1>2 + K3(|>3 [8.4]

Where K is the calculated solvation constant of the blend K2 

and K3 are respectively the solvation constants for 
polystyrene and polyvinylmethyl ether under identical 
conditions and <|>2 and (|)3 are their respective volume 
fractions at the corresponding temperature as shown in Table 
8 .8 . The results of these calculations are in Table 8.11.

Table 8.11 Calculation of solvation constants for PS/PVME 
blend

c r s a 1

384.9K PS -0.38 0.13 0.46 0.29 0.286
PVME -0.19 0 . 0 2 0.47 1 . 0 0 0.254
Sum -0.57 0.16 0.94 1.28 0.540

403.5K PS -0.17 0 . 1 2 0.34 0.18 0.243
PVME -0.16 0.03 0.44 0.84 0.224
Sum -0.33 0.15 0.78 1.03 0.468

422.6K PS -0.17 0.13 0.32 0.16 0.226
PVME -0 . 2 2 0.03 0.43 0.77 0.208
Sum -0.39 0.16 0.74 0.93 0.434

442.45K PS -0 . 2 1 0.14 0.29 0.14 0 . 2 1 0

PVME -0.23 0 . 0 1 0.40 0.67 0.190
Sum -0.44 0.16 0.69 0.82 0.400
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From the regression of the blend of polystyrene and 
polyvinylmethyl ether, the 1-constant (observed) was close 
to that calculated from the sum of the individual component 
polymers. The calculated a-constant was always lower than 
the observed at all the temperatures studied. The s-constants 
calculated were reasonably close to the observed values. 
With the exception of the results on the blend at 384.9K and 
the rather low value of r-constant at 403.5K, the calculated 
and observed constants were reasonably close considering 
experimental errors that might have been involved. These 
values may be lower than expected because if two polymers 
interact with one another their ability to interact with a 
solute will reduce relative to the pure homopolymers.

The regressions on PS, PVME and the blend were repeated 
excluding the alkanes in order to find out if there was any 
effects due to adsorption on the support because of the low 
loading. Table 8.12 shows there is little or no difference 
in the regression constants nor the standard deviation when 
the alkanes are removed. Slight differences in the values of 
the 1 -constants were expected due to the highly significant 
contribution of alkanes to dispersion interaction. Also, the 
a-constant remained fairly constant indicating that there is 
no contribution of these constants from the support 
material. The only remarkable difference is the reduction 
in the F statistics as the number of data points was reduced 
by ten.

The calculated logVg of the solutes. Table 8.9, on the blend 
were regressed against the solute parameters. These 
regressions gave good correlation with the coefficient of 
the regressions ranging from 0.9958 to 0.9980 with standard 
deviation also ranging from 0.031 to 0.075 units. The 
solvation constants arising from this are in Table 8.13. 
Comparison of the two methods of predicting the solvation 
constants of the blend system. Table 8.14, shows that both
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Table 8.12 Comparison of regression equations with and 
without alkanes

PVME at 
c

403.i 
r

8K
s a 1 n P sd F

-0.33
0.06

0.06
0.05

0.92
0.06

1.76
0.05

0.468
0.01

33 0.9970 0.06 1151.2

-0.28
0.07

0.03
0.05

1.05
0.08

1.77
0.05

0.437
0.02

23 0.9973 0.06 821.3

PS at 403.3K 
c r s a 1 n P sd F

-0.33
0.03

0.23
0.03

0.65
0.03

0.35
0.03

0.467
0.01

33 0.9987 0.04 2696.9

-0.31
0.05

0.24
0.03

0.58
0.05

0.35
0.03

0.472
0.01

23 0.9975 0.04 886.7

PS-PVME 
c

403
r

. 5K
s a 1 n P sd F

-0.35
0.06

0 . 08 
0.05

0.83
0.06

1.42
0.05

0.476
0.01

33 0.9968 0 . 06 1079 .1

-0.34
0.08

0.05 
0 . 06

0.98
0.09

1.44
0.05

0.449
0.02

23 0.9963 0.06 598.9

methods gave solvation constants which were close to those
calculated from the observed logVg. However, especially for 
the a-constant the regressions of the calculated logVg of 
solutes for the blend was much closer to the observed value 
at all the temperatures studied. This was evidenced by plots
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Table 8.13 Regression equations from calculated LogVg of
solutes for the PS/PVME blend

384:.9K
c r s a b 1 n sd P F

-0. 46 -■0,.13 1,.21 1,.84 -0.35 0,.527 33 0.07 0 .9971 939.2
0. 07 0,.10 0,.10 0,.06 0.12 0,. 01*

-0 .53 0,.09 0,.97 1,.77 - 0,.535 33 0.07 0 .9963 930.4
0 .07 0,.06 0,.07 0,.06 0,.10

403 .5K
c r s a b 1 n sd P F

-0. 27 -■0,.10 1,.06 1..51 -0.36 0,.459 33 0.04 0 .9988 1557.9
0. 04 0,.06 0,.07 0.. 04 0.08 0,.01

-0. 34 0,.12 0..82 1..44 - 0,.467 33 0.06 0 .9971 1184.4
0. 05 0,.05 0..05 0..04 - 0,.01

422 . 6K
c r s a b 1 n sd P F

-0. 33 -0,.08 1..00 1..31 -0.34 0..424 33 0.04 0 .9979 1286.3
0. 05 0,.06 0..07 0..04 0.08 0..01

-0. 39 0..13 0..77 1,.25 - 0,.432 33 0 . 06 0 .9966 1025.7
0. 05 0..05 0..05 0 .. 04 - 0,.01

442 .5 K
c r s a b 1 n sd P F

-0. 38 -0..03 0..88 1..12 -0.24 0..393 33 0 .03 0 9987 2058.8
0 .03 0..05 0..05 0,.03 0.06 0..01

-0. 43 0.,12 0.,72 1..07 - 0..398 33 0 .04 0 .9979 1660.6
0. 04 0..03 0..04 0..03 - 0..01

*  standard deviation of each coefficient
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Table 8 .14 Comparison of solvation constants for the PS/PVME
blend from the different methods

384. 9K c r s a 1

Obs -0.26 0.11 0.77 1.71 0.515
Pred 1 -0.53 0.09 0.97 1.77 0.535
Pred 2 -0.57 0.16 0.94 1.28 0.540

403.5K c r s a 1

Obs -0.35 0.08 0.83 1.42 0.476
Pred 1 -0.34 0.12 0.82 1.44 0.467
Pred 2 -0.33 0.15 0.78 1.03 0.468

422.6K c r s a 1

Obs -0.35 0.14 0.72 1.25 0.430
Pred 1 -0.39 0.13 0.77 1.25 0.432
Pred 2 -0.39 0.16 0.74 0.93 0.434

442 . 5K c r s a 1

Obs -0.40 0.14 0.67 1.10 0.397
Pred 1 -0.43 0.12 0.72 1.07 0.400
Pred 2 -0.44 0.15 0.69 0.83 0.400

Ohs - From zegzession of 50:50 PS/PVME blend.

Pzed 1 - Fzom zegzession of log Vg=log (Vgl2^ + Vgl3^)

Pzed 2 - Calculated fzom the zegzession coefficients of

the zespective polymezs and theiz volume fzactions.
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of these constants against inverse temperature in Figures 
8.6-8.8. These findings also show that, the equation 
relating the Vg of a blend to the component homopolymers can 
be used to predict the Vg of blends of PS and PVME at 
different compositions and thence predict their solvation 
constants at the temperature at which the homopolymers were 
studied. Also, averaging the constants from the equations of 
the homopolymers is a simple and quick way of estimating the 
solvation constants for the blend system.

The logVg of tetradecane, nonan-2-one and butanoic acid on 
PS, PVME and the blend were plotted against the inverse of 
the temperature. These plots showed good linear relation. 
Figure 8.9. The logVg of the solutes decreased in each case 
with increasing temperature as expected due to reduced 
interaction of the solute and solvent molecules.

The LogVg of tetradecane and nonan-2-one overlap on all 
three phases. Figure 8.9, indicating similar extent of 
interaction of each of these solutes with the three phases. 
Butanoic acid however has a much lower logVg in polystyrene 
than in polyvinylmethylether or the blend showing less 
interaction of butanoic acid with polystyrene than the 
other two phases. Butanoic acid hydrogen bonds with ether 
group in polyvinylmethyl ether. The specific retention 
volumes of these three solutes on polystyrene and 
polyvinylmethyl ether were calculated where appropriate to 
match the data for the blend in order to get a clear picture 
of what is going on.
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Figure 8.6 s-consiant of PS/PVME Blend vs 1000/T
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Figure 8.7 a-constant Of PS/PVME Blend vs 1000/T
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Figure 8.8 l-constant of PS/PVME Blend vs 1000/T
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Values of logVg at 3 85.9K on polystyrene were calculated 
from the equation obtained from the linear relation of
logVg at 403.3K to 443.9 versus temperature because the 
experimental value did not fit as the polymer was just above 
its Tg of 3 7 8.2K. The logVg of tetradecane, nonan-2-one and 
butanoic acid at 364.8K, 346K and 336.OK were similarly
obtained as the experimental values were not available. The 
logVg of the three solutes were calculated to obtain values 
at 3 3 6K and 3 4 6K on PVME.
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Figure 8.9
Log Vg of 2-Nonanone vs 1000/T Log Vg of Butanoic acid vs 1000/T
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Table 8.15 LogVa of solutes on PS/PVME blend

1000/T Tetradecane 
calc obs

Nonan-2
calc

-one
obs

Butanoic
calc

acid
obs

2.9766 4.12 4.22 3.63 3.69 3.72 3.77
2.8906 3.90 4.02 3.43 3.50 3.49 3.55
2.7416 3.50 3.61 3.07 3.12 3.08 3 .11
2.5984 3.05 3.20 2.68 2.77 2.65 2.75
2.4783 2.83 2.87 2.45 2.47 2.39 2.41
2.3666 2.53 2.56 2.21 2.21 2.08 2.13
2.2601 2.26 2.29 1.95 1.96 1.79 1.85

In conclusion the general solvation equation has been 
succesfully used to identify and quantify the interactions 
of solutes with the homopolymers, polystyrene and 
polyvinylmethyl ether as well as the blend. From these 
equations it can be inferred that the polystyrene/ 
polyvinylmethyl ether blend is a moderate dispersion 
interactor, quite basic and moderately dipolar with the 
hydrogen bond basicity being the main interaction. The 
effect of temperature on the solvation constants âs also 
been quantified and four^d to Show a general decrease of these 
constants as temperature increased. There was no significant 
change in the plot of solvation constant versus the inverse 
temperature from the one phase to the two phase system.
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CHAPTER 9

9 . 0 COMPLEXATION OF POLYACRYLIC ACID AND POLYETHYLENE OXIDE

9.1 INTRODUCTION TO INTERMOLECULAR COMDEX FORMATION

Macromolecules can exhibit specific interactions in solution 
resulting in the formation of intermolecular complexes^. The 
ability to form complexes depends on the structure and chain 
length of the polymers, the solvent and the pH of the 
solutioni-4. Polyethylene oxide, a proton accepting polymer 
and polyacrylic acid, a proton donating acid, interact with 
each other in aqueous medium and organic solvents almost 
stoichiometricallyS. Complex formation occurs as a result of 
hydrogen bonding! ' 2,6 between etheric oxygen in polyethylene 
oxide and carboxyl groups in polyacrylic acid and 
hydrophobic interaction between the methylene groups in both 
polymers. The formation of the complex is affected by 
temperature^/? polymer structure^, polymer concentration, 
solvents and hydrophobic interactions^^/ The complex 
formation has been investigated by employing a number of 
techniques such as viscometry8-10, turbidimetry!!,!2, 
conductometryis, 14 ̂ and potentiometry2 # 5,12 measurements.
These studies have been carried out mostly in aqueous and 
organic media and only a few studies have been done on the 
polymer complex in the solid stated, 15 _

9.2 PREVIOUS WORK ON COMPLEXATION

In 1959, Smith, Winslow and Petersen^ showed that when two 
transparent aqueous solutions of polyethylene oxide (PEO) 
and polyacrylic acid (PAA) are mixed, a white gelatinous 
precipitate is formed. This precipitate was insoluble in 
water or in most organic solvents. However, the precipitate 
redissolved in dilute alkali and reprecipitated on addition
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of mineral or strong organic acids. After drying, the 
precipitate had good resistance to a wide range of solvents 
including acetone, acetonitrile, aromatic and aliphatic 
hydrocabons and isopropanol. Addition of a precipitation 
inhibitor such as acetone, dioxane and methyl ethylketone to 
a solution of PEO and PAA prevented precipitation, giving an 
aqueous homogeneous solution which could be cast and made 
insoluble by drying. A precipitating inhibitor competes 
for hydrogen bonding sites of the polymer. Precipitation can 
also be prevented by neutralising a small portion of the 
carboxyl groups with inorganic or organic bases.

The PEO/PAA complex has been shown^ to have minimum 
viscosity, glass transition temperature (Tg) and stiffness 
at 50:50 composition giving evidence that the complex formed 
between the two polymers is equimolar. However, differential 
scanning calorimetry, DSC, measurements made on the PEO/PAA 
precipitates showed the formation of the PEO/PAA complex to 
be close to but not equimolaris. Smith, Winslow and 
Petersen^ concluded that the unique properties of PEO/PAA 
complex results from hydrogen bonding between the ether 
oxygen in PEO and carboxyl groups in PAA and hydrophobic 
interactions between the methylene groups in both polymers. 
In agreement with a study carried out by Pedemonte and 
co-workers,16 Paladhi and Singhi? also found aqueous 
solutions of PEO and PAA to be miscible over a wide range of 
composition and temperature. Burgisi and PedemontelS 
obtained negative enthapy of mixing and interaction garoroeto-f 

for a complex consisting of polyethylene oxide-polymethyl 
acrylate in a weight ratio 75:25 thus indicating
respectively, the presence of specific interaction and 
miscibility between the two polymers.

According to Smith, Winslow and P e t e r s e n 6  a minimum of 0.3 
carboxylic acid group and about 0.5 ether group per 100 
molecular weight must be present in the respective polymers
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in order to allow substantial association between the two 
polymers. Also, the molecular weight of the combining 
polymers must be 1000 or more. Other workers^-lO have 
extensively studied the complexation of polyacrylic acid 
(PAA) or polymethacrylic acid (PMAA) with monosubstituted 
polyethylene glycol and the nonsubstituted polyethylene 
glycol (PEG) in dilute aqueous solutions by viscometry and 
potentiometric titration. PMAA was found.9 not to complex 
with PEG if its molecular weight is less than 2000, and in 
the case of PAA a PEG molecular weight less than 6000. In 
theses/9 and other studiesi9,20 it was found that the 
presence of hydrophobic groups in the (PEG) resulted in a 
significant decrease of the critical chain length of PEG 
necessary for the formation of stable complexes. The
hydrophobic substituents on polyethyleneglycol have included 
5-nitro-8-quinolinoxyl9 2-acetobenzoatel9, phenyl and
napthyl20 groups. As an example, PEG 400 did not complex 
with PMAA but under the same experimental conditions 
complexation^O was observed with a PEG 400 substituted with 
napthalene. The stability of polycomplexes of PAA or PMAA 
with a monosubstituted PEG has been attributed to the 
additional reduction in the free energy of the system 
because of nonspecific interactions8,9,i9,2 0 ̂

The study of complexation has also been extendedio to
interaction of PMAA and surfactants based on PEG in aqueous 
solutions by viscometry and potentiometric titration. This 
interaction is proposed to proceed in two stages with 
increase in concentration of surfactants. First, the
polycomplex (PMAA.Surfactant) is formed, the structural 
state of which depends on the hydrophilic-lipophilic balance 
of the surfactant (discussed in chapter 11). Below a certain 
ratio of PEG chain length to the alkyl group chain length, 
the surfactant forms micelles or aggregates in the
polycomplex. When the PEG chain length is increased, linear 
sequences of hydrogen bonds are formed between the
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components. In the second stage, at high concentration of 
the surfactant, the polycomplex binds the micelles forming 
an associate with two possible structures. The structure 
could be one in which a particle of the polycomplex interacts 
with the surfactant micelles only in the surface layer or a 
structure in which the polycomplex binds additional 
surfactant which is included in the associate as micelles.

Several authors have studied.i-5 the complexation of PAA and 
PEO by preparing the complex in different ways with regard 
to solvents used and the method of verifying that a 1:1 
complex is formed. A few of these methods are outlined 
below.

9.21 PREPARATION OF PEO/PAA COMPLEX IN WATER AND DMSO 
SOLUTIONS^

In the work of Jeon and ReeS, two transparent aqueous 
solutions of PAA and PEO with concentrations of 0. IM were 
mixed in various compositions from 2 0 - 90 unit mol % of 
PEO. Each mixture became turbid immediately and gave the 
complex. DMSO solutions were prepared similarly but when 
these solutions of PAA and PEO were mixed as before, the 
resulting solutions were clear thus no complex formation 
occured. However, when the DMSO was removed from these 
mixtures by evaporation, the complex formation occured. 
Thus, in this case DMSO was acting as a precipitating 
inhibitor. Between 0-50 unit mol%PEO, the % crystallinity, 
Xc, remained at zero mainly because of complete complexation 
of PEO and PAA through hydrogen bonding. In the range 50-100 
unit mol wt %PEO , PEO exists in excess as there are no more 
PAA sites for hydrogen-bonding and thus crystallisation 
behaviour of PEO appears, resulting in an increase in 
percentage crystallinity Xc in this region. This shows that 
the solutions of PEO/PAA blends form a 1:1 complex through
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hydrogen-bonding interaction as found for the complexes in 
solution.

9.22 PREPARATION FROM WATER-METHANOL SYSTEMS^

Maunu and co-workers^ have studied the behaviour of PEO and 
PAA in methanol and the effect of water on the PEO/PAA 
complex by n m r . They found that in methanol solutions,
the association between the two polymers moved the chemical 
shifts of the component polymers to another magnetic field. 
Thus, the chemical shift of -COOH carbons moved towards an 
upper magnetic field and the chemical shift of -CH2 carbons 
moved towards a lower one with decreasing molar ratio of 
PEO/PAA. These changes did not occur when the PEO/PAA 
complex was formed in water.

Ikawa and c o - w o r k e r s ^  studied turbidity of the mixed 
aqueous solution of PAA and PEO at various pH levels. At pH 
3 where the dissociation of carboxylic groups on PAA is 
extremely restrained, the transmittance of the mixed 
solution decreased with increasing concentration of PAA up 
to 50/50 PAA/PEO and then increased again. However, at pH > 
5 a large amount of carboxylic groups on PAA are dissociated 
and transmittance of the mixed solution is greater than 90% 
which was the same as the original solution. These findings 
showed that the complex is not formed in the region of high 
pH but at relatively low pH where the composition of the 
complex formed was 1:1 PAA/PEO. Thus, the degree of 
dissociation of carboxylic group plays an important role in 
the complexation process.

Ikawa and c o - w o r k e r s ^ ^  studied the changes of viscosity and 
pH at various mixed unit molar ratios of PEO/PMAA (PMAA - 
polymethacrylic acid) . It was o b s e r v e d l 2  that at a critical 
chain length of PEO, L^, the viscosity decreased
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drastically. The of PEO in the PAA/PEO system was found 
to be higher than that in the PMAA/PEO system. This gave an 
indication that the PMAA/PEO complex was more stable than
PAA/PEO. The Lc of PEO in the PAA/PEO system was
independent of the methanol content of the mixed solvent
while in the PMAA system it increased with increasing 
methanol concentration. Thus, methanol destroyed the 
hydrophobic interaction. This is evidenced in the PMAA/PEO 
in methanol-water mixed solvents in which the hydrophobic 
interaction between PMAA (especially the a -methyl groups
in PMAA) and PEO was weakened by addition of more methanol 
and so, far longer chain PEO length is necessary for the 
interaction. Like others, Ikawa and c o - w o r k e r s i 2  also found 
that the influence of hydrophobic interactions of the 
interpolymer complex through hydrogen bonding is apparent 
from the critical chain length of PEO for the complexation 
with polycarboxylic acids.

Ikawa and c o - w o r k e r s l 2  also studied other complexation 
systems namely PAA-PEO and PSMA-PEO where PSMA is styrene 
maleic acid copolymer. For each of these systems the yield 
of the complex precipitated increased drastically at a 
certain pH value called the critical pH, below which the 
complex was obtained almost stoichiometrically. These pH 
values, correspond to 3.0, 2.3 and 1.9 for PMAA,PSMA and PAA 
respectively. From Henderson Hasselbach's equation, the pKa 
of 7.3, 6.5 and 5.6 was found for PMAA, PSMA and PAA
respectively. The critical pH increased with increasing pKa 
of the corresponding polymer system.

In both the PMAA and PSMA system, yields of complexes 
increased very s h a r p l y i 2  at their critical pH values and 
their maximum amount to about 100% but in the case of the 
PAA system, the increase of the yield was just over 80%. 
This behaviour may have been due to differences in 
hydrophobicity of the component polymers. In their
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respective side chains, PMAA has a  - methyl groups and PSMA 
has phenyl groups which make them more highly hydrophobic. 
They are therefore, able to participate in interactions 
involving their hydrophobic groups and the main chain of PEO 
as well as hydrogen bonding which is the main interacting 
force. For a PEO / PMAA system with initial pH 5.5, the 
viscosity decreased until molar ratio of PE0/PMAA=1 was 
probably caused by shrinkage of the polymer chains. This was 
because complex formation weakened the electrostatic 
repulsion and at the same time hydrophilic groups on the 
polymer chains were effectively shielded and consequently 
increased the hydrophobicity of the polymer chains. After 
the molar ratio had reached unity, the viscosity increased 
again with increased PEO content. The increase was not due 
to destruction of complex formation since no pH change is 
observed within this region. The pH increased linearly upto 
PE0/PMAA=1 and then became constant. This showed there was 
no interaction between the complex and excess PEO. At pH > 
5.5, undissociated carboxylic acid groups are reduced and 
complexation is considered to be a reversible equilibrium 
system. Addition of PEO shifts the equilibrium to the 
direction of the complex formation resulting in a gradual 
change in both pH and viscosity.

When polycarboxylic acid forms a complex with PEO through 
hydrogen bonding, protons in solution are bound in the 
precipitated complex resulting in an increase of pH of the 
medium. Therefore, in the region of pH<5.5 polycarboxylic 
acid and PEO form an equimolar complex. The PMAA-PEO complex 
did not dissolve in aqueous or organic solvents but it did 
so in water at pH 2 and in aqueous-organic solvent mixtures 
such as water acetone, methanol and DMF in a 1:1 ratio but 
was only slightly soluble in THF. The PSMA-PEO complex 
however dissolved in some solvents such as acetone and THE, 
water at pH 12 and in mixed solvents acetone-water, 
DMF-water but was only slightly soluble in methanol-water
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and THF-water. The ability of the complex to dissolve more 
easily in the organic solvent is in the orderly of 
hydrophobicity of the component polymer PAA<PMAA<PSMA. The 
solubility of the complex thus formed is affected by a 
balance of hydrophobicity and hydrophilicity of the 
component polymer chains.

In the work of Kokufuta and co-workers? aqueous solutions 
of the PAA and PEO were studied and the ratio of PAA and 
PEO in the complex were determined by Infra red measurement.

In summary a tough rubberlike water insoluble resin is 
formed from water soluble high polymer mixtures such as 
polyacrylic acid (PAA) and polyethylene oxide (PEO) by an 
instantaneous room temperature reaction. PEO and PAA form 
the interpolymer complex through hydrogen bonding in aqueous 
medium, organic solvents or aqueous organic mixed solvents. 
However, there is also the influence of secondary binding 
forces such as hydrophobic interactions and the degree of 
dissociation of the COOH groups in the carboxylic acid. 
Complexation is destroyed at pH > 5 where large amounts of 
COOH groups dissociate. The molecular weight of the 
combining polymers must be greater than 1000 in order to 
effect substantial complexation.

The objective of this study is to characterise the 
interactions of PEO/PAA complexes through ICC and the linear 
solvation equation. It is proposed that the complex will be 
formed in two different ways and the two will be analysed 
under identical conditions so that the results can be 
compared.

In this first process, PAA is first coated on the support 
and, when dried, used as a substrate for the deposition of 
PEO from solution, this is referred to as complex A. The 
process is designed in such a way that at the appropriate
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polymer concentrations and pH of solution a 1:1 complex is 
formed between PEO and PAA., Figure 9.1. This suggests the 
presence of an outer layer of PEO, an interface consisting 
of a complex between PEO and PAA and a layer of PAA located 
next to the support. In principle a solute molecule should 
interact with all three layers.

Figure 9.1 Complex A

CH2CH20-CH2CH2Cj
 1-------- 1---

I I
O OH 0  OH

\\/ '̂  /
I ?CH2 CH —  CH2 CH

Interface

7 /,Chromosorb GAW DMCS 
(Support)

In the second process, solutions of PEO and PAA in methanol 
can be mixed at a low pH and acetone, a precipitating 
inhibitor can be added to hinder the formation of the
precipitate or dissolve any existing precipitate. The inert 
support can then be added with gentle stirring and the
solvent evaporated. Figure 9.2 shows the expected coating 
morphology. The outer EO layer in complex A will result in a 
hydrogen bond basicity of this complex being slightly higher 
than complex B, in which the etheric oxygens are all
complexed with the carboxyl oxygen of PAA. The hydrogen
bond acidity of complex A is expected to be less than in 
complex B because the AA next to the support in complex A
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Figure 9.2 Complex B

CH2CH2O-CH2CH2O
1 I0 OH 0 OH

c c
CH2CH— CH2CH

Chromosorb GAW DMCS 
(Support)

is involved in intramolecular hydrogen bonding although 
those in the interface are hydrogen bonded to ethylene 
oxide.

GC columns from the homopolymers PAA and PEO will also have 
to be made and compared with those of the two complexes. 
Inverse gas chromatography is the technique employed as the 
characteristic of the stationary phase is the object of 
interest.

9.3 EXPERIMENTAL

Table 9.1 Properties of Polymer samples

Polymer T g / K T m / K  Mv^ or Density

PEO 2 0 6 . 2 K 3 3 3 K  100,000a 1 . 1 3 0

PAA 3 7 9 . 2 K 4 5 0 , 0 0 0 b -

^  Vi'icosî  average molecular weight 
Weight average molecular weight
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The individual polymers were coated as follows: PAA was
coated on chromosorb GAW DMCS with an 8% loading which was 
found to be lumpy so a lower loading of 6% was coated using 
methanol as solvent. PEO was coated on the inert support 
using chloroform as the solvent with a loading of 6%.

Complex A was prepared by coating the bare support ie 
chromosorb GAW DMCS with PAA in methanol. Methanol was 
evaporated off and the packing was dried under vacuum. A 
solution of PEO in chloroform was then mixed with the PAA 
coated support with gentle stirring. The solvent was 
evaporated off and the solid vacuum dried. PAA is sparingly 
soluble in chloroform so it is possible that once coated on 
the support PAA will be swollen by the solution of PEO in 
chloroform. This will still result in the formation of the 
complex as PEO will interact with the PAA and the complex 
remains after the solvent has been removed.

Complex B was prepared by mixing methanol solutions of PEO 
and PAA adjusted to pH 2 with IM HCl. A gelatinuous 
precipitate was formed which redissolved on addition of a 
few drops of acetone. The solution was gently stirred until 
a very clear solution was obtained and the chromosorb was 
added while stirring. The mixture was left to evaporate off 
the solvent.

The percentage loading of each of the four columns was 
determined by firing as described in Chapter 6. The coated 
supports were each packed into Perkin Elmer F33 glass 
columns. Table 9.2.
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Table 9.2 Stationary Phase and Column Parameters

%loading Weight of Weight Column
polymer fraction 1 id od

g PAA cm mm mm

PAA 6 . 0 0.5084 1 . 0 2 0 0 3 6

PEO 6 . 1 0.5029 0 . 0 2 0 0 3 6

Complex A 4.5 0.3875 0.617 2 0 0 3 6

Complex B 3.7 0.2883 0.621 2 0 0 3 6

Relative retention times, t^ei T, of a variety of solutes 
and absolute values for a few key solutes were obtained on 
PAA, PEO and the complexed columns as described in Chapter
6 . The cross polarisation magic angle spinninng (CP-MAS) 
spectra of the complexes coated on the chromatographic 
support were obtained using a Bruker MSL-3 00 multinuclear 
spectrometer.

The Tg of polyacrylic acid and polyethylene oxide are 379.2K 
and 206.2K respectively. To compare results, the retention 
volumes have to be obtained under identical conditions. The 
aim was to obtain these results at least 5ÜK above the Tg 
and T̂  ̂ of PAA and PEO respectively, to minimise adsorption 
since even at room temperature PEO is already above its Tg. 
Preliminary work was done at 423.2K at a flow rate of 
2 6mL/min but the retention times of the test solutes were 
very short even when the flow rate was reduced. It was 
therefore, decided to reduce the temperature to 413.2K to 
double the retention and to minimise errors.
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9 .4 APPLICATION OF THE LINEAR SOLVATION EQUATION TO 
PEO/PAA COMPLEXES AND COMPONENT HOMOPOLYMERS

Specific retention volumes for a series of solutes were 
obtained on the columns of PAA, PEO and the two complexes. 
These are presented in Tables 9.3-9.5.

Table 9.3 Values of logT 
Polyethylene oxide at 413.3K

and logVg of solutes on

Solute Logr LogVg

Tridecane 0 . 0 0 1.90*
Tetradecane 0 . 2 0 2.09*
Pentadecane 0.40 2.28*
Hexadecane 0.62 2.48*
Heptadecane 0.85 2.67*
Octadecane 0.99 2.89
Nonadecane 1.19 3.09
Tetrachloroethane 0.36 2.26
1 ,5-dichloropentane 0.42 2.31
Trichloroethylene -0.59 1.31
Tetrachloroethylene -0.55 1.35
Methylene iodide 0.47 2.37
Diethyl ether -1.57 0.33
Butyl ether -0.71 1.18
Octyl ether 0.90 2.79
Tetrahydrofuran -0.74 1.15
1,4-Dioxan -0.36 1.53
Acetaldehyde -1 . 1 2 0.78
Octan-2-one 0.03 1.92
Nonan-2-one 0 . 2 2 2.15*
Nonan-5-one 0.09 1.99
Decan-2-one 0.42 2.35*
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Table 9.3 continued LogT LogVg

Cyc1ohexanone 0.15 2.05
Pentyl acetate -0.28 1.60*
Butyl propanoate -0.28 1.62
Acetonitrile -0.52 1.38
Hexanoic acid 1.04 2.93
Octanoic acid 1.57 3.46
Methanol -0.93 0.97
Octan-l-ol 0.53 2.43*
Octan-2-ol 0 . 2 2 2 . 1 1

Decan-l-ol 0.93 2.83
Cyc1ohexano1 0.25 2.15
Cyclooctanol 0 . 8 8 2.76*
2,2,2-Trifluoroethanol -0.32 1.58
HFIP 0.03 1.92
Propylbenzene -0.18 1.71
Butylbenzene 0.05 2 .0 1 *
3-Chlorotoluene 0.13 2.04*
4-Chlorotoluene 0.14 2.04
4-Bromotoluene 0.41 2.30
lodobenzene 0.53 2.42
Methylphenylether 0.17 2.06
m-Dimethoxybenzene 0.96 2 . 8 6

Acetophenone 0.75 2.64
Ethylphenylketone 0.92 2.82
Dimethylphthalate 1.94 3.84
Di-n-butylphthalate 2.64 4.54
Benzonitrile 0.73 2.63
m-Cresol 1.54 3.43
2 -1 s opropyIpheno1 1.60 3.49
3 -1 s opropyIpheno1 1.77 3.67
3-Chlorophenol 2.15 4.04
Benzylalcohol 1.16 3.05

LogVg = LogT + 1 . 895
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PEO at 413.3K

LogVg = —0.76 + 0.2 8 R2 + 1.2 47T̂ 2 1 • 8 7£rOĈ 2 0.0 8SP^2

0.417LogLl6
n= 50 p= 0.9956 sd=0.08 and F= 1003.9 [9.1]

The preferred solvation equation for PEO is equation [9.2], 

L o g V g  = -0.77 + 0.25R.2 + 1.30%%% + 1.85EaH2 + 0.419 LogL^S

n= 50 p= 0.9956 sd=0.08 and F=1326.5 [9.2]

because the EpHg term is not statistically significant and 
should be removed from the regression equation. However, for 
comparison with PAA and the estimation of the solvation 
constants for the complex, equation [9.1] was used so that 
all solvation parameters are represented.

An excellent correlation coefficient of 0.9956 with very low 
standard deviation sd = 0.08 was obtained for the regression 
on the PEO column. This regression equation showed 
effectively zero acidity with a b-constant of 0.08, 
indicating a very low or no ability to interact with 
hydrogen bond basic solutes. PEO has quite a large hydrogen 
bond basicity (a=1.87) as expected from the lone pair oxygen 
electrons available for hydrogen bonding. The lone pair also 
explains the reasonably large s-constant of 1.24, the 
magnitude of which indicates that PEO has a large dipolarity 
/polarisability and can quite strongly interact through 
dipole/dipole and dipole/induced dipole type of interaction 
with a solute. It can be deduced from the large a and 
s-constants that PEO will selectively sorb both acidic and 
polar/polarisable solutes. The r-constant, which represents 
the ability to interact with solute p and n electrons is 
quite small at 0.28 units but statistically significant.
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Table 9.4 Values 
polyacrylic acid at

of logr and 
413.4K

logVg of solutes on

Solute LogT LogVg

Tridecane - 0  . 6 6 0.79*
Tetradecane -0.38 1.13*
Pentadecane -0 . 2 1 1.28*
Hexadecane 0 . 0 0 1.52*
Heptadecane 0.23 1.74*
Octadecane 0.47 1.98
Nonadecane 0 . 6 8 2 . 2 0

Tetrachloroethane -1.41 0 . 1 0

1 ,5-dichloropentane -1 . 0 1 0.50
Trichloroethylene -1.67 -0.16
Tetrachloroethylene -1.67 -0.16
Methylene iodide -1.27 0.24
Diethyl ether -1.27 0.24
Butyl ether -1.37 0.14
Octyl ether 0.24 1.75
Tetrahydrofuran -1.40 0 . 1 1

1,4-Dioxan -1.40 0 . 1 1

Acetaldehyde -1.70 -0.19
Octan-2-one -1.03 0.57*
Nonan-2-one -1.09 0.42
Nonan-5-one -1.09 0.42
Decan-2-one - 0  . 6 6 0.93*
Cyc1ohexanone -0.98 0.53
Pentyl acetate -1.40 0 . 1 1

Butyl acetate -1.40 0 . 1 1

Acetonitrile -1.14 0.37
Hexanoic acid -0.54 0.93*
Octanoic acid -0.04 1.47
Methanol -1.08 0.43
Octan-l-ol -0.69 0.82
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Table 9.4 continued
LogT LogVg

Octan-2-ol -0.74 0.78
Decan-l-ol -0.17 1.26*
Cyc1ohexano1 -0.93 0.58
Cyclooctanol -0.57 0.94
2,2,2-Trifluoroethanol -1.41 0 . 1 0

HFIP -1.41 0 . 1 0

Propylbenzene -1.09 0.42
Butylbenzene -1.09 0.57*
3-Chlorotoluene -1.67 -0.16
4-Chlorotoluene -1 . 2 0 0.31
4-Bromotoluene -1.41 0 . 1 0

lodobenzene -1 . 2 2 0.30
Methylphenyl ether -1.40 0 . 1 1

m-Dime thoxybenz ene -0.70 0.81
Acetophenone -0.76 0.75
Ethylphenylketone -0.58 0.93
Dimethylphthalate 0.16 1.67
Di-n-butyl phthalate 1.14 2.65
Benzonitrile -1.29 0 . 2 2

m-Cresol -0.43 0.93*
2 -1 s opropyIpheno1 -0.56 0.95
3-Isopropylphenol -0.26 1.25
3-Chlorophenol -0 . 1 1 1.40
Benzylalcohol -0.44 1.07

LogVg  = LogT + 1.511 
* absolute measurement

HFIP - 1,1,1,3,3,3-Hexafluiopiopan-2-ol

PAA showed moderate basicity and weak acidity with a=0.99 
and b=0.58 units equation [9.3].

199



LogVg — —1.29 — 0.10 R 2 + 0.0871^2 0.99£ot^2 0.58SP^2
0.354 LogLlS

n= 50 p= 0.9474 sd= 0.20 and F= 77.10 [9.3]

The r and s-constants were removed because they were not 
statistically significant leading to:

L o g V g  = -1.3 0 + 0 .9 9 LaH2 + 0 .6 3 EpH2 + 0.3 53 LogLiG 

n=50 p = 0.9465 sd=0.20 and F=131.8 [9.4]

Table 9.5 LogVg of solutes on PEO/PAA complex

Solute Complex A 
414.5K

Complex B 
415.3K

Tridecane 1.38 1.23
Tetradecane 1.60 1.40
Pentadecane 1.76* 1.56*
Hexadecane 1.94* 1.77*
Heptadecane 2.13* 1.96*
Octadecane 2.35 2.18
Nonadecane 2.54 2.36
Cyclooctene 1.16 1.06
2-Octyne 1.08 0.80
Dodecyne 1.67 1.42
Tetrachloroethane 1.96* 1.91*
Pentachloroethane 1 . 8 6 1.76
1 , 5-dichloropentane 1.94 1.80
Trichloroethylene 0.96* 1.04
Tetrachloroethylene 1.07 1.04
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Table 9.5 continued
Complex A Complex B

Methylene iodide 1.98 1.96
Diethyl ether 0.23 0.32
Butyl ether 0.83 0.89
Octyl ether 2.26 2.04
Tetrahydrofuran 1.05 1.19
1 , 4-Dioxan 1.45 1.61
Ac e t a1dehyde 0 . 8 6 0.84
Octan-2-one 1.60* 1.57*
Nonan-2-one 1.69 1.70
Nonan-5-one 1.63 1.52
Decan-2-one 1.93* 1 .8 6 *
Cyclohexanone 1.90 1.99
Pentyl acetate 1.26 1.19
Butyl propanoate 1.26* 1.18*
Acetonitrile 1.36 1.39
Methylamine 1 . 0 0 1.78
Ethylamine 1.76 1.76
Propanoic acid 2 . 2 2 2.19
Butanoic acid 2.19 2.15
Hexanoic acid 2.63 2.42*
Octanoic acid 2.96 2.85
Methanol 1.16 1.39
t-Butanol 0.89 0.84
Pentan-l-ol 1.63 1.61
Hexan-l-ol 1.79 1 . 6 8

Heptanol 1.95 1.91
Octan-l-ol 2 .1 0 * 2.08*
Octan-2-ol 1.83 1.81
Decan-l-ol 2.43* 2.36*
Cyc1ohexano1 1.98 2.13
Cyclooctanol 2.46 2.63
Prop-2-en-l-ol 1.42 1.36
But-2-ene-l-ol 1.63 1.62
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Table 9.5 continued
Complex A Complex B

3-Methyl-3-butene-l-ol 1.65 1 . 6 6

2,2,2-Trifluoroethanol 1.30 1.27
HFIP 1.41 1.28
2-Methoxyethanol 1.77 1.80
2-Ethoxyethanol 1.77 1.79
Propylbenzene 1.34 1.29
Butylbenzene 1.58* 1.42
3-Chlorotoluene 1.64 1.58
4-Chlorotoluene 1.67* 1.62*
4-Bromotoluene 1 . 8 8 1.83
lodobenzene 2.04 1.98
Me thylphenyle ther 1.75* 1.74*
Ethylphenylether 1.81 1.72
m-Dimethoxybenzene 2.49 2.44
Acetophenone 2.40 2.46
Ethylphenylketone 2.49 2.47
Dimethylphthalate 3.53 3.44
Di-n-butyl phthalate 3.99 3.75
Benzonitrile 2.26 2.30
nn-Dimethylaniline 2.28 2.16
m-Cresol 3.00 2.98
3-Ethylphenol 3.24 3.15
2 -Isopropylphenol 3.08 2.94
3-Isopropylphenol 3.19 3.07
3-Chlorophenol 3.81 3.78
0-Nitrophenol 2.69 2.65
Benzylalcohol 2.87 2.91
Pyrrole 2 . 1 2 2.07
n-Methylpyrrole 1.40 1.37

Complex A 
Complex B

LogVg-= LogT + 1,781 
LogVg= LogT + 1.778
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It is very surprising that PAA has a hydrogen bond basicity 
of greater magnitude than its hydrogen bond acidity. A 
possible explanation would be the presence of intramolecular 
hydrogen bonding or some sort of association involving the 
active hydrogen atom and possibly a basic site on the 
molecule or an interaction in which the acidic protons are 
shared between the molecules limiting intermolecular 
hydrogen bonding. The small negative r-constant on PAA shows 
that its ability to interact with solute p and n electrons 
is less than that of an alkane of the same volume. The small 
s-constant, the dipolar/polarisability term (s=0.08) shows 
that PAA has a negligible ability to interact with solute n  

and n electrons, also confirmed by the rather low 
r-constant. Sharp symmetrical peaks were obtained on the PAA 
column, however it was difficult to obtain a stable base 
line and reproducible retention times, accounting for the 
rather poor, though statistically acceptable correlation 

obtained. The F-statistic was also very low (131.8) 
for PAA but significantly higher for PEO (1326.5), 
indicating a better correlation for the latter.

Alessi and co-workers23 have determined the activity 
coefficient of a variety of solutes in organic acids 
including sebacic acid (HOGG (CH2 ) sCOOH) , palmitic acid 
(CH3 (CH2 )1 4COOH), pimelic and lactic acid. The activity 
coefficients were converted to logVg, Table 9.6, in order 
to do a regression and obtain the solvation constants 
characteristics of these acidic stationary phases using the 
equation :

L o g V g  = -log Y2 “ logpo - logMg [9.5]

Where Y2 is the activity coefficient, P° is the solute 
vapour pressure and Mg is the molecular weight of the 
stationary phase.

203



Table 9.6 Calculated logVg of solutes on sebacic acid and 
palmitic acid from reference 23.

Solute
Sebacic 
416.2K

Palm 
345.7K

Palm 
360.OK

Palm 
384.2K

Palm 
395.3K

Pentane -4.01 -2.90 -3.13 -3.40 -3.53
Hexane -3 .79 -2.57 -2.75 -3.04 -3.17
Heptane -3.53 -2.19 -2.39 -2.71 -2.87
Octane -3.29 -1.81 -2.04 -2.38 -2.56
Pent-l-ene - -2.98 -3.15 -3.35 -3.50
Hex-1-ene -3 .71 -2.59 -2.80 -3.05 -3.18
Hept-l-ene -3.47 -2 . 2 2 -2.42 -2.73 -2 . 8 8

Oct-l-ene -3.23 -1.85 -2.07 -2.41 -2.58
Cyclohexane -3.42 -2.31 -2.50 -2.78 -2.93
Me thy1cyc1ohexane -3.28 -2.05 -2.26 -2.56 -2.72
Ethylcyclohexane -3.03 -1.65 -1 . 8 8 -2 . 2 1 -2.39
Benzene -3.15 -2.35 -2.53 -2.81 -2.94
Toluene -2.91 -1.85 -2.06 -2.38 -2.55
Ethylbenzene -2.72 -1.52 -1.75 -2.09 -2.28
o-Xylene -2.60 - - - -
m-Xylene -2 . 6 8 - - - -
p-Xylene -2 . 6 8 - - - -
Chloropropane - -2.76 -2.92 -3.14 -3.27
Chlorobutane -3.47 -2.38 -2.56 -2.81 -2.97
Chloropentane -3.23 -2 . 0 1 -2.24 -2.48 -2.65
Chlorohexane -2.99 - - - -
Tetrachloromethane -3.39 -2.31 -2.49 -2.73 -2 . 8 8

Trichloromethane -3.05 -2.45 -2.62 -2.84 -2.99
Methanol -3.16 -2.87 -3.03 -3.26 -3.36
Ethanol -3.03 -2.57 -2.77 -3.03 -3.18
Propanol -2.82 -2.24 -2.46 -2.70 -2.87
Butanol -2.57 - - - -
Methyl acetate -3.23 -2.71 -2.87 -3.08 -3.22
Ethyl acetate -3.09 -2.47 -2.64 -2 . 8 8 -3 . 03
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Table 9.6 continued

Solute
Sebacic 
416.2K

Palm 
345.7K

Palm 
360.OK

Palm 
384.2K

Palm
395.3'

Propyl acetate - 2 ,.85 - 2 .14 - 2 .30 - 2 .57 - 2 ,.74
Butyl acetate -2 ,.62 - -

Propanone -3 ,.19 - 2 .82 - 2 .97 -3 .17 -3 ,.27
Butanone - 2 .46 -2 ..63 - 2 . 8 6 -3 .0 0
4-Methylpent-2-one - 2 ,.99 - 2 .23 - 2 .43 - 2 . 6 8 - 2 ..85
Acetonitrile -3 ,.07 - -3 .07 - -3 ..39
Proprionitrile -2 ,.93 - 2 .59 - 2 .76 - 2 .98 -3 .. 1 1
Butyronitrile - 2 ,.74
Nitromethane - 2 ,.92 - 2 .73 - 2 .81 -3 . 0 2 -3 ..16

*Palm is palmitic acid

The regression equation obtained for sebacic acid at 416.2K:

L o g V g  = -4.92 + 0.907tH2 + 1.56ZaH2 + 0 .5 9 SpH2 +
0.438 LogLlG

n=34 p=0.9846 sd= 0.066 and F=230.3 [9.6]

Equation [9.6] shows that sebacic acid has a large hydrogen 
bond basicity but is not as acidic as PAA.

In Table 9.7 are the solvation equations obtained for 
palmitic acid using logVg values of solutes in Table 9.6 at 
the various temperatures.
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Table 9.7 Solvation equations on Palmitic acid using logVg
of solutes from reference 23.

345.6K
c s a b 1 P sd n F

-4.51
0.04

0.19
0.03

1.34
0.07

0.50 
0 . 06

0.734
0.01*

0.9969 0.033 29 955.1

360.OK
c s a b 1 P sd n F

-4 . 64 
0.05

0.22 
0 . 04

1.25
0.08

0.50
0.07

0.707
0.02

0.9952 0.039 30 648.8

381.2K
c s a b 1 P sd n F

-4.72
0.04

0.31
0.03

1.15
0.06

0.40
0.05

0.638
0.01

0.9963 0.031 29 816.6

395.3K
c s a b 1 P sd n F

-4.80
0.05

0.27
0.04

1.10
0.08

0.42
0.07

0.612
0.02

0.9931 0.040 30 449.0

* standard deviation of coefficient

Equation [9.7] was extrapolated from the above four 
equations obtained for palmitic acid, Table 9.7, in order to 
compare with polyacrylic acid at the same temperature.

Palmitic acid at 413.3K

LogVg = -4.9 + 0.337TH2 + 1 . 0 2 Z a ^ 2  + O.4 OEPH2 + 0.567LogLi6
[9.7]
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PAA at 413.3K

L o g V g  = - 1 . 2 9  - O . I O R 2 + 0.087TH2 + 0.99LaH2 + +
0 .354LogLl6

[9.3]

Like PAA, sebacic acid and palmitic acid do not portray the 
expected high acidity. Rather they act more as hydrogen bond 
bases. This can be explained in terms of the dimérisation 
of these acids through intramolecular hydrogen bonding. As 
a result, fewer sites are available for solvent acid-solute 
base interactions. The molar attraction constant24 for a -H 
in an acidic dimer is -50.47 and that of the -OH in a 
monomer is 225.84 in (cal/cm3) 1/2/mole, therefore the latter 
will have a larger b-constant than the former.

Both Complex A and B have somewhat similar corresponding 
r,s,a and 1 constants although they differ by up to 0.16 log 
units ( cf. equations [9.8] and [9.9]).

Complex A at 414.5K

L o g V g  = — 0.92 + O . 3 6 R 2 + 1. 147T^2 ■*" l.V5£(X^2 "*■ 0.3 6£P^2 
0 .3 6 6 L o g L l 6

n=50 p= 0.9902 sd= 0.11 and F= 443.0 [9.8]

Complex B at 415.3K

L o g V g  = —0.85 + 0 . 4 9 R.2 + 0 . 9871̂ 2 1. 6 8 £ct̂ 2 0 . 62£P^2 +
0.334 LogLlG

n=50 p= 0.9841 sd= 0.13 and F= 269.8 [9.9]

All four columns, ie PAA, PEO, complex A and B, have quite 
low values of 1-constant of 0.35, 0.42, 0.37 and 0.32,
respectively, so none of the columns is a strong dispersive 
interactor having moderate ability to separate homologues.
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Both complexes can selectively separate hydrogen bond acids 
and dipolar probes.

The b-constant of Complex B is higher at 0.62 than that of 
complex A (0.36) so that the latter will be a slightly 
better phase for such selective separation. In addition, 
Complex A has a slightly better correlation coefficient and 
a lower overall standard deviation of 0 . 1 1  compared with
0.13 as well as an F-statistic of 443.0 for complex A 
against 2 69.8 for complex B. It is interesting to note that 
the sum of the r and s -constants on both complexes are very 
similar indeed with r+s of complex A of 1.49 and 1.43 for 
complex B. The logVg of 72 solutes were obtained on the 
complexes to see if there is any difference in the solvation 
characteristics when fewer solutes (50) are used, Table 9.8.

Table 9.8 Regression equations for PAA/PEO complex

Compl ex A
c r s a b 1 n sd P F

-0 ..83 0 ..36 1 .. 1 0 1 ,.77 0 ,.41 0 ,.350 72 0 . 1 1 0 .9877 525..1
0 ,.06 0 ,.06 0 ..07 0 ,.06 0 ,.07 0 ,.0 1 *

-0 ,.92 0 ..36 1 ..14 1 ,.75 0 .36 0 ,.366 50 0 . 1 1 0 .9902 443 ..0
0 ,.07 0 ,.06 0 ..09 0 ,.07 0 ,.09 0 ,. 0 1

Compl ex B
c r s a b 1 n sd P F

-0 ..81 0 ..45 1 ..03 1 ,.70 0 ,.61 0 ,.322 72 0.14 0.9805 328.. 6
0 ..07 0 ..07 0 ..09 0 ,.07 0 ,.09 0 ,. 0 1

-0 ..85 0 ..49 0 ..98 1 ,. 6 8 0 ,.62 0 ..334 50 0.13 0.9841 269..8
0 ,.09 0 ,.08 0 .. 1 1 0 ,.08 0 . 1 1 0 ,. 0 1

* standard deviation of coefficient
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To predict the log Vg of solutes on the complex from that of 
the homopolymer equation [9.10] was used.

Vg = Vgi2W2 + Vgi3W3 [9.10]

Vgi2 and Vgi3 are the specific retention volumes of a solute 
on polymer 2 and 3 ie PAA and PEO respectively, under 
identical conditions and W 2 and W 3 their respective weight 
fraction in the blend. The logVg of the solutes calculated 
in this way are in Table 9.9. This method of predicting the 
logVg of solutes for a polymer blend or complex is referred 
to as pred 1 .

Table 9.9 Calculated logVg from equation [9.10] and observed 
logVg on PAA-PEO complex A and B

L o g V g
Solute A cal A obs B cal B obs

Tridecane 1 .,53 1 .,38 1 .53 1 .23
Tetradecane 1 .,74 1 .,60 1 .74 1 .40
Pentadecane 1 .,93 1 .,76 1 .92 1 .56
Hexadecane 2 .,13 1 ,,94 2 .13 1 .77
Heptadecane 2 .,33 2 .,13 2 .33 1 .96
Octadecane 2 .,55 2 .,35 2 .55 2 .18
Nonadecane 2 .,75 2 .,54 2 .75 2 .36
Tetrachloroethane 1 .,84 1 .,96 1 .84 1 .91
1 ,5-dichloropentane 1 .,91 1 .,94 1 .90 1 .80
Trichloroethylene 0 ,,91 0 .,96 0 .91 1 .04
Tetrachloroethylene 0 .,95 1 .,07 0 .95 1 .04
Methylene iodide 1 .,95 1 .,98 1 .95 1 .96
Diethyl ether 0 ,,28 0 .,23 0 .28 0 .32
Butyl ether 0 .,82 0 .,83 0 .82 0 .89
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Table 9.9 continued
L o g V g

Solute A cal A obs B cal Bobs

Octyl ether 2 .,44 2 ..26 2 ,.43 2 ,.04
Tetrahydrofuran 0 ..79 1 ..05 0 ,.79 1 ,.19
1,4-Dioxan 1 ..14 1 ..45 1 ,.14 1 ,.61
Acetaldehyde 0 ..43 0 .. 8 6 0 ,.43 0 ,.84
Octan-2-one 1 ..53 1 ..60 1 ,.53 1 ,.57
Nonan-2-one 1 ..75 1 ..69 1 ,.75 1 ,.70
Nonan-5-one 1 ..59 1 ..63 1 ,.59 1 ,.52
Decan-2-one 1 ..96 1 ..93 1 ,.96 1 ,. 8 6
Cyclohexanone 1 ..65 1 ..90 1 ..65 1 ,.99
Pentyl acetate 1 .. 2 1 1 ..26 1 ,. 2 0 1 ,.19
Butyl propanoate 1 .. 22 1 ..26 1 ,. 2 2 1 ..18
Hexanoic acid 2 ..52 2 ..63 2 ,.52 2 ,.42
Octanoic acid 3 ..05 2 ..96 3 ,.05 2 ,.85
Methanol 0 .,72 1 ..16 0 ..72 1 ,.39
Octan-l-ol 2 ..03 2 .. 1 0 2 .. 0 2 2 ..08
Octan-2-ol 1 .,72 1 ..83 1 ..72 1 ..81
Decan-l-ol 2 .,43 2 ..43 2 ..43 2 ..36
Acetonitrile 1 .. 02 1 ..36 1 .. 0 2 1 ..39
Cyc1ohexano1 1 .,75 1 ..98 1 ..74 2 ..13
Cyclooctanol 2 ..36 2 ..46 2 ..35 2 ..63
2,2,2-Trifluoroethanol 1 .,18 1 ..30 1 ..18 1 ..27
HFIP 1 .52 1 .,41 1 ..51 1 ..28
Propylbenzene 1 ..33 1 ..34 1 ..32 1 ,.29
Butylbenzene 1 ..62 1 ..58 1 ,. 61 1 ..42
3-Chlorotoluene 1 ..63 1 ..64 1 ..63 1 ..58
4-Chlorotoluene 1 ..63 1 ..67 1 ..63 1 ..62
4-Bromotoluene 1 .,89 1 .. 8 8 1 .. 8 8 1 ..83
lodobenzene 2 ., 0 1 2 ..04 2 .. 0 1 1 ,.98
Methylphenyl ether 1 ..65 1 ..75 1 ..65 1 ..74
m-Dimethoxybenzene 2 .,45 2 ..49 2 ..44 2 ..44
Acetophenone 2 .23 2 .,40 2 ..23 2 ..46
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Table 9.9 continued
L o g V g

Solute A cal A obs B cal Bobs

Ethylphenylketone 2 .41 2.49 2.40 2.47
Dimethylphthalate 3 .43 3 .53 3.42 3.44
Dibutylphthalate 4.13 3.99 4.13 3.75
Benzonitrile 2 . 2 1 2.26 2.21 2.30
m-Cresol 3.02 3.00 3.01 2.98
2 -IsopropyIpheno1 3.08 3.08 3.07 2.94
3-Isopropylphenol 3.26 3 .19 3.25 3.07
3-Chlorophenol 3.63 3 . 81 3.62 3.78
Benzylalcohol 2.64 2.87 2.64 2.91

As shown in Table 9.10, the standard deviation of the
calculated minus observed logVg of the solutes are 0.14 and
0 . 2 2  log units for complex A and B, respectively.

Table 9.10 Calculated-observed logVg on PAA/PEO complex from
Table 9.9

Solute Complex A Complex B

Tridecane 0.15 0.30
Tetradecane 0.14 0.34
Pentadecane 0.17 0.36
Hexadecane 0.19 0.35
Heptadecane 0 . 2 0 0.37
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Table 9.10 continued

Solute Complex A Complex B

Octadecane 0 ,. 2 0 0 ..36
Nonadecane 0 ,. 2 1 0 ..39
Tetrachloroethane -0 ,. 1 2 -0 ..07
1 ,5-dichloropentane -0 ,.03 0 .. 1 0
Trichloroethylene -0 ,.05 -0 ..13
Tetrachloroethylene -0 ,. 1 2 -0 ..09
Methylene iodide -0 ,.03 -0 .. 0 1
Diethylether 0 ,.05 -0 ..04
Butyl ether -0 ,. 0 1 -0 ..07
Octyl ether 0 ,.17 0 ..39
Tetrahydrofuran -0 ,.25 -0 ..40
1,4-Dioxan -0 ,.31 -0 ..47
Acetaldehyde -0 ,.43 -0 ..41
Octan-2-one - 0  ,.07 -0 ..04
Nonan-2-one 0 ,.06 0 ..04
Nonan-5-one - 0  ,.04 0 ..07
Decan-2-one 0 ,.03 0 .. 1 0
Cyc1ohexanone -0 ,.24 -0 ..34
Pentyl acetate -0 ,.05 0 .. 0 1
Butyl propanoate -0 ,.03 0 ..03
Hexanoic acid -0 ,. 1 1 0 ,. 1 0
Octanoic acid 0 ,.09 0 ,. 2 0
Octan-l-ol -0 ,.08 -0 ,.06
Octan-2-ol -0 ,. 1 1 -0 ,.09
Decylalcohol 0 ,. 0 0 0 ,.07
Cyc1ohexano1 -0 ..23 -0 ,.38
Cyclo-octanol -0 ,. 1 0 -0 ..28
2,2,2-Trifluoroethanol -0 ,. 1 2 -0 ,.09
HFIP 0 ,. 1 1 0 ,.23
Propylbenzene -0 ,. 0 1 0 ..03
Butylbenzene 0 ,.04 0 ,.19
3-Chlorotoluene -0 ,. 0 1 0 ,.05
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Table 9.10 continued

Solute ComplexA Compl'
4-Chlorotoluene -0.04 0 . 0 1

4-Bromotoluene 0 . 0 0 0.06
lodobenzene -0.03 0 . 0 2

Methyl-phenyl-ether -0 . 1 0 -0.09
m-Dimethoxybenzene -0.04 0 . 0 1

Acetophenone -0.17 -0.23
Ethylphenylketone -0.08 -0.07
Dimethylphthalate -0 . 1 0 -0 . 0 2

Di-n-butylphthalate 0.14 0.37
Benzonitrile -0.05 -0 . 1 0

m-Cresol 0 . 0 2 0.03
2-Isopropylphenol 0 . 0 0 0.13
3 -1 s opropyIpheno1 0.07 0.18
3-Chlorophenol -0.19 -0.16
Benzylalcohol -0.23 -0.27

Average deviation^ 0 . 1 1 0.18
Standard deviation^ 0.14 0 . 2 2

1 IPied-obsI/n ^[(Pzed - obs) ^/n-1]

The logVg obtained by pred 1 were regressed against the 
solute parameters and the resulting solvation equations 
(indicated by pred 1) are in Table 9.11 .

The solvation constants on the polyethylene oxide 
/polyacrylic acid complex can be predicted from the equation

K — K2 W2 + Kg W3 [9.11]
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where K] and K3 are solvation constants on polymer 2 and 3 
and W 2 and W 3 are the respective weight fractions. This is 
another method of predicting the solvation constants of a 
polymer blend or polymer complex from the respective 
solvation constants of the homopolymers and their weight
fraction in the blend or complex. This method is referred to 
as pred 2. The solvation constants calculated in this way 
are shown in Table 9.11. The 'observed' regression equations 
obtained for both complex A and B are also presented in 
Table 9.11, for comparison.

The solvation constants r,s and a obtained by averaging the 
constants from the homopolymer regression (pred 2 ) are
consistently lower than the observed values and those from 
regression of logVg calculated from equation [9.10], (pred 
1) . On complex A, the b-constant obtained by averaging the 
constants (0.39) is within the experimental error of the
observed value (0.36) . This is not the case when the 
b-constant (0.12) obtained by pred 1 is compared. A similar 
trend was observed for the solvation constants obtained for 
complex B, however in this instance the b-constants 
calculated by pred 2 is outside the experimental error of 
the observed value as is the value obtained by pred 1. The 
solvation constants obtained by averaging the constants is 
in agreement with the fact that the PEO and PAA are 
complexed. That is to say, because of the interaction 
existing between PEO and PAA the sum of the product of the 
constants on the homopolymers and their weight fractions are 
less than the corresponding solvation constants from the 
observed logVg on the complexes.

Attempts were made to differentiate between the two types of 
complexes using mass spectrometry (Fast atom bombardment), 
diffuse reflectance and CPMAS. The mass spectra of the
complexes as well as the two homopolymers were very 
complicated preventing extraction of meaningful information.
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Table 9.11 Summary of solvation equations for PAA/PEO 
complexes

Complex A
c r s a b 1 n sd p F

Obs
-0.92 0.36 1.14 1.75 0.36 0.366 50 0.11 0.9902 443.0
0.07 0.06 0.09 0.07 0.09 0 .0 1 *

Pred 1
-1.06 0.27 1.14 1.82 0 . 1 2 0.409 50 0.08 0.9949 857.8
0.05 0.05 0 . 06 0.05 0.07 0 . 0 1

Pred 2
-1.09 0.05 0.52 1.32 0.39 0.380

Complex; B
c r s a b 1 n sd p F

Obs
-0.85 0.49 0.98 1 . 6 8 0.62 0.334 50 0.13 0.9841 269.8
0.09 0 . 08 0 . 1 1 0.08 0 . 1 1 0 . 0 1

Pred 1
-1 . 0 1 0.27 1.14 1.82 0 . 1 2 0.409 50 0.08 0.9947 819.7
0.05 0.05 0.07 0.05 0.07 0 . 0 1

Pred 2
-1.09 0.05 0.52 1.32 0.39 0.38

obs - From regression of PAA/PEO complex

pred 1 - From regression of logVg calculated from

^gl2^2 + ^gl3^3 
pred 2 - Calculated from K = # 2 * 2  ^  ^ 3 * 3  equation [9.15]

standard deviation of each coefficient
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The CPMAS spectra of the homopolymers and the complexes are 
given in Figures 9.3-9.8 . In the spectrometer used, the sp2 
carbons show spinning side bands called 'false peaks' 
separated from the true peak as shown at 120-140 ppm and 
22 0-240 ppm. These are side peaks of the caroxylate peak at 
170-190ppm. At 70ppm the peak is due to C-0 while between 
30-40ppm it is due to -CH* -. In complex A the carboxylate 
ion dominate and the CH2O peak is narrower. In complex B 
the acid group dominates and the CH2O peak is broader. The 
uneven baseline is due to the equipment noise. In agreement 
with regression equation there are no significant
differences between the two PEO/PAA complexes.

Regressions of logVg of solutes observed on the PEO/PAA 
complex and the homopolymers PAA and PEG were repeated 
excluding alkanes. Table 9.12, to see if there uoer̂ org 
contribution to the logVg from adsorption on the support 
material.

The equations in Table 9.12 show no significant difference 
in the solvation constants when the alkanes are excluded 
indicating little or no adsorption of alkanes on the support 
material. Abraham and c o - w o r k e r s 2 5  have studied retention 
characteristics of chromosorb GAW DMCS (also used in this 
work) at 298K and 366K. They found that at 298K, solute 
retention may be affected by adsorption on the support but 
this seems to be highly unlikely at 3 6 6 K. At the higher 
operating temperature 414K, used in this work, interfacial 
adsorption is highly unlikely since the interactions 
decrease with increasing temperature.
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Figure 9.3 PAA coated on Chromosorb G AW  DMCS
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Figure 9.5 Complex A coated on Chromosorb G AW  DMCS
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Figure 9.7 Chromosorb G AW  DMCS

Figure 9.8 Complex A and Complex B
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Table 9.12 Comparison of regression equation with and 
without alkanes

Polyethy1ene oxide at 413.3K
c r s a b 1 n P sd F

Inc.alkanes
-0.76 0.28 1.24 1.87 0.08 0.417 50 0.9956 0.08 1003.9
0.05 0.04 0.06 0.05 0.06 0 .0 1 *

Exc. alkanes
-0.76 0.32 1.29 1.89 0.16 0.394 43 0.9961 0.08 954.50
0.05 0.05 0.07 0.05 0.07 0 . 0 1

Polyacrylic (acid at. 413,. 4K
c r s a b 1 n P sd F

Inc. alkanes
-1.29 -0.10 0.08 0.99 0.58 0.354 50 0.9474 0 . 2 0 77.10
0.13 0.12 0.16 0.13 0.17 0 . 0 2

Exc.alkanes
-1.19 0.05 0.24 1.03 0 . 8 8 0.254 43 0.94 0.18 51.90
0 . 1 2  0 . 1 1 0.16 0 . 1 2 0.17 0.03

Complex A at 414.5K
c r s a b 1 n P sd F

Inc.alkanes
-0.92 0.36 1.14 1.75 0.36 0.366 50 0.9902 0 . 1 1 443.0
0.07 0.06 0.09 0.07 0.09 0 . 0 1

Exc. alkanes
-0.88 0.45 1.25 1.78 0.55 0.307 43 0.9936 0.09 576.1
0.06 0.06 0.08 0.06 0.09 0.02
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Table 9.12 continued

Complex B at 
c r

415.
s

3K
a b 1 n P sd F

Inc.alkanes
-0.85 0.49 0.98 1 . 6 8 0.62 0.334 50 0.9841 0.13 269.8
0.09 0.08 0 . 1 1 0.08 0 . 1 1 0 . 0 1

Exc. alkane
-0.79 0.59 1.09 1.71 0.83 0.266 43 0.9886 0 . 1 2 318.3
0.08 0.07 0 . 1 0 0 . 08 0 . 1 1 0 . 0 2

Inc.alkanes - Includes alkanes 
Exc. alkane - Excludes alkanes

* standard deviation of regression coefficient

In conclusion, the predominant interaction of the PAA/PEO 
complex is through hydrogen bonding in particular solute 
acid -polymer base interaction. Dipolar and dispersion 
interactions also play a significant role. The complex has 
characteristics which resemble those of the component 
polymers. The PAA/PEO complex is highly basic and moderately 
acidic while PEO is highly basic with little or no acidity 
and PAA is quite basic and moderately acidic. The complex 
therefore has the ability to separate hydrogen bond acid 
solutes rather well as well as those which are dipolar.

221



9.5 REFERENCES

1. S.L. Maunu, T.Korpi and J.J. Lindberg, Polym. Bull. 
1988, 19, 171.

2. E. Tsuchida Polymer Preprint, Am.Chem.Soc.,
Div. Polm. Chem. , 1991, 32., 586.

3. Y.Osada, J .Polym.Soi.Poly.Chem., 1979, 12, 3485.
4. S. Saito, J. Coll. Int.Soi., 1994, 165. 505.
5. S.H. Jeon and T. Ree, J. Polym.Soi.Polym.Chem. Part A, 

1988, 26, 1419.
6 . K.L. Smith, A.E. Winslow and D.E. Petersen, Ind. and 

Eng. Chem, 1959, 51, 1361.
7. E. Kokufuta, A. Yokota and I.Nakamura, Polym.,

1983, 24, 1031.
8 . V. Baranovsky, S. Shenkov, I. Rashkov and G.Borisov, 

Eur.Poly.J., 1992, 2_8, 475.
9. V. Borannovsky, T. Petrova and I. Rashkov, Eur.Poly.

J., 1991, 27, 189.
10. V.Y. Boranovsky,G . Boris and S. Shenkov, Eur.Polym. J.,

1993, 29, 1137.
11. A. Nakajima and H. Saito, Polymer J., 1975, 1_, 241.
12. T.Ikawa, K.Abe, K. Honda and E.Tsuchida; J. Polym.Sci., 

1975, 13, 1505.
13. E.A. Bekturov and L.A. Bimendina, Adv.Polym.Sci.,

1981, 41, 99.
14. E. Tsuchda, J. Osada and K. Abe, Macromol.Chem,

1974, 125, 583.
15. M. Aubin, R. Voyer, E.R. Prud'homme, Makromol. Chem. 

Rapid Commun. , 1984, 5., 419.
16. E.Pedemonte, V. Polleri and A.Turturro, C. Silvestre 

and E. Martuscelli, Polymer, 1994, 15, 3278.
17. R. Paladhi and R.P. Singh, J. Appl. Polym.Sci.,

1994, 51, 1559.
18. E. Pedemonte and G.Burgisi, Polymer, 1994, 3_5, 3719.
19. V. Baranovsky, T. Petrova and I. Rashkov, Eur.Polym.J., 

1991, 22, 1045.

222



20. V. Boranovsky, S. Shenkov, I. Rashkov and G. Borisov, 
Eur .Polym. J. , 1991, 27., 643.

21. H. Adachi, S. Nish and T.Kotaka, Polymer J . ,
1982, 14, 985.

22. E. Kokufuta, S. Fujii, Y. Hirai, I. Nakamura, Polymer, 
1982, 23, 452.

23. P. Alessi, I. Kikic, A. Alessandrini and M. Orlandini
Visalberghi, Chem. Eng. Commun., 1982, 16, 377.

24. K.L. Hoy, J. Paint Technol., 1970, 42, 76.
25. M.H. Abraham, J. Andonian Haftavan, C.M. Du,

J.P. Osei-Owusu, P. Sakellariou, W.J. Shuely,
C.F. Poole, S.K. Poole, J. Chrom.A, 1994, 6 8 8 . 125.

223



CHAPTER 10

10.0 HUM IDITY EFFECTS ON POLYMERIC GAS CHROMATOGRAPHIC 

STATIONARY PHASES

10.1 INTRODUCTION TO HUMIDITY WORK

The study of the solvation properties of a polymeric 
stationary phase under dry conditions can be extended to the 
effect of humidity on these properties. The carrier gas can 
be humidified by passing it through Dreschel bottles filled 
with water or a saturated salt solution placed in a liquid 
thermostat bathl' 2. Passing a stream of humidified carrier 
gas through a gas chromatographic column produces a steady 
equilibrium baseline, especially when a flame ionisation 
detector is used.

Water alters the properties of the stationary phase by 
covering the adsorption sites on the support material and 
solvating the stationary phase depending on the 
hydrophilicity of the phase. Therefore, the objective of 
this work is to find what happens when there is competitive 
adsorption and to study the effect of small amounts of water 
on solute-solvent interactions.

10.11 PREVIOUS WORK ON EXPERIMENTAL DESIGN

The humidity of the carrier gas is very sensitive to changes 
in column temperature and water bath temperature. A variety 
of humidity levels can be obtained from water vapour 
pressure above saturated salt solutions. At a given 
temperature, the vapour pressure above a saturated salt 
solution is constant and hence the vapour pressure of such a 
solution is also at constant relative humidity. At 298.15 K, 
standard saturated salt solutions have specified relative
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humidities. For example, saturated solutions of potassium 
bromide and sodium nitrate have relative humidities of 80.7% 
and 73.8% respectively! at 298.15 K.

When a dry carrier gas is bubbled through a saturated salt 
solution, the resulting humidity of the gas stream after 
equilibration with the solution should ideally equal to that 
above the saturated salt solution. Previous work^, showed 
however that problems are encountered with the use of a 
saturated salt solution. This is because the sintered discs 
in the Dreschel bottles or connecting tubings become blocked 
with build up of salt deposits resulting from the 
evaporation of the salt solution. This has the effect of 
causing a back pressure in the system and retarding the flow 
of the humid carrier gas and subsequently causing flow rate 
variation. In general, slight variations in the level of 
humidity may be due to changes in temperature of the 
detector and temperature variation which arises during the 
passage of the gas stream from the Dreschel bottles to the 
column outlet. Significant difference between the 
temperature of the water bath and the air above it, affects 
the water/water vapour equilibrium. If the temperature of 
any part of the humidity line falls drastically, 
condensation may occur resulting in high or low amplitude 
fluctuations in the baseline depending on where the 
condensation occurred. If the pressure were to be constant 
through the whole length of the gas chromatographic column, 
the relative humidity would also remain constant. However, 
the pressure gradient along the column from inlet to 
outlet results in relative humidity being higher at the 
column inlet than at the outlet. Solvation properties of 
carbon and some polymers have been studied in this way at 
different humidity levels by Mcgilli and Walsh2.
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10.12 POLYETHYLENE GLYCOL

Commercially available polyethylene glycols (PEG), with 
varying molecular weights, are widely used chromatographic 
stationary phases because of their unique selectivity and 
polarity]. They are particularly useful for the analysis of 
slightly polar and polar compounds.

To use the PEGs as chromatographic stationary phases the
minimum allowable operating temperature^, the temperature at 
which the phase is in the liquid state, must be taken into 
account so that gas-liquid partition can occur. The 
transition temperature depends on the chain length of PEG, 
the shorter the chain length the lower the transition 
temperature.

It has been shown by E.R. Adlard^ that PEG of molecular
weight 600 or higher are thermally less stable. Adlard^ also 
found alcohols had much greater retention volumes than the 
other types of compounds with similar boiling points. This 
was probably due to hydrogen bonding between the hydroxyl 
hydrogen of the alcohol and the ether links in the PEG as
well as the hydrogen in the terminal hydroxyl groups of the
PEG and the oxygen atoms of the alcohols. Also, as the 
number of hydroxyl groups in a given weight of liquid phase 
decrease with increasing molecular weight of the PEG, the 
retention volumes of the alcohols were found to decrease 
with increasing molecular weight of the stationary phase. In 
this case, it is likely the latter type of hydrogen bonding 
makes a significant contribution to the specific retention 
volume. However, under identical conditions, the retention 
volumes of ketones increased^. This indicates that there 
is no great contribution from the hydrogen bonds between the 
terminal hydroxyl groups of the polyglycols and the oxygen 
of the ketones. The esters behaved in a similar way. For 
parafins and aromatics only van der Waals forces act in the
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liquid phase and being held together by only dispersion 
forces, they pass through the column very quickly.
Polyglycols become more lipophilic as their molecular weight 
increases resulting in an increase of the retention volumes 
of less polar solutes. Generally, the retention for all
compounds will decrease with increasing molecular weight of 
polyglycol because the molar concentration of the stationary 
liquid phase decreases. However, with the exception of 
alcohols the previous effect predominates and the specific 
retention volumes increase.

Egashira and co-workers? have also used IGC to determine
thermodynamic properties of some organic compounds at
infinite dilution in PEGs (with three molecular weights) 
such as the activity coefficient, the partial molar enthalpy 
of mixing and the solubility parameter of the polymer. 
Egashira and co-workers? suggested that the dependence of 
logVg of solutes on PEG molecular weight observed by Adlard^ 
attributed to the hydrogen bonding between the alcohols and 
PEG, should also be accounted for by the effect of self 
association in the hydroxylic compounds. An endothermie 
heat of mixing for ethanol-PEG? suggested that the rupture 
of self association of alcohol at infinite dilution playdan 
important role as well as the formation of hydrogen bonds.

According to conclusions drawn by Hawkes and Hawkes^, 
retention times on polyethylene glycols do not become 
independent of molecular weight of the polymer until 
molecular weights much greater than 6000 or probably much 
greater than 20,000. LogVg of alcohols with carbon numbers 
4-8, on polyethylene glycols of varying molecular weights, 
were plotted against the carbon numbers^. The slopes and 
intercepts of these equations formed a regular progression 
with increasing molecular weight of polyethylene glycol 
predicting a nonlinear relation. Using these equations^, 
they calculated the logVg of n-alcohols with carbon numbers
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1-9 and compared them with the experimental values.
Methanol showed large positive deviations of 2 6 % while 
ethanol and propanol were deviations of -12% and -9% in Vg 
respectively. It was only after n-pentanol that the error 
reached noise level of 0.5%. Hawkes and Hawkes^, concluded 
that the deviations showed by the alcohols may be due to the 
variation in the acidity of alcohols and the hydrogen 
bonding to the polyethyleneglycol.

Several w o r k e r s ^ O - i v  have carried out IGC using PEG as the 
stationary phase. Bonner and Chengio determined specific 
retention volume and the infinite dilution volatility of 
some solutes. The Vg decreased with increasing temperature 
as expected. Fernandez-Sanchez and co-workersH“i3 have used 
IGC to determine partition coefficient, retention indices of 
solutes, the Flory Huggins polymer-solute interaction 
parameter, the Gibbs free energy of mixing and the 
solubility parameter of the PEG. In accordance with 
conclusions drawn by Galinl4, Abraham and co-workers^S found 
the PEG interacts mainly through dispersion, dipolar-
polarisability and hydrogen bonding in which PEG acts as a 
hydrogen bond base. Solubility characteristics^^ of PEOgreatôr-
with molecular weight below 3000 have a^tendency to rapidly 
show a decrease in basicity than higher molecular weight 
PEO. The polymer dipolarity-polarisability and hydrogen bond 
basicity decreased with increasing molecular weight of PEO 
and also with increased temperature^-^. a  similar observation 
was made by Abraham and co-workers^? for a series of 
Carbowax with molecular weight ranging from 300 to 20,000 
through the general solvation equation.
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10.2 EXPERIMENTAL

10.21 EXPERIMENTAL DESIGN USED IN THIS WORK

Instead of a saturated salt solution for the humidity work, 
ordinary water was used. This had the advantage that no 
preparation of solution was required, no build up of salt 
was envisaged and also the expected relative humidity could 
be found from tables. The head of the humidity bottles were 
above the water level while the rest of the bottles were 
under thermostated water. In order to minimise any 
differences in temperature between the water bath and the 
part exposed, the set up was covered with aluminum foil and 
polyethylene film to retain the heat. This ensured that the 
temperature of the air above the water bath was close to 
that of the water bath.

The inlet carrier gas flow line was modified so that it 
passed through the water filled Dreschel bottles. Leading 
from the bottles was a copper tube on which an 
electrothermal heating coil had been wound round and then 
covered by an insulator. The temperature of the heating coil 
was controlled by a variac. A thermocouple was attached to 
the copper tube to enable the heat generated to be 
monitored. The humidified carrier gas passed through the 
heated copper tubing before entering the column ensuring 
that condensation was kept to a minimum. The thermostated 
water bath held five 250 mL Dreschel bottles, the first of 
which was empty and acted as a trap for when there was 
suction while the other four were filled with water. The 
necks of the Dreschel bottles were made leak proof with PTFE 
sleeves. The PVC tubing connecting the bottles together in 
series were held firmly on to the glass by tightening with 
a copper wire. The carrier gas flow rate was kept to a 
minimum to prevent build up of pressure and leaks at the 
joints.
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10.22 HUMIDITY MEASUREMENT AND CALCULATION

The average relative humidity was measured by weighing about 
20g of a 50:50 mixture of anhydrous calcium chloride and 
molecular sieve 4A into three U - t u b e s 2 .  The tubes were 
plugged with Teflon and dried in an oven overnight at 373K. 
The tubes containing the mixture were cooled, capped and 
reweighed. They were then connected in series by means of 
pre-dried and weighed PVC tubings and placed at the column 
outlet just after the detector. After about five and a half 
hours, the mixture of molecular sieve and calcium chloride 
had absorbed a significant amount of water visible to the 
eye. The tubes were weighed and the amount of water absorbed 
found by difference. Almost all the water collected was 
absorbed in the first U- tube with no weight gain in the 
third tube indicating that 1 0 0 % absorption of water had 
taken place. By knowing the flow rate and the temperature of 
the column and water bath, the humidity of the carrier gas 
was calculated as follows:

If Wi, the weight of water collected in t seconds is
expressed as W] g/s and the flow rate of the humid carrier
gas Fm is Vi dm^/s then, in 1 second Vi dm^ of humidified
carrier gas contains W 2 g of water or V 2 litres of water.
Therefore, 1 dm3 of humidified carrier gas contains V 2 /V1 

litres of water, 760mm total vapour contain nim water
therefore, Idm^ total contain 7 6 0 /P^c dm3;

%RH = 100 ( V 2 .Pw^ )/760 Vi [10.1]

Where P^c is the water vapour pressure at the column 
temperature and %RH is the percentage relative humidity. RH 
should actually be the average relative humidity across the 
column because of the pressure gradient in the column. The 
predicted average humidity P^^' is given by:
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Pw=' = Pw=- Po/Pi- J^3 • Tc/Tf [10.2]

Equation [10.1] can be re-written as:

%RH = 100 ( V 2 . PwC')/760 Vi [10.3]

From Boyle's Law ;

Pw Vc = n^ R.T [10.4]

Where P^ is the partial vapour pressure of water in 
atmospheres, is the volume of humid carrier gas in dm^,
n^ is the number of moles of water in the carrier gas R is 
the gas constant 0.08205 dm^ AtmK~lmol~l and T is the column 
temperature in Kelvin. The measured volume,V, of carrier 
gas passing through the column in a given time t seconds is:

V = Fm . t [10.5]

The actual volume of humid carrier gas is given as:

Vc = Fc . t [1 0 .6 ]

Where Fc is the corrected flow rate taking the difference in 
temperature between the column and flow meter, the pressure 
drop and humidity into account as follows:

Fc = Pm • J^3(Po - Pw*)/Po- Pi/(Pi - Pw=) -Tc/Tf [10.7]

The specific retention volume, Vg at the column temperature 
calculated through the corrected flow rate:

Vg = itr' X Fc)/Ml [10.8]

Pq and Pi are the column inlet and outlet pressures in mmHg
and P^^ and P^c are the water vapour pressures in the flow
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meter and column respectively. J^3 is the pressure 
gradient correction factor and t̂ -' is the net retention time 
of a solute and Ml is the weight of the stationary phase. 
Tc and Tf are the column and bubble meter temperatures. The 
expected relative humidity RH^ is calculated using the 
relation,

RHE = . 100 [10.9]
PwC

Where and P^c are the water vapour pressures at the
water bath and column temperature respectively.
Incorporating equation [10.2] gives the relative humidity 
with full correction,

RHE' = P^ .100/ (P^c,p^/p^, j2^ _ Tc/Tf) [10.10]

Where RRE' is the expected relative humidity corrected for 
temperature difference of the column and the flow meter and 
the pressure drop along the go column.

10.23 IGC OF PEG 400 AND CARBOWAX 20M UNDER WET AND DRY 
CONDITIONS

PEG 400 was obtained from Aldrich Chemical Co. Carbowax 2 0M 
molecular weight -20,000 was obtained from Phase
Separations Ltd. Both polymers were used as received.

In Table 10.1 are the stationary phase and column parameters 
used. The observed and expected relative humidity were 
calculated using equations [10.3] and [10.10] respectively.
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Table 10.1 Stationary Phase and Column Parameters

% loading weight of Column Solvent
polymer 1 id od

g cm mm mm

PEG 400 15.9 0.895 1 2 0 3 6 methanol
Carbowax 20M 15.5 0.831 1 2 0 3 6 methanol

%RHE' %RH Tc
PEG 400 37.6 30.0 320.9K

6 8 . 0 52.0 322.4K

Carbowax 2 0M 5.0 3.0 394.2K

The observed relative humidity is less than the expected in 
all cases and this is because the pressure drop on the 
column is significant enough to lower the relative humidity 
to less than that at the inlet of the column.

The columns were prepared as described in Chapter 6 using 
methanol as solvent and Chromosorb G AW DMCS 40/60 mesh as 
the inert support.

Retention times of a variety of solutes with assorted 
functional groups were obtained on these columns under 
identical conditions except that the relative humidity 
differed, Table 10.2 and 10.4.
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Table 10.2 LogT of solutes on PEG 400

Solute 0%RH 30%RH 52%RH

Octane -0 ,. 6 6 -0 ,.62 -0 ,.64
Nonane -0 ,.32 -0 ,.34 - 0 .34
Decane 0 ,. 0 0 0 ,. 0 0 0 . 0 0

Undecane 0 ,.36 0 ,.29 0 .30
Dodecane 0 ,.63 0 ,.57 0 .59
Tridecane 0 ,.96 0 ,.92 0 .90
Tetradecane 1 ,.28 1 ,. 2 1 1 .19
Cyclohexane -0 ,.85 -0 ,.78 - 0 .70
Me thylcyc1ohexane -0 ,.72 -0 ,.64 -0 ,.58
Oct-2-yne 0 ,.30 0 ,.35 0 ,.23
Dodecyne 1 ,.43 1 ,.46 1 ,.44
Dichloromethane -0 ,.09 0 ,.06 0 ,.16
Trichloromethane 0 ,. 2 2 0 ,.34 0 ,.41
Tetrachloromethane -0 ..27 -0 ..16 0 ,. 0 0
1,2-Dichloroethane 0 ..37 0 ..49 0 ,.60
Methylene iodide 1 ..63 1 ..70 1 ..89
Diethylether -1 .. 1 0 -0 ..98 -0 ..75
Butylether -0 .. 0 2 0 ..06 0 ,.17
Tetrahydrofuran -0 ..19 -0 .. 0 2 0 .. 1 1
1,4-Dioxan 0 ..47 0 .. 6 6 0 ..72
Propanone -0 .,34 -0 .. 1 0 0 ..17
Butanone -0 ..07 0 ..13 0 ..40
Octan-2-one 1 ..09 1 ..26 1 ,.33
Nonan-3-one 1 ..31 1 ..42 1 ..48
Decan-2-one 1 .,75 1 ..85 1 ..83
Cyclopentanone 0 ..83 1 .. 1 0 1 .. 1 1
Cyc1ohexanone 1 ..15 1 .,33 1 ..43
Methyl acetate -0 .,35 -0 .,17 0 .. 02
Ethyl acetate -0 .,17 -0 .,02 0 .. 2 0
Pentyl acetate 0 .,57 0 .,75 0 .,78
Butyl propionate 0 .,65 0 .,74 0 .,90
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Table 10.2 continued

Solute 0%RH 3 0%RH 52%RH

Acetonitrile 0 ,.30 0 ,.46 0 ,. 6 6
Nitroethane 0 ,.71 0 ,. 8 8 1 ,.08
Methanol 0 ,.17 0 ,.41 0 ,.80
Ethanol 0 ,.25 0 ,.47 0 ,.83
Propan-l-ol 0 ,.59 0 ,.84 1 ,.08
Butan-l-ol 0 ,.90 1 ,.16 1 ,.38
t-Butanol 0 ,.14 0 ,.42 0 ,.56
Hexan-l-ol 1 ,.57 1 ,.77 1 ,.91
Octan-2-ol 1 ,.77 1 ,.95 2 ,.06
2-Propene-l-ol 0 ,.78 1 ,. 1 1 1 ,.24
2-Butene-l-ol 1 ,.15 1 ,.35 1 ,.67
TFE 0 ,.99 1 ,. 2 2 1 ,.44
HFIP 1 ,.79 2 ,.07 2 ,.15
2-Methoxyethanol 1 ,. 0 2 1 ,.30 1 ,.64
2 -Ethoxyethanol 1 ,.18 1 ..51 1 ,,64
Benzene -0 .,05 0 .,14 0 .,24
Toluene 0 .,46 0 .,41 0 .,47
Ethylbenzene 0 .,57 0 ., 6 6 0 .,74
Butylbenzene 1 .,08 1 ., 1 2 1 ..28
3-Chlorotoluene 1 ., 1 1 1 .,23 1 .,32
4-Chlorotoluene 1 ., 12 1 ., 2 1 1 .,39
Me thyIpheny1e ther 1 .,24 1 .,33 1 .,49
Benzonitrile 2 ., 0 1 2 .,26 2 ., 2 0
Pyridine 1 ., 0 0 1 ..19 1 .,34
2-Methylpyridine 1 ., 12 1 .,35 1 .,45
4-Ethylpyridine 1 .,65 1 .,81 1 .,85
Piperidine 0 .,49 0 .,95 1 .,27
Pyrrole 1 .,87 2 .,06 2 .,32
Me thylpyrro1e 0 .,63 0 ..78 1 ., 0 0
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For PEG 400 the same set of solutes were injected at each 
level of humidity. However, on Carbowax 2 0M in addition to 
these solutes retention data for other assorted solutes were 
obtained as well.

On both PEG 400 and Carbowax 20M, the retention times of 
the solutes were measured relative to decane as the 
standard. Absolute LogVg were obtained for at least twelve 
select solutes by measuring the retention times of these 
solutes on a set day and recording the flow rate, 
temperatures and pressures as described in the experimental 
section in Chapter 6 . The logVg of the solutes on the dry 
columns were calculated as in Chapter 6 . However, because of 
the presence of water in the carrier gas the modified 
equation [10.8] was used to calculate the Vg and hence logVg 
of solutes on these wet columns. The log or logr of the
rest of the solutes were converted to logVg as shown in 
Tables 10.3 and 10.4.

Table 10.3 LogV# of solutes on PEG 400

Solute 0%RH 3 0%RH 52%RH

Octane 1.78* 1.57* 1.27*
Nonane 2 .1 0 * 1 .8 8 * 1.59*
Decane 2.42* 2 .2 0 * 1.89*
Undecane 2 .75* 2.49* 2.17*
Dodecane 3 .05 2.77 2.51
Tridecane 3.37 3.12 2.81
Tetradecane 3.69 3.40 3.11
Cyclohexane 1.57 1.42 1 . 2 1

Methylcyclohexane 1.69 1.56 1.33
Oct-2-yne 2.71 2.55 2.15
Dodecyne 3.85 3.65 3.36
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Table 10.3 continued

Solute 0%RH 3 0%RH 52%RH

Dichloromethane 2.34* 2.23* 2.08*
Trichloromethane 2.64* 2.53* 2.36*
Tetrachloromethane 2.15 2.03 1.92
1,2-Dichloroethane 2.79 2 . 6 8 2.52
Methylene iodide 4.05 3.89 3.81
Diethyl ether 1.31 1 . 2 1 1.17
Butyl ether 2.40 2.26 2.08
Tetrahydrofuran 2.23 2 .18 2.03
1,4-Dioxan 2.89 2 . 8 6 2.64
Propanone 2 .1 0 * 2.09* 2 .1 1 *
Butanone 2.35* 2.33* 2.29*
Octan-2-one 3.51 3.46 3.25
Nonan-3-one 3.73 3.62 3.40
Decan-2-one 4.16 4.04 3.75
Cyclopentanone 3.25 3.29 3.03
Cyclohexanone 3.56 3.52 3.35
Methyl acetate 2.06 2.03 1.94
Ethyl acetate 2.24 2.18 2 . 1 2

Pentyl acetate 2.99 2.95 2.70
Butyl propionate 3.06 2.94 2.82
Acetonitrile 2.69* 2 . 6 6 2 .6 6 *
Nitroethane 3.13 3.07 2.99
Methanol 2.56* 2.61* 2.70*
Ethanol 2.67* 2.72* 2.77*
Propan-l-ol 3.00 3.04 3.00
Butan-l-ol 3.32 3.36 3.29
t-Butanol 2.56 2.62 2.48
Hexan-l-ol 3.99 3.97 3.82
Octan-2-ol 4.18 4.15 3.98
2-Propene-l-ol 3.20 3.31 3.16
2-Butene-l-ol 3.57 3.54 3.59
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Table 10.3 continued

Solute 0%RH 3 0%RH 52%RH

TFE 3.41 3.41 3.36
HFIP 4.21 4.26 4.07
2-Methoxyethanol 3.44 3.50 3.56
2-Ethoxyethanol 3.59 3.71 3.55
Benzene 2.37* 2.28* 2 .1 2 *
Toluene 2.71 2.57* 2.38*
Ethylbenzene 2.98 2 . 8 6 2 . 6 6

Butylbenzene 3.49 3.31 3.19
3-Chlorotoluene 3 .53 3.42 3.24
4-Chlorotoluene 3.53 3.40 3.31
Methylphenyl ether 3.65 3.53 3.40
Benzonitrile 4.42 4.46 4.12
Pyridine 3.42 3.39 3.25
2-Methylpyridine 3.53 3.55 3.37
4-Ethylpyridine 4.07 4.01 3.77
Piperidine 2.91 3 .15 3.19
Pyrrole 4.29 4.26 4.24
Me thylpyrro1e 3.05 2.98 2.92

* Absolute value

At 0%RH, Log Vg=logT + 2.416

At 30%RH, Log Vg=logT + 2.196

At 52%RH, Log Vg=logT + 1.918

238



Table 10.4 LogT and logVg of solutes on Carbowax 20M

0% RH 3% RH

Solute LogT LogVg LogT LogVg

Octane - 0 .45 1 ,.16* -0 .47 1 .1 0 *
Nonane -0 ,. 2 2 1 ,.40* -0 .24 1 .33*
Decane 0 ,. 0 0 1 ,.63* 0 .0 0 1 .57*
Undecane 0 .24 1 ,.8 6 * 0 .2 2 1 .78*
Dodecane 0 ,.45 2 ,.08 0 .42 2 . 0 1

Dodecane 0 ,.48 2 ,. 1 1 0 .44 2 .03
Tridecane 0 ,.69 2 ,.32 0 .6 6 2 .25
Tetradecane 0 ,.91 2 ,.54 0 .90 2 .49
Tetradecane 0 ,.93 2 ,.56 0 .87 2 ,.46
Pentadecane 1 ,.15 2 ,.78 1 .08 2 .67
Cyclohexane -0 ,.59 1 ,.04 -0 .53 1 .06
Me thy1cyc1ohexane -0 ,.45 1 ,.18 -0 .41 1 .18
Cet-2-yne 0 ,.16 1 ,.79 0 .18 1 .77
Dodecyne 0 ..98 2 ..61 0 .98 2 ,.57
Dichloromethane -0 ..16 1 ..48* - 0 .13 1 .46*
Trichloromethane 0 ..07 1 ..69* 0 .09 1 .6 6 *
Tetrachloromethane -0 .. 2 1 1 ..42 -0 .2 0 1 ,.38
1,2-Dichloroethane 0 .. 2 0 1 ..83 0 .2 2 1 ,.81
Tetrachloroethane 1 ..13 2 ..76 1 .1 2 2 ,.71
Methylene iodide 1 ..19 2 ..82 1 .15 2 ,.74
Diethyl ether -1 ,. 0 0 0 ..63 -0 .89 0 ,.70
Butyl ether -0 ,.06 1 ..57 -0 .0 2 1 ,.57
Tetrahydrofuran -0 .. 2 1 1 ..42 - 0  .2 1 1 ,.38
1,4-Dioxan 0 ..25 1 .. 8 8 0 .28 1 ,.87
Propanone -0 ..42 1 ..25* -0 .33 1 ..24*
Butanone -0 ..16 1 ..43* -0 .1 0 1 ,.48*
Octan-2-one 0 ..70 2 ..33 0 .69 2 ,.28
Nonan-3-one 0 ..87 2 ..50 0 .8 6 2 ,.45
Decan-2-one 1 ..15 2 ..78 1 .14 2 ..73
Cyclopentanone 0 ..52 2 ..15 0 .54 2 ..13
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Table 10.4 continued

Solute LogT LogVg LogT LogVg

Cyc1ohexanone 0.77 2.40 0.79 2.38
Methyl acetate -0.39 1.24 -0.28 1.31
Ethyl acetate -0.25 1.38 -0 . 2 0 1.39
Pentyl acetate 0.30 1.93 0.36 1.95
Butyl propionate 0.33 1.98* 0.38 1.96*
Acetonitrile 0.06 1.71* 0.09 1.71*
Nitroethane 0.40 2.03 0.45 2.04
Propanoic acid 1 . 2 2 2.85 1.24 2.83
Butanoic acid 1.29 2.92 1.31 2.90
Hexanoic acid 1.61 3.24 1.90 3.49
Methanol -0 . 2 2 1.40* -0.25 1.41*
Ethanol -0.18 1.45* -0.13 1. 48*
Propan-l-ol 0.05 1 . 6 8 0 . 1 2 1.71
Butan-l-ol 0.31 1.93* 0.34 1.94*
t-Butanol -0.32 1.31 -0.26 1.33
Hexan-l-ol 0.79 2.42 0.81 2.40
Heptan-l-ol 0.99 2.62 1.03 2.62
Octan-l-ol 1.24 2.87 1.28 2.87
Octan-2-ol 0 . 8 6 2.49 0.95 2.54
Cyc1ohexano1 0.99 2.62 0.97 2.56
2-Propene-l-ol 0 . 2 2 1.85 0.26 1.85
2-Butene-l-ol 0.49 2 . 1 2 0.51 2 . 1 0

TFE 0.35 1.98 0.39 1.97
HFIP 0.77 2.40 0.79 2.38
2-Chloroethanol 0.90 2.53 0.90 2.49
2-Methoxyethanol 0.43 2.06 0.45 2.04
2 -E thoxyethano1 0.53 2.16 0.55 2.14
Benzene -0.07 1.57* -0.03 1.56*
Toluene 0.18 1.81* 0.18 1.78*
Ethylbenzene 0.38 2 . 0 1 0.40 1.99
Butylbenzene 0.78 2.41 0.76 2.35
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Table 10.4 continued

Solute LogT LogVg LogT LogVg

3-Chlorotoluene 0.80 2.43 0.82 2.41
4-Chlorotoluene 0.82 2.45 0.80 2.39
Methylphenyl ether 0.85 2.48 0 . 8 6 2.45
Benzonitrile 1.38 3.01 1.41 3.00
Phenol 2.17 3.80 2.25 3.84
m-Cresol 2.36 3.99 2.36 3.95
2 -Isopropylphenol 2.44 4.07 2.46 4.05
3-Isopropylphenol 2.63 4.26 2 . 6 6 4.24
Pyridine 0.53 2.16 0.57 2.16
2 -Methylpyridine 0.56 2.19 0.64 2.23
4-Ethylpyridine 0.95 2.58 0.98 2.57
Pyrrole 1.18 2.81 1.15 2.74
Methylpyrrole 0.38 2 . 0 1 0.39 1.98

* Absolute value

At 0% RH, LogVg=logT + 1.630 
At 3% RH, LogVg=logT + 1.589

10.3 RESULTS AND DISCUSSION

When a solute is injected onto a column and a humid carrier 
gas is in use, the solute competes with water for adsorption 
sites on the stationary phase and support material. The 
interaction of the solute with the water bound to the 
stationary phase depends on the hydrophilicity of the 
stationary phase. When water is present on the stationary 
phase fewer sites will be available for a non polar solute
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than a polar solute. This is due to the fact that almost all
the sites will be occupied by water. However, the polar
solutes can interact with the water bound to the surface of 
the stationary phase. Water in the humid carrier gas is
adsorbed on bare support assuming support coverage is not 
100%. This then prevents adsorption of solute molecules on 
the surface of the support so that solutes which would
otherwise tail on a column on which the carrier gas is dry 
would have a reduced tailing effect when chromatograms taken 
under identical conditions are compared. It follows that 
peak tailing is reduced with increasing level of relative 
humidity of the carrier gas as shown in Figure 10.1. The use 
of a humidified carrier gas also has the advantage of 
reducing the run time of solutes which would otherwise stick 
to the column.

On both PEG 400 and Carbowax 2 0M, the logVg of methanol and 
ethanol increased with increasing relative humidity but the 
logVg of the rest of the alcohols did not follow a 
particular trend. This increase is due to hydrogen bonding 
of these alcohols with the wet stationary phase. The logVg 
of alkanes, haloalkanes, ketones, aromatics and halo 
aromatics decreased with increased relative humidity on 
both phases. This is because alkanes and aromatics are only 
held by dispersion interactions and some dipolarity in the 
case of aromatics and the halo compounds so they pass 
through the polar wet column quickly. The logVg of the 
esters on PEG 400 decreased with increased RH while those on 
Carbowax 20M increased when the RH was slightly increased. 
The logVg of the solutes on both the wet and dry columns of 
PEG 400 and carbowax 2 0M were regressed against the solute 
parameters. Regression equations at the respective column 
temperatures show excellent correlation coefficient ranging 
from 0.9938 to 0.9972 with low standard deviations of 
between 0.05 and 0.09 log units.
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Figure 10.1 Retention of ethanol on PEG 400 columns
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PEG 400 at 319.8K 0%RH

L o g V g  = -0.54 + 0 .3 7 R2 + l.SSnHg + 3.62EaH2 + 0 .2 2 EpH2 +
0 .623LogLl6

n=60 p=0.9938 sd=0.09 and F=861.3 [10.11]

PEG 400 at 320.9K 30% RH

L o g V g  = -0.66 + 0.41R.2 + 1.93^*2 + 3.78EaH2 + 0.46zpH2 +
0.598LogLl6

n=60 p=0.9940 sd=0.09 and F=897.8 [10.12]

PEG 400 at 322.3K 52%RH

L o g V g  = -0.70 + 0.52R.2 + 1 .867tH2 + 3.85EaH2 + 0 .5 9 EpH2 +
0.547LogLl6

n=60 p= 0.9931 sd=0.09 and F=773.6 [10.13]

Carbowax 2 0 M  at 3 9 2 . 7 K  0 % R H

L o g V g  = - 0 . 5 3  + 0.32R.2 + 1.317tH2 + 2 .00E a H 2 + 0 . 4 5 5 L o g L i 6

n = 7 3  p = 0 . 9 9 6 9  s d = 0 . 0 6  a n d  F = 2 7 4 0 . 3  [10.14]

Carbowax 2 0 M  a t  3 9 4 . 3 K  3 % R H

L o g V g  = -0.53 + 0.29R.2 + 1 .357tH2 + 2. 04E«H2 + 0 . 4 4 4 L o g L l 6

n=73 p=0.9972 sd=0.05 and F=3075.6 [10.15]

The regression equations show that neither PEG 400 nor 
Carbowax 2 0 M  is a strong dispersion interactor, but they 
both interact mainly through solvent base-solute acid 
interactions as well as dipolar interactions. Thus, both PEG
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400 and carbowax 20M will separate solutes which are 
hydrogen bond acids rather well as well as those which are 
dipolar. The hydrogen bond basicity of PEG 400 (a=3.62) is
much greater than the acidity (b=0 .2 2 ) because the lone pair 
of electrons on the ether oxygen are readily available for 
hydrogen bonding. This is reflected in the large s-constant 
(1.89) which is a measure of dipolarity/polarisability. The 
hydroxy group may be involved in intermolecular hydrogen 
bonding and therefore not available for solvent acid-solute 
base interaction hence the rather low b-constant. The FTIR 
spectrum of the PEG 400 (sample as received) in
Figure 10.2, shows a strong and sharp absorption band at 
about 3300cm-i identical to that of PEG 400 coated on the
support Figure 10.3, (spectra of PEG 400 on chromosorb with
the chromosorb spectrum subtracted). Since the chromosorb 
absorbs strongly in the -OH region and the coating on the 
support is a thin film, the subtraction spectrum appears to 
be noisy. However, these two spectra indicate that the
hydroxyl group in the polymer is not bound and that the PEG 
sample did not contain water. For Carbowax 2 0M, at the 
higher temperature of 392.7K, the bp^2 term diminished and 
became statistically insignificant. The bp^2 term was 
therefore not included in the final regression equation. The 
a -constant was however quite high at 2.0 units. This makes 
carbowax a strong hydrogen bond base with no acidity at 
392.7K. The s -constant (s=1.31) for carbowax is also quite 
high at 392.7K, also showing a high dipolarity/
polarisability.

At 319.7K, the very low hydrogen bond acidity (0.22) of PEG 
400 more than doubles to (0.46) with the introduction of 3 0% 
relative humidity and increases further at 52% relative 
humidity to (0.59). The a-constant on PEG 400 increased with 
increasing relative humidity from 3.62 on the dry column to 
3.78 at 3 0%RH and 3.85 at 52%RH. This is because the 
stationary phase is hydrated by the water in the carrier
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Figure 10.2 FTIR spectrum of PEG 400
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Figure 10.3 FTIR spectrum of PEG coated on support
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gas. Thus, water has altered the solvation characteristics 
by introducing more lone pair of electrons which are capable 
of being donated to a hydrogen bond acid. The 1-constant 
decreases with increasing relative humidity. This means that 
the dispersion interaction on the dry column is stronger 
than on the wet one. This is expected because the 
introduction of water on the column reduces the dispersion 
interaction. For PEG 400 the r-constant increases from 0.37 
on the dry column to 0.41 at 3 0%RH and 0.52 at 52% RH. Water 
increases the polarity of the stationary phase therefore 
increasing the polarisability of the phase resulting in an 
increase in the r-constant. For carbowax 2 0M however, though 
there was an increase in the b-and s-constants under wet 
conditions, the change in the solvation constants was minute 
because the relative humidity was only raised to 3%. 
Therefore, a relative humidity of 3 0% and above is required 
to make significant difference in the solvation constants of 
the dry stationary phase.

Listed in Table 10.5 are logVg of solutes on PEG 400, 
polypropylene glycol (PPG 425) and methoxy terminated PEG 
(MEOPEG 350) at 373K. These Vg values were adopted from 
Adlard'sS work and converted from Vg at 273K, (Vg°) to Vg at
the column temperature.

The l o g V g  values in Table 10.5 were each in turn regressed 
against the respective solute parametes. The resulting 
equations are given in Table 10.6.

The difference between PEG and MEOPEG is that the terminal 
hydroxyl group in PEG has been capped by introducing a 
methyl group. This according to the solvation equations has 
the effect of reducing the excess molar refraction, the 
hydrogen bond acidity and basicity of the PEG. The 
1 -constant which represents dispersion interaction however 
was increased, this is expected due to the introduction of
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Table 10.5 LogV# of solutes at 373.15K

Solute PEG 400 MEOPEG 350 PPG 425

Pentane 0 ,.55 0 ..76 0 ,.97
Hexane 0 ,.77 1 ,. 0 1 1 ,.30
Heptane 1 ,. 0 1 1 ,.27 1 ,.61
Octane 1 ,.24 1 ,.53 1 ,.90
Decane 1 ..69 2 ..04
Propanone 1 ,.27 1 ,.58 1 ,.53
Me thy1e thylketone 1 ,.55 1 ..81 1 ,.80
Diethylketone 1 ..77 2 .. 0 1 2 ,.06
Methylisopropylketone 1 ,.65 1 ,.90 1 ,.95
Methylisobutylketone 1 ,. 8 6 2 ,. 1 0 2 ..18
Ethyl acetate 1 ,.58 1 ,.73 1 ,.78
Propyl acetate 1 ..80 1 ,.97 2 ,.06
Butyl acetate 2 ,. 04 2 ..24 2 ,.36
Water 2 ..23 2 ,.19 2 ,. 0 0
Methanol 1 ..72 1 ..74 1 ,.70
Ethanol 1 ..80 1 ..85 1 ..81
Propanol 2 ..04 2 ..13 2 .. 1 2
Butanol 2 ..30 2 ..41 2 ,.43
Pentanol 2 ..56 2 .. 69 2 ..74
Benzene 1 ..70 1 ..87 1 ..90
Toluene 1 ..93 2 .. 1 2 2 .. 2 0
o-Xylene 2 ..28 2 ..48 2 ..58
m-Xylene 2 ..17 2 ..38 2 ..50
1,3,5-Trimethylbenzene 2 ..40 2 ..63 2 ..78

^a= * (273/373)
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Table 10.6 Solvation equations on Polyglycols at 373K

PEG 400 at 373K
c r s a b  I n s d  p F

-0.51 0.27 1.24 2.44 0.18 0.479 24 0.06 0.9945 322.9%
-0.51 0.20 1.39 2.50 - 0.481 24 0.06 0.9941 399.3b

MEOPEG at 373K
c r s a b  I n s d  p F

-0.34 0.13 1.30 2.18 0.11 0.509 24 0.02 0.9991 1934.6
-0.34 0.08 1.39 2.21 - 0.510 24 0.02 0.9989 2185.4

PPG 425 at 373K
c r s a b  I n s d  p F

-0.23 0.01 0.96 1.98 0.11 0.574 23 0.03 0.9982 953.3
-0.23 -0.03 1.04 2.01 - 0.576 23 0.03 0.9980 1148.0

% with all five solute parameters 
b  excluding  j b E P ^ 2

an additional methyl group. This observation was made by
Abraham, Sakellariou and W h i t i n g i G .  when the equations 
obtained for PEG 400 and PPG 425 are compared it can be 
deduced that the presence of additional hydrocarbons has 
reduced all the solvation characteristics except for the 
dispersion interaction in the log Ll^ term.

Table 10.7 shows the solvation equation obtained for PEG 400 
at the different temperatures. Though the r and s-constants 
fluctuate, the hydrogen bond basicity and acidity as well as
the dispersion interactions show a definite decrease in
magnitude of these constants with temperature. A trend also
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Table 10.7 Solvation equations on PEG 400

319.8K
c r s  a b l n s d p F

-0.54 0.37 1.89 3.62 0.22 0.623 60 0.09 0.9938 861.3

373K
c r s  a b l n s d p F

-0.51 0.27 1.24 2.44 0.18 0.479 24 0.06 0.9945 322.9

393K
c r  s a b l n s d p F

-0.77 0.28 1.50 2.18 - 0.440 149 0.09 0.9883

observed by Abraham, Sakellariou and Whitingis and by 
Abraham and co-workersi^,

In order to address the question of batch to batch variation 
of the stationary phase, the solvation equation on Carbowax 
20M from this work equation [10.14] was compared with those 
from references 16 and 17, equation [10.16] and [10.17] 
respectively and also a regression of log L values of 
solutes published by E. Fernandez and co-workersi3, equation
[10.18]. The s-constants as well as the 1-constant are very 
close when equations [10.14], [10.16] to [10.18] are 
compared. The biggest difference is found with the 
a-constant (a=2.0) from this work, equation [10.14], which 
is slightly higher than those in equations [10.16] to
[10.18]. However, the a-constants in equations [10.16] to
[10.18] are very close. The Carbowax 2 0M sample used in 
this work probably has slightly more hydroxyl groups than 
those used to obtain equations [10.16] to [10.18].
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Carbowax 20M at 393K

L o g V g S  = - 0 . 5 3  + 0 . 3 2 R 2  + 1 . 3 1 7 tH 2 + 2 . 0 0 E a H 2  + 0 . 4 5 5 L o g L l 6

n= 7 3  p = 0 . 9 9 6 9  sd=0.06 and F = 2 7 4 0 . 3  [ 1 0 . 1 4 ]

LogVg^ = —0.72 + 0.26R.2 + 1.3071^2 1.78Soc^2 0.462LogL^^

n=164 p=0.9976 sd=0.04 and F=8336.0 [10.16]

LogVg*- = —0.73 + 0.40R.2 + 1.237T^2 1.78Sot^2 0.465LogLlG

n=153 p=0.9880 sd=0.09 [10.17]

LogLd = -0.56 + 0.17R.2 + 1 .377tH2 + 1 .7 7 E«H2 + 0.42 6 LogLl6

n=13 p=0.9956 sd=0.05 and F=301.6 [10.18]

^  This work ^  r e f .  16

c  r e f .  17 ^  r e f .  13

As there is only a slight difference in the solvation 
constants, the above four equations from different sources 
all lead to the same conclusions about the solute-solvent 
interactions of carbowax 20M. Thus, Carbowax 20M is a 
moderate dispersion interactor, has a high ability to 
interact with solute through dipolarity-polarisability 
interactions and a strong hydrogen bond base. Therefore, 
there is no significant difference between the four batches 
of carbowax 2 0M. In general, the polyethylene glycols become 
more dipolar and their interactions as hydrogen bond bases 
also increase in the presence of small amounts of water.
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CHAPTER 11

11.0 INVERSE GAS CHROMATOGRAPHY OF BROAD AND NARROW  

DISTRIBUTED ETHOXYLATES OF FATTY ALCOHOLS

11.1 INTRODUCTION TO SURFACE ACTIVE AGENTS

Substances that are strongly adsorbed at an interface and 
hence cause a substantial lowering of the surface tension 
are called surface active agents or surfactants. Surfactant 
molecules consist of hydrophilic and hydrophobic groups 
responsible for their tendency to concentrate at oil/water 
interfaces reducing the free energy of the system.

Surfactants are classified! according to the nature of the 
hydrophilic moiety. Thus, the hydrophilic part can be 
negatively charged (anionic sufactant), positively (cationic 
surfactant), both positive and negatively charge (amphoteric 
surfactant) or uncharged (non-ionic surfactant). Typically, 
(but not exclusively) the hydrophobic part of the surfactant 
is made up of a hydrocarbon chain.

The greater the hydrophobic chain of a homologous series of 
surfactants the larger the number of surfactant monomers 
making up the aggregate micelle for a given hydrophilic 
segment (aggregation number)1 /2 , The aggregation number also 
increases when there is a decrease in the hydrophilicity of 
the hydrophilic group. Changes in temperature affect 
nonionic and ionic-surfactant differently. In general for 
ionic surfactants, aggregation number decreases with 
increasing temperatures but increases for nonionics. The 
rather large effect of temperature on non-ionic surfactants 
is due to the existence of the cloud point. The measurement 
of bulk solution properties such as surface tension, 
turbidity, electrical conductivity or light scattering as a
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function of surfactant concentration produce curves which 
exhibit sharp d i s c o n t i n u i t y ! ' 2 at the critical micelle 
concentration. The sudden change in the physical property 
indicates a significant change in the nature of the
surfactant affecting the measured quantity. A sharp decrease
in the conductivity measurement can be attributed to an 
increase in the mass per unit charge in the conducting 
species while for light scattering the increase in 
turbidity indicates appearance of species of significantly 
greater size than the interacting monomeric surfactant 
molecules. These give evidence that micelles or aggregates 
are formed in surfactant solutions at well defined
concentrations. The surfactant concentration at which 
micelle formation occurs, the critical micelle concentration 
(cmc) is of great importance since that is when many of the 
useful surfactant properties come into play.

Different types of micelle shapes have been observed.
According to McBain^ micelles can be spherical or lamellar 
while Hartley^ suggested that the spherical structure is the 
only type of micelles. Debye and Anacker^ proposed a rod 
shaped micelle. The shape of micelles just above the cmc is 
highly d e p e n d e n t 2 / 6  on surfactant type, concentration and 
temperature of the solution.

An essential p a r a m e t e r ?  that will determine the micellar 
shape even in the absence of intermicellar interactions is 
the surface area per monomer (â ) in relation to the total 
volume V ,  occupied by the amphiphile in the aggregate. Thus, 
for spheres the condition v < (a^ 1q) /3 where 1q is the
fully extended hydrocarbon chain of the surfactant has to be 
fulfilled while cylinders are possible as long as v < a^i/z 
and lamellae are formed if v<ao-
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Figure 11.1 Hexagonal and lamellar structures of micelles^

Hexagonal structure Lamellar structure

Hexagonal and lamellar structures of micelles are very- 
common. The hexagonal structure comprises of h e x a g o n a l l y S  

packed array of cylindrical aggregates very similar to 
cylindrical micelles. The lamellar structure consist of 
layers of surfactant molecules arranged parallel to each 
other. The next most abundant phase after hexagonal and 
lamellar are the various cubic phases. The cubic phases^ are 
located between hexagonal and lamellar phases and also 
between lamellar and reversed hexagonal phases. The cubic 
phases are continuous networks referred to as bi-continuous. 
For the majority of surfactants the spherical shape is 
thermodynamically more stable^. Spheres are the common shape 
of the micelles at concentrations just above the cmc which 
is usually <1% for most surfactants. However, as the 
concentration increases to 25% and beyond the micelles 
change^ shape as the available space decreases. The first 
change is to form lamellar micelles where they can form 
lamellar sheets or take the form of long cylinders.

In studying aqueous solutions of alcohol ethoxylates 
Mitchell and-coworkers^ observed mesophases consisting of 
cubic-spherical micelles, hexagonal, lamellar, normal cubic
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bicontinuous and reversed cubic-bicontinuous. They also 
observed that large head groups and low temperature favoured 
hexagonal and cubic-sphetical micelles while the lamellar and 
reversed phases occured for small head groups and high 
temperature. Mitchell and-coworkersG proposed that if 
micelles are considered as hard core particles, then as the 
volume fraction of micelles increase order/disorder 
transitions will be observed. Spherical micelles will close 
pack into a regular cubic array while long rod micelles will 
form a hexagonal array and a lamellar phase will form with 
bilayers. The actual volume fractions for order/disorder 
transitions are approximately 0.5 and 0.7 for spheres and 
rods respectively. For lamellae, two large bilayers in any 
volume will be aligned to some extent because they cannot 
pass through each other. Starting with various micellar 
shapes the phase sequences proposed^ are:

Disc micelles (|> = Q~ l-0 lamellar phase

Rod micelles (J)= Q • J hexagonal phase <|)=Q • lamellar phase

Spherical micelles <j)=Q • 5 cubic phase 6=0-74 hexagonal phase
6 =0 • lamellar phase.

A hexagonal phase occurs at volume fractions above the close 
packing limit of spherical micelles because the rods can 
relieve some of the surface strain due to curvature better 
than the lamellar phase. In the second and third cases^, a 
lamellar phase occurs only when the close packing volume of 
rods is exceeded. Cubic phase occurs only with surfactants 
with more than eight EO units while extensive lamellar 
phase regions occur with small EO groups, less than five. 
Transformation of cubic to hexagonal phase or of hexagonal
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via cubic to lamellar phase as temperature is increased is 
due to a decrease in the repulsion between adjacent head 
groups in the interface.

11.11 ETHOXYLATES OF FATTY ALCOHOLS

The most common method of making ethoxylates is by reaction 
of ethylene oxide with a hydrophobic material containing at 
least one reactive hydrogen such as alcohols, acids and 
amidesi. The products of the ethoxylation process are 
usually mixtures of adducts with different lengths of the 
ethylene oxide chain.

The properties of ethoxylates are influenced byio the type 
of hydrophobic substrate, change of average degree of 
ethoxylation and the distribution of oxirane adducts in the 
final mixture. The properties of ethoxylatesio also depend 
on the hydrophile-lipophile balance and or their polarity.

The relationship between the chemical structure and the 
properties is vital to the effective use of ethoxylates in 
many applications and to the design of new surfactants. As
the temperature, pressure or solvent medium of a surfactant
varies, significant alterations in the solution and 
interfacial properties may occurl. This may require 
modifications in the surfactant chemical structure to 
maintain a desired degree of surface activity. Attempts to
quantify the relationship between the chemical structure of
surfactant and their activity in a particular application 
have included using the hydrophile-lipophile balance(HLB) 
system of Griffin^ and also the concept of solubility 
parameterio. As surfactant properties and applications 
depend on the balance between the hydrophilic and 
hydrophobic portions of the molecule for the many
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applications, the desired properties vary significantly. As 
a result, characteristics such as solubility, surface 
tension reducing ability, cmc, detergency power and wetting 
control affect surfactant performance.

1.12 PREVIOUS WORK

Studies on n-dodecyl-polyethyleneoxide surfactants have 
shown their solubilityi2 in water increased as the number of 
ethylene oxide groups increased from 3 to 16. In general, 
the solubility of polyethylene oxide surfactants in water 
decreased as the solution temperature is increased. This 
phenomenon was attributed to the disruption of specific 
interaction (hydrogen bonding) between the water and EO 
units in the molecule. In general the cloud point of a 
given family of ethylene oxide surfactants (with the same 
hydrophobic group) will increase with the average number of 
ethylene oxide groups. The surface tension of the aqueous 
solutions of the dodecyl polyethylene oxide surfactants 
decreased regularly over the same composition range. 
Detergency, wetting power and dispersing ability were also 
found to vary with ethylene oxide content.

Meguro and co-workersl3 obtained the free energy, enthalpy 
change and the change in entropy at the critical micelle 
concentration which they separated into contributions from 
the hydrophobe and the hydrophile groups of the surfactant. 
Meguro and co-workersi3 concluded that the hydrophobic 
portion is vital in the micelle formation in that both the 
hydrophobic components of the enthalpy o r e  negative and 
entropy positive so that both terms contribute to the 
negative value of the free energy change. This contribution 
was found to increase with increasing hydrophobe chain. On 
the contrary, the ethylene oxide group was found to oppose
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micelle formation due to a large positive enthalpy change 
contribution from this portion of the surfactant suggesting 
dehydration of the hydrated monomeric polyethylene oxide 
chains on micellisation.

In the work of Rosen and co-workersi^, similar properties of 
polyethylene oxide dodecyl monoethers with the number of 
ethylene oxide ranging from 2 to 8 were studied. Rosen and 
co-workers^ showed an increse in the free energy of 
micellisation with increasing EO chain is mainly due to the 
change in the positive enthalpy term suggesting that 
desolvation of polyethylene oxide chain oxygens in micelle 
formation increases progressively with increasing EO unit. 
Rosen and c o - w o r k e r s ^ ^  also determined the work involved in 
transfering the nonionic molecule from monolayer at zero 
surface pressure to the micelle. Positive values of the work 
of transfer were obtained and increased with increased 
number of EO unit mainly due to the positive value of the 
enthalpy change. Based on the results they concluded that 
the motion of the alkyl chain in the surface film is not as 
restricted as in the interior of the micelle and the 
dehydration of the polyethylene oxide cho*iorequired upon 
micellisation is greater than that for adsorption.

Nace and Knoellis determined polarity indices of nonionic 
surfactants including butyleneoxide (BO)/ethylene oxide(EO) 
block co-polymer, Pluronic polyol (a copolymer of propylene 
oxide(PO)/ethylene oxide (EO), fatty alcohol ethoxylates and 
nonyl phenol ethoxylates by IGC. The copolymers were made 
by reacting propylene glycol, in the presence of KOH, with 
the appropriate amounts of BO or PO and then EO. The 
alcohol ethoxylates were initiated with C13-C15 linear fatty 
alcohol and nonyl phenol ethoxylate from nonyl phenol with 
both initiators being sequentially ethoxylated in single 
reactions in a pressurised reactor. Plots of carbon number
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of ethanol vs wt% EO for a homologous series of surfactants 
with a similar hydrophobe with increasing amount of EO gave 
nonlinear curve but converting the carbon value to an 
empirically derived polarity index gave a linear relation. 
Nace and Knoellis used Huebner's equationlG to calculate the 
polarity index:

PI = 100 log(C-4.7) + 60 [11.1]

Where PI is the polarity index, C is the apparent carbon 
number for ethanol, the value of 4.7 was statistically 
derived to give the least deviation from linearity, the 
factor of 1 0 0  converts the polarity index to a whole number 
and 60 makes the polarity index a positive value. In Table
1 1 . 1  are the properties of some pluronic co-polymers and 
alcohol ethoxylates. The alcohol ethoxylates and nonylphenol 
ethoxylates are denoted by AE and NP respectively followed 
by the degree of ethoxylation.

Table 11.1 Properties of the Non-ionic Surfactants

Compound wt% EO HLB(%E0/5) wt%OH C PI

Pluronic L61 13.4 2.7 1.72 6 . 8 6 93.4
AE 7.1 60.0 1 2 . 0 3.27 6 . 8 6 93.4
C13-C15 alcohol 0 . 0 0 . 0 8.17 5.92 6 8 . 6

AE 0.41 8 . 0 1 . 6 7.53 5.92 6 8 . 6
AE 2.0 29.5 5.9 5.75 6 . 2 77 . 6
P2 000 0 . 0 0 . 0 1.70 6.58 87.4
AE 4.7 49.8 1 0 . 0 4.11 6.59 87.6
NP 4.9 49.7 9.9 3.89 6.89 94.0
Pluronic F 6 8 79.3 15.9 0.38 8.71 120.3
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Nace and Knoellis found the polarity of alcohol ethoxylates 
were lower than the nonylphenol ethoxylates probably due to 
the free hydroxyl group of the fatty alcohol being more 
polar than an alcohol ethoxylate. Each of the pairs 
Pluronic L61/AE7.1, C13-C15 fatty alcohol/AE 0.41 and
P2000/AE4.7 is isopolar because the two compounds have the 
same polarity index. Ethoxylation with 0.41 EO units did 
not have any effect on the polarity of the C13-C15 fatty 
alcohol as the polarity index remained the same. However, an 
EO unit of 2.2 made a significant increase in the polarity 
of the alcohol.

Abraham and c o - w o r k e r s i ^  characterised Pluronic L61, 
Pluronic F 6 8 and Docosanol at 393K using the general 
solvation equation. Values for docosanol at 393K were 
calculated!? from regression coefficients at 373K and 413K, 
Table 11.2.

Table 11.2 Solvation equations for Pluronic L61, Pluronic 
F 6 8 and Docosanol at 393K from reference 17

Pluronic L61
c r s a b 1 sd P n

-0.53 0.20 0.91 1.42 0.526 0.08 0.9905 151

Pluronic F 6 8

-0.66 0.35 1.13 1.61 0.485 0.09 0.9884 154

Docosanol
-0.41 0.13 0.29 0.75 0.34 0.603
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The sum of the polarity terms dipolarity/polarisability, 
hydrogen bond basicity and acidity (s,a and b) are 1.38, 
2.33 and 2.74 for docosanol, Pluronic L61 and Pluronic F 6 8  

respectively. The polarity indices are 6 8 .6 , 93.4 and 120.3 
for the C13-C15 alcohol, Pluronic L61 and Pluronic F 6 8  

respectively. The solvation constants show that Pluronic 
F 6 8  is more polar than Pluronic L61 which is in turn more 
polar than docosanol. Though docosanol has a longer 
hydrocarbon chain than C13-C15 alcohol, the polarity of 
the former will be similar to the C13-C15 alcohol. 
Therefore, the polarity indices calculated by Nace and 
Knoellis are in agreement with the trend of the sum of the 
polarity terms in the solvation equation.

Voelkel and co-workersiO prepared ethoxylates of fatty 
alcohols having broad (BRD) and narrow (NRD) range 
distribution of ethylene oxide (EO) units with average 
degree of ethoxylation, E^, ranging from 3-11, by using 
cetyl alcohol containing 94% hexadecanol. Cetyl alcohol 
ethoxylates also known as polyethylene glycol hexadecylether 
have the structure:

Ci6H330(CH2CH20)nH

For C1 6E 3 - CigEii. The broad range ethoxylate products were 
obtained using NaOH as catalyst while a proprietary catalyst 
was used to produce the narrow range ethoxylates. The cetyl 
alcohol ethoxylates were characterisedio, 18 in terms of 
Hildebrand solubility parameters and polarity index (PI) 
through IGC using a range of solutes as probes. These 
included n-alkanes, aromatic hydrocarbons, ketones, 
nitropropane, alcohols and pyridine giving a total of 18 
solutes all of which are presented in this work.

Voelkel and co-workerslO also used other polarity parameters
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such as, the measure of the reluctance of a stationary phase 
to dissolve a hydrocarbon chain, partial molal free energy 
of a solution for a methylene group, (CH2 ) , which he
called criterion A and also the change in retention indices, 
Al ,  of some McReynolds solutes, polar and hydrogen bonding 
binary parameters'^ ( and respectively) to characterise 
the cetyl alcohol ethoxylates. The solubility parameter of 
the ethoxylates were calculated by Voelkel and JanasiS using 
equation [2.9] :

- X = 202 • Ô1 - 02^ + Xs
RT Vi RT RT Vi

[2.9]

A plot of the left hand side of equation [2.9] versus 
gives a straight line with a slope proportional to the 
solubility parameter of the polymer ,6 2 . Voelkel and JanasiS 
calculated the dispersive component of the solubility
parameter, 6 ,̂ by assuming that the slope of the above
equation for n-alkanes is proportional to 5^:

= 0.5 RT (slope n-alkanes) [11*2]

The polar component of the solubility parameter, Ôp, was
calculated from the difference in the slopes for polar
solutes and n-alkanes:

ôp = 0.5 RT (slope polar “ slope n-alkanes) [11*3]

Voelkel and JanasiB calculated the hydrogen bonding 
component, 0^ from the corresponding relationship for the 
n-alcohols, pyridine and n-alkanes:

ôh — 0.5 RT (slope alcohols ~ slope n-alkane) [11*4]
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The corrected values of the solubility parameter, Ôt , were 
calculated fromAS equation [11.5].

ô2t = 02^ + Ô2p + Ô2h [11.5]

The values of these parameters at 343K, 363K and 383K
calculated by Voelkel and co-workersio are presented in 
Tables 11.3-11.5.

andTable 11.3 Solubility parameter, 
corrected solubility parameter for 
at 343K in [ 1 Q3 ( j/m3 ) 1/2 ]

its components 
BRD and NRD ethoxyl;

BRD 62 ôd ôp ôh ôip

^16^3 16,.14 14,. 8 8 0 .41 0 .99 14,.92
^16^4 16,.83 14,. 6 8 1 .62 3 .48 15,.17
C 1 6E 5 16,.79 14,.92 1 .8 8 2 .62 15,.26
^16^6 16,. 8 8 14,. 8 6 2 .94 1 .75 15,.25

17 ,.24 13 ,.30 5. 18 6 .14 15,.54
18,. 0 0 13 ,.17 4. 51 7 .2 1 15,.67

C 1 6E 9 17 ,.83 13 ,.85 3 .77 6 .0 1 15,.56
Cie^io 17 ,.57 14,.08 4. 31 5. 87 15,.84
CigEll 17 ,.83 13 ,. 6 8 4. 27 8 .1 0 16,.46

NRD 62 5d ôp ôh Ôt
C 1 6E3 16,.64 14,. 1 2 2 .79 5. 76 15,.16
C 1 6E4 17,. 2 2 14,. 1 2 3 .1 2 5. 39 15,. 2 0
C 1 6E 5 17,.06 13 ,.74 3 .62 5. 78 15,.34
ClgEg 17,.24 13 ,.24 4. 1 0 6 .47 15,.30
C 1 6E7 17,.03 13 ,.47 4. 1 0 6 .14 15,.36
CigEg 17,.40 13 ,.44 4. 0 2 6 .69 15,.54
CigEg 17,.75 14,.46 2 .93 5. 17 15,.63
ClgEio 18,. 1 2 14,.81 4. 2 1 4. 31 15,.99
ClgEii 18,.40 13 ,.90 6 .70 4. 1 0 15,.97
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Table 11.4 Solubility parameter, its components and
corrected solubility parameter 
at 363K in [1Q3(j/m3)1/2 ]

for BRD and NRD ethoxyli

BRD Ô2 5d ôp ôh ôip

^16^3 15,.81 14,.43 0. 22 2. 31 14,.61
^16^4 16,.58 14,.21 1. 77 3 .58 14,.76

16,.83 14,.28 2 .11 3 .84 14,.94
^16^6 16,.82 14,.43 1. 96 3 .73 15,.04

17 ,.12 14,.25 2 .32 4. 13 15,. 02
^16^8 17,.13 14,.27 2. 39 4. 38 15,.12
^16^9 17,.37 13 ,.73 3 .36 5. 28 15,.09
CieEio 17 ,.26 14,.10 2 .70 4. 75 15,.12
CieEii 17 ,.81 13 ,.34 4. 09 6. 49 15,.39

NRD Ô2 6d Ôp ôh Ôip

C1 6E3 16,.89 13 ,.94 2. 60 4. 36 14..84
^16^4 17 ,.01 13 ,.90 2 .55 4. 59 14,.85

17 ,.41 13 ,.46 3 .47 5. 79 15,.06
^16^6 17 ,.44 13 ,.48 3 .42 6. 04 15,.03
C 1 6E7 17 ,.38 13 ,.49 3 .56 5. 67 15,.06
CieEs 17 ,.74 13 ,.33 4. 58 5. 83 15,.25
CigEg 17 ,.25 13 ,.79 3 .17 5. 24 15,.09
C ie^io 17 ,.50 13 ,.39 4. 13 5. 82 15,.17
C ie E ii 17,.79 13 ,.13 4. 39 6. 86 15..45

Plots of these hydrogen bonding, polar and dispersion 
components of the solubility parameter of the broad and 
narrow range ethoxylates as well as their corrected 
solubility parameter versus the number of ethylene oxide 
which appear to be zig-zag shaped are shown in Figure 11.2.
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Table 11.5 Solubility parameter, 
corrected solubility parameter for 
at 383K in [1 0  ̂(j/m^) 1/2]

its components 
BRD and NRD ethoxyl<

BRD 2̂ 5d 5p 5h Ôip

^16^3 15,.54 14,.51 0. 15 1. 19 14,.26
C 1 6E4 16,.28 14,.19 0. 91 2 .54 14,.28
Cie^s 16,.29 13 ,.92 1. 88 2 .62 14,.28
^16^6 16,.29 13 ,.76 1. 96 3 .39 14,.30
C 1 6E7 16,.77 13 ,.04 3 .52 5. 08 14,.43
^16^8 16,.57 12 ,.83 4. 58 5. 50 14,.41
^16^9 16,.99 12 ,.68 3 .58 6. 02 14,.49
Cie^lO 16,.88 13 ,.07 3 .34 5. 30 14,.49
CieEii 17 ,.52 12 ,.59 4. 60 6. 78 14,.99

NRD 62 Sd ôp 5h ôtji
C 1 6E3 16..21 12 ,.92 2 .85 5. 53 14,.34
C 1 6E4 16..62 13..28 2. 73 4. 61 14,.32

17 ,.13 12 ,.90 3 .58 5. 95 14,.65
17 ,.18 12 ,.54 4. 20 6. 37 14,. 6 8

C 1 6E7 17 ,.05 13 ,.01 3 .49 5. 60 14,.59
Cie^B 17 ,.09 12 ,.96 3 .89 5. 58 14,.64
CigEg 17 ,.06 13 ,.12 3 .42 5. 47 14,.62
CieEio 17 ,.25 12 ,.66 4. 10 6. 39 14,.76
CigEii 17 ,.57 12 ,.59 4. 50 6. 78 15,.07

and

The dispersion component's of the solubility parameter, 
decreased with increase in ethoxylation ratio for both 
groups of compounds, however the relation was non-linear. 
The polar component of the solubility parameter, Ôp, 
increased as the length of the EO chain increased. The 
polar and hydrogen bonding binary parameters decreased
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Figure 11.2
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linearly with increase in the corresponding component of the 
solubility parameter.

AQi^s(CH2 ) increased with increasing EO unit of both 
ethoxylates, broad and narrow range distribution,
indicating an increase in the polarity of the stationary 
phase. Higher values of AG^g(CH2 ) were obtainedis for NRD 
products suggesting that these are more polar in 
comparison with the corresponding BRD products.

The same results were obtained for the change in the 
retention indices ,Al, and the polarity index, PI. Voelkel 
and co-workersio found the differences in the values of 
these parameters for the two sets of ethoxylates diminished 
with increasing temperature.

Voelkel and JanasiS concluded that the increase in the 
solubility parameters for the BRD and NRD cetyl alcohol 
oxyethylates were due to an increase in their polarity.

Meguro and co-workersl3 measured surface tension 
-concentration curves of octaoxyethylene n-alkanols with 
9-14 carbon atoms in the alkyl chain including even and odd 
numbers. Meguro and c o - w o r k e r s ^ ^  found a decrease of the 
area per molecule at the critical micelle concentration, 
A-cmc/ with increase in carbon atoms. The curve of Acme as 
well as that of the surface tension at the critical micelle 
concentration, Ycmc/ versus the number of carbon atoms was 
slightly zig-zag shaped as shown in Figures 11.3 and 11.4 
respectively.

In another publication of Ueno and co-workers^O, plots of 
the molecular area of a homologous series of alkyl 
octaoxyethylene ethers, CnH2n+iO (CH2CH2O) eH for n=10 - 15
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Figure 11.3 Area per molecule at the critical micelle 
concentration vs the number of carbon atoms in the alkyl 
chain of C^Eg

Cflrbon number in ?lkyl chaini^.V)

- e -  : 15.OT, -□-:20.0=c, - p - :  
25.0'C, : 30.0'-C. -A- : 40.0=C.

Figure 11.4 Surface tension at the critical micelle 
concentration vs the number of carbon atoms in the alkyl 
chain of C^Eg
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versus number of carbons showed that the molecular 
orientation of the carbon atoms in the alkyl chain of 
CnH2n+iO (CH2CH2O) sH for those surfactants with odd carbon 
number is a little different from that of the latter with 
even number of carbon atoms. This suggested that the 
former is more loosely packed than the latter.

Also, equilibrium surface tension values decreased with 
increasing carbon number and temperature. On the other hand 
plots of log cmc versus number of carbon atoms in the alkyl 
chain exhibited^) a linear relationship Figure 11.5, 
suggesting there is no difference between even and odd 
numbered compounds in micellar properties.

Figure 11.5 Log CMC against the number of carbon atoms in 
the alkyl chain of C^Eg

uz

u '.5
Ccrbon numbw in clkyl chain (N )

e. 15-CrC; □, 20.CtC; O, :5.0"C;
■ , so.crc; A, 40.0°c.

Voelkel did not consider the difference between ethoxylates 
with odd and even numbered EO units (see Figure 11.2), and 
hence it is difficult to draw any conclusions if the even
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and odd series are taken together. As a result, the main 
objective of this work is to use the specific retention 
volumes of the same solutes obtained by Voelkel and analyse 
the ethoxylates through the linear solvation energy 
equation. The solvation constants will be analysed as a 
whole and then separated according to even and odd numbered 
ethylene oxide and plots constructed to see how this 
approach compares with Voelkel's work and attempt to unravel 
the difficulties in interpreting Voelkel's work and hence 
be able to draw reasonable conclusions from these plots.

11.2 APPLICATION OF THE LINEAR SOLVATION EQUATION TO
CETYL ALCOHOL ETHOXYLATES DATA

The specific retention volumes of 18 assorted solutes at 
273K (VgO) on the various ethoxylate columns were obtained 
from Voelkel23 and converted to the logVg at the respective 
column temperatures Tc, equation [1 1 .6 ] .

lo g V g  = l o g  (VgO *273/lc ) [11.6]

The logVg of solutes calculated in this way are in Tables
11.6-11.23. The logVg of the solutes were then regressed
against the solute parameters through the multiple linear
regression equation.

The coefficients of the linear solvation equations arising 
from these regressions are in Tables 11.24-11.29. The 
regression equations of the broad and narrow range
ethoxylates at the different temperatures show excellent
overall correlation coefficients (ranging from 0.9957- 
0.9986) with low standard deviations which also range from 
0.03 - 0.05 and reasonably good Fischer (F) statistic,
Tables 11.24-11.29.
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Table 11.6 LogVg of solutes on ethoxylates with narrow range
distribution of 3 EO units at the column temperatures.
^16^3
Solute 343K 363K 383K
Pentane 1.52 1.42 1.24
Hexane 1.87 1.73 1.52
Heptane 2 . 2 2 2.06 1.80
Octane 2.57 2.39 2 . 1 0
Nonane 2.92 2.72 2.39
Decane 3.28 3.06 2.70
Benzene 2.36 2.16 1.92
Methanol 1.96 1.74 1.48
Ethanol 2.16 1.92 1.64
Propanol 2.52 2.27 1.94
Butanol 2.89 2.62 2.23
1-Nitropropane 2.82 2.58 2.28
Pyridine 2.91 2.67 2.38
m-Xylene 3.08 2.84 2.48
Ethylbenzene 3.02 2.89 2.49
Pentan-2-one 2.47 2.27 2 . 0 1
Butan-2-one 2.17 1.98 1.76
Toluene 2.70 2.51 2.23

Table 11.7 L o g V g  of solutes on ethoxylates with narrow range 
distribution of 4 EO units at the column temperatures.
^16^4
Solute 343K 363K 383K
Pentane 1.46 1.23 1 . 0 1
Hexane 1.82 1.58 1.31
Heptane 2.17 1.92 1.60
Octane 2.53 2.25 1.90
Nonane 2 . 8 8 2.58 2 . 2 0
Decane 3.23 2.93 2.50
Benzene 2.31 2 . 0 2 1.71
Methanol 1.91 1.57 1.24
Ethanol 2 . 1 2 1.77 1.42
Propanol 2.48 2.13 1.74
Butanol 2.84 2.49 2.03
1-Nitropropane 2.77 2.44 2.08
Pyridine 2 . 8 6 2.54 2.18
m-Xylene 3.04 2.71 2.28
Ethylbenzene 2.97 2.76 2.29
Pentan-2-one 2.43 2.13 2.55
Butan-2-one 2 . 1 2 1.83 1.54
Toluene 2 . 6 6 2.37 2.03
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Table 11.8 LogVg of solutes on ethoxylates with narrow range
distribution of 5 EO units at the column temperatures.
C 1 6E5

Solute 343K 363K 383K
Pentane 1.23 1.04 0.76
Hexane 1.59 1.36 1.06
Heptane 1.94 1.69 1.35
Octane 2.30 2 . 0 1 1.65
Nonane 2.65 2.34 1.94
Decane 3.02 2.64 2.23
Benzene 2.17 1.92 1.58
Methanol 1.82 1.55 1.18
Ethanol 2 . 0 0 1.72 1.34
Propanol 2.36 2.05 1.65
Butanol 2.73 2.40 1.96
1-Nitropropane 2.73 2.42 2.03
Pyridine 2.76 2.46 2.07
m-Xylene 2.90 2.58 2.18
Ethylbenzene 2.83 2.53 2.14
Pentan-2-one 2.28 2 . 0 2 1 . 6 6
Butan-2-one 1.99 1.74 1.41
Toluene 2.53 2.25 1 . 8 8

Table 11.9 L o g V g  of solutes on ethoxylates with narrow range 
distribution of 6 EO units at the column temperatures.
^16^6
Solute 343K 363K 383K
Pentane 1.37 1.26 1.13
Hexane 1.69 1.57 1.39
Heptane 2.03 1.90 1.67
Octane 2.33 2 . 2 2 1.96
Nonane 2.70 2.55 2.24
Decane 3.10 2 . 8 6 2.53
Benzene 2.25 2 . 1 1 1 . 8 8
Methanol 1 . 8 8 1.72 1.47
Ethanol 2.07 1.89 1.62
Propanol 2.42 2 . 2 2 1.92
Butanol 2.78 2.57 2.23
1-Nitropropane 2.79 2.59 2.30
Pyridine 2.81 2.65 2.34
m-Xylene 2.94 2.76 2.47
Ethylbenzene 2.89 2.82 2.43
Pentan-2-one 2.36 2 . 2 0 1.95
Butan-2-one 2 . 07 1.93 1.72
Toluene 2.58 2.44 2.18
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Table 11.10 L o g V g  of solutes on ethoxylates with narrow 
range distribution of 7 EO units at the column temperatures. 
C 1 6E7

Solute 343K 363K 383K
Pentane 1.32 0.90 0.77
Hexane 1.63 1.25 1.05
Heptane 1.95 1.59 1.34
Octane 2.27 1.92 1.62
Nonane 2.65 2.25 1.91
Decane 2.90 2.56 2.19
Benzene 2.25 1.83 1.57
Methanol 1.91 1.44 1.15
Ethanol 2.09 1.61 1.30
Propanol 2.44 1.95 1.61
Butanol 2.78 2.30 1.93
1-Nitropropane 2.80 2.36 2 . 0 2
Pyridine 2.82 2.38 2.04
m-Xylene 2.89 2.46 1.16
Ethylbenzene 2.90 2.41 2 . 1 2
Pentan-2-one 2.36 1.94 1.64
Butan-2-one 2.07 1 . 6 6 1.39
Toluene 2.60 2.18 1.87

Table 11.11 L o g V g  of solutes on ethoxylates with narrow 
range distribution of 8 EO units at the column temperatures. 
^16^8
Solute 343K 363K 383K
Pentane 1.37 1.23 1.14
Hexane 1.73 1.53 1.38
Heptane 2.07 1.84 1.65
Octane 2.40 2.16 1.92
Nonane 2.78 2.48 2 . 2 0
Decane 3.04 2.79 2.48
Benzene 2.39 2.08 1.89
Methanol 2.04 1.72 1.51
Ethanol 2 . 2 2 1 . 8 8 1.64
Propanol 2.58 2 . 2 0 1.93
Butanol 2.92 2.54 2.23
1-Nitropropane 2.94 2.59 2.32
Pyridine 2.96 2.61 2.34
m-Xylene 3.03 2.69 2.45
Ethylbenzene 2.96 2.64 2.41
Pentan-2-one 2.50 2.18 1.95
Butan-2-one 2 . 2 0 1.92 1.72
Toluene 2.73 2.42 2.17
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Table 1 1 . 1 2  L o g V g  of solutes on ethoxylates with narrow 
range distribution of 9 EO units at the column temperatures.
CigEg
Solute 343K 363K 383K
Pentane 1.16 0.83 0.67
Hexane 1.53 1.18 0.95
Heptane 1.89 1.51 1.24
Octane 2.25 1.84 1.52
Nonane 2.60 2 .17 1.81
Decane 2 .98 2.49 2.09
Benzene 2.17 1.79 1.48
Methanol 1.82 1.41 1.09
Ethanol 2 . 0 0 1.58 1.23
Propanol 2.37 1.92 1.54
Butanol 2 .74 2.25 1.85
1-Nitropropane 2.76 2.32 1.94
Pyridine 2.77 2.33 1.96
m-Xylene 2.89 2.44 2.07
Ethylbenzene 2.84 2.40 2.03
Pentan-2-one 2.28 1 . 8 8 1.55
Butan-2-one 1.98 1.61 1.31
Toluene 2.53 2 . 1 2 1.77

Table 1 1 . 1 3  L o g V g  of solutes on ethoxylates with narrow 
range distribution of lOEO units at the column temperatures. 
Cie^io
Solute 343K 363K 383K
Pentane 1 . 1 1 1 . 1 0 0.96
Hexane 1.50 1.39 1 . 2 0
Heptane 1 . 8 6 1.69 1.46
Octane 2 . 2 2 2 . 0 0 1.73
Nonane 2 . 6 6 2.31 2 . 0 1
Decane 2.97 2.63 2.29
Benzene 2.24 1.98 1.75
Methanol 1.91 1.62 1.40
Ethanol 2.08 1.78 1.52
Propanol 2.44 2 . 1 0 1.80
Butanol 2.78 2.43 2 . 1 0
1-Nitropropane 2.83 2.51 2 . 2 0
Pyridine 2.82 2.51 2 . 2 1
m-Xylene 2.87 2.57 2.30
Ethylbenzene 2.81 2.52 2.26
Pentan-2-one 2.35 2.07 1.78
Butan-2-one 2.06 1.82 1.59
Toluene 2.58 2.30 2 . 0 2
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Table 11.14 L o g V g  of solutes on ethoxylates with narrow 
range distribution of llEO units at the column temperatures.
CieEii
Solute 343K 363K 383K
Pentane 1.09 0.78 0.54
Hexane 1.42 1.09 0.85
Heptane 1.76 1.42 1.13
Octane 2 . 1 1 1.75 1.42
Nonane 2.48 2.07 1.71
Decane 2.84 2.39 1.99
Benzene 2.05 1.72 1.42
Methanol 1.73 1.37 1.03
Ethanol 1.89 1.52 1.17
Propanol 2.25 1 . 8 6 1.47
Butanol 2.62 2.19 1.78
1-Nitropropane 2 . 6 6 2.27 1.89
Pyridine 2.65 2.27 1.90
m-Xylene 2.75 2.46 1.99
Ethylbenzene 2.71 2.33 1.95
Pentan-2-one 2.16 1.82 1.49
Butan-2-one 1 . 8 8 1.55 1.24
Toluene 2.41 2.05 1.71

Table 11.15 L o g V g  of solutes on ethoxylates with broad range 
distribution of 3 EO units at the column temperatures.
^16^3
Solute 343K 363K 383K
Pentane 1.53 1.36 1 . 2 2
Hexane 1.85 1.72 1.50
Heptane 2.23 2.04 1.82
Octane 2.57 2.38 2.09
Nonane 2.92 2.72 2.40
Decane 3.27 3.06 2.70
Benzene 2.36 2.17 1.91
Methanol 1.97 1.75 1.52
Ethanol 2.17 1.94 1.67
Propanol 2.53 2.27 1.97
Butanol 2.89 2.62 2.23
1-Nitropropane 2.82 2.57 2.27
Pyridine 2.91 2.67 2.39
m-Xylene 3.08 2.84 2.47
Ethylbenzene 3.02 2.89 2.50
Pentan-2-one 2.47 2.25 2 . 0 0
Butan-2-one 2.16 2 . 0 0 1.82
Toluene 2.71 2.51 2.24
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Table 11.16 L o g V g  of solutes on ethoxylates with broad range 
distribution of 4 EO units at the column temperatures.
^16^4
Solute 343K 363K 383K
Pentane 1.24 1.08 0.91
Hexane 1.59 1.39 1.18
Heptane 1.94 1.71 1.47
Octane 2.31 2.04 1.77
Nonane 2 . 6 6 2.37 2.06
Decane 3.04 2.70 2.36
Benzene 2.07 1.85 1.62
Methanol 1.69 1.45 1 . 2 1
Ethanol 1.90 1.64 1.36
Propanol 2.26 1.97 1.67
Butanol 2.65 2.31 1.98
1-Nitropropane 2.57 2.29 2 . 0 0
Pyridine 2 . 6 6 2.38 2.09
m-Xylene 2.83 2.53 2.23
Ethylbenzene 2.76 2.48 2.18
Pentan-2-one 2.19 1.96 1.71
Butan-2-one 1 . 8 8 1 . 6 8 1.47
Toluene 2.45 2.19 1.93

Table 11.17 L o g V g  of solutes on ethoxylates with broad range 
distribution of 5 EO units at the column temperatures.
C1 6E5

Solute 343K 363K 383K
Pentane 1.19 1.03 0.85
Hexane 1.54 1.34 1 . 1 2
Heptane 1.90 1.65 1.40
Octane 2.26 1.98 1 . 6 8
Nonane 2.62 2.30 1.96
Decane 2.99 2.62 2.25
Benzene 2 . 1 0 1 . 8 6 1.60
Methanol 1.64 1.49 1.18
Ethanol 1.81 1.64 1.35
Propanol 2.29 1.97 1.64
Butanol 2.67 2.31 1.94
1-Ni tropropane 2.64 2.33 2 . 0 0
Pyridine 2.69 2.36 2.06
m-Xylene 2.83 2.36 2.18
Ethylbenzene 2.78 2.46 2.14
Pentan-2-one 2 . 2 1 1.95 1.67
Butan-2-one 1.92 1 . 6 8 1.44
Toluene 2.46 2.17 1.89
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Table 11.18 L o g V g  of solutes on ethoxylates with broad range 
distribution of 6 EO units at the column temperatures.
CigEg
Solute 343K 363K 383K
Pentane 1.18 1 . 0 0 0.83
Hexane 1.52 1.31 1 . 1 0
Heptane 1 . 8 8 1.63 1.38
Octane 2.24 1.96 1.67
Nonane 2.60 2.28 1.95
Decane 2.97 2.61 2.24
Benzene 2.09 1.85 1.59
Methanol 1.64 1.47 1.18
Ethanol 1.81 1.63 1.35
Propanol 2.28 1.96 1.63
Butanol 2.65 2.30 1.94
1-Nitropropane 2.64 2.32 2 . 0 1
Pyridine 2.67 2.35 2.05
m-Xylene 2.82 2.46 2.18
Ethylbenzene 2.76 2.45 2.14
Pentan-2-one 2 . 2 0 1.94 1.67
Butan-2-one 1.90 1.67 1.43
Toluene 2.45 2.16 1.89

Table 11.19 L o g V g  of solutes on ethoxylates with broad range 
distribution of 7 EO units at the column temperatures.
C 1 6E7

Solute 343K 363K 383K
Pentane 1.53 1.39 1 . 2 2
Hexane 1.85 1.69 1.48
Heptane 2 . 2 0 2 . 0 1 1.76
Octane 2.54 2.33 2.04
Nonane 2.90 2.65 2.33
Decane 3.28 2.97 2.62
Benzene 2.42 2.23 1.98
Methanol 2.06 1.85 1.59
Ethanol 2.24 2 . 0 2 1.74
Propanol 2.59 2.31 2 . 0 2
Butanol 2.95 2.70 2.33
1-Nitropropane 2.97 2.72 2.40
Pyridine 3.00 2.75 2.44
m-Xylene 3.13 2 . 8 8 2.55
Ethylbenzene 3.08 2.84 2.52
Pentan-2-one 2.53 2.32 2.05
Butan-2-one 2.24 2.05 1.82
Toluene 2.78 2.56 2.27
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Table 11.20 LogVg of solutes on ethoxylates with broad range
distribution of 8 EO units at the column temperatures.
^16^8
Solute 343K 363K 383K
Pentane 1.43 1.29 1.13
Hexane 1.75 1.60 1.39
Heptane 2.09 1.92 1 . 6 6
Octane 2.44 2.24 1.95
Nonane 2.79 2.56 2.24
Decane 3.16 2 . 8 6 2.53
Benzene 2.31 2.15 1.89
Methanol 1.98 1.80 1.53
Ethanol 2 .16 1.96 1.67
Propanol 2.51 2.29 1.95
Butanol 2.87 2.63 2.26
1-Nitropropane 2.87 2.65 2.33
Pyridine 2.91 2.69 2.37
m-Xylene 3.04 2.81 2.47
Ethylbenzene 2.97 2.76 2.43
Pentan-2-one 2.43 2.25 1.97
Butan-2-one 2.14 1.99 1.74
Toluene 2.67 2.48 2.18

Table 11.21 L o g V g  of solutes on ethoxylates with broad range 
distribution of 9 EO units at the column temperatures.
CieEg
Solute 343K 363K 383K
Pentane 1.29 1.06 0.95
Hexane 1.62 1.35 1.19
Heptane 1.96 1 . 6 6 1.46
Octane 2.31 1.98 1.73
Nonane 2.65 2.30 2 . 0 1
Decane 3.03 2.62 2.29
Benzene 2.23 1.94 1.70
Methanol 1.89 1.60 1.35
Ethanol 2.06 1.74 1.47
Propanol 2.42 2.07 1.76
Butanol 2.79 2.39 2.06
1-Nitropropane 2.81 2.46 2.15
Pyridine 2.82 2.46 2.15
m-Xylene 2.94 2.58 2.27
Ethylbenzene 2.89 2.53 2.23
Pentan-2-one 2.34 2.03 1.77
Butan-2-one 2.05 1.77 1.55
Toluene 2.59 2.26 1.98
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Table 11.22 LogVg of solutes on ethoxylates with broad range
distribution of 10 EO units at the column temperatures.
Cie^io
Solute 343K 363K 383K
Pentane 1 . 1 1 0.97 0 . 8 6
Hexane 1.45 1.26 1 . 1 0
Heptane 1.80 1.57 1.36
Octane 1.24 1 . 8 8 1.63
Nonane 2.53 2 . 2 0 1.91
Decane 2.89 2.53 2.19
Benzene 2 . 1 0 1.87 1.64
Methanol 1.79 1.54 1.30
Ethanol 1.95 1 . 6 8 1.37
Propanol 2.30 2 . 0 0 1.70
Butanol 2 . 6 6 2.33 1.99
1-Nitropropane 2.71 2.41 2 . 1 0
Pyridine 2.69 2.40 2 . 1 0
m-Xylene 2.80 2.59 2 . 2 0
Ethylbenzene 2.76 2.46 2.16
Pentan-2-one 2 . 2 1 1.96 1.71
Butan-2-one 1.93 1.71 1.48
Toluene 2.46 2.19 1.92

Table 1 1 . 2 3  L o g V g  of solutes on ethoxylates with broad range 
distribution of 11 EO units at the column temperatures.
CieEii
Solute 343K 363K 383K
Pentane 1.04 0.80 0.56
Hexane 1.39 1 . 1 2 0.85
Heptane 1.74 1.44 1.14
Octane 2.09 1.77 1.43
Nonane 2.52 2.08 1.72
Decane 2.83 2.40 2 . 0 0
Benzene 2.09 1.74 1.43
Methanol 1.75 1.35 1.04
Ethanol 1.93 1.53 1.18
Propanol 2.29 1 . 8 6 1.49
Butanol 2.64 2 . 2 0 1.79
1-Nitropropane 2.69 2.28 1.90
Pyridine 2 . 6 8 2.28 1.91
m-Xylene 2.73 2.34 2 . 0 1
Ethylbenzene 2.67 2.29 1.97
Pentan-2-one 2 . 2 0 1.83 1.50
Butan-2-one 1.91 1.57 1.26
Toluene 2.43 2.07 1.72
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Volkel and co-workers used chloroform as solvent to coat the 
ethoxylates on the chromatographic support and since the IGC 
of the ethoxylates was carried out well above the boiling 
point of chloroform (333K) , the micelles can be assumed to 
be lamellar shaped as the weight fraction of the ethoxylate 
approaches unity at these high operating temperatures.

For both ethoxylates with broad and narrow range 
distribution, the b and r-constants were statistically 
insignificant at the 95% confidence level in all cases and 
so, the bZpH2 and rR2 terms were not included in the final 
regression equations. Cetyl alcohol ethoxylate,
C 1 6H 3 3O (CH2CH2O) nH, has a hydroxyl end group which might 
give acidic properties to the ethoxylate. However, in this 
work the exclusion of the bZpH^ term from the solvation 
equations suggests that the hydroxyl group may be involved 
in intramolecular hydrogen bonding and therefore is not 
available for intermolecular hydrogen bonding. Also, since 
the ethoxylates contain large molecules, the effect of the 
hydroxyl end group is very much reduced so that if there is 
any intermolecular hydrogen bonding through the end group at 
all, at the high temperatures studied, this interaction will 
decrease with increasing temperature thus becoming 
increasingly insignificant. The ethoxylates are also 
expected to be hydrogen bond bases and polar because of the 
presence of the ether oxygens which exhibit strong hydrogen 
bond acceptor properties as well as being dipolar. Hence, 
the rather large a and s-constants throughout the series for 
both NRD and BRD ethoxylates.

Within the series of EO units from 3-11 for both broad and 
narrow range ethoxylates, there is no general trend to 
describe the behaviour of the solvation constants at any one 
of the temperatures studied because these constants 
fluctuate. However, it is clear that for each ethoxylate.
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the solvation constants decreased with increasing 
temperature due to the increase in thermal motion of the 
molecules and hence weakened strength of interactions. From 
the tabulated solvation constants, Tables 11.24-11.29, it 
can be inferred that the ethoxylates are moderate dispersion 
interactors, strong hydrogen bond bases and quite dipolar.

Table 11.24 Solvation equations for narrow range distributed
(NRD) oxyethylates of fatty alcohols at 343K

343K c s a 1 P sd F

C 1 6E3 0.04 0.83 2.02 0.685 0.9976 0.04 969.4
0.05 0.03 0.07 0.01*

^16^4 -0.02 0.83 2.04 0.689 0.9977 0.04 1026.5
0.05 0.03 0.07 0.01

C 1 6E 5 -0.27 1.00 2.19 0.695 0.9976 0.04 977.8
0.05 0.03 0.08 0.01

C 1 6E 5 -0 . 1 0 0.96 2.06 0.669 0.9972 0.04 830.4
0.05 0.03 0.08 0 . 0 1

C 1 6E7 -0.09 1.06 2.09 0.643 0.9977 0.04 1025.6
0.05 0.03 0.07 0 . 0 1

ClgEg -0.03 1 . 1 0 2 .18 0.658 0.9975 0.04 934.1
0.05 0.03 0.08 0 . 0 1

CigEg -0.36 1.09 2.28 0.706 0.9980 0.04 1139.0
0.05 0.03 0.07 0 . 0 1

CieEio -0.36 1.18 2.39 0.702 0.9957 0.05 543.6
0.07 0.04 0 . 1 1 0 . 0 2

CigEii -0.41 1.08 2.23 0.685 0.9975 0.04 911.6
0.05 0.03 0.08 0 . 0 1

* standard deviation of each coefficient
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Table 11.25 Solvation equations for narrow range distributed
(NRD) oxyethylates of fatty alcohols at 363K

363K c s a 1 P sd F

^16^3 0 . 0 0 0.74 1.75 0.651 0.9974 0.04 899.9
0.05 0.03 0.07 0 . 0 1

^16^4 -0 . 2 2 0.77 1.80 0.670 0.9976 0.04 977.1
0.05 0.03 0.07 0 . 0 1

-0.33 0.95 1.92 0.634 0.9982 0.03 1265.4
0.04 0.03 0.06 0 . 0 1

-0.14 0.92 1 . 8 6 0.641 0.9971 0.04 792.9
0.05 0.03 0.08 0 . 0 1

C 1 6E7 -0.47 0.98 1.91 0.643 0.9974 0.04 905.0
0.05 0.03 0.07 0 . 0 1

CigEg -0.09 0.93 1.83 0.610 0.9975 0.03 926.3
0.05 0.03 0.07 0 . 0 1

ClgEg -0.55 1 . 0 2 1.98 0.647 0.9982 0.03 1292.4
0.04 0.03 0.06 0 . 0 1

Cie^io -0 . 2 1 0.99 1.84 0.599 0.9976 0.05 961.3
0.05 0.03 0.07 0 . 0 1

CieEii -0.62 1.07 1.99 0 . 644 0.9978 0.04 1060.1
0.05 0.03 0.07 0 . 0 1

Plots of these constants versus the number of EO units show 
zig-zag lines, Figures 11.6 to 11.8. This trend was also 
observed by Meguro and c o - w o r k e r s ^ O  when they plotted the 
area per molecule as well as the surface tension at the 
critical micelle concentration versus the number of carbon 
atoms, Figures 11.3 and 11.4.
The respective solvation constants were then separated 
according to even and odd EO units. Figures 11.9 to 11.11, 
so that a clear picture can be found and proper conclusions 
can also be drawn.
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Figure 11.6

s-constant vs EO units at 343K s-constant vs EO units at 363K

NJ
00

1.20

1.10

1.05

1.00

0.95

0.90

0.85

0.80
103 5 7 8 9 114 6

1.10
1.05

1.00

0.95

0.90

0.85

0.00
0.75

0.70

s-constant vs EO units at 383K

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

I- EO units with narrow distribution
•  - EO units with wide distribution



Figure 11.7

a-constant vs EO units at 343K a-constant vs EO units at 363K
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Figure 11.8
l-constant vs EO units at 343K l-constant vs EO units at 363K
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Table 11.26 Solvation equations for narrow range
distributed (NRD) oxyethylates of fatty alcohols at 3 83K

383K c s a 1 P sd F

C 1 6E3 0.02 0.67 1.35 0.564 0.9968 0.04 731.5
0.05 0.03 0.07 0.01

^16^4 -0.24 0.68 1.38 0.58 0.9971 0.04 789.2
0.05 0.03 0.07 0.01

^16^5 -0.49 0.88 1.63 0.581 0.9983 0.03 1342.9
0.04 0.02 0 . 06 0.01

^16^6 -0.10 0.82 1.49 0.559 0.9984 0.03 1438.0
0.03 0.02 0.05 0.01

C1 6E7 -0.47 0.87 1.54 0.569 0.9983 0.03 1374.0
0.04 0.02 0.05 0.01

-0.05 0.84 1.48 0.538 0 .9978 0.03 1066.4
0.04 0.02 0.06 0.01

C1 6E9 -0.57 0.89 1.59 0.567 0.9981 0.02 1235.8
0.04 0.02 0.06 0.01

Cie^io -0.22 0.90 1.56 0.533 0.9970 0.03 770.9
0.05 0.03 0.07 0.01

Cie^ii — 0.68 0.95 1.64 0.570 0.9981 0.03 1254.4
0.04 0.02 0.06 0.01

The plots of the s-constants, Figure 11.9, show a sharp rise 
for the NRD with odd EO units from 3 to 5 followed by a 
gradual increase. For both the a-and 1-constants there is a 
minimum at E0=7 at 343K, Figures 11.10 and 11.11. For NRD 
ethoxylates with even EO units, the s-constant increased 
slightly with increasing EO unit there is also a gradual 
increase of the a-constant. The l-constant decreased with 
increasing EO unit except for the value at 343K for EO=10. 
For the BRD ethoxylates with even numbered EO units, the 
s-constant increased with increasing even EO units.
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Figure 11.10

a-constant vs even EO units for ethoxylates w ith NRD a-constant vs odd EO units for ethoxylates with NRD
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Figure 11.11

l-constant vs even EO units for ethoxylates wtth NRD
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Table 11,27 Solvation equations for broad range distributed
(BRD) oxyethylates of fatty alcohols at 343K

343K c s a 1 P sd F

C 1 6E3 0.05 0.83 2.03 0.684 0.9976 0.04 952.7
0.05 0.03 0.07 0.01

C1 6E4 -0.30 0.85 2 . 1 1 0.705 0.9971 0.04 806.0
0.06 0.03 0.08 0 . 0 2

-0.38 0.97 2.08 0.715 0.9975 0.04 911.6
0.05 0.03 0.08 0 . 0 2

-0.38 0.97 2.09 0.711 0.9976 0.04 986.5
0.05 0.03 0.08 0 . 0 1

C1 6E7 0.04 0.97 2.09 0.682 0.9973 0.04 859.8
0.05 0.03 0.08 0 . 0 1

-0.06 0.98 2.14 0.678 0.9971 0.04 811.3
0.05 0.03 0.08 0 . 0 2

ClgEg -0 . 2 0 1.05 2.18 0.682 0.9979 0.04 1085.6
0.05 0.03 0.07 0 . 0 1

Cie^io -0.39 1 . 1 0 2.27 0.691 0.9975 0.04 924 . 0
0.05 0.03 0.08 0 . 0 1

Cie^ii -0.44 1.14 2.30 0.689 0.9962 0.05 614.2
0.07 0.04 0 . 1 0 0 . 0 2

The increase in the a-constant for these even EO units is 
very gradual. As expected the 1-constant decreased gradually 
with increasing even EO unit. The s-constant also increased 
with increase odd EO unit. The rise in the a-constant with 
the EO-unit is very gradual.

The 1-constant is fairly constant except for the values at 
343K for E0=5, 363K E0=5 and at 383K E0=11 which showed
deviations from the normal trend.Thus, in general when the
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Table 11.28 Solvation equations for broad range distributed 
(BRD) oxyethylates of fatty alcohols at 3 63K

363K c s a 1 P sd F

C 1 6E3 -0.05 0.77 1.82 0.660 0.9973 0.04 854.2
0.05 0.03 0.08 0 . 0 1

C 1 6E4 -0.30 0.79 1.78 0.636 0.9976 0.03 971.3
0.05 0.03 0.07 0 . 0 1

C 1 6E 5 -0.28 0.85 1.80 0.609 0.9944 0.05 414.6
0.07 0.04 0 . 1 0 0 . 0 2

^16^6 -0.35 0 . 8 8 1.85 0.626 0.9979 0.03 1126.9
0.04 0.03 0.06 0 . 0 1

^16^7 0 . 0 2 0.91 1.83 0.626 0.9980 0.03 1140.7
0.04 0.03 0.06 0 . 0 1

^16^8 - 0  . 06 0.94 1.90 0.623 0.9982 0.03 1303.5
0.04 0 . 0 2 0.06 0 . 0 1

C 1 6E 9 -0.29 0.98 1.89 0.616 0.9981 0.03 1214.6
0.04 0.03 0.06 0 . 0 1

Cie^io -0.40 1.04 1.93 0 . 622 0.9975 0.04 941.4
0.05 0.03 0.07 0 . 0 1

-0.54 1.03 1.91 0.624 0.9977 0.03 1007.2
0.05 0.03 0.07 0 . 0 1

data was separated according to odd and even EO units it was
observed that both the s and a-constants increased with
increasing even and odd numbered EO unit and no zig-zag
lines were obtained.

Comparison of the solvation constants of ethoxylates of 
corresponding EO units at the same temperature shows narrow 
and broad range ethoxylates interact to a similar extent 
with the exception of the s-constant, the dipolarity/
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Table 11.29 Solvation equations for broad range distributed
(BRD) oxyethylates of fatty alcohols at 383K

383K c s a 1 P sd F

^16^3 0.03 0 . 6 8 1.40 0.561 0.9949 0.04 456.4
0.06 0.04 0.09 0 . 0 2

^16^4 -0.33 0.73 1.48 0.571 0.9979 0.03 1134.3
0.04 0 . 0 2 0.06 0 . 0 1

^16^5 -0.36 0.80 1.47 0.554 0.9983 0.03 1401.1
0.03 0 . 0 2 0.05 0 . 0 1

^16^6 -0.39 0.82 1.50 0.559 0.9986 0 . 0 2 1622.8
0.03 0 . 0 2 0.05 0 . 0 1

Cie^v 0 . 0 1 0.82 1.51 0.554 0.9981 0.03 1254.7
0.04 0 . 0 2 0 . 06 0 . 0 1

-0.05 0.84 1.48 0.538 0.9978 0.03 1066.4
0.04 0 . 0 2 0.06 0 . 0 1

C 1 6E 9 -0.24 0.85 1.52 0.537 0.9981 0.03 1 2 0 0  . 0
0.04 0 . 0 2 0.06 0 . 0 1

Cie^io -0.33 0.90 1.53 0.535 0.9973 0.03 869.7
0.04 0.03 0.07 0 . 0 1

-0.67 0.96 1.64 0.571 0.9984 0.03 1456.6
0.04 0 . 0 2 0.05 0 . 0 1

polarisability term which is significantly greater for the 
NRD than the BRD ethoxylates at 343K but similar at 3 63 and 
3 83K. This is in agreement with Voelkel and c o - w o r k e r s i O ' i 8 
findings that the ethoxylates with NRD exhibit higher 
polarity than the corresponding BRD at 343K.

Table 11.30 shows the average difference (ave.diff) of 
solvation constants for ethoxylates with BRD and NRD and 
also solubility parameters as well as their respective
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Table 11.30 Statistical analyses of the difference between 
ethoxylates with BRD and NRD

A ve.di f f sd P

343K s -0 .032 0 .06 0 ,.13
a -0 .0 2 0 0 .08 0 ,.45
1 0 .0 1 2 0 . 0 2 0 ,.15

363K s -0 .0 2 0 0 .05 0 ..25
a -0 .018 0 . 08 0 ..51
1 -0 .Oil 0 . 0 2 0 ,.15

383K s -0 .0 1 0 0 .04 0 ,.47
a -0 .014 0 .07 0 ,.57
1 -0 .009 0 . 0 1 0 ,.07

343K Ô2 -0 .194 0 .40 0 ..19
ôd 0 .236 0 .83 0 ..42
ôp -0 .744 1 .38 0 ..15
ôh -0 .849 2 .99 0 ..42

363K Ô2 -0 .409 0 .37 0 ., 0 1
Sd 0 .570 0 .35 0 .. 0 0
Sp -1 .217 0 .82 0 ,. 0 0
Sh -1 .301 0 .78 0 ,. 0 0

383K S2 -0 .448 0 .31 0 .. 0 0
Sd 0 .512 0 .70 0 ..06

-0 .916 1 .23 0 ..06
Sh -1 .540 1 .71 0 ..03

Ave.diff - the average of the difference between BRD and NRD 
sd - standard deviation of the mean difference

P - confidence value at the 95% confidence level
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standard deviations and a P-value (confidence value at the 
95% confidence level) for comparing the mean of BRD and NRD 
at the corresponding temperature.

Like Voelkel and c o - w o r k e r s i O ' i 8 ,  it was found that, the 
difference in polarity of the NRD and BRD ethoxylates 
decreased with increasing temperature, as shown by the 
s-constants in Table 11.30. There was however, very little 
change in the difference in the hydrogen-bond basicity and 
the dispersion interaction of the BRD and NRD with 
temperature.

The solubility parameters Ô2 , Ôp and calculated by
Volekel and Janasis show large deviations when BRD and NRD 
are compared, as shown in Table 11.30. When the same 
comparison was carried out with the solvation constants, the 
standard deviations of the differences were very low as 
shown in Table 11.30 indicating that the ethoxylates with 
BRD and NRD interact with solutes to similar extents in 
terms of the solvation constants. From the analyses in Table 
11.30, the solvation constants show no significant 
difference between the BRD and NRD at the 95% confidence 
limit (ie P > 0.05 ) as the p value is consistently greater 
than 0.05 for all the constants at all the three 
temperatures. However, the solubility parameters do not give 
a consistent conclusion.

The solubility parameters of the ethoxylates calculated by 
Voelkel and c o - w o r k e r s ^ O  were compared with the results from 
the solvation equations at all three temperatures by 
graphical representations. The standard deviations of the 
solvation constants are given in Tables 11.24-11.29.

Figure 11.12 shows plots of the 1-constants for ethoxylates 
with NRD and BRD versus delta d or ,0̂ , the dispersion
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component of the solubility parameter. The 1-constants for 
even NRD and BRD correlate linearly with 6 ^ at all three 
temperatures studied. However, the plots for the 1-constants 
against 0^ for odd NRD showed scattered points at 343K but 
linear at 3 63K. The odd BRD showed a linear relation of 0^ 
with the 1-constant but the same plot at 3 63K and 3 83K show 
scattered points. These observations suggest a difference in 
the dispersion interaction of even and odd numbered EO units 
of the ethoxylates.

The s and a-constants were each in turn plotted against the 
polar component of the solubility parameter, Ôp, for both 
even and odd homologues on the same graph. Figure 11.13. As 
expected the s and a-constants for both even and odd EO 
units with NRD and BRD increased with Ôp at all three 
temperatures because the polarity term covers both basicity 
and polarisability. It was found that in general, the s and 
a-constants varied linearly with the hydrogen bond component 
and polar component of the solubility parameter. The plot 
of s and a-constants versus delta h or ,0%, the hydrogen 
bond component of the solubility parameter. Figure 11.14, 
show that for both even and odd ethoxylates with NRD and 
BRD, the solvation constants increased with increase in 
delta h as expected at 3 63 and 3 83K. However, for the odd 
and even NRD at 343K there was a slight decrease of the 
solvation constants with delta h while the corresponding 
plot for BRD showed an increase in s and a-constants with 
6h-

The decrease in s and a-constants with delta h for NRD at 
343K is quite odd and alarming as the reverse was expected. 
This was investigated by plotting a graph of log of the Vg 
ratio of butanol/pentane vs 0^ and then the a-constant at 
343K, Figures 11.15 and 11.16.
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Figure 11.12

1- constant vs ceita d for odd NAO at 343K I- constant vs delta d for odd NRD at 363K
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Figure 11.13

s and a- constants vs delta p tor odd NRD at 343K s and a- constants vs delta p for even NRD at 343K
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Figure 11.14

s and a- constants vs delta h for odd at 343K s and a- constants vs delta h for odd NRD at 363K
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Figure 11.15

log of Vg ratio vs delta h for NRD with odd EO units at 343K log of Vg ratio vs a-constant for NRD with odd EG units at 343K

4.00

1.60 1.60

1.55 1.55 -

1.50 1_50

1.45 1.45

U S 1 J 5
4 J0 5.00 5.50 6.00 6.50 2.00 2.05 2.10 2.15 2J20 225 2 JO

log  o f Vg ra tio  vs  de lta h fo r BRD w ith  odd EO un its  a t 343K log o f Vg ra tio  vs  a -constan t fo r  BRD w ith  odd EO u n its  at 343K

1.65

1.60 -

1.55

1.50

1.45

1.40 -

1J5

1.65 -

• ■

1.60 ^

1.55 ^

• 1.50 - ■

• ■

1.45 -

• ■

1.40 ^

# 1J5  -
■

0.00 2.00 4.00 6.00 8.00 10.00 2.00 2.07 2.14 221 228 235



Figure 11.16

log  o f Vg ra tio  vs delta h fo r NRD w ith  even EO u n its  at 343K log of Vg ra tio  vs a-constant fo r NRD w ith  even EO un its  at 343K
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Butanol and pentane were chosen because among the list of 
solutes that Voelkel and co-workers obtained Vg for they are 
the pair with similar molar volume and size and so the ratio 
of their Vg can be used to determine the extent of hydrogen 
bonding of the ethoxylate at that temperature. The plot of 
the log Vg ratio vs a-constant at 343K was linear for both 
even and odd NRD and BRD. However, the plot of the log of 
the Vg ratio vs 0^ at 343K showed scattered points. Figures 
11.15 and 11.16. This confirms that the hydrogen bond 
component of the solubility parameter, 5̂ , calculated by 
Voelkel does not correlate well with the a-constant, the 
hydrogen bond basicity of the ethoxylate in this instance.

In this work, like Voelkel and co-workersiO it was found 
that the ethoxylates with NRD have higher polarity than the 
corresponding BRD products. However, within each set of 
ethoxylates the odd numbered ethoxylates behave differently 
to the even numbered hence the zig-zag pattern. Odd and even 
should be treated separately this is because the behaviour 
of the even and odd numbered etboxylates has been attributed 
to the difference in molecular orientation of these two sets 
of ethoxylates. The solubility parameter and the 
corresponding components vary enormously within the series 
of the ethoxylate from EO unit of 3 to 11 for both BRD and 
NRD but the solvation constants do not vary very much. From 
the analyses in Table 11.30, the solubility parameter and 
its components do not give consistent results compared to 
the solvation constants. This shows that Voelkel's 
calculated solubility parametersio and the corresponding 
components may not be completely reliable.

As well as giving information about the polarity of the 
broad and narrow range ethoxylates, other surfactant-probe 
interactions such as the hydrogen bonding and dispersion 
interaction of these ethoxylates have been identified and
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quantified through the use of the solvation equations. 
Also, the effect of increasing the number of ethyleneoxide 
(EO) units and temperature on the solvation constants and 
hence the characteristics of these ethoxylates as gc 
stationary phases have been quantified. The change wfrt) 
temperature of the solvation constants gives an indication of 
the thermal stability of the interactions. By knowing the 
solvation constants for these ethoxylates at the different 
temperatures they can be selected for the application of 
materials for a variety of use. Also, these ethoxylates can 
be modified to develop new surfactants to tailor specific 
applications.
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CHAPTER 12

12.0 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

IGC and the general solvation equation were used to identify 
and quantify the solute-solvent interactions that the 
various phases are capable of taking part in under various 
conditions. These equations revealed specific features of 
the homopolymers and polymer blends which can be used to 
select polymers for specific applications. Also, quantified 
were the solvatochromie parameters of solvents and polymers 
at 298K. It was not possible to correlate the solvation 
parameters of the polymers obtained from the spectroscopic 
method with those from IGC because of the vast temperature 
difference employed in the two methods.

The solvation properties determined by the spectroscopic 
method can only be obtained at relatively low temperatures 
compared to IGC which offers a wide temperature range. Also, 
with IGC the solvation properties can be determined with 
relative ease in that all the solvent or polymer properties 
can be obtained simultaneously through the general solvation 
equation while in the spectroscopic method the parameters 
have to be determined in separate experiments. Application 
of the spectroscopic method to polymers requires extensive 
sample preparation while in IGC the polymer is simply 
coated on the support and solute probes are injected. IGC 
followed by the general solvation equation is limited to 
solutes for which the explanatory variables are known. The 
spectroscopic method can be used to determine the solvation 
characteristics of less volatile organic compounds which are 
not suitable to use as GC stationary phases. Solvatochromie 
parameters can be determined for polymers in which the 
indicator dyes are soluble and are sufficiently
transluscent to allow UV visible spectroscopic measurements.
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Effects of humidity and temperature variation have to be 
controlled as the solvatochromie dyes are sensitive to these 
factors. Also, with the IGC method retention data can be 
obtained for mixtures of compounds thereby speeding up the 
analysis time. Therefore, of the two methods used in this 
work IGC offers an effective, simple technique for rapid 
measurements of interactions of homopolymers and polymer 
blends with probe solutes at a wide temperature range. 
However, it is necessary to use the spectroscopic approach 
to determine these parameters at temperatures below the Tg 
at which IGC measurements will include surface adsorption. 
Both IGC and the spectroscopic method should therefore be 
used to characterise the polymers under investigation.

Future work can concentrate on calculating thermodynamic 
parameters such as the heat of solution, free energy of 
mixing and entropy of mixing for the polystyrene/ 
polyvinylmethyl ether system using the corresponding 
equations given in Chapter 2 and the ancillary data required 
to calculate these parameters. It will be interesting to 
obtain the Flory Huggins interaction parameters for the 
solutes on the homopolymers as well as the blend at the 
various temperature studied. It will also be interesting to 
study the effect of derivatisation of PAA on the solvation 
characteristics and to see how the correlation is affected. 
This can be done by preparing a new column with the sodium 
salt of polyacrylic acid.
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