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ABSTRACT

The understanding of polymer or solid sorbent interactions with gases is very important in 

probing properties of these materials. Partition, sorption and desorption are all essential 

here in assessing the potential usefulness of the liquid polymer and solid sorbents as 

potential protective, resisitant materials, gas sensors, and adsorbents. It would be of great 

advantage if the interaction behaviour between a gas and a polymer or solid phase can be 

quantified, so that suitable materials can be selected for specific functions.

A method that was employed to measure polymeric or solid partition data at infinite 

dilution was inverse gas chromatography (IGC). Here the area of investigation is the 

stationary phase and not the solute or vapour as it would be in conventional 

chromatography.

The work here is divided into sections;

- Gas-liquid chromatography - to measure the partition coefficients of gases on a polymer

- Gas-solid chromatography - to measure the adsorption isotherms of gases on solid 

sorbents

The application of the general solvation energy relationship (LSER), equation (1), led to 

the evaluation of stationary phase sorption properties, and enabled the relative strengths of 

multiple simultaneous interactions, to be evaluated.

Log SP = c 4- rR% + S7t^2 4" aXot^2 4- bX(3^2 4-1 logL*  ̂ (1)

Here logSP is a set of gas-liquid chromatographic retention data for a series of gases on a 

given polymeric phase, or a series of gas-solid partition coefficients obtained at 298K. 

Using the method of multi linear regression analysis the values of the coefficients in 

equation 1 were obtained. These coefficients relate quantitatively to the properties of the 

polymer or adsorbent, that are complementary to the properties of the gaseous solutes.^

In addition, the solvatochromie method was used to measure physicochemical properties 

of the polymer. Here the interaction between a polymer film and an added dissolved dye 

was measured by the absorption of the films in the ultra violet-visible spectrometry.

The two methods employed to characterise the properties of the polymer are compared 

and discussed.

’ Subscript 2 refers to solute parameters.
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CHAPTER 1

1.00 Introduction to chromatography

One of the notable scientific achievements of this century is the discovery and 

application of chromatography. The technique was devised by the Russian botanist M.

S. TswelT* in 1906, to separate plant pigments by a chromatographic method (now 

called liquid-solid chromatography). The word chromatography, literally "colour 

writing" was used by Tswett to describe the process. Progress in the development of 

chromatography reached a breakthrough in 1941 by Martin and Synge^ in 

partition chromatography for liquid-hquid chromatography, followed by the 

invention of gas-liquid chromatography in 1952 by James and Martin,^ based on the 

differences in partition of separated substances between the gas phase and a hquid 

phase.

Chromatography can be considered as a science of analysis and preparative 

separation of substances, or as a method of studying physicochemical properties."^ 

The feature common to all chromatographic methods is the use of two phases, one 

stationary and the other mobile; separations depend on the relative movement of 

these two phases. Chromatographic methods may be classified according to the nature 

of the stationary phase, which may be a solid or a hquid. If the stationary phase is a 

solid the method is known as adsorption chromatography; if a liquid, as partition 

chromatography. In each case the mobile phase may either be a liquid or a gas.

1.10 Gas Chromatography

The gas chromatographic methods that were used in these physicochemical studies 

were gas-liquid and gas-solid chromatography, and can be summarised as:

-  Gas-hquid chromatography (GLC), when the mobile phase is a gas, the 

stationary phase being a liquid (absorbent) dispersed thinly on an inert support 

such as diatomaceous earth. The liquid is held on the surface and in the pores of



the support, while the mobile gas phase flows through the spaces of the solid 

particles.

-  Gas-solid chromatography^ (GSC), when the mobile phase is a gas, the 

stationary phase is a fine particle or porous solid, providing large area of 

contact between the two phases.

The first experimental work on gas-liquid chromatography was published by 

James and Martin.^ Today, literature on chromatography contributes significantly to 

all kinds of research, from pharmaceutical, agrochemical to polymers. This 

extensive application includes high performance hquid chromatography (HPLC), 

capillary and chiral separation chromatography and many more. 

Chromatographic techniques have become classical and their use is without 

doubt diverse, powerful and an indispensable tool in scientific work.

1.20 Chromatographic processes

There are three main ways to operate a chromatograph,^ depending on how the 

solute is fed into the column.

In elution chromatography, a small discrete volume of sample is introduced into the 

column and carried by the flowing mobile phase, the different components in the 

sample are separated according to the distribution coefficient between the two 

phases, and their emergence at the outlet end is suitably detected.

An alternative technique is frontal analysis chromatography. Here the sample is 

continously fed into the column, each solute is retained to a different extent as it 

reaches equilibrium with the stationary phase until, eventually, the least 

retained solute exit the column followed by other bands in turn. The detector 

output will show a series of rectangular steps of increasing height.



In displacement chromatography, a displacer is introduced into the mobile phase, 

the displacer must have a higher affinity for the stationary phase than the sample. 

The displacer then drives the adsorbed components progressively along the column, 

each component displacing the one in front, until they are eluted in the same order in 

which they were adsorbed on the column; the least strongly retained being eluted 

first.

Displacement chromatography is sometimes used in preparative chromatography 

and frontal chromatography in some physicochemical measurement applications, but 

of the two methods, elution chromatography is more commonly used.

1.30 Instrumental components of gas-chromatography

The principle function of a gas chromatograph is to provide conditions required 

by the column to achieve separation of components carried in the mobile phase, 

without lowering the performance of the column. The gas-chromatograph 

consists of a regulator by which the flow of carrier gas into the column is 

controlled, an inlet system to vaporise and mix the sample with the carrier gas, a 

thermostated oven and an on hne detector to monitor the separation. Instruments 

differ in their degree of sophistication and degree of tolerance within which the 

experimental conditions can be controlled, but the basic components are the 

same, see figure 1.0

1.31 Pneumatic system

For most studies the carrier gas should ideally be inert in two respects. It should 

not interact with the solute in the gas phase nor should it be sorbed in or on the 

stationary phase. The gases most commonly used are inert gases; helium, argon, 

hydrogen and nitrogen. Gas-phase interactions are small but significant and to 

some extent the retention volume depends on these interactions but the 

interactions involved are mainly solute-stationary phase. At pressures below 

a few atmospheres, sorption of the carrier gas by the liquid stationary phase occurs
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Figure 1.0 Schematic diagram of a gas chromatograph



but this has a negligible effect on the solute partition coefficient. The solubility 

of the carrier need only be considered when the gas-phase interactions are measured 

by varying the total pressure.

The carrier gas is supplied from a pressurised cylinder at high pressure, which is 

coarsely controlled by a pressure reducing valve at the outlet. A steadier flow of 

gas to the instrument is controlled by a second regulator, this fine flow tuning is 

positioned before the gas entes the control. The carrier gas first is purified by 

directing the gas flow through a molecular sieve trap to remove oxygen, low 

molecular weight hydrocarbon and moisture. Oxygen present in the carrier gas 

causes degradation of the stationary phase and shortens the life span of thermal 

conductivity detectors. While moisture can also cause the above effect, it is also a 

strong deactivating agent, which results in poor reproducibility of retention times 

in gas-solid chromatography.*

The flow of the hydrogen and air gases required for flame detectors need only be

coarsely controlled. Usually, a pressure regulator at the head of the gas cylinders 
is
.coupled with a needle valve. The flow control of carrier gas is more precise, as 

variation of gas flow affects the retention reproducibility.

The choice of carrier gas depends largely on the type of detector used and the 

process being studied. If a thermal conductivity detector is used, the selectivity 

should be based on the thermal conductivity of the gas, both hydrogen and helium 

possess this property, thus rendering them the most sensitive gases for detector. 

In non-analytical gas-chromatography, the choice of carrier gas should be one which 

is not absorbed or adsorbed on the surface of the stationary phase. Helium is usually 

best for such purposes, hydrogen can be used provided that it does not react with 

the surface of the stationary phase under experimental conditions. However, 

hydrogen is highly explosive and helium is expensive, so nitrogen and argon are 

more commonly used as carrier gases.



1.32 Injector system

The start of analysis begins when a liquid or gaseous sample is injected into the 

injector port, purposely designed to be near to the head of column inlet to avoid 

diffusion of sample in the gaseous phase. Liquid or gaseous samples are usually 

injected using a microsyringe through a silicone rubber septum, which is resistant 

to high temperature, and sealable to prevent the escape of the vapours. The 

injected sample, if a liquid, is vaporised rapidly in the injector port to 

prevent band broadening, tailing and prolongation of retention time.^ The 

vapo rised sample is led to the start of the column by the carrier gas. The injector 

temperature is set based on the solute molecular weight and requirement for a 

particular analysis.

1.33 Sample size

The size of the sample required depends on whether the study carried out is in the 

infinite dilution range or in the range of finite concentration for gas-liquid 

chromatography and gas-solid chromatography techniques. At infinite dilution, the 

concentration of the sample is negligible and thus the gaseous phase may be 

considered as ideal. The term ideal means that there is no peak broadening, but 

in most cases non-ideal chromatography often exists. At infinite dilution, the sample 

molecules do not interact with each other and therefore behave independently, and 

thus lead to linearity of chromatography, at this region of concentration. With 

linearity the peaks are symmetrical, with easily defined retention volume and column 

efficiency measurements. With finite concentration, larger amounts of solute are 

generally required. The amount sorbed is less than proportional to the concentration 

in the gas phase, and this leads to peaks with sharp fronts and diffuse tails.

In physicochemical and analytical investigations the range of infinite dilution is 

usually employed, but sometimes higher concentration may sometimes be necessary. 

At this concentration, the peak is broad and assymmetric with the retention time 

changing according to the concentration of the sample.



1.34 Column oven

The column ijplaced in the oven with the inlet end connected to the injector port 

and the outlet to the detector. The column oven is generally a forced circulation air 

thermostat of sufficient size to accommodate the column. Its functions are to heat 

the column to the required temperature and to maintain the uniformity of the 

temperature, because fluctuation of temperature of the column is one of the main 

causes of peak distortion, affecting the distribution constants of solutes between the 

mobile and stationary phase, hence the retention times.

1.35 Gas detector

Organic vapors in the effluent from a gas chromatograph can be detected by two 

main methods: flame ionisation (FID) and thermal conductivity (TCD), these 

detectors respond to nearly all organic compounds. Detectors can be characterised 

as mass or concentration dependent, and this feature is observed in the signal of the 

gas chromatographic detector. A detector is described as concentration-dependent 

when its sensitivity is dependent upon the flow rate through the detector, ionisation 

detectors. Sensitivity is thus the product of peak area and flow rate divided by the 

weight of the sample, see equation 1.0. A detector is mass-dependent when its 

response is not effected by the gas flow rate, thermal conductivity detector, and 

sensitivity is defined as the peak area. A, divided by the weight of the sample.

S=Fw *A /W  (1.0)

Here S is the sensitivity, Fw is the carrier flow rate and W is the weight of the sample. 

The performance of different detectors are usually considered in terms of minimum 

quantity standards measurable (sensitivity), the selectivity response ratio between 

standards of different composition or structure, and the range of the linear portion 

of the detector-response calibration curve.

FID has enjoyed wide popularity, owing to its nearly universal response to organic 

compounds, high sensitivity, long term stability, simplicity of operation and



construction, low dead volume and fast signal response, and exceptional linear 

response range.* The disadvantage of FID is its inability to detect certain compounds, 

such as water, inorganic gases (NH3, SO^), and single carbon bonded to oxygen or 

sulphur (CO ,̂ SO^). The advantage of non-response of FID to water enables 

humidity studies to be carried out, however.

The FID functions by burning organic compounds from the column carried in the 

stream of carrier gas at a small jet hydrogen-air diffusion flame. The resultant ions 

are concentrated at the collector located a few milhmetres above the Jet flame, and 

are measured by the difference in the current ion potential between the jet tip and 

the collector electrode. The potential is selected at the region for which 

increasing the potential does not increase the ion current ie. the saturation region. 

The small ion current signal is amplified. Factors that affect the performance of the 

detector are the ratio of air to hydrogen to carrier gas flow rates, and the sample size. 

Typical flow rates^ would be: carrier 30 ml/min, hydrogen 40 ml/min (80 ml/min if 

carrier is helium) and air 500 ml/min. The sample size affectg the detector 

performance by becoming an additional fuel source to the flame, increasing the flame 

length. As the flame length increases it penetrates the interior of the collector 

electrode where the electric field is weaker and the efficiency of the ionisation 

collector decreases.

A thermal conductivity detector (TCD) also known as a katharometer detector, is a 

non-destructive, concentration-sensitive detector that responds to the difference in 

the thermal conductivity in pure carrier gas and carrier gas containing organic 

vapours. Thermal conductivity detector is virtually a universal detector since it 

responds to all materials whose thermal conductivities differs from the carrier. A 

typical TCD is composed of a fine platium wire or ribbon held under tension axially 

in a cylindrical chamber. The wire forms one arm of a Wheatstone-bridge circuit and 

is heated by the bridge current. Provided that the current is constant, the 

temperature of the wire is determined by the rate at which heat is conducted away 

by the surrounding gas. A change in the thermal conductivity of the latter.



caused by the presence of eluted vapour, results in a change in the temperature of 

the wire, and unbalance of the bridge.

Katharometer is a robust and easily operated instrument. It is necessary to ensure that 

the filament is never energized when the gas flow is stopped. Otherwise the filament 

can bum out within a few seconds. On first starting up, sufficient time must be 

allowed for air to be swept out of the system before the katharometer is switched on, 

to prevent oxidation of the filament.

For many general applications FID is preferred, it has sensitivity^ of some four to 

six orders of magnitude ̂ than that of katharometer, has a greater linear response 

range, and provides a more reliable signal for quantitation.

1.36 Measurement of retention time (t̂ )

The method adopted to measure retention time is important as this directly affects the 

accuracy of chromatographic determinations. Any errors in measurement depend on 

the method of measurement adopted, and would be relatively greater for substances 

with a short retention time. The commonest techniques used are:

1. Stop watch (only for very short retention)

2. Electronic integrator

3. Chart recorder and measure from injection to peak maximum.

4. Software programs via computer.



CHAPTER 2

2.00 Theoretical basis for gas chromatography

The normal way of obtaining the result from a gas chromatographic measurement is 

in the form of a chromatogram. From measurement of the chromatogram, 

retention volumes or relative retentions may be determined which are characteristic 

of individual compounds.

2.10 Retention times and retention volumes

A chromatogram is a plot of detector response against time, or against the volume 

of the carrier gas. The horizontal axis, which is the direction of motion of the chart 

recorder paper, represents time if the paper moves at a constant rate; it also 

represents volume of gas if the flow rate is constant. The vertical axis represents the 

concentration of the solute in the gas for a differential detector and will normally 

be measured in millivolts, see figure 2.0. On an integrated chromatogram, the 

vertical axis represents the quantity of substance.

S o lu te
injection

E lu tion  o f
n o n - s o r b e d  sa m p le

E lu tion  of 
s o lu te  p eak

cn

T im e — -

Figure 2.0 An example of a chromatogram obtained from elution chromatography
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The solute retention time, t^, is the time the average molecule of solute takes to 

travel the length of the column and is measured to the midpoint of the symmetrical 

breakthrough curve, figure 2.1. A part, t^, of this time is required by all solutes 

simply to pass through the mobile phase from inlet to outlet. All molecules spend 

the same amount of time in the mobile phase during their passage through the 

column, and part of the time is spent in the mobile phase and part of the time in the 

stationary phase. The contribution to retention by the stationary phase alone is the 

adjusted retention time, tR>:

(2.0)

Tangents drawn to ttm 
inflexion points

1.000

0.882

E
9E

E 0.607 
o

0.500

Inflexion points

"o
CL

3<r

X

0.134

0.044

Figure 2.1 Characteristic properties of a Gaussian peak
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In chromatographic separations, the ratio of the time spent by the solute in the 

stationary phase to the time it spends in the mobile phase must be optimized. This 

ratio is called the solute capacity factor and is given the equation 2.1

k  —  1r  /  t m  =  ( t R  -  t m ) /  t m  ( 2 . 1 )

Where k is the capacity factor. To plan a strategy for improving separation, it is often 

necessary to determine k for one or more bands in the chromatogram. Often, only a 

rough estimate of k is required, in which case k can be determined by simple 

inspection of the chromatogram, without exact calculation. From its capacity factor, 

the retention time of any solute can be calculated from equation 2.2

tR = tm (l+k) = (L /u)(l+ k) (2.2)

Here, L is the column length, and u is the average mobile phase velocity.

The relative retention of two adjacent peaks in the chromatogram is described by the 

separation factor, a , given by equation 2.3

a  =  tR’ ( B ) / t R ’ ( A ) =  k s / k A  (2.3)

By convention, the adjusted retention time or the capacity factor of the later of the 

two elution peaks is made the numerator in the above equation; the separation factor, 

consequently, always has values greater than or equal to 1.0. The separation factor is 

a measure of the selectivity of a chromatographic system, and it sometimes can be 

called the selectivity factor, selectivity or relative retention.

Retention is usually measured in units of time for convenience. Volume units are 

also used, and if tĵ  and t^ are multiplied by the mobile phase flow rate, F, observed 

at the pressure at the column outlet, the retention volume, and the mobile 

phase hold up, V^, are obtained.

V r = tR* F (2.4)

12



The adjusted retention volume, V^’, is:

Vr' = Vr - (2,5)

Under average chromatographic conditions, liquids can be considered incompressible, 

but not so for gases. In gas chromatography, there is a pressure gradient along 

the column, and the gas flow rate at all points in the column is less than that at the 

outlet. The elution volumes, V^, V^' and are measured at outlet pressure, 

and may be corrected to column pressure by multiplying by a pressure-gradient 

correction factor, f s ,  thus giving rise to a corrected retention volume, V \ ,  defined 

as:

V°R = FIr (2.6)

and a corrected mobile phase holdup,

Vo„ = J^*F t„  (2.7)

and a net retention volume.

Vn = ^ 3 *  V r 

= V°R-V0^

=  A  (V r -  v j  (2 .8 )

It is the net retention volume from which equilibrium thermodynamic 

parameters are calculated, f s  is given by;

= 3 [(? / P J '-  1] / 2 [(? / ?„)’-1] (2.9)

Pj is the column inlet pressure and is the column outlet pressure. The column 

inlet is usually measured with a pressure gauge at the head of the column. The gauge

13



actually indicates the pressure drop across the column; thus, the inlet pressure is a 

combination of pressure measured from the gauge and pressure outlet. The 

pressure-gradient correction factor, f s ,  is always equal to, or less than, unity. 

The reason is that as the peak migrates it moves progressively faster due to 

increasing velocity of the gas as it expands; the measured t^ relates to a 

column-averaged velocity, F ,̂ but is multiplied by the maximum (exit) velocity in 

calculating Vĵ , which accordingly is an over estimate of

The mobile gas flow rate is measured with a soap-film meter, and for accurate

measurements it is necessary to correct the measured value of the flow rate for 

the vapour pressure of the soap solution (assumed to be the same as the vapour 

pressure of pure water) and also for the difference in temperature between the

column, T^,  and flow meter, T^, as shown below;

Fc= [ T /T J [ 1 - ( P ^ P J ]  (2.10)

Where is the corrected carrier gas flow rate, F^ is the measured gas flow rate 

at the column outlet, P  ̂is the outlet pressure and P^ is the saturated vapour pressure 

of water at T^. In these circumstances becomes;

= jV  F,(Vr - V J  (2.11)

2.20 Specific and relative retention volumes

Many physicochemical constants can be determined from either the specific retention 

volume, or the relative retention volume. The specific retention volume, Vq, is 

characteristic of a particular solute, stationary phase, and carrier gas. It is the 

net retention volume for unit weight of stationary phase and is given by

Vo = V^/Wi (2 .12)

14



Where Wi is the mass of stationary phase in grams present in the column. Vg is 

experimentally obtained via equation 2.13, from relative retention time, trei, and where 

all the experimental variables are included;

Vg = t„ ,[Fc*J^/W |]

or

Vg = Ui*[F»(P„ - P„)Tc* A  / PoTwW,] (2.13)

The variables Fw is the gas flow rate at the column outlet, Po is the outlet pressure, Pj 

is the pressure inlet, Pw is the vapour pressure of the water at the temperature of the 

soap-bubble flow, Tw, Tc is the column temperature, Wi, is the weight of the 

stationary phase on the column, and trei is the relative retention time, trei, is defined as 

the retention time of the solute divided by the retention of a 'standard' under 

identical conditions. The relative retention is given by*

trei = - 1^/ tR, - 1  ̂ (2.14)

The relative retention is determined from the chromatogram by measuring the
by

distance on the chart between the solute peak and an inert peak, and^dividin^thisby 

th& same distance for the standard solutes. Commonly, the standard is an n-alkane 

as these are usually readily available in a pure state and often enable comparison to 

be made with other work.

The use of relative retention times, where appropiate, has two main advantages over 

absolute (specific) retention volumes. First, since relative retentions are calculated 

directly from distances on the chart recorder, no knowledge of inlet or outlet 

pressures, gas flow rate, or amount of stationary phase is needed. Second, 

relative retention times are more reproducible than specific retention volumes 

between various 'runs' and often more reproducible between different workers.

In equation 2.14 subscripts 1 refers to the standard solute and 2 to the other solute
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The effects of slight variations of column temperature, stationary phase loading, etc., 

are minimised because the retentions of both solutes are similarly affected.

The retention volume may be related to a physicochemical property of the solute- 

solvent system, the partition coefficient, K. This is defined as;

K or L = Concentration of the solute in stationary phase (2.15)

Concentration of the solute in mobile phase

The gas-liquid partition coefficient is related to the capacity factor by equation 2.16.

K = pk (2.16)

Where p is the phase ratio and is equal to the ratio of the volume of the gas (Vg) and 

liquid (Vi) phases in the column. For gas-solid chromatography the phase ratio is 

given by the volume of the gas phase divided by the surface area of the stationary 

phase.

The partition coefficient, K or L, is dimensionless. The gas-liquid partition 

coefficient is evaluated from the specific retention volume using the equation below.

K = W q/  (2.17)

And substituting equation 2.13 into equation 2.17

K or L = t,ei*[Fw(Po - Pw)T.*A / PoT„W, p,] (2.18)

Where is the liquid phase density at the column temperature, and K is the gas- 

liquid partition coefficient.

The partial molar Gibbs free energy of solution for a solute at infinite dilution in 

the stationary phase can be obtained directly from K.
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A G = - R T , l n K  (2.19)

Where AG is the partial molar Gibbs free energy of solution.

2.30 Factors affecting column efficiency

In an ideal column at infinite dilution, a peak profile of a sample would maintain its 

initial shape as it migrates across the column, ie. an infinitely narrow injected peak 

would still be infinitely narrow at the outlet. In real columns; as a sample travels 

through the chromatographic column its distribution about the zone centre increases

in proportion to its migration distance or time in the column. The width of the peak 
%

spread ̂ approximately proportional to the square of distance travelled along the 

column, and maximum amplitude of the peak falls according to equation 2.20

Cmax- !/(])"" (2 .20 )

The extent of broadening is a measure of performance of chromatographic column. 

One of the most important characteristics of a chromatographic system is its 

efficiency or number of theoretical plate n. The plate number n can be defined from 

the chromatogram of a single peak, usually based on properties of a Gaussian peak 

profile, see %ure 2 .1.

n = a (t^/w)^ (2 .21)

Where t^ is the retention time, and wj, is the band width (in time units) at half height 

when a=5.54, w, the peak width at the inflection point when a=4, and wy the peak 

width at the base when a=16. Thus n is a dimensionless quantity. Alternatively, 

column efficiency can be measured by the plate height H (also the height of an 

equivalent theoretical plate or HETP):

n = L/H (2.22)
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Where L is the length of the column, and H has a length dimension. Column 

efficiency can also be measured as the number of effective theoretical plates, N, by 

substituting the adjusted retention time, tR’ for the retention time in equation 2 .2 1 . 

The number of effective plates is fundamentally more significant than the number of 

tVviOfçjUcQL plates since it measures only the band broadening that occurs in the 

stationary phase. The two measures of column efficiency are related by equation 2.23

N = n[k/ ( l+k) r (2.23)

It is good practice, when comparing column efficiency, that n and N should be 

determined for well retained solutes, because at low k values, for example, k = 1, N 

will only be 25% of the value of n for weakly retained solutes; however, for solutes 

that are well retained, k > 10, N and n will be approximately equivalent' ' as shown in 

figure 2.2. At low k values n will be speciously high and will misrepresent the actual 

performance. It iŝ  general practice, to normalise the value of n and N on a per metre 

of column length basis.

SNoo • 116.9 • 120

100

N_768 200

0.4

Figure 2.2 Plot of theoretical plate number (n), effective plate number (N) against the 

capacity factor for an open tubular column. ' '
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The measured quantities n and H are the most useful parameters for characterising 

the efficiency of a chromatographic system. The names plate number and plate height 

originate from the plate model of the chromatographic p r o c e s s . H e r e  the 

column is divided into segments (theoretical plates), in which a solute 

equilibrates rapidly between two phases at each plate before the solute moves on to 

the next plate. The distribution coefficient of the solute is the same in all plates and is 

independent of the solute concentration. The mobile phase is assumed to occur in a 

discontinous manner between plates and diffusion of the solute in the axial direction is 

negligible. Axial diffusion in chromatography is only insignificant in contribution to 

band broadening over a narrow range.

The spreading of molecules along the column begins at the injector end of the 

chromatograph. As the molecules move through the column, the molecules 

gradually spread out, and this causes the deviation of the average rate process of 

these molecules. The broadening of the peak shape caused by spreading of the 

molecules can be separated into two groups. The first involves processes that 

occur in all columns. These are, spreading due to unevenness of flow (often called 

Eddy diffusion), longitudinal diffusion, and slow mass transfer in the mobile phase 

and stationary phase.

These various contribution to the band broadening can be quantitatively 

expressed in the van Deemter equation^"  ̂for HETP;

H = A + B/u + (Cs +Cm)u (2.24)

Where A, B, and Cs, Cm are constants for a given system. These three terms 

represent plate height contributions from eddy diffusion, longitudinal diffusion, and 

the sum of stationary and mobile phase mass transfer terms respectively, and u is the 

mobile phase velocity.

Eddy diffusion arises from the non-uniform flow path of the mobile phase in a 

packing column that is unevenly packed. As a result, sample molecules take
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different paths through the packed bed, depending on which flow stream they 

flbw. This eddy diffusion causes molecules to spread, and this spreading becomes 

progressively greater as the flow of sample in the mobile phase continues. Band 

broadening due to this process can be minimised by having the smallest practical 

particle size with a narrow range distribution,^^ see figure 2.3. A packed column 

packed with wide range particle size will give rise to band broadening characteristics 

of the properties of the largest particles while the pressure drop will dictated by the
a(Q,

particles of the smallest size. Both^being detrimental to column performance.

0 2 20-30

0-1

o 5 0 - 6 0-CQ- o-

0

L n e a r  v e l o c i t y  ( c m / s

UJ
X

Figure 2.3 Effect of change in the particle size of the support (Silocel) 15

The contribution to the plate height from molecular diffusion longitudinally in the 

mobile phase occurs when a concentration gradient exists. Diffusion coefficients are 

much larger in gases than in liquid phases, and particularly at low mobile phase 

velocities.
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Mass transfer is not instanpous in either stationary phase or mobile phases, which are

consequently not in complete equilibrium. The result is that the solute concentration

profile in the stationary phase is always displaced slightly behind the equilibrium

position and the mobile phase profile is similarly slightly in advance of the

equilibrium position. The combined peak observed at the column outlet is broadened
tan

about its band centre, which is located where it would have been for instanpous 

equilibrium, provided the degree of nonequilibrium is small.

A minimum plate height is observed at an intermediate "optimum" value of u (û pj); 

that is column efficiency is greatest for a flow velocity equal to û pj, as a plot for 

plate height and mobile phase velocities indicated.
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0.0050

0 .0040

H(cm)

0 .0030

Cu
0.0020

0.0010

B/u
0.1 0.2 0.3 0.6 0.7

Figure 2.4 Relationship between band broadening and mobile phase velocity 16
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The second group of processes leading to band spreading include such effects as 

slow desorption from "active sites" which hold on to the solute molecules more 

strongly than the bulk of the packing (sometimes due to adsorption on bare 

support). Another band spreading process is commonly referred to as 'sorption 

effect', which results in areas of high concentration in the column moving faster than 

areas of low concentration. A simple way of looking at this effect is described by 

Littlewood.’̂  "The total pressure inside a peak in a column is not different from 

the total pressure elsewhere in the column (neglecting the overall pressure 

gradient). Hence, since there is a finite vapour pressure of sample, the partial 

pressure of carrier gas must be correspondingly reduced. Since the mass flow rate of 

carrier gas in the column must remain constant along its length, it follows that the 

carrier velocity is greater inside the peak than elsewhere, particularly in those 

parts of the peak where the concentration is high. The effect of this is to move the 

centre of the peak through the column more rapidly than the other parts, so that it 

becomes skewed towards the end of the column, and so a slight asymmetry is 

imposed upon the peaks, making their front profiles sharper than their real profiles." 

This can result in smaller retention volumes.

22



References

1. M. Tswett, Ber. Deut. Botan. Ges., 1906, 316.

2. T. Synge and A. J. P. Martin, Biochem. J, 1941, 35, 1358.

3. A. J. P. Martin and A. T. James, Biochem. J., 1952, 50, 679.

4. A. I. Keulmans, Gas Chromatography, 1959, Reinhold, NY.

5. E. Cremer and F. Prior, Z. Electrochem., 1951,55, 66.

6. D. Ambrose, Gas Chromatography, 1971, Butterworths, London.

7. J. R. Conder and C. L. Young, Physicochemical Measurement by Gas 

Chromatography, 1979, J. W. & Sons, NY.

8. C. F. Poole and S. K. Poole, Chromatography Today, 1991, Elsevier, Amsterdam.

9. J. G. Litt and N. Alder, J. Chrom., 1965, 3, 250.

10. A. Levy, J. Sci. Instr, 1964, 41, 449.

11. J. Krupcik, J. Garaj, G. Guichon, and J. M. Schmitter, Chromatographia, 1981,

14, 501.

12. B. L. Karger, L. R. Snyder and C. Horvath, An Introduction to Separation 

Science, 1973, Wiley, NY.

13. J. C. Giddings, Dynamics of chromatography, 1965, Dekker, NY.

14. J. J. Van Deemter, F. J. Zuiderweg and Klinkenberg, Chem. Eng. Sci., 1956, 5, 

271

15. J. Bohemen and J. H. Purnell, Gas Chromatography, Edited by D. H. Desty, 1958, 

Butterworths, London.

16. E. Katz, K. L. Ogan and R. P. W. Scott, J. Chromatogr., 1983, 270, 51.

17. B. Littlewood, Gas Chrom., Proc. Symp.,1964, 5, 77.

23



CHAPTER 3

3.00 Introduction to linear energy relationship

. The relationship between organic reaction rate coefficients and equilibrium 

constants and their physico-chemical properties in solution have qualitatively often 

been siudied-, but quantitatively their understanding for a long time was not so 

clear. This prompted a need to find an explanation whereby one body of results can 

be related to another, and thus to obtain quantitative estimates of the factors 

underlying reactivity. Such a relationship is found in many empirical correlations, in 

the form of a linear relationship between the logarithms of the rate coefficients (k) or 

equilibrium constants (K) for one reaction and those for a second reaction subjected 

to the same variations of reactant structure or reaction conditions. These correlations 

are appropriately called linear free energy, because at constant temperature logk is 

related to the free energy of activation and logK is related to the standard free energy 

change, although ‘correlation equation’ is sometimes preferred. The basic 

relationships are associated with the name Hammett' (1937), but LFERs hav&been 

reported earlier. When applied to solvation processes, LFERs are sometimes denoted 

as linear solvation energy relationships, or LSERs.

3.10 Linear Solvation Energy Relationship (LSER)

The linear solvation energy relationship is based on a simple solvation model used 

by Abraham, Kamlet and Taft (AKT)^’̂ on the concept of a solution of a gaseous 

solute into a solvent, see figure 3.0. The process can be broken down as follows;

1. The creation of a cavity of a suitable size in the solvent, this involves the 

endoergic breaking of solvent-solvent bonds

2. The reorganisation of the solvent around the cavity

3. The insertion of the solute into the cavity, setting up various solute-solvent 

interactions all of which are exoergic.
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S o lu te

S o lv en t

S o lu te

S o lven t

Solute Solvent Complex

w .

F igure  3 .00  T he so lvation  m odel

T he en d o erg ic  effects in m aking a cavity  depend  on the forces ho ld ing  the so lvent 

m o lecu les together, and on the size o f  the cav ity . T h is  is m easured  by the H ildebrand  

cohesive  energy  d e n s i ty ,e q u a t io n  3.0. T he energy  involved  in reorgan ising  the 

so lven t m o lecu les around is negli gible, excep t for assoc ia ted  solvents.

=  (A H -R T)/ V | (3.0)

W ith the in troduction  o f  the solute into the cav ity  in step 3, various so lu te-so lven t 

in teractions can  take p lace, all o f  w hich are exoerg ic . F or a so lvent and solute o f 

po lar o r  p o larisab le  nature, d ipo lar in teraction  can  be set up, Tt*, o f  the type d ipo le- 

d ipole, d ip o le-in d u ced  dipole, w ith tc*i from  the so lvent and 71*2 con tribu ted  from  

the so lu te . T he com bined  term  7i*i7i*2 represen ts the p o lar in teraction . H ydrogen- 

bond ac id /base  in teractions can be set up if the so lven t is a h y drogen-bond  acid, (X|, 

and the so lu te  is hydrogen-bond  base, p i, o r the so lvent a base and the solute is an
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acid. This interaction is termed, 0Cip2 or Pitt2 respectively.* If neither the solvent 

nor the solute is dipolar or acidic/basic, then only general dispersion interaction takes 

place.

A general equation can be formulated that reflects the various interactions that occur 

in solubility or solubility related process, SP.

SP = SP„ + Atc*,jc*2+ Ba,.p2+ Cp,.a2 + D(Ôh )̂, V, (3.1)

Where SP  ̂is a constant, while the constants A, B, C and D depend upon the solvent 

or solute property being modelled.

For the solubility property of a single solute in a series of solvents, 71*2, P2, and 

will be constant and can be subsumed together with the constants. A, B, C and D, 

giving the equation coefficients s, a, b and h. These coefficients can be obtained by 

the method of multiple linear regression anal}is (MLRA). Equation 3.1 can then be 

rewritten as;

SP = S P q  + S7t 1 + aoti + bPi + h(ÔH )̂, (3.2)

Alternatively, for the solubility property of a series of solutes modelled in a given 

solvent, then the solvent parameters can be taken as constant, ie. 7t i ,  ai. Pi and (Ôh )̂,, 

and the general equation 3.1 can be written as;

SP = SPq + S7Ü 2 + aoc2 + bP2 + mVj (3.3)

For a solute set containing aromatic or polyhalogenated compounds, an extra term is

sometimes incorporated to the general solvation equation; a polarisability correction 

term, dÔ2, to give an improved multiple linear regression analysis. The Ô2

parameter"*’̂ is an empirical approximation to polarisability, taken as 0.0 for

Note that subscript '1 ’ refers to a solvent property, and subscript ’2 ’ to a solute property.
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nonpolyhalogenated aliphatics compounds, 0.5 for polyhalogenated ones, and 1.0 for 

aromatics. Equation 3.2 and 3.3 become;

SP = S„ + d.S, + S jt* , +  a a i  +  b p ,  + h(S^H), (3.4)

SP = Sq + d .6 2  +  S7l  2 + aot2 + b p 2  + mVj (3.5)

In equation 3.5, Kamlet et al have taken the cavity term for a series of solutes in the 

same solvent as being proportional to either the intrinsic volume, Vj, of Leahy,® or 

the characteristic volume of McGowan.^ This works well when SP is a liquid-liquid 

partition coefficient, but for the sorption process of gaseous solutes in liquids or 

solids, a new parameter was devised, denoted logL'®, where L ® is the Oswald

solubiltiy coefficient* on n-hexadecane at 298.15K. The solute volume term is

replaced by logL'®;

SP — Sq + d.Ô2 + S7Ü 2 + a(X2 + bP2 + 1 logL (3.6)

The various interactions that take place between solute-solvent are formulated in the 

equation (solute dipolarity, hydrogen-bond acidity and basicity, and solute 

size/dispersion).

The general equation 3.5 was revised further by replacing the term d.Ô2 with rR ,̂ 

where is the solute polarisabiltity, providing a quantitative measure of the ability 

of a solute to interact with solvent through n and k  electrons.^ Similarly, new 

dipolarity/polarisability sTt"̂  hydrogen-bond acidity aZa"^ and hydrogen-bond 

basicity bZp"^ parameters were developed by Abraham et al'"'''"'^ to overcome some 

of the difficulties encountered with the earlier Kamlet and Taft*  ̂''* hydrogen-bond 

scales (a^ and PJ, as shall be discussed further on. However, the use of new 

hydrogen bond scales does not negate the old ones, as the scales are very similar and 

scaled to the same range of zero to one. The new general solvation equation is shown 

in equation 3.7.

SP= SPo+ rR2 + s <  + aZa”  ̂ + bZg", + 1 logL'® (3.7)
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3.20 The general solvation equation; solutes parameters

In carrying out a multi linear regression analyis using the LSER equation, whether 

it be the solvent equation 3.7 or the solute equation 3.4 requires a knowledge of the 

relevant parameters or descriptors. The parameters of either solute or solvent need to 

be identified. The solute parameters were determined by Abraham et al using various 

methods, and details of how they are obtained are covered next. How solvent 

descriptors are found will be discussed in a later chapter.

3.21 General dispersion interaction

When a solute enters into a solution, a cavity is formed. The hole is created by first 

breaking solvent-solvent bonds; this endoergic process is countered by the 

formation of solute-solvent interactions when the solute sits in the cavity of the 

solvent. Thus, the size of the cavity can be considered as the molar volume of the 

molecule at 298 K, V̂ .

Another parameter, logL’̂  was formulated to provide a measure of both cavity size 

and solute-solvent dispersion interactions. LogL'^ is defined as log of the Oswald 

solubility coefficient, L on n-hexadecane at 298.15 K, which is identical to the gas- 

liquid partition coefficient, K. Values of L'^ or K’̂  were measured by the method of 

inverse GLC.

L'^orK‘̂ = Concentration of the solute in hexadecane (3.8)

Concentration of the solute in the mobile phase

LogL'^ is a parameter directly measured from the disfolution of a gaseous solute into 

a solvent (n-hexadecane); it would automatically be a measure of cavity size and 

dispersion interactions. Coefficients generated for logL'* for the process gaseous 

solute-solute (in solution) are positive, indicating that energy released from 

dispersion interactions between the solute and solvent is greater than that required in 

the cavity formation. As a comparison the logL*  ̂ from MLRA analysis of solutes on 

n-hexadecane itself would be unity, so other solubility processes can be quantified by 

reference to this.
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Note that the negative calculated term indicated in the cavity term opposes 

dissolution of solute in n-hexadecane, while dipersion interaction of solute is 

favourable. The dispersion interaction is nearly always greater than the cavity term.

3.22 Solute hydrogen-bond acid scale,

The original hydrogen-bond acidity, a^, and basicity scale, were intended only as 

interim s c a l e s . N e w  scales, and were set up by Abraham et al 

based purely on a thermodynamic basis." The hydrogen bond acidity scale WQS 

formulated from logK, equilibrium constants of 1:1 complexation of a series of 

monomeric acids against a given reference base in an inert solvent, 

tetrachloromethane. Both the acid and the base must be present at low concentration 

in order for both to be in solution as monomeric and unassociated forms.

A-H 4- B --------------► A-H—B

The general scale of hydrogen-bond acidity was set up by plotting a series of acid 

logK (against reference base) versus a series of logK (against any other reference 

base), yielded straight lines, with an intersection point at logK = -1.1 (equilibrium 

constant expressed in molar concentration units). The various logK plots must show 

family-independent behaviour, so that it is possible to obtain an 'average' hydrogen- 

bond acidity (with some exception) for solutes in CCl^, denoted as logK \. These 

were then transformed into a hydrogen-bond acidity scale, simply via equation 

3.9.

a  "2= (logK". + 1.1)/4.636 (3.9)

In bulk solvent, however, the solute can form multiple hydrogen bonds with the 

surrounding molecules, thus 1:1 complexation no longer applies. In the event these 

values can be used as overall or effective" for most mono-acids. Poly

acids are more complicated, and Ea": values can only be found reliably by some 

back calculation using some chromatographic process. This is because Ea"z cannot
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be practically obtained from complexation constant. Multiple hydrogen-bonding 

with several solvent molecules gives higher Za 2̂ value than could be obtained from 

a complexation constant, as shown in table 3.0 for the case of solute water.

Table 3.0 A comparison of and Za"; for some solutes.

Solute I a", Za",

Butanone 1 0.00 0.00

Ethanol 1 0.33 0.37

Pyrrole 1 0.41 0.41

Water 1 0.35 0.82

Acetic acid 1 0.55 0.61

Phenol 1 0.60 0.60

3.23 Solute hydrogen-bond basic scale,

The solute basicity parameter p% was originally taken as identical to pi, the 

solvatochromie parameter, for non-associated liquids,**’*̂ it being thought that a 

'monomeric' solute parameter could not be the same as Pi for associated liquids such 

as alcohols. A new p2 scale was established by Abraham et al, used 1:1 hydrogen- 

bond complexation constants in tetrachloromethane, P"2- Hydrogen-bond basicity 

was set up by plotting logK values of a series of bases (against a given reference 

acid) versus a series of bases (against other acids). These plots gave straight lines 

passing through some magic point, logK = -1.1, and enabled the average hydrogen- 

bond basicity, logK% for solutes in CCl^ to be obtained. These values were then 

transformed into the p 2̂ scale by applying equation 3.10

P"i = ( l o g O  1.1)74.636 (3.10)
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The factor 4.636 was chosen so that ^"2 = 100 for the hydrogen-bond base 

hexamethylphosphortriamide, and has no physical significance other than to serve as 

a convenient working range of and values.

Just as for the acidity term, there is no certainty that is the appropiate scale to 

use when a solute is surrounded by the solvent species. However, with a few 

exceptions can be used as for mono-bases. In the case of poly-base, again 

there seems to be no alternative than to calculate by back-calculation. Table 

3.1 shows a comparison of and values for some solutes

Table 3.1 A comparison of and values

Solute
1 ZP"2

n-Heptane 1 0.00 0.00

Diethylether 1 0.45 0.45

Butanone 1 0.48 0.51

Acetonitrile 1 0.44 0.32

Ethanol 1 0.44 0.48

Benzene 1 0.15j 0.14

Pyridine 1 0.62
1

0.52

Dimethylsulfoxide 1 0.78 0.88

Phenol 1 0.22 0.30

4-Methoxyaniline 1 0.45
1

0.65

1,4-Dioxane 1 0.47
1

0.64
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3.24 Interaction between n and n-electron pair

The concept of polarisability is well established , but its quantification was not too 

easily obtained. The polarisabilty-correction parameter, Ô2, in the LSER is only an 

empirical factor, limited to one of three values; 1.0 for aromatic compounds, 0.5 for 

halogenated aliphatics and 0.0 for all other compounds. A number of possible 

replacements for Ô2 was considered by Abraham et al., molar refraction, MR, 

being one, as it is often used as a measure of polarisabiltiy. Molar refraction can be 

defined as;

MR^= 10[(n-l)/ (n+2)]V^ (3.11)

Where n is the refractive index taken at 293K with the sodium-D line, and is the 

McGowan's characteristic volume^* in (cm^mol ')/100. This proves to be of little use, 

because of the presence of the volume term in molar refraction, the latter always 

increases with increasing size. The refractive function itself is an indication of the 

polarisable electrons for a molecule that is either aromatic or a halogenated aliphatic 

compounds. However, solutes with molar refraction in ‘excess’ of molar refraction^ 

to an alkane of the same characteristic volume, is defined as R̂ ;

R̂  = MR^(observed) - MR^(for alkane of the same V^) (3.12)

The value of MR^ for an alkane of the same characteristic volume is subtracted out, 

this is to remove the dispersive part already accounted for in logL'^ R̂  provides a 

quantitative indication of polarisable n and k  electrons, and is obtainable via 

equation 3.11-3.12, once the refractive index, f(n) and for any solute is known. 

Note, by definition R̂  = 0 for all alkanes, and by calculation R̂  is also zero for 

branched chain alkanes and for the rare gases as well. Like MR ,̂ R̂  is almost an 

additive quantity, and can reasonably easy be estimated for solid compounds, 

although in many cases experimental molar refractions are available. After 

incorporation of  ̂new parameter, the linear regression now becomes;

SP = S P q + r.R2 + s71*2 + aSoc 2 + bS(3^2 + 1 logL*  ̂ (3.13)
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The term rR  ̂in the above equation is a quantitative measure of the ability of a solute 

to interact with the solvent through solute Tt(mainly)- or n-electron pairs.

3.25 Solute dipolarity/polarisability scale, tĉ 2

Originally 71*2 was taken to be identical as to the Kamlet and Taft̂ ^̂  ̂ solvatochromie 

parameter 7C*i for non-associated liquids only. As 7t*i can only be experimentally 

obtained for liquids at 298.15K, values of k *2 had to be estimated for all associated 

compounds (including acids, alcohols, phenols and amides) and solids and gases. In 

addition, there is present an inherent assumption that 7i*i is identical to 71*2 for non- 

associated liquid, whilst this may be possible, there might be a few exceptions to the 

rule. It seemed necessary to set up a scale of solute dipolarity-polarisability based on 

some experimental procedure that in principle could include all types of molecules. 

Abraham et al constructed the new dipolar-polarisability parameter, k ^2 for use in 

LSER from the extensive sets of retention GLC data of McReynolds^'^ and Patte et 

al.̂  ̂ McReynolds measured the specific retention volume, logVo, for several 

hundreds of solutes on 77 stationary phases. From these data, Abraham et al 

determined LSER of the type shown in equation 3.13 for each of the phases and 

found that of the total 75 phases contained no hydrogen-bond acidity at all. Thus the 

LSER equation is simplified to;

LogV"c = c + rR  ̂4- s71*2 + aa"z + 1 LogL'^ 1^)

There are a series of equations (n=l-75), one for each stationary phase, where the 

constants, c, r, s, a and 1 have been determined by multiple linear regression 

analysis, MLRA, using known values of the solute parameters, R̂ , 71*2, Za"2,

LogL’̂  for as many solutes as possible. Typically, around 150 solutes were included 

in each regression equation 3.14, generalised as;

LogV°Gn = + r̂ R̂  + s„7C 2 + à^cc'̂ 2 + 1„ LogL*  ̂ (3.15)
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The constant was subsummed into the dependent variables to give 75 equations 

(one for each phase) :

V n - l  — r  n - l R 2 +  S n - l7 t  2  +  2 +  l n - 1  L o g L

(3.16)

V n -75 =  r  11-75R2 +  S n-75^  2 +  ^  n -750 t” 2 +  1 n-75 L o g L * ^

Where

V. = l o g n « - c .  (3.17)

The matrix in equation 3.16 can be used in a vertical format, by regarding for a 

given solute as the dependent variable and the constants r̂ , ŝ , â , and 1̂ , as four 

explanatory variables. The unknown coefficients to be calculated by MLRA in the 

new (vertical) MLR equation^R^, k*2 , and logL'® for the particular solute. The 

input data now related purely to properties of the solute, n *2 can be replaced with an 

experimentally determined parameter, k ^ 2 -

V(solute) =  Vn = R̂  r n  4- Sn + a ”2 a„ + LogL'® 1 „ (3.18)

The regression equation 3.18 was carried out, forcing it to pass through the origin, 

obtaining reasonable values of R̂ , 71̂ 2, a "2 , and logL'® for the various solutes 

studied. As R̂  is either known or can easily be calculated for any solute, the number 

of explanatory variables can be reduced by incorporating R̂  into the dependent 

variable:

LogV°o(„) - Cn - r„R2 = V’ = 71̂ 2 Sn + a ”2a„ + LogL'® 1„ (3.19)

The regression equation 3.19 was again forced to pass through the origin, the results 

were found to be more self-consistent than when a constant term was allowed to 

float.
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The 71̂ 2 are effective n ^2 values for a situation in which a solute is surrounded by an 

excess of solvent molecules, and so may be more correctly denoted as Ejt":.

These new experimentally obtained parameters are averages for a whole range of 

stationary phases Further extension to other solutes was carried out using the Patte et 

al retention data on five stationary phases having no hydrogen-bond acidity. Again, 

by method of MLRA the coefficients for the five phases were obtained, namely, s, a 

and 1. This time five values of k ^2 were determined by back calculation using 

known values of 7t"2, and logL'^ for each solute, which were then averaged.

Although the combination of solutes in the McReynolds and Patte el al sets amounted 

to several hundreds, there are more solutes not yet accounted for. The above sets 

missed out simple functionally substitituted aromatic solutes, polyhalogenated 

aliphatic solutes, nitroalkanes and nitriles.

The aromatic solutes' Tt": values were determined by back calculation using the 

general solvation equation on Fellous et af^ retention data for seventeen stationary 

phases. And the values for halogenated or polyhalogenated solutes were again 

obtained by back calculation using the general equation from retention data on 

various stationary phases.

The experimentally 71̂ 2 values comprised quite an extensive list, but more can be 

added. Abraham et al have devised two simple rules governing 7:̂ 2 values for 

aliphatic solutes:

Rule 1. In any homologous series of functionally substituted aliphatic compounds, 

71̂ 2 is constant except for the first one or two members.

Rule 2. In any given series of functionally subsituted aliphatic compounds, 71̂ 2 

decreases by 0.03 unit for each branch in a carbon chain.
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Rule 1 would be extremely valuable in the estimation of Tt": values, because if 71̂ 2 

was known for a few members of a homologous series, the same value could be 

applied to all other members, and rule 1 seems to agree to various homologous series 

Abraham et al have considered.

Rule 2 is not so well founded, as there may be exceptions or amendments to the rule. 

However, for the moment, rule 2 does seem to allow a very large number of n ^2 

values to be estimated for aliphatic compounds. It is to be noted that the starting 

point for application to the rule is not always the simplest member of any series.

3.30 Summary of solute parameters

Rj This is solute polarizability parameter; it provides a quantitative measure of the 

ability of a solute to interact with a solvent through n and k  electron pairs.

71̂2 This is solute dipolar/polarisability parameter which measures the solute’s 

ability to stabi lise a charge or dipole.

Z a"2 This is solute hydrogen bond acidity summation parameter.

Zp”2 Solute hydrogen bond basicity summation parameter

LogL'^ This is the log of the solute Oswald solubility coefficient, L on n- 

hexadecane at 298.15K. This is a combined measure of the solute size and 

dispersion contribution to solute dissolution.
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3.40 Correlation and Regression analysis

The theme of the work here is to find a model to correlate the various interactions 

between the solute and solvent with the known solute descriptors. The general 

solvation equation 3.7 corresponds to the various processes and interactions between 

solute and solvent that are possible in the dissolution of a gaseous solute.

With the necessary descriptors for use in the LSER equation found, a method needs 

to be set up to generate the coefficients in the equation, and the method used is 

multiple linear regression analysis, MLRA. This is a common technique in statistics, 

and is an extension of a simple linear correlation, where a series of dependent y 

values may be linearly related to the independent variable x.

For simplicity, a relationship between two variables is shown, and if it is linear 

when X values are plotted against y values, then a straight line can be drawn through 

the points, and the equation can be written as;

y = mx + c (3.20)

Where m is the slope of the line and c is the intercept on the y axis, x is the

explanatory variable used to determine the dependent value y. If there are scattering

points in the plot, then drawing a straight line may not be too obvious, and any line

chosen will affect the prediction of y values. In such cases, a method called least

squares often is used to decide the best straight line to choose. This works by taken

into account all the deviations between observed and estimated value of the variable

for a line, squaring them and adding them up.^’ The criterion of least squares is that

the best line is the one with the least sum of squared deviation. This is not so

difficult when only one variable is present, but complications arise as the number of

variables increases, as in the case of the general solvation equation. Of course to

undertake the application of least squares method on multiple variables would be

horrendous without the aid of a computer, but nowadays that is not a problem.^* This

technique assumes that any errors involved would be due to the y values, (which

may not be entirely true, as in our case where the explanatory variables are mostly
that shouW

experimentally obtained, but the main point is^they all  ̂ consistent and so when
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one set of regressions is compared with another, any errors in the explanatory 

variables would in effect cancel out.)

Correlation gives the association between the variables, but it is the regression that 

uses the variables to help explain the variation in the dependent variables and thus 

estimates the parameters of the model, and thus provides a test of the validity of the 

model and the calculation of the confidence limits of the parameters.^^

Correlation alone cannot measure the success of the relationship between the 

variables. Other statistical methods are used; the standard deviation of the estimate, 

sd, the correlation coefficient, r and the F statistic. Standard deviation is the square 

root of the quantity (sum of squares of deviations of individual results from the 

mean, divided by one less than the number of results in the set), and is given by

r  -sd = 2 [ ( X j -  x)2/n- l j  (3.21)

Standard deviation has the same units as the property heing measureJ-It becomes a 

more reliable expression of precision as n gets larger, so sd is a means of assessing 

its reliability, and is also used in considering the significance of deviant points. The 

correlation coefficient gives the measure of suctess of the correlation of the 

dependent variable y against the independent variable x. Here we are interested in 

the regression as providing an explanation of results in relation to the numerical 

range of the data sets, and so a correlation obtained should take into account standard 

deviation, sd. These considerations are essentially embodied in the correlation 

coefficient equation, r;

r = [ 1 - sd ' (n-2) / ( fyn]" '  (3.22)

Where cP, = Z(y- y)V n and y is the mean, £y/n. The quantity ( f ,  is the variance 

of the sample values of y. Looking at the equation, it can be seen that as the sd 0, 

r ^ 1  ie. the correlation gets nearer to perfection. Nowiithough the correlation r is 

often used, it is r  ̂ that is meaningful, because it gives the fraction of the variance of 

y which is ‘explained’ by the regression equation. It is more convenient to convert it
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to a percentage. Thus when x -  0.90 the regression equation explains about 80% of 

the variance. It is very important that the correlation coefficient should be considered 

in relation to the number of data sets correlated. Correlation coefficient does not give 

any statistically significance evidence of an association between x and y ie. “could 

the relationship observed reasonably have occurred due to chance alone?”.

Tests can be applied to investigate the significance of the coefficient, and dependent 

on the assumption made in errors distribution, a test is chosen. Student’s T- test 

assumes normal distribution of errors. The test is set at a confidence limit, usually at 

95%, but can go higher to 99%, depending on the accuracy of the test required. This 

gives the limit to the range of value accepted at this confident interval.

In multiple linear regression analysis, the T- test is performed on each individual 

variable to test their significance, as sometimes not all variables are necessary and 

would be indicated by the level of significance, and so may be removed. Another 

significanatest, however, as used in MLRA is the F-statistic or the Fisher statistic. 

This test accounts for the number of variables, v, present and the number of data 

points, n. The value of F-statistic yielded gives an indication of the quality of the 

regression, the higher the value F, the better is the regression.

F =  r " ( n - v - l ) / ( l - r >  (3.23)

Here r is the correlation coefficent, n is the number of data points and v is the degree

of freedom, which is (v-1), where v is the number of variables. From the equation, it
to

can be seen that the main factors that contribute^the improvement of the regression 

are; n and r, because as these two parameters increase, F increases.

3.50 Problems with MLRA

When a multiple regression analysis is carried out, one of the points that needs to be 

investigated is multicollinearity. This occurs when there is a high degree of linear 

dependence or correlation among variables. The existence of such dependence 

among independent variables implies that it is almost impossible to vary one of these 

variables while holding the others constant.
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Other factors to take into account are the quality and the quantity of the

data used in the regression. The quality of the data here means that in producing a 

general regression equation, a wide spread of explanatory variables is required. This 

means that a good range from each variable is appreciated, otherwise the coefficient 

obtained is not meaningful and statistically significant. As mentioned earlier, the 

number of data points is important, as this improves the reliability of the correlation. 

It has been suggested that at least five data points are required per variable.

3.51 Application of MLRA in this work

The use of the LSER equation required the measurement of a series of solute 

dependent solubility property (log SP) which can then be regressed against a set of 

explanatory variables for each solute. This yields a characteristic equation with 

coefficients for r, s, a, b and 1 in the solvation equation. These constants generated 

characterise the significance of the interactions involved and thus give an indication 

of the system properties, such as in the separation process. The magnitude of the 

coefficient is proportional to the solvent-solute interaction that the coefficient 

parameter refeisto. For some solubility system^, not all of the terms in the equation 

are necjesary, this is shown by a very small or zero coefficient or a low significant T- 

test. It must be noted that a large coefficient in the H-bond acidity term aEa"z gives 

a measure of the solvent H-bond basicity. In some solvents, where the main 

characteristic interaction is through Tt-bonding, then a large coefficient of s would be 

expected. In solvents where only dispersion interaction occurs, then only 1 is 

significant; such an example is n-hexadecane.

The significant of an interaction term can be identified by the small coefficients and 

also by the Student’s T-test at 95% confident interval. An example of a regression 

output would help to explain this more clearly; the regression is obtained from 

regression of logL values for a series of 24 solutes on polybutadiene, at

363K.
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Table 3.2 A regression output from PBD

Correlation coefficients between variables

^Var: R A LogL"

0.376

Za", 0.185 0.054

LogL'' 0.723 0.227 -0.056

Yobs 0.815 0.399 0.073 0.971

"Var: R ^"2 Ea", LogL" Yobs

Mean 0.412 0.610 0.075 2.968 2.062

St. dev 0.248 0.284 0.128 0.837 0.602

"Var: R ^"2 Ea", LogL" Constant

Coeffs 0.302 0.328 0.419 0.612 -0.109

St. dev 0.056 0.033 0.071 0.016 0.039

T 5.404 9.995 5.896 39.432 2.790

TTest 0.99997 1.00000 0.99999 1.00000 0.98833

 ̂Overall cor. coeff. 

St. dev (Yobs-Ycalc) 

Degrees of freedom 

F-statistic

0.9981

0.041

19

1222.6
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3.52 Information provided by the regression output

The information provided by the regression is divided into four sections.

1. The first information given is the correlation coefficient between variables, this 

shows how the variable is correlated due to the importance of multicollinearity. If 

there is a high correlation then a high coefficient between the variables is shown, and 

so action can be taken. The correlation of Yobs against each solute descriptor is 

also shown.

2. The next section gives information of the set of solute descriptors itself, in terms 

of the mean of the parameter coefficients and the spread of the parameters; this 

provides the feedback information on the quality of the explanatory variables. For a 

set of solutes a large standard deviation is favourable as this shows a diversity of the 

descriptor, thus a more general equation is obtained.

3. Section 3 shows the coefficients of the solvent, the constants c, r, s, a, b and 1. 

The standard deviation of these coefficients are also given, this is important when 

back calculation of the descriptors are called for. Whether the coefficients are 

statistically significant is indicated by the T-test, values of above 0.95 are generally 

acceptable.

4. The final piece of the regression gives the overall view of the regression output. 

The correlation coefficient, r indicates the quality of the regression. The value 

depends on the type of the system studied and so limits can not be set as to indicate 

what is a good regression, (for example in solid adsorbents r = 0.95 is generally 

accepted). The overall standard deviation (Yobs-Ycalc) of the whole regression is 

given; the smaller the standard deviation, the better is the regression. The F-statistic 

indicates the quality of the correlation and thus shows a goodness of fit. This F- 

statistic improves as the number in the data set increases and the standard deviation 

decreases.
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CHAPTER 4

4.00 An introduction to polymers

The basic characteristic of polymeric substances is generation of the 

entire structure through repetition of one or a few elementary units. The 

different ways in which these elementary units are connected, and the different 

processes used to fabricate polymers, give rise to different physical behaviour, such 

as the glass transition temperature Tg, defined as the temperature at which the 

polymer changes from a glassy or brittle condition to a liquid or rubbery one.

Polymer can be classified as thermosets, thermoplasts, elastomers and elastoplasts, 

according to the physical behaviour and the manufacturing process. Thermosets are 

polymeit whose monomer units are irreversibly crosslinked by covalent bonds. The 

high density of cross-linking in thermosets restricts molecular segment crystallization, 

consequently, thermosets are mostly not crystalhne, in addition, they exhibit an 

increased, or even no glass transition temperature. To produce thermosets, cross- 

Unking agents known as curings ore, sometimes added. In constrast to the former, 

elastomers, known sometimes as rubbers, are not so densely cross-linked. For this 

reason, elastomers have a high segmental mobility above the glass transition 

temperature.

A polymer is thus a complex mass and so characterisation is not as simple as in 

characterising low molecular weight compounds. To understand the physical 

properties of the polymer, a broad range of analysis must be brought into play.

Analytical methods commonly employed for polymer structural studies are; infra-red 

(IR), raman, nuclear magnetic resonance (NMR), ultraviolet (UV)-visible, X-ray and 

electron microscopy. Of these, the most widely used methods are IR and NMR 

spectroscopy, because of their versatility, rapidity and the small amount required.^

The above methods identify the structural properties of the polymer which is crucial 

to the understanding of its macroscopic nature, and hence the application. Equally
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important is the chemical behaviour of the polymer, its solubility and interactions with 

gases or solvents. Among a number of techniques available for measurements of 

polymer interaction behaviour is inverse gas chromatography.

4.10 Inverse gas chromatography

Much of the work here involves the use of inverse gas chromatography (IGC) to carry 

out physicochemical measurements. Inverse gas chromatography (also called the 

molecular probe technique) is an extension of conventional gas chromatography (GC) 

in which the phase of interest is the stationary phase rather than the usual analytes. 

The stationary phase is usually a thin polymeric coating on an inert solid support; the 

phase characterised by passing a series of gaseous probes in the stream of carrier gas 

onto a packed column where sorption between the two phases take place.

There are two mechanisms of sorption of gases into polymer

1) Absorption of solutes in the bulk-polymer phase

2) Adsorption of solutes on the polymer surface.

When sorption is absorption, the retention volume is directly proportional to the 

amount of polymer on the column (liquid phase); this does not hold if adsorption is 

the process.

Much of what is presently known about the structure and chemical interactions of

macromolecules comes from physicochemical studies in dilute solution. There are,

however, a significant number of important polymers that are not soluble in Olt

available solvents, and thence cannot be studied at all in solution.^ This

difficulty is overcome by studying the amorphous phase in inverse gas

chromatography; this is possible, because virtually all small organic molecules have

partial measurable solubilities in amorphous polymers, even when the polymer is

crosslinked or highly crystalline. Alternatively, inverse gas chromatography can be 
qn

used to measure^adsorption isotherm on the solid phase, obtaining a picture of the
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surface properties at zero to finite coverage of injected probes/ '̂  Hence, the range of 

solute-solvent interactions that can be probed by inverse gas chromatography is 

virtually unlimited.

IGC was invented in 1967 to study materials that have negligible vapour pressure,^ 

and so cannot be employed as the mobile phase (probes). The first material that was 

studied by this method was a polymer, but breadth of applications of IGC has 

expanded to a variety of other materials, such as glass, carbon fibres, solid, 

copolymer and polymer blend.

The popularity and high profile of inverse gas chromatography is attributed to its 

flexibility, potential to gather data very rapidly and the variety of probes that could 

be used to obtain an understanding of the stationary phase. IGC is also a very 

convenient, inexpensive and rugged technique.

The technique has been used in determining; the sorption, diffusion of the polymer,^^ 

the glass transition temperatures,'”’" melting temperatures'^ and degree of 

crystallinity'^"' in the polymer state. Among its most valuable use are in the 

determination of the thermodynamic data; weight fraction activity coefficient,'^ '̂  Q, 

Flory-Huggins" '̂  interaction parameter, %, and solubility parameter,^” '̂ via specific 

retention volume, V .̂ The added advantage in the use of IGC is that the interaction 

measurements can be made at different temperatures and at low concentrations, thus 

give more in-sight into the real properties of the material. Whilst, conventional 

methods such as swelling, neutron scattering and changes in colligative properties 

are made on polymer in high^oncentrated environments.
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4.20 Application of inverse gas-chromatography on liquid polymeric phases

4 .2 1  A p p lic a tio n  o f  IG C  to  o b ta in  p o ly m e r ic  p h y s ic a l  p r o p e r t ie s

Inverse gas-chromatography was first used to investigate the glass transition

temperature, Tg, on poly-(N-isopropylacrylamide). Smidrod and Guilet,*^ who did the

study found that when a plot of the logarithm of retention volume against reciprocal
wos cQfOedI out

of the temperature (retention diagram)^a straight hne was obtained, for the polymer 

(stationary phase) in a fixed state (solid, liquid). The slope beings related to the 

solution enthalpy in GLC or to the adsorption process in GSC:

3 In Vr. = - AH (4.0)
3(1/T)  R

Where AH is the enthalpy of the process, Vg is the specific retention volume, T is the 

temperature and R is the gas constant. The retention diagram, which would normally 

give a straight line, gave curves with a minimum, see figure 4.0, this led to the 

interpretation that the original polymeric stationary phase changed into a different 

state, thus a change in physicochemical properties took place. This was corroborated 

by a differential scanning calorimetry method. The glass transitions of other polymers 

using the IGC method were also examined by Lavie and Guilet^^ on poly(methyl 

methacrylate), poly (styrene) and poly (vinyl chloride).

The nature of a retention diagram which depends strongly on the probe used is 

divided into three isotherms; equilibrium adsorption, non-equilibrium sorption and 

equilibrium sorption, see figure 4.0. The shape of the diagram was explained by 

postulating that at temperatures below Tg, interaction occurs mainly on the surface, 

because diffusion of the probe through the polymer is too slow to permit significant 

bulk interaction. Above Tg, the bulk absorption is measured, while close to Tg, 

contribution by bulk and surface interaction takes place. Increasing the temperature 

further, retention volumes decrease, but do not reach complete equilibrium, because 

diffusion of the probe into the polymer matrix is too slow within the chromatographic 

time scale.
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A d s o r p t i o n
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Figure 4.0 Generalised retention diagram for vapour on glassy polymer,22

Similar- observations occur in the phase transformation of semi-crystalline polymers, 

^nd based on the different solubility of the probe in the crystalline and amorphous

state obtained in the retention diagram, Guilet'"^'^ and co-workers proposed a
10

method for determing the crystallinity of polymers. This method assumed that in the 

range below the melting temperature, Tm, the crystalline region, interactions with 

probes do not occur. Thus it is possible to estimate the degree of crystallinity of the 

sample."̂ -̂
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4 .2 2  A p p lic a tio n  o f  IG C  to  o b ta in  p o ly m e r ic  s o lu b il i ty  p r o p e r ty  

Abraham and co-workers^^’̂  ̂have used the method of inverse gas-chromatography to 

characterise a number of liquid phases, and to identify solute-solvent interactions. The 

various interactions between solute and solvents were determined by these workers by 

measuring the solubility properties, that is, the retention data for a set of solutes on 

a given phase at a given temperature. These solute data were a set of specific 

retention volume of probes, gas-liquid partition L, and relative retention times. 

Application of the general solvation equation to the data, the regression equation thus 

obtained gives the factors influencii^the solubility of probes in solvents. This method 

has successfully been used; in finding polymers as suitable sorbent coatings for 

chemical m i c r o s e n s o r s , a n d  in identifying the chemical nature of two very 

common stationary phases used as general analytical applications^ '̂^° 

(polymethylphenylsiloxanes) and in obtaining solute parameters.^^’̂^

The application of the general solvation equation has been extended to predict the 

specific retention volume, Vg and hence the weight fraction activity coefficient, 

(and interaction parameters, %, for polybutadiene and polyisopropene). Romhane and 

Danner^^ measured V q, from which ^2” (and %, for a series of probes on the 

mentioned polymers): Abraham and workers^^ obtained a regression equation by 

applying the solvation equation for this data set. The equation thus attained has 

suooessfully been used to predict the V q values for probes not experimentally obtained, 

and the predicted Vg values thus can be used to calculate the Q°° (and or % values) to 

quite high aaturacy. The same method has been applied to the King and List̂ "̂  soyabean 

oil data by Abraham and co-workers.^^

Inverse gas-chromatography has become a routine method for obtaining various 

thermodynamic data on polymeric systems. Though IGC is a simple and convenient 

technique, there are complicated experimental and theoretical factors involved; some 

of these factors were recognised by previous researchers. The main complicating 

factors are recognised to be;
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(1) Concentration effects associated with larger probe injections

(2) Slow diffusion of probe through the polymer layer

(3) Adsorption of probe on the surface of the polymer.

Munk et al̂  ̂brought forward the steps below that were deemed satisfactory to obtain 

meaningful values for the specific retention volume, Vg-

(1) The data were either extrapolated to vanishing amounts of injected probe or 

measured by using injection amounts arbitrarily defined as vanishingly small.

(2) The data were extrapolated to infinite loading of the polymer phase to eliminate 

the effect of the adsorption of the probe on the surface of the polymer.

(3) The data were extrapolated to zero flow rate of the carrier gas to compensate for 

slow establishment of phase equilibrium. (This procedure noted by the authors to 

be errorebusif the flow rate is measured incorrectly.)^^

The retention by the support is the interaction of the probes with the inert 

chromatographic support. The Chromosorb type support has been long known to 

show strong retention of polar probes. The treatment by silanisation^* reduces this 

retention, it does not eliminate it completely. The silanised support has still a small 

number of highly polar surface groups (probably hydroxyls) which interact strongly 

with polar groups. The polar groups retain largely the polar probes, making a very 

large contribution to the retention volume at very small injection, and having a smaller 

effect at larger injections. Munk et al suggested that to have meaningful data for the 

retention volume, V q, of various probes on polymer (and the thermodynamic 

quantities derived from them) it is necessary to subtract the contribution to V q that is 

caused by the support from the overall retention volume, using equation^^ 4.1.

Vg = V g- ( V V  wi) (4.1)
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Where V®n is the net retention volume, V^g is the probe raw retention volume and Wi 

is the weight of the polymer on the coated support.

Munk et al found that the difference between the corrected and uncorrected Vq 

values was small but still significant for alkanes. For alcohols, the difference between 

the corrected and uncorrected value was dramatic. The uncorrected data show a clear 

decrease of V q  on increasing loading, while the corrected data were constant within 

the experimental error. The general conclusion arrived by these researchers was that 

(using the above procedure on the polymer with several polar and non-polar probes) 

the values of Vg obtained were independent of the amount of probe injected, polymer 

loading, and flow rate.

From the above study by Munk’s group, these workers found that, the strong 

adsorption of polar probes is not modified even by heavy loading of the polymer. They 

suggested that the common assumption that the whole surface of the support is more 

or less uniformly coated by the polymer should be abandoned in favour of a model in 

which pools of polymer accumulate in some pores while most of the surface remains 

uncoated.

4.30 Application of inverse gas-chromatography to solid phase

The inverse gas-chromatography method has been applied to the study of carbons'^® 

with different pore structures at both infinite dilution and finite dilution, via the 

determination of thermodynamic enthalpy or the free energy of adsorption. The 

surface properties of porous active carbon"  ̂̂ was studied by the thermodynamic 

functions of standard free energy, enthalpy and entropy of adsorption of n-alkanes 

calculated from the retention data. The result obtained from the study showed that 

thermodynamic functions of adsorption are strongly associated with molecular sieve 

effects. The effects of oxidation of activated carbons was investigated by Papirer et 

al"̂  ̂by determing the adsorption infinity AG°, and the dispersive component of surface 

energy (ŷ s), found that the enthalpies of alkane adsorption decreased with the 

oxidation of carbon). Thus it was concluded that the oxidised carbon has a lower
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affinity for hydrocarbons than that of the untreated carbon. IGC was also used in the 

study of the surface energy and adsorption energy distribution measurement on some 

carbon blacks."^  ̂The adsorption isotherms too can be obtained by the same method as 

for benzene and nitrogen on activated carbon fibres.' '̂̂  However, it was found that the 

adsorption isotherm determined by IGC was higher than the corresponding values 

measured by the static method. Grajek and co-workers obtained the adsorption 

isotherms for a series of alkanes on carbon fibres at the Henry’s law region by 

measuring the retention data, see equation 4.2.

Vn = KsAs + K lVl (4.2)

Where Vn is the retention volume, Kl and Vl are the liquid partition coefficient and 

liquid volume respectively. Kg is the adsorption coefficient and As is the surface area 

of the solid. If solution in bulk is negligible, then equation 4.2 becomes,

Vn = KsAs (4.3)

From Ks thermodynamic data describing the adsorbate-adsorbent equilibrium may be 

derived, for example the standard free energy change, AG°.

Kontominas'^^ et al used the above technique to obtain the adsorption isotherm of n-

alkanes on polystyrene in the Henry’s region, and found that the adsorption isotherm

for the hydrocarbons is linear. The surface area found by IGC is in good agreement

with those found by nitrogen adsorption at 77 K. The surface area As can be found by 
by

BET approach,^ IGC or nitrogen adsorption, while Ks is obtained from a single 

injection. These authors'^  ̂ also constructed the adsorption isotherm for a series of n- 

alkanes on polystyrene in the finite region concentration at 303 K. They found that 

the isotherms were of type II with a very weak knee, according to BET classification. 

By integrating the isotherms, the spreading pressure n  was obtained from which the 

London force component of the polystyrene surface energy was estimated.
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Abraham et al"̂  ̂ used the IGC method to characterise the adsorption of gases and
at,

vapours on four carboqpous adsorbents at mainly 323 K and 373 K, /bnd obtained the 

Henry’s constants, K" at low surface coverage for a series of solutes. The limiting 

values of logK" were analysed in terms of of solute dipolarity, n*2 , solute hydrogen- 

bond acidity, Zai, and basicity, Zp2, and the solute Oswald absorption coefficient on 

n-hexadecane, log

SP — SPo -f S7t 2 + dÔ2 + a(%2 + b^2 +1 logL^^ (3.6)

Here SP = -logK". The equation describes the nature of the adsorbate-adsorbent

interactions, which can be used to further predict values of logK". These authors

found that of the coefficients generated from the regression equation for the

adsorbents, only the 1 logL’̂  term was statistically significant, and it was concluded 
oc

that these carboi\pous solids interact with solutes by general dispersive forces. The 

same general solvation equation as 3.6 with some modification as in equation 3.7 was 

successful applied to graphitised material Carbotrap'^* V g data.

SP = c 4- rR_2 + s7Ĉ 2 + a.2ot  ̂2 + bSP^ 2 1 logL^^ (3.7)

Carbotrap is a carboneous adsorbent, so it has little or no acidity, basicity or 

dipolarity, leaving only two varibles terms R2 and logL^  ̂in the regression equation 

3.7. Abraham et al obtained a regression equation for the Carbotrap by correlating 

the V q data of Pankow"^  ̂ against the two mentioned variables. The regression 

equation was compared with the equation obtained by Pankow, who correlated the 

V g data against the boiling point and against vapour pressure of the probes. The 

equations obtained by Pankow did not correlate well, whereas the equations obtained 

by Abraham et al were much improved, with good correlation coefficient.
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AIMS OF THE PRESENT WORK

Advanced materials, for example polymers and other solids are now widely used 

materials with increasingly diverse applications. The search for suitable uses for 

these innovative materials that have specific properties is continuous. Among a 

number of methods that can be used to assess polymer properties is the linear 

solvation energy relationship. This, seeks to understand the various interactions 

occurring during the solvation of probes in liquid polymers and in bulk solvents or 

partitioning on solids.

The main aim of the present work is to characterise liquid polymers and solid phases 

by applying the general solvation equation to experimental data obtained using the 

inverse gas-chromatography method. The solubility of probes in polymers or the 

adsorption of vapours on to sohds is analysed by multiple hnear regression. The 

coefficients in the equation are generated by correlating against a set of five probe 

variables or descriptors, for probes that have a wide variety of functional groups.

SP= SP + rR2 + s7c“2 + aXa“2 + bi;p"2 + llogL'^ (3.7)

The five variables are the excess molar refraction R2, the probe 

dipolarity/polarisabilty, 7t“2, the probe hydrogen-bond acidity and basicity, S a ^2 and 

Zp"2 and the gas-hexadecane partition coefficient as logL* .̂

The correlation output gives a general overview of the chemical nature of the 

stationary phase under investigation. The magnitude of the interactions of probes with 

the phase is quantified with respect to the power of the phases to discriminate 

between solute probes. In addition, it provides a method for predicting further 

solubility property values from known solute descriptors.

The other method, attempting to characterise liquid polymers is solvatochromism. 

This is defined by the pronounced change in position of an ultra-violet absorption 

band which accompanies a change in the polarity of the medium.
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The solvent polarity parameters; dipolarity/polarisability, hydrogen-bond acidity and 

hydrogen-bond basicity are obtained by the elegant Kamlet and Taft comparison 

method. The values thus attained for the liquid polymer will be compared with the 

corresponding constants generated from the general solvation equation where the 

experimental data is measured via inverse gas-chromatography. The objective of this 

part of work is to see if the solvatochromie method can be used independently and 

reliably to characterise polymers.

Finally, the literature solubility data of fullerene in various solvents obtained by two 

main groups of authors; Ruoff et al and Mathews and co-workers will be analysed. 

The data measured as quantity of fullerene per volume of solvent is to be regressed 

against five solvent descriptors as in the Kamlet and Taft solvation equation;

S =  So +  dÔi +  S7i*i +  acXi +  bPi + h(0^H)i (3.4)

Here the solvent parameters are; 6i is the correction term, 7t* i is the 

dipolar/polarisability, ai is the hydrogen bond acidity, (3i is the hydrogen-bond 

basicity, and (Ôĥ )i is the Hilderbrand solubility parameter.

The constants generated from the regression equations will be compared with the 

results for gas-solid partition measurements of fullerene obtained in this work using 

the inverse gas-chromatography method.
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CHAPTER 5

5.00 Introduction to adsorbents

The use of solids for removing substances from either gases or liquids has been 

widely used; as far back as Ancient Egypian time wood chars were used for medicinal 

purposes. In this century, during the world wars, more advanced solids with high 

adsorbonce capacity were developed to meet the need to adsorb offensive gases. 

Activated carbon for example a new form of carbon with a high microporosity was 

used in gas masks to remove poisonous gases, and in battle field to remove nerve 

gases. To-day ultilisation of solids as adsorbents can be found in the chemical, 

pharmaceutical, and nuclear in d u s tr ie s .F o r  example, in industry adsorbents are 

used to separate gases from gas mixtures, eg. charcoal filters, to dry gases using 

molecular sieves, and as traps to collect impurities before effluent gases can be
4

released into the air. Other important roles of adsorbents are in the environment and 

in air pollution control.

5.10 Adsorbents

Adsorbents are characterised by surface properties such as molecular interaction and 

surface area.^ A large surface area is preferable for providing large adsorption 

capacity, owing to many internal surfaces bounding the extensive pores and 

capillaries of highly porous solids. Thus the performance characteristics of adsorbents 

largely relate to surface area, nature of the pores and the distribution of pores with 

respect to pore size. This is because the nature of the intraparticle surface area 

markedly affects the type of adsorption interactions that will be operative for any 

solid, while the size of micropores and their distribution determines the accessibility 

of adsorbate molecules to the adsorption surface.

In addition, some adsorbents possess larger pores as well as micropores, formed from 

granulation of fine powders or fine crystals pressed into pellets, or some naturally 

occurs from texture of raw materials. These are called macropores. Macropores 

function as diffusion paths of molecular substance from outside the granule to the 

micropores in fine powders and crystals.
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Adsorbents that contain both macropores and micropores are often said to have 'bi

dispersed' pore structures. Different types of pore sizes are often found in naturally 

occurred adsorbents, for example, activated carbon, a generic term, encompasses a 

broad range of amorphous carbon based materials with high degree of porosity and 

extensive surface areas, formed within the carbon granules by selective burning and 

oxidation of raw material during activation. Synthetic ones however, namely 

polymeric solids, have a more homogenous pore size distribution; this is because 

their nature can be controlled during manufacture^ by varying the amount of extender 

used in polymerisation reaction; this governs the degree of matrix cross-linking and 

ultimately porous structure.

Due to the extensive networks of pores in the solid built in the structure, the rates of 

adsorption and desorption in these sorbents therefore are generally controlled by 

transport within the infrastructure, rather than the intrinsic kinetics of sorption at the 

surface* as in most cases. The time for molecular adsorption is usually small, so the 

adsorption rate is governed mainly by diffusion in the gas to the outer surfaces for 

non-porous adsorbent and to the inner surfaces in the porous one. Desorption is rather 

slower, but shorter at higher temperature, especially for non-porous or macroporous 

adsorbent allowing high linear speed of the carrier gas to be used without loss of 

performance.

5.11 Surface interaction

Once an adsorbate reaches the many surfaces of a solid various molecular interactions 

take place. Four principle types of adsorption may be distinguished: %xhange, 

physical, chemical and specific.

Exhange adsorption or ion exchange, involves attraction of ions to the surface 

adsorbents of opposite charge, which subsequently replace witb ions of higher 

electrostatic affinity.
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Physical adsorption, a weak molecular interaction occurs mainly at low temperatures, 

arising from the van der Waals forces, comprising of London dispersion forces and 

classical electrostatic forces.

A stronger form of interaction is chemical adsorption, where a chemisorptive bond is 

formed between an adsorbate and a solid surface, leading to a change in the 

chemical form of both the molecule and the surface of the substrate. This type of 

interaction is also called specific.

Specific interactions too can arise from attraction of gaseous molecules at functional 

groups of the solid surface without the resultant change in the chemical structure o|‘ 

either molecular phases. The net dispersion, electrostatic, chemisorption and 

functional group interactions broadly define the affinity of an adsorbent for a specific 

adsorbate.

b>oft
The different types of interaction^can occur in adsorbents can be classifitdaccordingly, 

as described by Kiselev:®

Type I, non-specific - The surface of the adsorbent has no functional groups, thus 

only interacts non-specifically with molecules. These types of adsorbents may also be 

termed as non-polar, eg. graphitised thermal carbon black.

Type II, specific, with localised positive charge - The adsorbent interacts specifically 

with adsorbate molecules containing negatively charged centres. These may be called 

polar adsorbents, eg. sil tea gel.

Type III, specific, with localised negative charge - These adsorbents interact 

specifically with adsorbates having a positive centre, and may also be termed as 

polar, eg. granular activated carbons.

Other parameters specific to a given system besides the property of the solids will also 

be a factor affecting adsorption. For the adsorbate they will include concentration.
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molecular weight, molecular size, molecular structure, molecular polarity, steric form 

or configuration, and the nature of backgound or competitive adsorbates/

5.20 Adsorption isotherm

The adsorption of a substance from one phase, which may either be a gas or liquid, to 

the surface of another, leads to the distribution of that substance between the two 

phases when the system reaches equilibrium. This distribution is expressed as the 

amount of substance adsorbed per unit weight of adsorbent, , and the amount of 

substance remaining in the gas phase, C .̂ An expression of this type, termed an 

adsorption isotherm, defines the functional equilibrium distribution of adsorption with 

concentration of adsorbate in the gas phase at constant temperature. Commonly, the 

amount of adsorbed material per unit weight of adsorbent increases with increasing 

concentration, but not in direct proportion, as in an ideal and linear isotherm.

5.21 Langmuir isotherm

The adsorption isotherm relationships between two given phases are described by 

the Brunauer-Emmett-Teller (BET) equilibrium models. These isotherms formulate 

multiple molecular adsorption lay ers ,w h ich  is an extension of monolayer 

developed by Langmuir,** illustrated in figure 5.0.

This Langmuir model was developed with the assumption that the energy of

adsorption is constant and independent of surface coverage; that adsorption only 
ot

occurs*localized sites and that there is no interaction between adorbates molecules; 

and the maximum adsorption possible occurs only when the surface is covered by a 

monolayer of molecules. At high pressure or gas concentration the isotherm levels off 

to some saturation level.
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Figure 5.0 A Langmuir adsorption isotherm

The Langmuir isotherm allows the surface area of the adsorbent to be calculated as 

shown;

C  = S B C  /(1+B .C J (5.0)

Here S and B are constants and are characteristic of the system under consideration 

and are evaluated from experimental data; S is the amount of the gas required to cover 

a monolayer surface of solid and B is the Langmuir affinity parameter. The combined 

term 1/S.B is the Henry's constant , and is obtained by measuring the slope of a 

plot of Cg against as The Henry's constant K"p can be found by plotting

Cg against P, a s ? 2^„.

For gaseous adsorption on a homogeneous surface at a sufficiently low 

concentration, such that all adsorbate molecules are isolated from their nearest 

neighbour, the equilibrium relationship between gas phase and adsorbent is constant 

over a range of concentration, known as the 'Henry's region'. This linear relationship 

between P, or is known as Henry's law, by analogy with the limiting behaviour of
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the solubility of gases in liquids. The constant of proportionality is refered to 

as the partition constant. The equations are:

= K, = 1/K"p (5.1)

(Cs/Co)o^o= K, = 1/K"c (5.2)

Where the partition constant is the reciprocal of the Henry's constant. Equation 5.0 

can be rearranged to give equation 5.3;

C J C ,  = 1/(S.B) + C J S  (5.3)

A plot of Cg/Cg against will have a slope of 1/S and an intercept of 1/S.B. In 

principle, values of the slope and intercept may be combined to give the parameter 

K^,  but in practice it is not very accurate to use the intercept of this plot to obtain

S B (K(, or Kp). A better method is to use a plot of Cg against at low partial

pressure to obtain S B, and to combine the value of S B thus found with the value of 

S from the C J C ^  against Cq plot, to obtain K .̂ It should be noted that although S 

and B are interesting parameters, it is the combined parameter S B, or K ,̂ that 

reflects the adsorbance of the solute gas or vapour at low concentrations, or 

similarly Kp at low partial pressures. and are related by equation 5.4;

P, = C^RT/M, (5.4)

Where R is the gas constant, T is the temperature in degrees Kelvin and is the

molecular weight of the adsorbate being studied in grams.

5.30 Calculation of Henry's constant

The Henry’s constant can be obtained from a method of the elution by characteristic 

point method (ECP),'^ sometimes known as the peak profile method. The 

chromatographic peak observed on injection of a solute is corrected for diffusion and 

baseline d r i f t . T h e n  from the resultant peak series of areas A*’ corresponding to the
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deflection of the recorder pen, h, can be obtained. Cg is calculated from the area
h

on the chart recorder, (A ), Ĉ , from the recorder pen deflection, and h using known
14 hequations. The area, A , is proportional to the volume of carrier gas required to 

elute the adsorbate (at the point on the elution curve at height, h; this is the so 

called characteristic point), which in turn is proportional to the time spent in the solid 

sorbent Cg, ie. the concentration in the adsorbent. The pen deflection, h, is 

proportional to the number of adsorbate molecules passing through the detector at 

that particular moment (assuming detector linearity with the concentrations 

studied), which is proportional to the concentration in the gas phase, C^, or the 

partial pressure, P̂ . Then and Cg are given by;

Cg = A/ SW,  (5.5)

C^= hQ/FS (5.6)

Where S is the sensitivity, defined as the area under the uncorrected peak divided 

by the amount of sample injected, W, is the active weight of adsorbent (i.e. the dry 

weight after purging in gram), Q is the chart recorder speed, and F is the carrier gas 

flow rate (1/sec) at column temperature, T (K). The isotherm is calculated using 

equations 5.5 and 5.6, from points on the appropriate boundary (i.e the diffuse 

boundary following the sharp front boundary). From the ratio of A% , values of Cg /P  ̂

or Cg/Cg are calculated via equations 5.7 and 5.8 respectively. Here, P̂ , is the solute 

partial pressure (atm), M ,̂ is the solute molecular weight (g), and R is the gas 

constant taken as 8.2056*10'^ l.atm.mol 'deg '. (Note that equations 5.7 and 5.8 

are simply related by equation 5.4);

Cg/P, = A'*F*M,/h*W,*Q*R*T (5.7)

Cg/C  ̂ = A'’ *F/h*W,*Q (5.8)

Data is collected using an on-line personal computer and an analog digital 

converter. A program specifically written to recalculate the chromatographic peak 

data into Cg, C  ̂ and P̂  values can be used to plot isotherms if required. The
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program also obtains the limiting values of and Kp (see equations 5.1 & 5.2) 

which are characteristic constants of the adsorbate on the adsorbent studied.

h/cm

t/sec

Figure 5.1 Area of A'’/h

5.40 Chromatographic techniques used in adsorption studies

The chromatographic methods that can be used to calculate adsorption isotherm are
14

frontal analysis (FA), and elution chromatography. These methods can also be used 

to calculate isotherms at high (finite) solute concentration leading to region of non- 

linearity.

Frontal analysis (FA) is concerned with a single step-shaped boundary, produced by 

changing the concentration of solute in the carrier gas entering the column. Elution 

chromatography involves passage of two frontal boundaries in close succession, the 

first of increasing, and the other of decreasing concentration, or vice versa; after 

passage of the resulting concentration 'peak' the system returns to its initial
15

concentration. Both modes can be used to follow the progress along the column of a 

zone of constant concentration. These two basic methods give rise to the four 

chromatographic techniques used to calculate adsorption isotherm; frontal analysis
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(FA), frontal analysis by characteristic point (FACP), elution by characteristic point 

(ECP), and elution plateau (EP).

Frontal methods use a stream of pure carrier gas in equilibrium with the column

which is then replaced by a continous stream of carrier gas mixed with solute vapour

at a known concentration. After the breakthrough of the boundary (an intermediate

region where the concentration changes from one constant value (plateau) to another)
the

has been observed at the column outlet,  ̂ mixed stream is replaced by pure carrier 

gas. The boundaries produced by breakthrough and desorption at different 

concentration (FA) or at a single breakthrough curve (FACP) are analysed to produce 

the adsorption isotherm.

In the elution method the adsorption isotherm can be obtained by the analysis of 

the shape of a single eluted chromatographic peak. The elution by characteristic 

point, ECP method involves the injection of a sample into a carrier gas stream as it 

passes through a packed column. The chromatographic peak can then be analysed 

to give the adsorption isotherm and the partition constant, from the linear, infinite 

dilution region of the isotherm.

The basic difference between the four methods is that the two characteristic point 

techniques, ECP and FACP, require only a single chromatogram to determine a

complete isotherm. FA and EP, like non-chromatographic techniques, require a
16

separate run for each point on an isotherm. Elution by characteristic point is 

particularly simple and convenient requiring less experimental time than either the 

frontal analysis or frontal analysis by characteristic point technique for determining 

adsorption methods.

The characteristic point techniques, ECP and FACP have the disadvantage that results 

can be significantly affected by non-ideal effects due mainly to the random nature 

of diffusion. It is therefore necessary if band spreading due to diffusion is observed, 

to correct the peak and eliminate its effects before the isotherm is calculated.
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5.50 Elution peak due to diffusion

The injection of a solute into a gas chromatograph column result in a chromatogram. 

If the peak produced is non-linear but ideal, as in figure 5.2a, where the frontal 

boundary is self-sharpening boundary (maintaining of an initial step profile) and 

the rear boundary is diffuse (broadei\ boundary), then correction is not required. 

The term front and rear boundary refer to the solute concentration profile and imply 

that concentration increases or decreases, respectively, with time. However, if the 

peak is as in figure 5.2b, where the front boundary is slightly diffuse due to non-ideal 

band spreading effects, then correction will be required to produce the self-sharpening 

front boundary. Methods have been devised by Bachman‘S et al to empirically correct 

for non-ideality.

h/cm

t/s

h/cm

t/s

Figure 5.2a Self-sharpening frontal 

boundary

Figure 5.2b Slight diffusion of frontal 

boundary

The diffusion corrections are made on the assumption that the rate of elution of the 

maximum of the peak is not affected by diffusion, and that equilibrium is estabished 

on the front side as well as on the rear side.

One method of correction is made based on the assumption that the rate of 

broadening by diffusion is equal on both sides of the peak as shown in figure 5.3.
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h / c m

t / s

Figure 5.3 Correction of diffusion on both front and rear end

Alternatively, it is possible to subtract the distance between the maximum retention 

time and the front side from the rear side, figure 5.4; By this manipulation values 

lying between the first method and the measured rear side was obtained.

h / c m

R e a rFront

Figure 5.4 Correction by subtraction of maximum retention of front side from the 

rear side

This correction gives the exact values for the two limits; symmetrical peaks (eg. linear 

isotherm) and as ymmetrical peaks by vertical front sides (eg. steep curve with 

negligible diffusion). This method of diffusion correction can only strictly be 

applied to cases of diffusion where the rate of broadening is equal on both the front 

and rear sides.'* However, in cases of chromatographic peaks where diffusion is a 

small contributor, the above method for correction still applies, and is the method 

adopted here for peak diffusion correction on ECP method to calculate adsorption 

isotherms.
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CHAPTER 6

6.00 Application of the solvation equation to Amberlite XADs

These adsorbents can either be very porous or non-porous, with high surface area

and different polarities. There are available a series of Amberlite XAD adsorbents, 
oocL
»here, two samples from Rohm and Haas were characterised, these wcm. XAD-16 and 

XAD-7.

These XAD adsorbents are hard, and insoluble opaque spheres of polymerised 

beads. Each bead contains with microbeads formed during polymerisation giving 

the resin a macroreticular structure which results in a high surface area in each bead.^ 

Macroreticular refers here as the distances between the chains and crosslinks of the 

swollen gel structure, and the microreticular refers to the pores that are not part of 

the actual chemical structure. The macroportion of structure may actually consist of 

micro-, macro-, and transitional pores depending on the pore size distribution. The 

terms microporous and macroporous, refer to those pores less than about 2 nm and 

greater than 50 nm respectively.^ Pores of diameters between 2 and 50 nm are 

referred to as mesopores.

The polymeric adsorbents are truly non-ionic and the properties are totally depending 

upon their surface characteristics.

Amberlite XAD-16

XAD-16 is a polymeric copolymer, with 75% divinylbenzene and 25% 

ethylvinylbenzene.^ It is essentially crosslinked polystyrene with controlled pore size, 

see table 6.0.
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A sample of XAD-16 from Rohm and Haas was sieved and packed into two columns; 

one column was short, 3.5 cm in length, and the other column was longer, 10.5 cm 

long. The shorter column was to reduce the retention times on the larger size solutes. 

Care was taken to check the consistency of the K-values on the two columns using a 

standard, butane. The packed columns were conditioned under steady stream of 

helium gas at 323K for 24 hours. Other researchers'^’̂  conditioned the resins by 

washing with methanol, molar hydrochloric acid solution and water respectively, then 

dried for 2 hours at 333 K. The temperature and length of time of conditioning 

here it should desorp any residues left on the beads.

The flow rate of the carrier gas was chosen to have minimum plate height equivalent, 

compromised with the length of the retention time, noting that it is the end of the peak 

in which we are interested.

The results for the partition constant are in table 6.1. Application of the solvation 

equation to data for 23 solutes gave the equations;

LogKc = -0.895 - 0.932R2+ 0.252 71̂ 2+ 1.179 Ixx^ 2  + 0.897 ZP"2+ 1.304 logL̂  ̂ (6.0)

n = 23 r = 0.9704 sd = 0.178 F = 54.9

LogKp = -0.624 - 1.334 R2+ 0.5801.n^2+  1.318 ^«"2  + 0.404 zp”2+ 1.450 logL’̂  (6.1)

n = 23 r = 0.9700 sd = 0.195 F = 54.1

This polymeric solid shows a rather strong dispersive interaction with solutes, and this 

is the reason why it was difficult to study larger sized solutes, and each solute had to
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be chromatogrammed several times in order to obtain reliable results. XAD-16 shows 

quite strong hydrogen-bond interactions, as indicated by a significant a-constant 

(1.179) and a significant b-constant (0.897). Although some solid phase basicity is 

expected, due to the styrene, this is not so for the phase hydrogen-bond acidity, b- 

constant. There is no structural feature to suggest any solid phase acidity. Analysis of 

this resin by mass spectroscopy suggests that there may be a small presence of a 

common plasticer. Solid state Nulear Magnetic Resonance (NMR), see figure 6.0, 

identified the divinylbenzene polymeric structure and a weak peak indicated the 

ethylvinylbenzene, but no chemical shift due to oxygenated compound was observed; 

this is not surprising because of the comparatively low sensitivity of solid state NMR. 

Analysis by the fourier transform infra-red (FTIR) spectrum of XAD-16, see figure

6 .1, showed there is a small band of O-H at 3600 cm '\ even though the sample was 

dried prior to measurement under P2O5 in vacuo. Since XAD-16 is a styrenic type of 

polymer, it is expected to have some characteristic IR bands similar to the ones that 

appear in polystyrene. The spectrum showed a strong peak at (2900 cm'*). This peak 

corresponds to the C-H stretching vibrations. Interestingly, two small peaks were 

observed at 1750 and 1100 cm'* corresponding to C=0 and C-O respectively. It is 

very likely that these bands may be due to some plasticer. An IR spectrum of XAD-16 

polymer obtained by Yang et al̂  was very similar, but there was no mention of the 

presence of the carbonyl functional groups, though the peaks were present.

Our conclusion is that the polymeric XAD-16 contained some plasticiser, which forms 

active sites on the surface. This is why the solvation equation contains terms in phase 

hydrogen-bond acidity, as shown in equations 6.0 and 6.1. This analysis suggests 

that the presence of quite small impurities in a solid can markely affect sorption 

properties. Our method of conditioning of the solid, by passing dried helium gas at 

323 K for 24 hours, was not sufficient to remove these residues. The possibility of 

impurities present was (detected) at very low coverage of probes. At a saturation 

level of adsorbent by adsorbates, the active sites occupied by any impurities would 

become insignificant, and adsorbate/ adsorbent interactions would be dominated by 

the bulk nature of the solid.
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Figure 6.0 Solid state NMR spectrum of XAD-16 sample
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XAD-7

This adsorbent, XAD-7, is a cross-linked poly(methacrylie ester) resin with the 

general structural formula below, and was studied at 298K. The identity of the group 

‘R’ is not specified.

CH

CH— Ç

CO^R

Magic angle Spinning spectrum of XAD-7 using the cross-polarisation technique 

obtained by us, see figure 6.2, is very similar to the spectrum obtained by Cote et al̂  

(not shown). In particular, two peaks were observed at 166 ppm and 176 ppm; the 

peak at 176 ppm is due to the carbon atom of the carbonyl group (figure 6.2), the 

second peak must be by process of elimination associated to the carbon atom of the 

aliphatic residue R, indicating that R could either be an ester or an acid function. The 

presence of a mixture of acryhc polymers or copolymer is likely. Result from electron 

ionisation is not very interpretable, and so it cannot be used for confirmation. An IR 

spectrum of XAD-7 shows the presence of the C=0 of an ester function at 1750 

cm'  ̂ and a broad peak at 1150 cm'  ̂ for C-O, see figure 6.3. Although the results of 

the magic spinning and the FTIR techniques show the presence of an ester group, it is 

not clear if this is due to the methacry lie group as in the structure, or if it is an ester 

group in the residue ‘R’, as well.

XAD-7 derives its adsorptive properties from its macroreticular porosity, pore size 

distribution, high surface area and its aliphatic functional structure. Porosity is defined 

as the ratio of open pores to the total volume of the solid.

The adsorbent was sieved and packed into a column, and conditioned under a 

steady flow of helium (55 ml/ min) at 340 K for 24 hours. This process of
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conditioning was necessary to rid the porous surface of the adsorbent of any 

contaminants, such as moisture. Alternatively, the beads could be washed in 

water followed by methanol, isopropanol or acetone and then these solvents 

completely removed, but this was not done here.

The weight of the adsorbent, and the carrier gas flow were selected such that the 

adsorption between the gaseous solute and the polymeric solid was in equihbrium, 

and the elution time was not too long. The above selection was carried out by 

first testing a few hydrocarbons as solutes. Two standard solutes were then selected 

for this adsorbent, butane and pentane. Butane was used as a standard very 

frequently to check that the adsorbent surface was cleared of the previous 

gaseous solute as much as possible, by ensuring that the elution time was 

reproducible. Pentane has a much longer elution time (8 hours) so it would give a 

much better idea of the state of the surface. Both butane and pentane were used as 

standards after the column was reconditioned, as a check that the adsorbent surface 

was consistent. It is important that the solid be conditioned as often as possible at 

340 K to rid the surface of any remains of strongly retained solutes.

XAD-7 is a very strong polymeric adsorbent, depending on the solute size and 

adsorbate, but most of the probes took very long time to elute, some as long as 40 

hours. In order to obtain reproducible results all the probes were run at least twice.

The set of probes used in this work is set out in table 6.1. Aglication of the 

general solvation equation leads to the following:

LogKc = -0.321 - 1.401 R2 -H 1.110 7c”2 + 1.295 + 0.525 Z p V  1.069 logL’̂  (6.2)

n = 22 r = 0.9695 sd = 0.141 F = 50.0

LogKp = -0.047 - 1.779 R2 + 1.4421^2 + L450 1.215 logL’̂  (6.3)

n = 22 r = 0.9579 sd = 0.174 F = 47.4
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The equations obtained show, as expected, that this adsorbent has quite a strong 

hydrogen-bond basicity interaction, (a= 1.295 for logKc and a=1.45 for logKp) due to 

the presence of the ester group. This of course also means that the phase is fairly 

polar, (s=l.l 10 for logKc, s= 1.442 for logKp). There is present also a small amount 

of hydrogen-bond acidity, (b=0.525 for logKc, but is statistically insignificant for 

logKp at 95% T-test), possibly due to the acidic proton alpha to the ester group. 

The dispersive interaction is fairly dominant, (1=1.069 for logKc and 1=1.215 for 

logKp) as is mostly the case for adsorption.

6.10 Previous work on XAD-16 and XAD-7

McGill^ also obtained result for logKc and logKp on XAD-7 at 298 K, see table 6.2, 

with almost the same set of solutes, except for certain very long retained probes. 

They were regressed against our current solute parameters so that the solute 

descriptors used are the same for both McGill's results and the present results, 

enabling comparison to be made.

LogKc= -0.881 - 0.316 R2 + 0.673 + 0.918 + 0.675 + 0.775 logL ’  ̂ (6.4)

n = 19 r = 0.8714 sd = 0.263 F = 8.2

LogKp = -1.073 - 0.646 R2 + 0.356 + 0.786 Z a^  +1.134 ZP^ + 1 076 logL'^ (6.5)

n = 19 r = 0.9041 sd = 0.307 F =11.6

The two sets of equations thus obtained agree quite well within experimental error, 

except for the intercept. This is because the values obtained by McGill are 

systematically smaller by nearly one log unit. McGill used a thermal conductivity 

detector (TCD) to carry out his studies, and the TCD sensitivity is much lower than 

that of a FID detector. This means that the observed elution time of a solute wiU 

always be much smaller using a TCD detector than that observed with a FID 

detector. This leads to the calculated values of logKc and logKp always being 

less in the TCD than the FID method.
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The characterisation of the two Amberlite XAD samples showed that they have rather 

different interaction properties, as the coefficients from the LSER equation 

indicated, see summarised table 6.3.

XAD-16 has mainly dispersive interaction character, thus it can be selected as an 

adsorbent for analysis or separation of non-polar organic compounds, and it is also 

used to preconcentrate analytes in heavy metal analysis."  ̂ Whilst XAD-7 is polar, as 

also shown by Anderson et al,‘® in that it is a good adsorbent for epichlorohydrin and 

ethylene chlorohydrin adsorbates. Evaluation of XAD-7 as stationary phase by McRae 

and co-workers*^ concluded that it has greater affinity for polar compounds than 

aromatic compounds. XAD-7 is dispersive as well as polar, thus its application is 

more broad, and indeed it has been used in the extraction of organic compounds from 

drinking water and waste water,*^’*̂ or separation of niobium and tantalum in 

hydrofluoric acid-hydrochloric acid.*"*

Table 6.0 Physical properties of adsorbent

Adsorbent Pore size Surface area Average pore

mml pore/mml of bead mVg diameter, A

XAD-16 0.58-0.63 750

XAD-7 0.50-0.55 420 80
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Table 6.1 Values of logKc and logKp at 298K on XAD-7 and XAD-16

Solute

XAD-16

lOSKr lOgKn

XAD-7

logKc. logKp

n-Butane 1.33 1.71 1.24 1.62

n-Pentane 1.89 2.36 2.23 2.69

n-Hexane 2.59 3.20 2.53 3.14

n-Heptane - - - -

Cyclohexane 2.79 3.33 2.48 3.02

Methylene chloride 1.60 2.14 1.90 2.44

Trichloromethane 2.30 2.99 2.51 3.20

Tetrachloromethane 2.33 3.13 2.62 3.42

Dichlorodifluoromethane 0.49 1.18 0.94 1.64

Diethylether 1.93 2.43 2.26 2.74

Propanone - - 2.55 2.94

Butanone 2.59 3.06 2.94 3.40

Pent-2-one 3.11 3.65 - -

M ethylformate 0.90 1.27 1.63 2.02

M ethylacetate 2.34 2.82 2.55 3.03

Ethylacetate 2.56 3.11 2.79 3.35

Ethylamine 1.97 2.23 - -

n-Propylamine 2.87 3.26 2.53 2.92

W ater - - - -

M ethanol 1.21 1.33 1.65 1.77

Ethanol 1.60 1.90 2.25 2.55

n-Propanol 2.32 2.71 2.55 2.94

Propan-2-ol - - 2.53 2.92

t-Butanol 2.33 2.81 2.44 2.98

2,2,2-Trifluoroethanol 1.96 2.57 2.51 3.12

1,1,1,3,3,3-HFIP 2.23 3.07 - -

Benzene 2.51 3.01 2.44 2.95

Toluene
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Table 6.2 McGill’s values of logKc and logKp values on XAD-7

Solute logKc logKp

n- Butane 0.30 0.68

n-Pentane 0.98 1.45

n-Hexane 1.14 1.68

n- Heptane 1.61 2.23

Cyclohexane - -

M ethylene chloride 1.63 1.09

Trichloromethane 1.40 2.08

T etrachloromethane 1.09 1.89

Dichlorofluoromethane - -

Dichlorodifluoromethane - -

Diethylether 0.98 1.46

Propanone 1.41 1.78

n- Butanone 1.51 1.98

M ethylformate - -

M ethylacetate - -

Ethylacetate 1.40 1.96

Ethylamine - -

n-Propylamine - -

W ater 0.41 0.27

M ethanol 0.46 0.27

Ethanol 1.26 1.54

n-Propanol 1.80 2.19

Propan-2-ol 1.59 1.98

t-Butanol 1.57 2.05

2,2,2-Trifluoroethanol - -

Benzene 1.46 2.00

Toluene 1.83 1.95
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Table 6.3 Summary of the regression coefficients

Phase T/K c r s a b 1 n P sd F

XAD-16

LogKc 

St. dev.

298 -0.895

0.190

-0 .932

0.241

0.252

0.200

1.179

0.211

0.897

0.179

1.304

0.082

23 0.9704 0.178 54.9

LogKp -0.624

0.208

-1 .334

0 .264

0.580

0.219

1.318

0.231

0.404

0.197

1.450

0.090

23 0.9700 0.195 54.1

XAD-7

LogKc 298 -0.321

0.170

-1.401

0 .259

1.110

0.183

1.295

0.217

0.525

0.169

1.069

0.077

22 0.9695 0.141 50.0

LogKp -0.047

0.210

-1 .779

0.305

1.442

0.191

1.450

0.250

1.215

0.094

22 0.9579 0.174 47.4

XAD-7

M cG ills’s

LogKc 298 -0.881

0.421

-0 .316

0.518

0.673

0.451

0.918

0.492

0.675

0.380

0.775

0.168

19 0.8714 0.263 8.2

LogKp -1.073

0.491

-0 .646

0 .604

0.356

0.526

0.786

0.574

1.134

0.443

1.076

0.196

19 0.9041 0.307 11.6

Table 6.4 Chromatographic columns used

Adsorbent M esh size Column bore 

mm

Column length 

cm

Post-conditioned 

weight, g

XAD-16 20-30 3.0 3.5 0.0573

XAD-16 20-30 3.0 10.5 0.1527

XAD-7 20-30 3.0 7.0 0.1977
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CHAPTER 7 

7.00 Application of the solvation equation to liquid polymeric phase

The method used to characterise liquid and solid phases here is by inverse gas 

chromatography via the application of the general solvation equation 3.7.

7.10 Solid support
In carrying out the physicochemical measurement of liquid phases, it is necessary to

have a solid to support the liquid. Ideally, the solid acting as support would behave

like a sponge holding the thin hquid film and maintaining the stationary phase in such

a state as to enable the flow of gas to pass through it̂  without playing any further role

in the interaction process. In practice, this is not always true, as observed by James

and Martin^ on the publication of their first experimental work on GLC on the

obtainment of asymmetrical eluted chromatographic peaks, which was explained as

adsorption of the solutes on the surface of support. Adsorption of solute by the

support, if substantial, is usually manifested by peak tailing and a decrease of retention

volume with sample size. This arises from the presence, on the heterogenous surface,

of high energy adsorption sites, which desorp solute only slowly. Such sites produce

strong Langmuir-type curvature in the adsorption isotherm, see figure 5.0, because

the heat of adsorption is considerably greater than the heat of liquefaction. Isotherm

curvature causes retention to vary with concentration and peaks to tail. Support

adsorption can still be present even when there is no tailing and retention is constant

(an example can be seen with alkanes). Lack of tailing can be due to a linear

adsorption isotherm or to a masking of tailing by peak-broadening phenomena.

Thus, on unwetted supports the liquid is probably distributed in deep, discontinous

patches, giving broad peaks in which any support tailing is masked. Adsorption effects

thus are often not observed. Adsorption of solute by the solid support contributes to

retention in the majority of GLC systems, but to very different extents, depending on
iina

the nature of the solute, liquid phase and support. If adsorption on̂  support 

contributes to retention aside from bulk liquid partitioning, then the retention volume 

equation is rewritten as;
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Vn — KlVl + KsAs (7.0)

Where Vn is the net retention volume, Kl and Vl are the liquid partition coefficient 

and liquid volume respectively, As is the surface area for the support in the column 

and Ks is the corresponding adsorption coefficient. Since the coated and uncoated 

proportions of the surface are difficult to measure separately, Ks and As cannot easily 

be determined and so are known as the product, KsAs, obtained as residual after 

subtracting KlVl from Vn.

Kwantes and Rijinder^ studied four possible combinations of polar and non-polar 

solutes with polar and non-polar phases, polar are: alcohols, aldehydes, ketones, or 

esters. These authors found that the peaks obtained in these compounds were sloping 

with pronounced tailing, while the retention time was strongly dependent on the 

sample size, being narrow with large sample size and vice versa. This is indicative of 

residual adsorption of the polar compound on the support. It is possible that 

adsorption on the liquid surface was also contributing to the observed effects, though 

to a much smaller extent than support adsorption."^

The above observed phenomenon would most likely not occur if the liquid loading on 

the support is high, as this would completely cover the entire surface of the solid 

support. This is not entirely true if the liquid phase does not ‘wet’ propertly on the 

solid support, ie. the manner in which the stationary phase is distributed over the 

surface of the support is determined by the nature of the interactions and the 

technique used for coating.

The distribution of the stationary phase on the solid support surface might not be 

uniform. The liquid phase film may, in general, cover the solid support surface 

completely or partially, forming separate areas.^ It may have a uniform thickness 

(even distribution) or the thickness may vary from one microportion to another 

(unven distribution). This phenomenon seems to hold in the case of poor wettability 

of the support surface with the stationary phase.
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Keulmans,^ who shared the same concept as Van Deemter/ believes that the hquid 

accumulates in the smallest pores and in the holes under the effect of capillary forces. 

As the amount of the liquid phase increases, larger pores start to be filled. The filling 

of the smaller pores first on a solid support with the liquid phase was demonstrated 

experimentally by Baker et al,* who conducted a porosimetric study of an coated solid 

support ( of the Chromsorb P type) and a support after coating with different amounts 

of the liquid phase (5-33%). The results indicated that fine pores are filled first. The 

liquid film also seems to fih fine pores inhomogenously and to form a thin film over 

the remainder of the surface of the solid support. Giddings and Saha^ proposed that 

the liquid phase forms a continous film over the solid support surface; part of it is in 

capillaries while the remainder coats the walls of larger pores with a continous thin 

film.

Although diatomite supports are weak adsorbents in comparison with alumina, sihca 

gel, etc., their activity is usually sufficient for the afore-mentioned effect of 

adsorption to become apparent. It is less obvious with non-polar solutes, polar liquid 

phases and high loading of liquid phase covering active portions of the solid’s surface. 

Most of the liquid phases studied here (as shall be seen later) have fairly low 

percentage loading on the solid support, the phenomemon of adsorption of solutes 

onto the surface of solid support as described above is frequently observed in this 

work. This factor cannot be entirely ignored as adsorption on the solid support could 

significantly contribute to retention in gas liquid-chromatography.

To gain an insight into the possibility of adsorption effects of the support, a study of 

gas-solid partition was made. The solid used to support the liquid phases is 

chromosorb GAW-DMCS, this means that the type of chromsorb is G, acid washed 

(AW) and had been silanised with dimethylchlorosilane (DMCS), with mesh size of 

40-60 or 60-80.

There are a number of supports commercially available; among the most important 

support materials are the diatomaceous earths, which account for more than 90% of 

the packed column GLC produced.'® Diatomite (diatomaceous earth, kieselguhr) is
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composed of the skeletons of diatoms, single-celled algae, which have accumulated in 

large beds in various part of the world. The skeletal material is essentially 

microamorphous silica with small amounts of alumina and metallic oxide impurities. 

The porous nature of the diatomite with its associated secondary structure gives the 

material a high surface area to weight ratio, approximately 20  mVg, to allow high 

liquid phase loading. The support was produced by firing the raw diatomite skeleton 

at high temperature to strengthen and to agglomerate the particles into suitable mesh

size (ranging from 10-20 to 375-400 etc.) with regular shape and narrow range of 

cross-sectional diamete 

high column efficiency.

cu
cross-sectional diameters, to use as,support in gas-liquid chromatography that gives

The treated natural diatomaceous supports still contain metallic impurities and one of 

the methods used to remove these is by washing with acid and or base. The latter 

process may remove most of the metalhc impurities but the support is still not inert, 

due to the silanol groups present on the surface of the solids, as illustrated in figure

7.0. Of the various available silanizing t rea tments ,*the  most widely used approach 

to deactivate the silanol groups is to cap the hydroxide moiety with 

dimethylchlorosiloxane,* which reduces adsorption by 80%, when preceeded by acid 

washing. Bohemen et al*̂  suggested that two reactions are involved. The first involves 

two adjacent silanol groups:

-S i—O Si + SiCl2(CHp2 -------------► S i—O — Si + 2HC1

OH OH O o

CH3/  "CH^

and the second a  single silanol group:

I I  I I C l
— S i - 0 — S i- O H  + S iC l2 (C H 3 )2  ► — S i - 0 — Si— O — S i- C H  -h H C l

3

CH3

Figure 7.0 Silanisation of silanol group on the surface of the support

89



Usually a methanol wash is employed, in which case the undesirable Si-Cl group

found by the second reaction is converted to a methoxy derivative. 12

Cl OCH
I  I 3

-Si-CH^ + CH3OH --------► — Si-CH^ + HCl

CH3 CH3

Figure 7.1 The conversion to a methoxy derivative

Silanisation of the support changes the hydrophihc character to hydrophobic and, 

consequently, it is no longer completely wetted by polar liquid phase. So, preparation 

for polar liquid phases packings on silanised support is quite difficult. 

Recommendations have been made to improve the support wetting characteristics for 

diatomaceous support by nonpolar phases surface treatment with cychc siloxanes’̂  or 

silanisation with bulky reagents such as octadecyldimethylchlorosilane. ̂  ̂  These 

treatments have indicated some improvement in the support wetting by providing 

higher column efficiency and improved mass transfer characteristics, however, these 

treatments do not yield ideal conditions for non-polar phases. However, the 

experiences gained from a few of the polar phases in this work has shown little 

trouble with coating on silanised support. An other way of deactivating the reactive 

support surface is by precoating the support with a non-extractable film of carbowax 

20 M or polyester; this has been shown to be more appropriate than silanisation 

procedures for polar phases.

The most extensive chemical treatment and silanisation of diatomaceous support still 

does not completely deactivate those active centres which cause tailing of strongly 

basic or acidic components. When compounds of this type are analyzed or separated, 

the addition of small quantities of “tailing reducers” can be used. Tailing reducers are 

coated onto the support in a manner similar to that for the liquid phase and, to be
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effective, they must be stronger acids or bases than the compounds to be 

chromatographed. For amines, the tailing reducers could be a few percentage of 

potassium hydroxide or polyethyleneimine.^^’̂® For acidic compounds, a suitable 

tailing reducer is phosphoric acid. It must be remembered that these active 

substances will also act as subtractive agents and thus an acidic tailing reducer will 

remove basic substances from the chromatogram and vice versa. The phase itself 

must also be compatible with the reagents. For example, potassium hydroxide and 

phosphoric acid catalyse the depolymerisation of polyesters and polysiloxanes. The 

“tailing reducers” are not appropiate to apply in the case where the stationary phase is 

under study, ie. inverse gas chromatography.

Scanning electron microscope (SEM) has been used to study the surface of a number 

of supports.^ '̂^^ The electron micrograph of natural support, figure 7.2, showed the 

ruggedness of the supjprt, and in figure 7.3, a coated layer of DMCS on the surface of 

the bare support showed a smoother appearance of the natural support.

There are different types of chromosorb on the market; each has been prepared 

differently and thus has different properties, chromosorb G, P, W, A, T, 101 etc. The 

chromsorb G used here is a specially prepared support; it is hard, robust, and has an 

oyster white appearance. Chromosorb G has a low loading capacity but is more dense 

than the ordinary white supports: For example in a given column, there is 

approximately 2.5 times the weight amount of chromsorb G as chromosorb W, and 

therefore, 2.5 times the liquid phase, of the same nominal percentage weight per 

weight coating.
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Figure 7.2 C hrom osorb  G , acid  washed,"^ 1500x

Figure 7.3 C hrom osorb  G, acid  w ashed, silanised w ith  D M C S, 750x
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7.20 Results for uncoated Chromosorb GAW-DMCS, 40-60 mesh size 
A gas-solid interaction for 22 compounds was studied on chromosorb GAW-DMCS 

of 40-60 mesh size/"  ̂Measurements of relative and absolute retention volumes were 

carried out at 298 K after the packed column was conditioned for 24 hours at 323K. 

Retention volumes were measured, instead of gas-solid adsorption coefficients, 

because any correction required for adsorption on the solid sugort is in terms of Vq 

data. For 22 varied solutes at 298K, logVo values were obtained as shown in table

7.0. Application of equation 3.7 yielded,

LogVc= - 2.477 - 0.295 R 2 + 0.321 + 2.179 Ixx \ + 2.109 + 0.708 logL’̂  (7.1)

N  = 22 r = 0.9650 sd = 0.147 F  = 43.3

It was difficult to employ exactly the same set of solutes as in the GLC work with 

polymeric phases, due to the long retention times, and considerable peak tailing of 

solutes. A number of solutes failed to elute at all; these included dimethyl 

sulfoxide, N,N-dimethylformamide and triethylamine. From the regression 

equation, the largest coefficients are a = 2.179, b = 2.109, and 1 = 0.708, so that the 

support is basic, and acidic, as well as retaining solutes by general dispersion 

interactions. This result agrees well with Scholtz and Br a nd t ,w ho  considered that 

diatomite supports possess two types of adsorption sites: those which form hydrogen 

bonds with the solute and those which adsorb only through dipolar interactions or 

van der Waals forces. Hydrogen-bonding sites include both the siloxane group (Si-0- 

Si), which can act primarily as a proton acceptor, and the more effective silanol group 

(Si-OH), which acts as a proton donor. The acidity and basicity shown by the 

support indicated that the treatment with DMCS only minimises the activity of the 

hydrogen bond interactions, and does not reduce them altogether. The large 

hydrogen bond interactions may be the cause of very evident tailing of alcohols and 

various basic solutes when characterising columns containing only small percentages 

of stationary phase.
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Table 7.0 Retention data on chromsorb GAW-DMCS 40-60 mesh size at 298K

Solute log trel logVo

n-Octane 0.000 0.012

n-Nonane 0.485 0.494

n-Decane 0.973 0.834

n-Undecane 1.376 1.385

Methylene iodide 0.497 0.506

di-n-Butyl ether 0.751 0.864

Tetrahydrofuran 0.809 0.818

Pentan-2-one 0.772 0.781

Heptan-2-one 1.427 1.395

n-Pentyl acetate 1.303 1.312

n-Butyl propanoate 1.253 1.279

Ethanol 0.530 0.539

n-Propanol 0.955 0.991

n-Butanol 1.383 1.392

1,1,1,3,3,3-Hexafluoropropan-2-ol 0.568 0.577

n-Propylbenzene 0.626 0.605

n-Butylbenzene 1.207 1.015

Chlorobenzene 0.285 0.282

1,2-Dichlorobenzene 0.936 1.013

4-Chlorotoluene 0.608 0.664

lodobenzene 0.950 0.959

Phenol 2.247 2.256
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1.30 Correction of logVc for solute adsorption on solid support 
The retention of solute on the solid support is non-negligible and must be ace ounted 

for as Munk el al̂  ̂ found in their IGC experiments. According to Munk, the typical 

retention of the support for non-polar probes accounts for 1-5% of the net retention 

volumes of the probe. For polar probes, it varied from 1 % up to 20% depending on 

the amount of probe injected, as is also observed here. As Munk and others pointed 

out this is not insignificant. Correction of the retention results for support adsorption 

used by Munk et al is by direct subtraction of the support retention volume from the 

apparent specific retention of the column, Vg, such that

Vc, = Vg - ( V V W , )  (7.2)

Where Vo is the corrected retention volume for adsorption on support, and V®n is 

the retention volume by the solid support obtained from an independent experiment 

on the uncoated support at the same temperature, and Wi is the weight of the 

stationary phase (support). This correction by Munk et al can be regarded as a 100% 

correction, because the entire support adsorption is subtracted from Vq.

A correction for solute adsorption on solid support is performed by direct subtraction 

of Vq of respective solutes from the Vq value on the coated solid sugort from the bare 

solid support, as in equation 7.2. An example of how the calculation was carried out 

is shown in table 7.1, with 1,1-difluoroethene-hexafluoropropylene- 

tetrafluoroethylene terpolymer, FLS-2650 liquid phase. FLS-2650 has a 6.993% 

loading by weight, so the Vq for the support at that percentage loading is 

Vo* 100/ 6.993. For solutes that were not experimentally measured for various 

reasons, the Vq values were calculated using equation 7.1 and known solute 

parameters.
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Table 7.1 An example of a 100% correction performed on FLS-2650

Probe logVc

obs

FLS2650

Vg

Chromosorb(S)

Vg

Vo(S)*

100/6.993

Vg (FLS2650) -Vg (S) 

at 100% correction

logVG

cor

Nonane 3.811 6471.426 3.119 44.602 6426.824 3.808

(S) - Chromosorb GAW-DMCS

It is felt that by carrying out a 100% correction, it is assumed that the coated solid 

support is totally bare. Since this is not the case, the proposed correction to Vg values 

in this work is slightly different to that by Munk et al in equation 7.2. An estimate was 

made on the fraction of the solid support that was coated, based on the percentage 

loading. From past experience, it is assumed that a 10% coating would cover the 

whole surface of the solid support, and therefore, the V q values need not be corrected. 

So, for example in FLS-2650, the percentage loading is 6.993%, then the correction 

required would be 30.07%, as in equation 7.3; an example of how the correction was 

carried out for FLS-2650/ nonane is illustrated in table 7.2.

V g^ =  V g - [(10% -%  loading)* 10]*V g(S ) (7.3)

Table 7.2 An illustration of 30% correction on FLS-2650

Probe logVG

obs

FLS2650Vg Chromosorb 

Vg *100/6.993

30.07% Vg, 

(S)

Vg (FLS2650)-30%

Vo(S)

logVG

cor

Nonane 3.811 6471.426 44.602 13.412 6458.014 3.810
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The correction using equation 7.3 is applied to all the liquid phases in which it was 

necessary.

7.40 Polymeric phases

The polymers investigated can be classified by several critical characteristics:

1) Glass transition temperature (Tg) relative to temperatures of the inverse gas- 

chromatography measurements.

2) Cross-linking density or absence of cross-linking.

3) Chemical composition

All polymers studied had Tg values below 298 K indicating they were in a hquid-like 

or melt state at the measurement temperature (including ambient). Therefore, the 

fundamental probe-polymer interaction studied here was of elastomer type, elastomer 

is a collective term for rubber and rubber like substances.

The polymeisemployed are labelled as elastomers or rubbers which connotes th a t  Tg s 
ore.
^below ambient and the presence of crosslinking. Some of the inverse gas- 

chromatography experiment)wt% performed on samples of the uncrosslinked polymer, 

therefore, they were not in the elastomeric state.

There are a large number of polymer composition classes. The classes studied here 

were limited to the barrow group of hydrocarbon and fluoroelastomer classes with 

good resistance to chemical attack.

In the hydrocarbon elastomers, our interest in looking at these rubbers is in their 

inertpass towards chemicals, hence their use as unreactive materials. The polymers 

studied are the three butyl rubbers 388P, B178 and B174, and an ethylene-propylene 

copolymer rubber, designated as EPDM.
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The fluoroelastomers investigated were:-

-  Fluorel: a copolymer of 1,1-difluoroethene and hexafluoropropylene, and a 

terpolymer of 1,1-difluoroethene, hexafluoropropylene and tetrafluoroethene.

-  Aflas: a copolymer of tetrafluoroethylene and propylene.

These polymers were supplied by the manufacturetsand forwarded by Dr. Wendel J. 

Shuely, APG, MD.

7.41 Fluoroelastomers
The fluoroelastomers are highly specialised products that as a class show the best 

resistance of all rubbers to the attack of heat, chemicals and solvent. The 

fluoroelastomers are all offshoots of Plunkett’s 1938 discovery^* of the inertness of 

polytetrafluoroethylene, later marketed under the tradename TEFLON® by Du Pont.

Fluoroelastomers have been on the market since the early 1950’s, inspired by the 

emerging aerospace industry, which had a critical need for an elastomer with good 

heat and fuel resistance for use in seals and hoses for mihtary jet engines. This 

stimulated interest in the earlier fluoro- olefin polymerisation, which soon generated 

a host of elastomeric products.

7.411 1,1-Difluoroethene-hexafluoropropylene copolymer and 1,1-difluoroethene- 
hexafluoropropylene-tetrafluoroethylene terpolymer
Among the successful fluoroelastomers is a copolymer between 1,1-difluoroethene

and hexafluoropropylene,^^ this product is known as VITON®, which was soon

joined by FLUOREL^^ brand of the same product. These fluoroelastomers are 
a
^transparent to translucent gums available with very wide ranging molecular weight, 

from 500 through to several hundreds thousands. The Fluorel brand fluoroelastomers 

studied here are; Fluorel FC-2174 and Fluorel FLS-2650. The aim is to characterise
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both of these polymers and to gain an understanding of their reactivities toward 

gaseous probes.

l,l-Difluoroethene~hexafluoropropylene copolymer, Fluorel FC-2174
This fluoroelastomer has an opaque, off white appearance with a fairly leathery 

texture and is soluble in tetrahydrofuran (THF) solvent. FC-2174 is an incorporated 

cure copolymer gumstock,^° containing 95-98% copolymer of 1,1-difluoroethene and 

1,1,2,3,3,3-hexafluoropropylene, and 2-3% of other compounds; For example 

4,4[2,2,2-trifluoro-1 -(trifluoro-methyl)ethylidene]bisphenol, and 1,l ’-sulfonylbis[4- 

chloro-benzene].

The copolymer has the general structural formula:

( - C H 2 - C F 2 - ) n  ( - C F 2 - ( C F 3 ) C F - ) m

A set of probes with wide ranging parameters in which the correlation between 

the parameters was low, were selected, and their log Vo values were obtained. This 

Fluorel polymer generally interacts quite strongly with many of the solutes used, 

some taking as long as 7 hours to elute. Certain of the larger molecules, such as 

phenol, chlorophenol and pyridine could not be eluted at all. Almost all solutes had 

symmetrical peaks with no observable tail; this is due to the high weight percentage 

loading on the support (12.442%). However, there was some column bleeding as time 

went on, and this was shown up by the change in the retention of the standard used, 

nonane, and the slight downward slope of the baseline of the FID detector. The exact 

weight of the polymer on the column had to be found by destroying the column at the 

end of the measurements, and ashing the packing to a constant weight using a Bunsen 

burner. The ashing of this sample took about 40 hours at the fierciest flame of the 

burner,-1100 K, for all the polymer to be burnt off, and so the slight bleeding on the 

column was rather surprising. The result of the ashing of the column indicated that the 

percentage loading loss during the period of the column used was from 13.3943% to 

12.4418%, a loss of 7%. To see how the effect of this loss of the stationary phase 

has on the retention data and thus, the ultimate regression equation analysis, another
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set of logVo on a freshly packed column (2nd column) was measured. The logVc 

values and the coefficients obtained from the regression analysis seem to agree well, 

there is on average a 10% lower logVc values on the first column than in the second 

column. Application of the general solvation equation and regression analysis 

resulted in equations 7.4 and 7.5. The retention values here are not corrected, as the 

percentage loading is over 10% by weight.

First column

LogVo = -0.944 - 0.277 Rz + 1.838 71^+ 2.371 1.107 + 0.780 logL ’  ̂ (7.4)

n = 32 r = 0.9947 sd = 0.079 F  = 500.8

Second column

LogVo = -0.723 - 0.286 R2 + 1.842 + 2.386 -h L076 + 0.784 logL ’̂  (7.5)

n = 33 r = 0.9950 sd = 0.076 F = 531.3

The difference between equations is almost neglible, therefore either of the two 

equations is applicable. Equation 7.5 is used throughout, however.

From the structure of FC-2174, a high percentage of fluorine is present. This is shown 

by the negative r-constant, r =-0.286 and by the quite large s-constant s= 1.842. The 

small value of r means that the tendency of the phase to interact through n- and 

K- electrons is not too significant (note that r is negative, this is because introduction 

of fluorine substituents lowers the excess molar refraction below alkane values). The 

rather high s- constant suggests that the phase is rather dipolar as might be expected 

of the fluorinated polymer. The ability of the phase to distinguish between 

homologues in a homologous series is not a dominant factor, 1=0.784, but the 

hydrogen-bond basicity, a=2.386 is striking. This a-value is very high for a structure 

that does not possess any electron pair donor property. An IR spectrum obtained by 

diffusive reflectance, see figure 7.4, showed that the phase contains O-H, with a 

small broad band at 3600 cm *, and also has a C=0 stretch at 1730 cm *. The 

carbonyl band could belong to the 2-3% of other compounds present in the polymer. 

The rather high value of hydrogen-bond basicity in the solvation equation could come
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from the other compounds present in the polymer, as mentioned. The hydrogen-bond 

acidity interaction is not so large, b= 1.076 , and this is can be explained as due to 

the two slight acidic protons in the -CH2-CF2- group, and other acidic groups that are 

also present in the polymer.

Once again, the general solvation equation has revealed the presence of active 

sites in the polymer that are due to rather small quantities of functional groups; in the 

present case, these functional groups are not included in the notional polymer 

structure, but arise from other materials in the polymer formulation. And again, results 

of the general solvation equation have been confirmed by analytical studies on the 

chemical constitution of the polymer

a o o o  36 0 0  3 2 0 0  2 8 0 0  2JOO 2 0 0 0  1800 1600 1 300  1 2 0 0  lOOO 8 0 0
Wa v e n u m o e r  (cm-  1 )

6 0 0  300

Figure 7.4 Infra-Red spectrum of fluoroelastomer FC-2174
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Table 7.3 Values of logVc for fluorel polymer FC-2174 at 298K

Solute LogVc LogVc LogVc

FC-2174 FC-2174 Difference

1st column 2nd column

n-Heptane 1.478 1.703 0.225

n-Octane 1.900 2.125 0.225

n-Nonane 2.296 2.548 0.252

n-Decane 2.708 2.947 0.239

T richloromethane 2.042 2.267 0.225

1-Chlorobutane 1.913 2.189 0.276

Trichloroethene 2.203 2.428 0.225

Tetrachloroethene 2.522 2.747 0.225

Methylene iodide 3.413 3.638 0.225

Diethylether 1.547 1.772 0.225

Tetrahydrofuran 2.622 2.722 0.100

1,4-Dioxane 3.220 3.445 0.225

Butanone 2.640 2.865 0.225

Heptan-2-one 3.800 4.025 0.225

Octan-2-one 4.171 4.396 0.225

n-Propyl formate 2.463 2.688 0.225

n-Pentyl acetate 3.731 3.956 0.225

n-Butyl propanoate 3.629 3.854 0.225

Acetonitrile 2.534 2.759 0.225

Ethanol 2.428 2.665 0.237

n-Propanol 2.812 3.037 0.225

2,2,2-Trifluoroethanol 2.617 2.842 0.225

1,1,1,3,3,3-Hexafluoropropan-2-ol 3.295 3.520 0.225

2-Methoxyethanol 3.373 3.598 0.225

Toluene 2.655 2.880 0.225

Ethylbenzene 2.966 3.188 0.222
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Table 7.3 continues

o-Xylene 3.215 3.440 0.225

n-Propylbenzene 3.268 3.495 0.227

n-Butylbenzene 3.635 3.860 0.225

Chlorobenzene 3.011 3.266 0.255

1,2-Dichlorobenzene 3.802 4.027 0.225

lodobenzene 3.780 4.055 0.275

Pyrrole 3.619 3.844 0.225
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ly 1 -Difluoroethene-hexafluoropropylene-tetrafluoroethylene terpolymer y Fluorel 
FLS-2650
Fluorolastomer Fluorel FLS-2650 is a low volume swell, high fluorine (70% by 

weight) terpolymer gumstock that is suggested to have the ultimate resistance to 

chemical attack compared to conventional fluoroelastomers.^^ FLS-2650 is a 

terpolymer of 1,1,2,3,3,3-hexafluoropropylene, 1,1 -difluoroethylene and 

tetrafluoroethylene. The general structural formula is;

( - C F 2 - ( C F 3 ) C F - ) n , ( - C H 2 - C F 2 - ) n ( - C F 2 - C F 2 - ) x

Fluorel FLS-2650 was coated on solid support of 40-60 mesh size at 6.993% 

loading. The retention volume for 33 compounds in table 7.5 were obtained. 

These were almost exactly the same set as for fluorel FC-2174 so that a 

comparison could be made. The differences in the set are in the alcohols, because 

ethanol and propanol eluted too fast to be studied on FLS-2650. The regression was 

found to be:

0% correction

LogVo = -1.132 - 0.737 Rz+ 1.910 + 0.540 + 1.291ZP"2 + 0.749 logL’̂  (7.6)

n = 33 r = 0.9896 sd = 0.110 F = 255.1

The coefficients in equation 7.6 are at 0% correction, and as the percentage loading of 

FLS-2650 is quite low, 6.993%, it is necessary to account for the retention 

contributed from the solid support. As a prelimenary test, a 100% correction, using 

equation 7.2 was performed on the Vg values, and the resulting regression equation is 

as below:

100% correction

LogVo = -2.304 - 0.872 R2 + 2.621 -h 0.838 Zp”2 + 0.966 logL^^ (7.7)

n = 33 r = 0.9493 sd = 0.328 F = 63.8
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LogVc = -2.486 - 1.154 R2+ 3.202 Tc": + 1.019 logL'^ (7.8)

n = 33 r = 0.9251 sd = 0.414 F = 57.4

In equation 7.7, the solute omitted from the regression equation is 2-methoxyethanol, 

because the standard deviation between the observed and the calculated value is large. 

Whilst, keeping the same solute and rejecting instead 1,1,2,2-tetrachloroethane, in 

order to keep the same set of solute throughout, resulted in equation 7.8.

It seems that both the above equations have been over corrected, as can be seen by 

the coefficients, but also from the very low correlation coefficient and F-statistic, 

with high standard deviation. However, through equation 7.3 the preferred equation 

must be one with a 30.07% correction, as follows.

30.07% correction

LogVo = -1.140 - 0.820 R2+ 2.158 1 ^ 2  +  1.101 + 0.734 logL"' (7.9)

n = 33 r = 0.9867 sd = 0.128 F = 257.3

From equation 7.9, this fluorel polymer does not interact as strongly as the other 

Fluorel polymer (FC-2174), and overall most solutes possess observable tails, 

especially alcohols and bases. An observed difference between FC-2174 and FLS- 

2650 is that column bleeding not noticed in the latter column.

The coefficients obtained from the regression result showed the presence of the 

fluorine atoms, via the negative r constant r= -0.820, and this corresponds well 

with the structure. The relatively large negative r coefficient means that the 

interaction of this phase through n-7t interaction is fairly significant. As expected, 

this fluoro polymer has a fairly large dipolar/polarisability constant, s=2.158. In 

comparison with the other polymer (FC-2174), there is no interaction via 

hydrogen-bonding basicity as would be expected, since there is no electron donor 

present in the backbone, except for the CH2 group, which is quite acidic due to the 

adjacent fluorines. For hydrogen-bond acidity, b= 1.101; this is very close to the 

result for FC-2174 (b= 1.076), and the presence of this can be explained by the two
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slight acidic protons surrounded by the highly electronegative fluorines. This 

polymer does not contain any distinguishing character, which applies also to the 

dispersive interaction, 1=0.734. The interpretation is that the abihty to distinguish 

between homologues in a homologous series does not play an important role. The 

infra-red spectrum shows a clear difference between the two spectra, see figure 7.5. 

Carbonyl functional group is absent in FLS-2650, while the small broad peak at 3600 

cm'  ̂ is also in evident.

The two Fluorel polymers FC-2174 and FLS-2650 are close in their interaction 

behaviour with solutes, as indicated by the regression equations 7.5 and 7.9. The 

clear difference is the hydrogen-bond basicity. Based on the results presented, it can 

be concluded that Fluorel FC-2174 is less inert than FLS-2650. This can be explained 

largely on the basis that the extra 2-3% of other compounds present in the former 

seem to play quite a significant role in the reactivities with gaseous probes, and the 

third monomer in the terpolymer FLS-2650 plays only a minor role. It is clear from 

the above results that the method of characterising polymers using inverse gas 

chromatography and by application of the general solvation equation is very sensitive 

to slight differences in structure of related polymers.
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Figure 7.5 Infra-Red spectrum of fluoroelastomer FLS-2650



Table 7.4 Summary of the coefficients obtained from the regression equations

for Fluorel polymer FLS-2650

% Cor. c r s a b 1 n P sd. F

0

St. Dev.

-1.132

0.115

-0.737

0.075

1.910

0.112

0.540

0.131

1.291

0.104

0.749

0.029

33 0 .9896 0.110 255.1

100

St. Dev.

-2 .486

0.354

-1 .154

0.262

3.202

0.369

1.019

0.090

33 0.9493 0.328 63.8

30.07  

St. Dev.

-1 .140

0.112

-0.820

0.088

2.158

0.130

1.101

0.120

0 .734

0.028

33 0.9867 0.128 257.3
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Table 7.5 L ogV o values for Fluorel polymer FLS-2650

Solute LogVo

0%

correction

LogVo

100%

correction

LogVo

40%

correction

LogVo

30.07%

correction

LogVo

24.92%

correction

n-Heptane 1.167 0.809 1.056 1.086 1.101

n-Octane 1.568 1.258 1.468 1.495 1.509

n-Nonane 2.051 1.831 1.975 1.995 2.005

n-Decane 2.444 2.256 2.378 2.395 2.404

T richloromethane 1.284 1.087 1.215 1.233 1.242

1-Chlorobutane 1.560 1.456 1.521 1.531 1.536

Trichloroethene 1.754 1.670 1.722 1.730 1.734

T etrachloroethene 2.070 2.012 2.047 2.053 2.056

Methylene iodide 2.185 2.030 2.129 2.144 2.151

Diethylether 1.229 0.589 1.069 1.114 1.136

Tetrahydrofuran 2.354 2.120 2.274 2.295 2.306

1,4-Dioxane 2.895 2.798 2.858 2.865 2.872

Butanone 2.562 2.518 2.545 2.549 2.551

Heptan-2-one 3.525 3.476 3.506 3.510 3.513

Octan-2-one 3.888 3.839 3.869 3.873 3.876

n-Propyl formate 2.254 2.193 2.230 2.236 2.239

n-Pentyl acetate 3.426 3.375 3.406 3.411 3.413

n-Butyl propanoate 3.292 3.227 3.267 3.273 3.276

Acetonitrile 2.314 2.293 2.306 2.308 2.309

2-Methylpropan-2-ol 1.719 0.000 0.996 1.310 1.413

n-Pentanol 2.711 1.766 2.576 2.633 2.660

2,2,2-Trifluoroethanol 1.534 0.333 1.330 1.390 1.418

1,1,1,3,3,3-Hexafluoropropan-2-ol 1.594 0.000 1.246 1.362 1.411

2-Methoxyethanol 2.863 0.000 2.617 2.692 2.727

Toluene 2.139 2.070 2.112 2.119 2.122

Ethylbenzene 2.407 2.326 1.376 2.384 2.388

o-Xylene 2.643 2.581 2.619 2.625 2.628
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Table 7.5 continues

n-Propylbenzene 2.717 2.666 2.697 2.702 2.704

n-Butylbenzene 3.078 3.020 3.056 3.061 3.064

Chlorobenzene 2.456 2.412 2.439 2.443 2.445

1,2-Dichlorobenzene 3.228 3.188 3.212 3.216 3.218

lodobenzene 2.984 2.921 2.959 2.966 2.969

Pyrrole 2.551 2.254 2.455 2.481 2.493
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7.412 Tetrafluoroethylene - propylene copolymer
This product is another fluoroelastomer, a copolymer of tetrafluoroethylene and 

propylene, designed to have a different chemical-resistance profile and better electrical 

resistance properties.

(-CF2CF2-)n(-CH2(CH3)CH-)m

The tetrafluoroeethylene-propylene copolymers (TFE-PP) contains 57-59% fluorine 

content.^^

TFE-PP is an alternating unit coplymer, with some irregularities,^^ and the 

irregularities produced depend on the method of fractionation. Crystal structure 

studies on tetrafluoroethylene-ethylene copolymer show it to be an alternating 

copolymer containing some high ordered crystal regions, '̂  ̂ and that the unit cell is 

orthorhombic with four planar zig zag chains packed in the unit cell.

Other work has been carried out previously on the sorption, diffusion and permeation 

of benzene, substituted benzenes and bis(2-methoxyethyl) ether into 

tetrafluoroethylene propylene coplymeric sheets (Aflas^^ FA lOOS) in the temperature 

range from 298.15K - 343.15K by Amiabhavi and Phayde.^^ These authors found that 

the sorption, diffusion and permeation results depend on polarity and the size of the 

molecules. Studies on the molecular-transport of organic esters into TFE-PP 

copolymers membranes by the same authors^^ for the diffusion, permeation and 

equilibrium sorption coefficients using gravimetric technique at 298.19-343.15K, 

found that the factors influencing the transportation is again polarity, solvent 

interaction but not the size of the penetrant molecules.

The AHas™ poly(tetrafluoroethylene-co-propylene) was made with a small range of 

different molecular weight.^^ The samples studied here are referred to as lOOH and 

lOOS, of which lOOH has a higher molecular weight. These have an almost black 

appearance, and are physically very tough. Previously, our experiments found 

that Adas lOOH and lOOS were not very soluble in tetrahydrofuran without much
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refluxing and sonication, and not as soluble as suggested by Florian et al.̂ * However, 

the result of such vigorous method led to column bleeding in lOOH, as observed by a 

continuous unstable baseline and a steady small decrease in retention time with time. 

When the same column was ashed, a loss of 40% of the initial weight was found, as 

supported by thermal gravimetric analysis. From this experience, it was concluded 

that a less vigorous method be used, by finding a suitable solvent, since these physical 

methods were believed to cleave the polymer back-bone. Aflas polymer is soluble in 

1,1,2-trichlorotrifluoroethane at room temperature with occasional vigorous 

stirring using a glass rod; no heat or sonication was necessary. This polymer does not 

‘wef the solid support too well, so the amount coated onto inert support is very low, 

3.421% and 3.821% for lOOH and lOOS respectively.

Poly(tetrafluoroethylene-co-propylene), 1OOH
The chromatographic peaks obtained here were sharp, with a small tail observed in 

basic compounds, such as N,N-dimethylformamide. An alkane, nonane was 

chosen as standard due to its purity and symmetrical peak. A set of probes with a 

wide ranging set of parameters were selected, and the application of the LSER 

equation 3.7 led to the equation below for a zero correction for solute adsorption on 

the solid support.

0% correction

LogVc = -0.078 + 0.162 R2 + 0 .17171^ +1.472 + 0.977 X|3“2+ 0.858 logL'^ (7.10)

n =  41 r = 0.9927 sd = 0.103 F  = 472.3

lOOH has a very low weight percentage loading, 3.421%, this means that the 

percentage correction performed using equation 7.3 on this phase is 65.79%, and the 

resultant retention volumes shown in table 7.6, gave the general solvation equation 

below:
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65.79% correction

LogVo = -0.133 + 0.147 Rz + 0.225 tc^ +1.363 Za^z + 0.756 Zp“z+ 0.877 logL’̂  (7.11) 

n = 4 1  r = 0.9846 sd = 0.154 F = 222.3

There are generally smaller coefficients obtained in equation 7.11 than in equation 

7.10, but not greatly, and equation 7.11 is the equation which is commented upon. 

This Aflas polymer generally interacts strongly with most gaseous probes, especially 

with solutes that have high hydrogen-bonding strength. The dominant interactions 

here are the hydrogen bondings, b=0.756 and a= 1.363, with some interaction 

through n-7i electrons, r=0.147, and polar/dipolarity interactions, s=0.225. 

Polytetrafluoroethylene-co-propylene has a very acidic proton, being ad jacent to 

both the high electronegative fluorine atoms, thus making it rather hydrogen bond 

acidic. The fairly high hydrogen bond basicity was unexpected, because there is no 

electron donor in its structure. The dispersive interaction here is also quite small, 

1=0.877, and this does not play as a central role in the strong interactions as 

hydrogen-bond basicity and hydrogen bond acidity. Fourier transformer infra-red 

diffusive reflectance, gave an unclear result because of a poor spectrum obtained.
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Table 7.6 LogVo values for poly(tetrafluoroethylene-co-propylene), lOOH

Solute LogVo 

0% correction

LogVo 

65.79% correction

n-Heptane 2.551 2.537

n-Octane 3.052 3.044

n-Nonane 3.544 3.536

n-Decane 4.017 4.011

Trichloromethane 2.307 2.287

1,1,2,2-Tetrachloroethane 3.858 3.849

Trichloroethene 2.691 2.679

Methylene iodide 3.870 3.866

Diethylether 2.180 2.127

Tetrahydrofuran 2.833 2.749

1,4-Dioxane 3.208 3.147

Butanone 2.700 2.657

Pentan-3-one 2.907 2.846

Heptan-2-one 3.807 3.773

Octan-2-one 4.257 4.230

sec-Butyl acetate 3.051 2.998

n-Pentyl acetate 3.851 3.826

n-Butyl propanoate 3.747 3.718

Acetonitrile 1.953 1.887

Methylamine 2.044 1.951

N,N-Dimethylformamide 3.739 3.670

Methanol 1.953 1.778

2-Methylpropan-2-ol 2.911 2.828

n-Pentanol 3.659 3.586

n-Hexanol 4.016 3.944

2,2,2-Trifluoroethanol 2.077 1.884

1,1,1,3,3,3-Hexafluoropropan-2-ol 2.500 2.387
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Table 7.6 continues

2-Methoxyethanol 3.176 2.638

Ethane-1,2-dioIs 4.182 3.999

Dimethylsulfoxide 3.959 3.775

Toluene 2.996 2.984

o-Xylene 3.612 3.604

n-Propylbenzene 3.847 3.842

Chlorobenzene 3.395 3.389

1,2-Dichlorobenzene 4.187 4.181

lodobenzene 4.330 4.326

Methylphenylether 3.769 3.757

Phenol 4.626 4.589

m-Cresol 5.022 4.995

4-Fluorophenol 4.674 4.647

Pyridine 3.405 3.382
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Poly(tetrafluoroethylene-co-propylene), 1OOS
The same set of probes used previously is applied here. The coefficients of the 

LSER equation generated as for 0% correction for solute adsorption on solid support 

are:

0% correction

LogVG=-0.263 + 0.049 + 0.473 + 1.458 + 0.678 Z(3“2+ 0.908 logL’  ̂ (7.12)

n = 4 1  r = 0.9942 sd = 0.099 F = 595.5

The correction performed on lOOS, which has a weight percentage loading of 

3.8214% is 61.786% as indicated by equation 7.3. The resultant logVc values are in 

table 7.7, and the regression equation is shown in equation 7.13.

61.786% correction on Vg values

LogVc = -0.397 + 0.004 R2 + 0.578 +1.335 Z a ^  + 0.476 Z P ^ +  0.945 logL’  ̂ (7.13)

n = 41 r = 0.9904 sd = 0.133 F = 360.0

The two equations have fairly close coefficients, but equation 7.13 shall be used, 

since retention contributions made by the solute on the solid support had been 

subtracted. The general interaction character of lOOS with gaseous solutes was very 

similar to the lOOH Aflas polymer. Again, the contribution through the n-7C interaction 

and polar/dipolarity are small, r=0.004 and s=0.578 respectively. The hydrogen-bond 

basicity, a= 1.335, and the hydrogen-bond acidity, b=0.476, are fairly similar to the 

value obtained for lOOH. As in lOOH, this presence of hydrogen-bond basicity may 

be a little too high to be justified by its nominal structure, therefore, there must be 

some other entity present, such as additives. Infra-red spectrum obtained for this 

sample is very poor, and so it can not be used to see if absorption bands of other 

entity might be present. The dispersive interaction, 1=0.945, though not large, is 

enough to make its presence felt.

The overall results correlate well with the structure of the fluorinated polymer, 

though some values obtained were not anticipated. The unexpected high value of
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hydrogen-bond basicity could be due to some other impurities present in the bulk 

polymer. And these participate in the interactions with the gaseous probes, 

eventhough they are only in minute quantity.

From the results of the equations obtained for both lOOH and lOOS (differing only in 

their M.W), they have very similar reactivities towards probes. It is very hard to 

conclude which of the two may be more inert, as lOOH has a slightly larger value of 

b-constant and a smaller s- constant than lOOS, with the 1-coefficient marginally 

bigger in the latter. The retention data for the two sets are too inconclusive.

The general conclusion for the two groups of fluoroelastomers; Fluorel FC-2174, 

FLS-2650 and Aflas lOOH, lOOS are that the Aflas polymers are not as interactive 

toward probes as are the Fluorel polymers. This can be explained mainly by the high 

content of fluorines in the Fluorel pair.

Table 7.7 LogVc of poly(tetrafluoroethylene-co-propylene), 1OOS

Solute LogVc 

0% correction

LogVc 

61.78% correction

n-Heptane 2.627 2.617

n-Octane 3.098 3.092

n-Nonane 3.574 3.568

n-Decane 4.050 4.046

Trichloromethane 2.402 2.388

1,1,2,2-Tetrachloroethane 3.930 3.924

Trichloroethene 2.758 2.749

Methylene iodide 3.938 3.935

Diethylether 2.063 2.004
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Table 7.7 continues

Tetrahydrofuran 2.758 2.669

1,4-Dioxane 3.111 3.047

Butanone 2.437 2.369

Pentan-3-one 2.958 2.913

Heptan-2-one 3.837 3.811

Octan-2-one 4.256 4.233

sec-Butyl acetate 3.074 3.032

n-Pentyl acetate 3.817 3.794

n-Butyl propanoate 3.720 3.693

Acetonitrile 1.957 1.903

Methylamine 2.029 1.949

N,N-Dimethylformamide 3.712 3.650

Methanol 1.613 1.205

2-Methylpropan-2-ol 2.495 2.288

n-Pentanol 3.513 3.426

n-Hexanol 4.066 4.013

2,2,2-Trifluoroethanol 1.969 1.757

1,1,1,3,3,3-Hexafluoropropan-2-ol 2.689 2.631

2-Methoxyethanol 3.263 2.972

Ethane-1,2-diol 3.991 3.732

Dimethylsulfoxide 4.433 4.388

Toluene 3.071 3.062

o-Xylene 3.656 3.650

n-Propylbenzene 3.875 3.871

Chlorobenzene 3.457 3.452

1,2-Dichlorobenzene 4.346 4.343

lodobenzene 4.378 4.375

Methylphenylether 3.816 3.807

Phenol 4.626 4.595

m-Cresol 5.125 5.107

4-Fluorophenol 4.880 4.866

Pyridine 3.368 3.347
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Table 7.8 Summary of the regression coefficients

Phase T/K c r s a b 1 n P sd F

Chromosorb

40-60 

St. dev.

298 -2.477

0.240

-0.295

0.117

0.321

0.194

2.179

0.213

2.109

0.225

0.708

0.054

22 0.9650 0.147 43.3

FC-2174

0% cor 

St. dev.

298 -0.723

0.080

-0.286

0.052

1.842

0.080

2.386

0.095

1.076

0.077

0.784

0.020

33 0.9950 0.076 531.7

FLS2650

0% cor 

St. dev.

298 -1.132

0.115

-0.737

0.075

1.910

0.112

0.540

0.131

1.291

0.104

0.749

0.029

33 0.9896 0.110 255.1

30.07% cor 

St. dev.

-1.140

0.112

-0.820

0.088

2.158

0.130

1.101

0.120

0.734

0.021

33 0.9867 0.128 257.3

lOOH

0% cor 

St. dev.

298 -0.078

0.078

0.162

0.061

0.171

0.071

1.472

0.077

0.977

0.088

0.858

0.021

41 0.9927 0.103 472.3

65.79% cor -0.133

0.116

0.147

0.091

0.225

0.225

1.363

0.114

0.756

0.131

0.877

0.031

41 0.9846 0.154 222.3

lOOS

0% cor 

St. dev.

298 0.263

0.074

0.049

0.059

0.473

0.068

1.458

0.074

0.678

0.084

0.908

0.020

41 0.9942 0.099 595.5

61.79% cor 0.397

0.100

0.004

0.079

0.578

0.091

1.335

0.099

0.476

0.113

0.945

0.027

41 0.9904 0.133 360.0

Cor - correction
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Table 7.9 Chromatographic columns used

Phase Support mesh 

size

Solvent Phase (% ) 

loading

Packing

wt/g

Column 

1 /cm

Column bore 

(mm)

Chromosorb GAW-DMCS

40-60

- - 6.3614 145.0 3.0

FC-2174

(1st)

GAW-DMCS

40-60

THF 12.442 4.5164 95.0 3.0

(2nd) GAW-DMCS

40-60

THF 12.442 4.7617 96.0 3.0

FLS2650 GAW-DMCS

40-60

THF 6.993 4.2646 96.0 3.0

lOOH GAW-DMCS

60-80

1,1,3-trifluoro-

chloroethane

3.421 3.4903 95.0 2.0

lOOS GAW-DMCS

60-80

1,1,3-trifluoro-

chloroethane

3.8214 3.6529 96.5 2.0
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7.420 Butyl rubbers

Butyl rubber is a copolymer containing mostly isobutylene units with a few 

percentages of isoprene units. Unlike the butadiene rubbers or natural rubber, these 

polymers contain only a few percentagesof double bonds, due to the small proportion 

of isoprene.^^

[ ( - C H 2 - ( C H 3 ) 2 C - ) n  ( - C H 2 - C H = C H - C H 2 - ) ] m

The regular structure of the polymer chains make it possible for this elastomer to 

stabi Use or stretch, resulting in high gum tensile strength.

The three butyl rubbers denoted as 388P, B178 and B174, were soluble in toluene, 

and were coated as stationary phases in GLC. Chromatographed solutes gave broad 

and tailed chromatographic peaks. The extent of this depends on the functional 

group, however, in general basic functional groups and alcohols all possessed 

tailing. This tailing is believed to be due to adsorption of these solutes onto the 

solid support, no doubt a direct effect from the low percentage loading of the 

liquid phase (-5% ). As a result of peak tailing, the measurement of the retention 

data was rather difficult in some functional group solutes, especially alcohols and 

basic compounds, this le d to a slightly larger overall standard deviation than 

expected for phases that are hydrocarbon.'^^’'̂ ’

It is important when using the general solvation equation 3.7 to characterise 

the interaction property of the stationary phases, to have probes possessing a wide 

range of parameters. Due to the low basicity of these butyl rubbers, it was not 

possible to use a wide range of solute hydrogen-bond acidity probes. The key 

compounds, 1,1,1,3,3,3-hexafluoropropan-2-ol and 2,2,2-trifluoroethanol were

eluted too quickly for accurate measurement, even with a reasonably long 

column. Two columns of different length were packed for each phase, the longer 

column was used to measure the retention of fast eluted solutes ie. small molecules, 

and vice versa.
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Butyl rubber 388P
For the 42 solutes listed in table 7.10, a good regression equation was obtained in 

logVo for 388P,

0% correction

LogVc = -0.957 + 0.042 Rz + 0.276 + 0.343 + 1.130 log (7.14)

n = 42 r = 0.9960 sd = 0.069 F  = 1147.6

44.153% correction for logVq values

LogVc = -1.108 + 0 .137  R 2 + 0.149 7i”2 + 0.215 E a ”2 -̂  1.170 log L ’  ̂ (7.15)

n = 42 r = 0.9954 sd = 0.077 F  = 988.8

The term in bZp^2 is redundant in equation 7.15, because the butyl rubber 388P 

has no hydrogen bond acidity, and very little hydrogen-bond basicity, a = 0.215; 

again this is to be expected from its structure. The most significant term in equation 

7.15 is logL'^, which indicates that the rubber 388P interacts with solutes mainly 

through general dispersion effects. Hence towards specific functionally substituted 

solutes, the rubber 388P appears to be rather inert. An infra-red spectrum of the 

rubber shown in figure 7.6 indicated a slight presence of moisture, but this would be 

removed by a constant flow of dried helium gas, otherwise the peak spectrum 

displayed the usual hydrocarbon peaks of butyl rubber.

Butyl rubber, B178
For the butyl rubber B178, a reasonably good regression of 42 solutes was 

obtained, equation 7.17, and the retention volumes are shown in table 7.11, in spite 

of all the problems with peak broadness, taihng and adsorption of solutes on the 

solid support.

0% correction for logVc values

LogVc = - 1.286 + 0.044 R 2 + 0.339 + 0.401 + 1.154 logL'^ (7.16)

n = 42 r = 0.9943 sd = 0.084 F  = 805.3
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4 5 .7 2 4 %  co rrec tio n  on  lo g V c

L og  Vg =  - 1.565 + 0.213 R 2 + 0.333 + 0.215 + 1 235 logL'^

n =  42 r = 0.9899 sd = 0.120 F = 449.4

(7 .1 7 )

Again this butyl rubber has very little hydrogen-bond basicity, a = 0.215 and small 

values of dipolarity/polarisabilty, s=0.333 and n-7t interaction, r=0.213. The most 

significant term is the logL'^ term, 1 = 1.235, indicating that the rubber B178 

interacts with solutes through general dispersion effects. B178 seemed to be rather 

inert towards specific functionally substituted solutes. Again, the Infra-Red spectrum 

in figure 7.7 showed the same characteristics as those in butyl rubber 388P.
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Figure 7.6 An Infra-Red spectrum of butyl rubber 388P
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Butyl rubbery B174

L o g V c values obtained for 42 solutes are given in table 7.12, with the general 

solvation equation shown below;

0% correction

LogVc =-1.022 + 0.107 R2+ 0.282 + 0.402 + 0.256 + 1.087 logL'^ (7.18)

n = 42 r = 0.9938 sd = 0.086 F = 574.9

49.058% correction for logVc

LogVc = -1.194 +0.156 R2+ 0.278 7t”2 + 0.281 Ea”2+ 1.131 logL’̂  (7.19)

n = 42 r = 0.9774 sd = 0.168 F =197.6

Butyl rubber, B174 is shown to have very similar properties to the two above 

rubbers, as also shown by the infra-red spectrum in figure 7.8. However, the 

regression equation 7.19 is not as good, with a larger standard deviation and 

smaller F-statistic. In interaction behaviour, B174 has little dipolarity/polarisability, 

s=0.278, little interaction via n-K  electrons, r=0.156, and little hydrogen-bond 

basicity, a = 0.281,with no hydrogen-bond acidity. The main characteristic of this 

rubber is logL^^, indicating general dispersion interactions between solutes and 

butyl rubber B 174.

The characterisation of this group of butyl rubbers, 388P, B 178 and B 174 in terms 

of polymer-solute interactions by applying the general solvation equation has shown 

that these polymers have one feature in common. They all interact with solutes 

through general dispersion effects with little interaction through dipolar/polarisabilty 

and some through hydrogen bond basicity. The conclusion may be drawn that 

these polymers are inert, as they are designed to be, thus are resistant to corrosive or 

reactive chemical attack by processes of sorption, desorption or partition as shown 

by the results obtained. However, it can be concludedthat B178 and B174 have more 

hydrogen-bond basicity than does rubber 388P.
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Table 7.10 LogVc at 298 K for butyl rubber, 388P

Solute LogVc 

0% correction

LogVc 

44.15% correction

n-Heptane 2.624 2.620

n-Octane 3.197 3.195

n-Nonane 3.740 3.768

n-Decane 4.335 4.334

1,1,2,2-Tetrachloroethane 3.620 3.615

1-Chlorobutane 2.276 2.268

Trichloroethene 2.661 2.657

T etrachloroethene 3.318 3.317

Methylene iodide 3.823 3.822

Di-n-butylether 3.568 3.562

Tetrahydrofuran 2.169 2.019

1,4-Dioxane 2.548 2.449

Pentan-2-one 2.355 2.272

Heptan-2-one 3.541 3.520

Octan-2-one 4.064 4.050

Nonan-one 4.571 4.562

n-Propyl formate 1.785 1.702

n-Butyl propanoate 3.564 3.549

N,N-Dimethylformamide 2.974 2.823

N,N-Dimethylacetamide 3.597 3.498

n-Pentanol 2.865 2.691

n-Hexanol 3.413 3.331

n-Heptanol 3.934 3.868

n-Octanol 4.536 4.500

Dimethysulfoxide 3.538 3.377

Triethylphosphate 4.747 4.607
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Table 7.10 continues

Toluene 2.968 2.964

Ethylbenzene 3.456 3.453

o-Xylene 3.663 3.660

n-Propylbenzene 4.023 4.022

n-Butylbenzene 4.479 4.478

Chlorobenzene 3.360 3.358

1,2-Dichlorobenzene 4.312 4.311

4-Chlorotoluene 3.971 3.970

lodobenzene 4.330 4.329

Aniline 3.885 3.865

Phenol 3.874 3.799

m-Cresol 4.338 4.293

2-Chlorophenol 4.000 3.981

Benzyl alcohol 4.260 4.204

3-Ethylpyridine 4.012 4.000

Pyrrole 2.548 2.737
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Table 7.11 LogVc values for butyl rubber, B 178

Solute LogVc 

0% correction

LogVc 

45.72% correction

n-Heptane 2.303 2.292

n-Octane 2.911 2.906

n-Nonane 3.543 3.540

n-Decane 4.055 4.053

1,1,2,2-Tetrachloroethane 3.340 3.327

1-Chlorobutane 1.939 1.916

Trichloroethene 2.399 2.389

Tetrachloroethene 3.058 3.055

Methylene iodide 3.707 3.705

Di-n-butylether 3.272 3.257

Tetrahydrofuran 1.939 1.498

1,4-Dioxane 2.397 2.196

Pentan-2-one 2.095 1.867

Heptan-2-one 3.298 3.250

Octan-2-one 3.920 3.894

Nonan-one 4.387 4.368

n-Propyl formate 1.665 1.513

n-Butyl propanoate 3.383 3.353

N,N-Dimethylformamide 2.918 2.675

N,N-Dimethylacetamide 3.450 3.251

n-Pentanol 2.763 2.429

n-Hexanol 3.365 3.210

n-Heptanol 3.840 3.730

n-Octanol 4.306 4.224

Dimethysulfoxide 3.235 2.535

Triethylphosphate 4.649 4.394

Toluene 2.741 2.731
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Table 7.11 continues

Ethylbenzene 3.207 3.200

o-Xylene 3.466 3.461

n-Propylbenzene 3.710 3.707

n-Butylbenzene 4.398 4.396

Chlorobenzene 3.139 3.134

1,2-Dichlorobenzene 4.153 4.150

4-Chlorotoluene 3.838 3.836

lodobenzene 4.181 4.179

Aniline 3.710 3.670

Phenol 3.571 3.343

m-Cresol 4.122 4.020

2-Chlorophenol 4.018 3.994

Benzyl alcohol 4.068 3.948

3-Ethylpyridine 3.837 3.813

Pyrrole 2.372 2.123
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Table 7.12 LogVc values for butyl rubber, B 174

Solute LogVc 

0% correction

LogVc 

49.06% correction

n-Heptane 2.478 2.470

n-Octane 2.972 2.967

n-Nonane 3.606 3.603

n-Decane 4.170 4.168

1,1,2,2-Tetrachloroethane 3.409 3.397

1-Chlorobutane 2.045 2.024

Trichloroethene 2.447 2.436

Tetrachloroethene 3.133 3.219

Methylene iodide 3.649 3.646

Di-n-butylether 3.382 3.369

Tetrahydrofuran 1.947 1.401

1,4-Dioxane 2.536 2.376

Pentan-2-one 2.412 2.301

Heptan-2-one 3.484 3.448

Octan-2-one 3.911 3.881

Nonan-one 4.449 4.431

n-Propyl formate 1.907 1.814

n-Butyl propanoate 3.474 3.446

N,N-Dimethylformamide 3.076 2.896

N,N-Dimethylacetamide 3.640 3.502

n-Pentanol 2.891 2.626

n-Hexanol 3.299 3.077

n-Heptanol 3.953 3.857

n-Octanol 4.372 4.291

Dimethysulfoxide 3.639 3.444

Triethylphosphate 4.474 3.855

Toluene 2.804 2.795
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Table 7.12 continues

Ethylbenzene 3.301 3.294

o-Xylene 3.479 3.473

n-Propylbenzene 3.777 3.774

n-Butylbenzene 4.382 4.380

Chlorobenzene 3.133 3.127

1,2-Dichlorobenzene 4.182 4.179

4-Chlorotoluene 3.805 3.802

lodobenzene 4.277 4.275

Aniline 3.949 3.923

Phenol 3.726 3.555

m-Cresol 4.300 4.225

2-Chlorophenol 3.983 3.953

Benzyl alcohol 4.248 4.161

3-Ethylpyridine 3.997 3.978

Pyrrole 2.470 2.250
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7.430 Epom: Dupont 'NordeV hydrocarbon, ethylyene propylene copolymers
The ethylene and propylene copolymer is a saturated polymer molecule (EPM), there 

are no double bonds present, so the normal type of sulphur curatives cannot be 

employed for vulcanisation/^ Peroxide cures can be used instead, but this expensive, 

malodrous and difficult to handle, so that EPDM polymers were developed and are 

now widely used. EPDM applies to the simple copolymer of ethylene and propylene 

(“E” for ethylene, “P” for propylene, and “M” for the polymethylene [-CH2]x- type 

backbone, and the “D” designated a third comonomer, hexadiene (non-conjugated),'^^ 

which introduces the unsaturation into the molecule, and does not become part of the 

polymer backbone.' '̂  ̂ Because the various chain units are randomly arranged in the 

chain, these elastomers do not crystallise on stretching. Thus EPDM has poor 

stretching crystallization and poor gum strength.

[(-CH2-CH2)n(-CH2-CH(CH3)-)hexadiene]

Danner et af̂  ̂ studied the diffusion and sorption in ethylene-propylene copolymers 

coated on cagilary columns by inverse gas chromatography. These authors used both 

the copolymers, EPM (68 weight percent %  ethylene) and terpolymer, EPDM (56 

weight percent ethylene and about 9.3 weight percent of 5-ethylidene-2-norbonene, 

ENB). The study showed that there is only a slight effect of copolymer composition 

on the equilibrium results from the Flory-Huggins coefficient, %, obtained for EPM 

and EPDM. It was suggested by Femsdoiff^^’"̂  ̂ that this neglible effect could be 

attributed to the chemical similarity of the ethylene and propylene units in the 

polymer. Also revealed in their study was that cyclohexane is the most compatible 

solvent by virtue of its low % value, followed by benzene then chloroform.

EPDM is soluble in cyclohexane solvent, only after being left in the solvent to swell 

and then refluxed until completely dissolved. The polymer could only be coated onto 

the inert support (GAW-DMCS, 40-60 mesh size) at rather low loading, and the exact 

percentage loading was found by ashing the coated support to a constant weight.
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This is because the rubber does not ‘wet’ very well on the surface of the solid 

support, so after the solvent had evaporated off, a film of the polymer is formed on 

top of the coated solid support.

The retention volume, as logVc for 42 compounds were collected, and are given in 

table 7.13, and application of the general solvation equation 3.7 to these values 

yielded,

0% correction

LogVc = -0.235 + 0.054 + 0.2911n^2  + 0.402 + 0.947 logL’  ̂ (7.20)

n = 42 r = 0.9910 sd = 0.083 F = 506.0

60.34% correction for Vg values

LogVc = -0.394 + 0.160 R2 + 0.160 + 0.136 + 0.987 logL*^ (7.21)

n = 42 r = 0.9923 sd = 0.080 F = 590.5

The above result shows that EPDM selects solutes mainly according to their size as

shown by the coefficient (1= 0.987), with little significant interaction through n-7C

electrons pair (r=0.160) and small dipolarity/polarisability interaction, s=0.160 with

solutes. EPDM is a hydrocarbon, and is not therefore expected to have any acidic

or basic properties, and hence are redundant in equation 7.21. The phase hydrogen-

bond basicity was again small, a=0.136. This may be due to a slightly basic carbon as

a result of inductive effect across the polymer chain, and the small amount of double

bonds in the third terpolymer, diene. The IR spectrum of EPDM is very poor and

the interpretation of peaks is not clear. Spectroscopic studies of ethylene-propylene

copolymers in the near-infra-red and mid-infra-red regions by Skaare et al"̂ * did not

mention other peaks except those in the copolymers. Studies by C-

13, IR and thermal methods"^  ̂ on the conformation of ethylene-propylene copolymers
oo\y

(random or block) again mentioned,^the presence of the copolymers.

The result obtained from the general solvation equation showed that this copolymer 

(EPDM) is almost non-interactive towards polar solutes, a reflection of its nomial
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structure. EPDM could be the most inert sample of the four hydrocarbon rubbers 

studied here (388P, B178 and B174), as shown by the coefficients in the general 

solvation equation generated.

Table 7.13 L o g V c values for ethylene-propylene copolymers at 298K

Solutes LogVc 

0% correction

LogVc 

60.34% correction

n-Heptane 2.826 2.820

n-Octane 3.297 2.820

n-Nonane 3.777 3.774

n-Decane 4.266 4.264

1,1,2,2-Tetrachloroethane 3.628 2.616

1-Chlorobutane 2.459 2.446

Trichloroethene 2.740 2.732

Tetrachloroethene 3.366 3.363

Methylene iodide 3.767 3.763

Di-n-butylether 3.592 3.579

Tetrahydrofuran 2.490 2.320

1,4-Dioxane 2.775 2.632

Pentan-2-one 2.482 2.325

Heptan-2-one 3.483 3.425

Octan-2-one 3.958 3.914

Cyclohexanone 3.457 3.374

n-Propyl formate 2.206 2.134

n-Pentyl acetate 3.364 3.301

n-Butyl propanoate 3.566 3.530

N,N-Dimethylformamide 3.199 2.973

n-Pentanol 3.094 2.833

n-Hexanol 3.529 3.327
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T able 7.13 continues

n-Heptanol 4.031 3.900

n-Octanol 4.385 4.255

Cylohexanol 3.660 3.448

T riethy Iphosphate 4.534 0.000

Toluene 3.139 3.132

Ethylbenzene 3.534 3.528

o-Xylene 3.717 3.712

n-Propylbenzene 3.943 3.940

n-Butylbenzene 4.411 4.408

Chlorobenzene 3.429 3.424

1,2-Dichlorobenzene 4.281 4.277

4-Chlorotoluene 3.975 3.972

lodobenzene 4.350 4.347

Aniline 3.898 3.851

Phenol 3.949 3.789

m-Cresol 4.324 4.207

2-Chlorophenol 4.058 4.018

Benzyl alcohol 4.259 4.116

3-Ethylpyridine 3.943 3.908

Pyrrole 2.724 2.537
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Table 7.14 A summary of the phase coefficients

Phase T/K c r s a b 1 n P sd F

388F

0% cor 

St. dev.

298 -0.957

0.069

0.042

0.034

0.276

0.024

0.343

0.062

- 1.130

0.017

42 0.9960 0.069 1147.6

44.15% cor 

St. dev.

-1.108

0.076

0.137

0.038

0.149

0.038

0.215

0.069

- 1.170

0.019

42 0.9954 0.077 988.8

B178

0% cor 

St. dev.

298 -1.286

0.084

0.044

0.042

0.339

0.042

0.401

0.076

- 1.154

0.021

42 0.9943 0.084 805.3

45.72% cor 

St. dev.

-1.565

0.120

0.213

0.060

0.049

0.059

0.215

0.108

- 1.235

0.030

42 0.9889 0.120 449.4

B174

0% cor 

St. dev.

298 -1.023

0.091

-0.107

0.046

0.456

0.045

0.463

0.083

- 1.094

0.023

42 0.9927 0.092 625.0

49.06% cor 

St. dev.

-1.194

0.168

0.156

0.084

0.278

0.083

0.281

0.151

1.131

0.043

42 0.9774 0.168 197.6

EPDM

0% cor 

St. dev.

298 -0.235

0.091

0.054

0.046

0.291

0.047

0.402

0.074

- 0.947

0.023

42 0.9910 0.083 506.0

60.34% cor 

St. dev.

-0.394

0.087

0.160

0.044

0.160

0.045

0.136

0.071

0.987

0.023

42 0.9923 0.080 590.5
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T able 7.15 Chromatographic columns used

Phase Support mesh 

size

Solvent Phase (%) 

loading

Packing

wt/g

Column

1/cm

Column bore 

(mm)

388? (1st) GAW-DMCS

40-60

toluene 5.5847 4.0725 95.0 3.0

(2nd) GAW-DMCS

40-60

toluene 5.5847 1.8803 42.5 3.0

B178(lst) GAW-DMCS

40-60

toluene 5.4276 2.1985 97.8 2.0

(2nd) GAW-DMCS

40-60

toluene 5.4276 0.9626 42.5 2.0

B174 (1st) GAW-DMCS

40-60

toluene 5.0942 2.1404 97.0 2.0

(2nd) GAW-DMCS

40-60

toluene 5.0942 0.9158 40.5 2.0

EPDM GAW-DMCS

40-60

cyclohexane 3.966 2.0303 92.0 2.0
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CHAPTER 8 

8.00 Application to SAW chemical sensor

T he w ork  in th is part o f  the p ro jec t is to  characterise  polym eric and solid  phases w ith a 

view  to assess th e ir usefu lness as sorbents in SA W  chem ical sensor.

8.10 Background to SAW devices

T he need fo r the design  o f  a chem ical sensor to detec t toxic vapours is o f  g rea t in terest to  

industry, m ilitary and environm ent. T here is a continual challenge in the developm ent of 

designing m icro -senso rs and m icrosensor based  d e tec to rs , w ith high selectivity  and 

sensitivity , th a t will d e tec t a variety  o f  analytes in the p resence o f  in terferen ts. The 

com m on featu res th a t m any existing m icro-sensors share can be identified w ith sorp tion  

phenom ena and solubility  processes. By understanding  these fundam ental p rocesses, 

in teractive m aterial can be chosen that will selectively co llect vapours on the sen so rs’s 

surface. T his p rin c ip le  is illustrated  in figure 8.0 for a sensor that absorbs analytes into a 

selective so rb en t layer co a ted  on the sen so r’s surface. This principle can be found in 

sensors based  on su rface  acoustic devices co llectively  referred  to as p iezoelectric  sorp tion

d etec to rs 1 - 6

Vapour 

Sorbent 

Solid

F igure  8.0 Illu s tra tio n  o f sorp tion  o f  vapour into a phase  on a solid
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The concept of piezoelectric sorption detector was first introduced by King  ̂ in 1964, 

using bulk acoustic wave quartz crystals. Dectectors based on such crystals are 

frequently referred to as quartz crystal microbalances (QCM). Implementing a variety of 

other mass-sensitive piezoelectric devices in addition to QCM has been utilised to create 

chemical sensors, these include surface acoustic wave (SAW). The SAW device is a 

planar microsensor consisting of two sets of interdigital tranducers that have been 

fabricated onto each end of the surface of a piezoelectric crystal,^ such as quartz. The 

two ends of the transducers are connected into an oscillator circuit. When radio 

frequency voltage is applied to one end of the transducers,% Rayleigh wave is generated, 

and propagated across the surface of the crystal. The second set of the transducer 

converts the mechanical energy of the waves back into a radio-frequency voltage. The 

piezoelectric quartz crystal is very sensitive to mass change, so when a thin coating of 

liquid, metal or solid material is deposited onto the surface, the Rayleigh wave is 

perturbed, and is detected as a shift in frequency of the oscillator circuit. If a gas or 

vapour is sorbed by the coating, the monitored frequency is reduced further.

A SAW device is attractive in many respects as a chemical sensor, because it is small, 

rugged, and inexpensive. It is also highly sensitive, with detection hmit estimated^ to be 

10'̂  ̂ gram, and it is flexible in that it could be adapted to many detection environments 

by designing and selecting particular stationary phases. The table below gives an 

illustration of the different areas of use of SAW device chemical sensors.

Table 8.0 Application of SAW chemical sensors

Analytes Coatings Ref.

Cyclopentadiene Polyethylenemaleate 7

Antigen, human IgG Antibody, goat antihuman IgG 8

Sulphur dioxide (SO2) Triethanolamine 9

Hydrogen (H2) Palladium 10
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1 •  5 C M-4

0 . 3 8  CM

Figure 8.1 Schematic diagram of a SAW device
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In the design o f  a SA W  device tw o  p iezoelectric crystals are used for each sensor, one is 

coa ted  w ith a selective coating, the o ther acting as a reference crystal to  provide 

com pensation  for am bient tem perature and pressure fluctuation. T he low frequency 

difference betw een  the uncoated and coa ted  crystals is m onito red  during the vapour 

exposures. F igure 8.1 show s a typical SA W  sensor device.

C h em ica lly
se le c t iv e
c o a tin g

I 1*

quartz crysta l

: I
Gas in

K = Cs/Cc

S ta tion ary  p h ase  

SAW Device

t

J '  L
Gas out

Figure 8.2 S urface acoustic w ave sensor device

In polym er o r solid coa ted  SA W  device, sorp tion  o f  vapour m olecules into the sorbent 

layer plays a key role in the perform ance o f  chem ical m icrosenso rs.”  W hen a vapour is 

sorbed into the coated  SA W  device, the m olecules d istribute them selves betw een  the gas 

and stationary phases setting up an equilibrium , as show n in figure 8.2.
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The ratio between the concentration in the vapour in the gas phase, Cg, and the 

concentration in the polymer phase, Cs, is the partition coefficient, K;

K = Concentration of vapour in the stationary phase CCgl (2.15)

Concentration of vapour in the gas phase (Co)

The partition coefficient is related to the SAW device frequency shifts responses to 

sorption of vapour, Afv in equation 8.3 via equations 8.0 to 8.2 as follows:

When there is a mass-loading, the frequency shift, Af, due to the deposition of the film 

material can be expressed according the equation below.^

Ms = (ki + k2)F\m/A (8.0)

In this equation, F is the fundamental resonant frequency of the oscillator, the constants 

ki and ki are material constants for the piezoelectric substrate, and m/A is the film mass 

per area. If vapour is sorbed by a coating on a SAW device, the frequency shift A f due to 

the mass per area of vapour sorbed, m J A ,  can be expressed according to equation 

8.1.'"'^'

A fv =  A fs (m v /m s)  ( 8 . 1 )

The relationship of K to A f can be obtained from equations 2.15 and 8.1 , since the 

ratio of the mass of sorbed vapour to the mass of sorbent in equation 8.1 is related to Cs 

as defined in connection with equation 2.15;

For a vapour adsorbed on the surface on a solid

Afv = Afs.Co.Kc (8.2)

For a vapour absorbed into the bulk of rubbery polymer
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Afv = Afs.Co.K/p (8.3)

The additional factor of the density of sorbent polymer, p, arises from the difference in 

units of Kc (g/g)/ (g/L) and K (g/L)/ (g/L). The variable Afs represents the frequency 

shift expressed in terms of the amount of polymer or solid coating in the SAW device. 

Experimentally, Afs is determined when the vapour-sensitive coating of density p is 

applied to the bare SAW device, and Afv is measured when the sensor is exposed to a 

known concentration of vapour, Co. This conversion provides a simple relationship for 

calculating K values from measurable sensor characteristics. The relationsliip is 

independent of the specific SAW substrate.

The assumption made in equation 8.3 is that the SAW device functions as a mass sensor 

(mechanical effects are negligible) and that the observed mass change is due to the 

partitioning of the vapour between the gas phase and the stationary phase coating. One 

additional assumption made is that the density of the coating when vapour has been 

sorbed is the same as the density of the stationary phase itself. This assumption holds as 

long as the vapour sorption onto the stationary phase is low, as for low vapour 

concentrations or weakly sorbed vapours.

The partition coefficient measures the overall strength of interactions between the 

sorbent and vapour, for larger values of K vapour sorption is stronger. The partition 

coefficients at infinite dilution are easily determined by gas-liquid chromatography with 

the sorbent of interest acting as the stationary phase. These values are found to relate 

with K values determined with a SAW device through equation 8.3. This is important 

because gas chromatography is a well established and versatile method of making such 

measurements. The values of K for SAW device and those obtained by gas-liquid 

chromatography for each individual vapour are not always in precise agreement, but the 

result obtained from gas-liquid chromatography column with a given stationary phase 

should give a reliable indicator of the relative sensitivities of a similarly coated SAW 

device. This requires, of course, that the measurements made for the two different
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methods are obtained at similar temperature, because the partition coefficient is 

temperature dependent.

The experimental factors that are expected to cause the difference in values of partition 

coefficient measured by SAW device and gas-liquid chromatography are the gas phase 

vapour concentration and differences in measurement temperature. Gas phase vapour 

concentration can cause differences because the GLC measurement refers to condition at 

infinite diltution, while the SAW measurement is necessarily carried out at finite vapour 

concentrations.

Overall, the order of K measured by SAW device and GLC are consis tent with the 

sorption model. Accordingly, partition coefficients are a useful concept for interpreting 

SAW sensor behaviour and a more detailed consideration for the factors responsible for 

sorption is warranted. Since partitioning represents dissolution of a solute vapour into the 

solvent stationary phase, solubility interactions must be relevant in determining sensor 

responses.

8.20 Selection of coating material, physical properties

It is important that when selecting polymeric phases for sensor coating, the physical 

properties of the coating are considered. The coating must be non-volatile, so that it 

stays in place on the sensor, and that it allows facile diffusion of vapours to and from the 

sites of selective interaction. In addition, the physical state of the material should not 

change with use nor should its physical properties lead to hysteresis effects. These 

requirements are satisfied by non-volatile liquids and by amorphous oligomers or 

polymers.

Ideally, amorphous polymers should be elastomeric, ie., above their glass transition 

temperature (Tg). In this state, constant thermal motion of the polymer chain allows rapid 

vapour diffusion to occur, and the material left is essentially the same after sorption 

and desorption of vapours. In addition, the advantage of the ‘softness’ of the elastomeric
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material is its sensitivities to changes in material stiffness. The elasticity of the material 

does not greatly affect the observed shift in frequency (Afv) when the material is coated 

onto the SAW device surface.

Glassy polymers as potential sensor coatings are not very ideal in that they have lower 

vapour diffusion than elastomers/^ which can result in slower sensor response and 

recovery time. The diffusion is frequently complex because increases in chain segmental 

motion and free volume increases with the vapour transport, hence diffusion rate. So 

during sorption, where the concentration of vapour in the polymer is high, the diffusion 

rate increases. The reverse occurs during desorption, leading to the stiffening of the 

polymer, which could result in the permanent retention of some vapours. If this happens, 

then partial irreversiblility of sensor occurs creating possibility for hysteresis. Further 

more, there is a possible risk of adsorption of vapours in microcracks and micro voids in 

glassy polymers. In practice, some glassy polymers have yielded well-behaved SAW 

vapour sensors, while others have led to poor reproducibilty from sensor to sensor, or 

from vapour exposure to vapour exposure, and some show poor recovery 

characteristics.

In effect, soft material allows a more straight forward interpretation of the response to 

frequency shift in equation 8.3. All other thing being equal, sorption in elastomers is 

greater than in glassy materials, resulting in more sensitive sensors.

Finally, the material must be compatible with the method by which it is to be applied to 

the transducer surface, and it must wet and adhere to the that surface. Otherwise, 

isolated beads are formed, instead of thin films of liquid coating .T here are a number of 

methods available to ensure adhesion and improve film long term stability; covalently 

att aching the material to transducer surfaces, and or crosslinking after application. Care 

must be taken to avoid alteration of the desired chemical selectivities of the film.
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For solids, the problem usually is the surface contamination, this may alter the adsorption 

site of target vapour, because the surface of the solid has probably been modified, thus 

leading to reduced sensitivity. The thin coating of solid onto SAW device can easily be 

achieved using the Langmuir-Bloggett^* approach.

8.30 SAW device used in Sensor Array

A SAW device composed of a single sensor in many cases is sufficient for the analyte of 

interest. However, in an environment, complexities arises due to potential interferences 

which may^present at higher concentrations, and can be very demanding with regard to 

chemical selectivity. A better method would be to have a device comprised of an array 

of SAW sensors with a different coating on each sensor, and each sensor would be 

selected to respond differently to a set of vapours. The experimentally obtained data^  ̂

illustrated in the bar graphs, figure 8.3 shows how different vapours give rise to different 

pattern of responses when detected by an array of sensors. The combination of sensors 

selected to interact with different chemical properties would produce a unique fingerprint 

for each sensor. The sensors encode chemical information about the vapours in a 

numerical form, which can be analysed with pattern recognition methods.

The selectivity and sensitivity of each individual sensor is controlled by tailoring the 

chemical and physical properties of the coating material to maximise particular solubility 

interactions. The greatest sensitivity to the target analyte can be achieved by including 

structural elements in the coating material which will maximise the solubility properties 

that will interact with the analyte vapour. All interactions that will enhance sensitivity to 

the vapour should be included, provided that they do not cause strong self -association of 

the material.
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Figure 8.3 SAW array pattern responses.Each graph illustrates the relative responses 

of a five dual delay-line SAW vapour sensor to a single vapour.
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The aim in selecting coating materials which will give maximum ^ ac b . , is by 

designing materials that interact with vapours by only a single type of solubility 

interaction. The coating solubility property associated with that interaction should be 

incorporated at maximum strength. The logical approach to obtaining the greatest 

selectivity from an array of sensors is then to include individual coatings for each 

possible solubility interaction.

In practice, using real materials, it is not possible to make a material that will interact 

only according to a single solubility property. All organic materials, for example, will 

undergo significant dispersion interactions. Materials which are basic are often also 

dipolar, and vice versa, and those that have hydrogen-bond acididity also contain a degree 

of hydrogen-bond basicity. The strategy for selecting must be to select a particular 

solubility property, incorporate it into a coating material at maximum strength, and to 

mimimise all other solubility properties. Using this type of analysis, the list below 

summarises the selection strategy:

-  Maximise dispersion interactions

-  Maximise polarisability

-  Maximise dipolarity (minimise basicity)

-  Maxmise basicity (minimise dipolarity)

-  Maximise both basicity and dipolarity

-  Maximise acidity (minimise basicity)

Each of these is individually considered, because a random chosen set of coatings for a 

sensor array is unlikely to provide optimal information. A set of sensors in which each 

sensor probes a different solubility interaction will provide more information than a set in 

which most of the sensors probe the same type of interaction. The most general type of 

array would be one with approximately six coatings according to the outline categories 

outlined above. The set of coatings might be, see figure 8.4;
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-  Poly(isobutylene)

-  Phenylmethyl-diphenylsiloxane copolymer

-  Polybis(cyanopropyl)-siloxane

-  Poly(ethylenimine)

-  Poly(ethylene maleate)

-  Fluoropolyol

This is not an optimal set, there is still room for innovation to produce materials that 

better maximise the particular interactions for each of the above materials.

Phenylmethyl- diphenylsibxane copolymer

Si— O Si Q - f  Si-----0 ^ ( S i  —  O-

CH
/m

CH

Polybis(cyanopropyl)- siloxane

CN CN CN CN

Si — O— Si —  O — S i^—O—  S i^ - Q
n

CN CN CN CN
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Poly(isobutylene)

CH CH CH CH 
3,CH M C H  M Œ

•)n

Poly(ethyleneimine)

NH

,N NH
NH ^  NH NH- -)

n

Poly(ethylene maleate)

C

O

c

o
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o
I I
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o
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,c.
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Figure 8.4 Chemical structure of sorbent polymers

154



8.40 Characterisation of polymeric candidate SAW phases

It is clear from the above discussions, that it is advantageous (favourable) when selecting 

phases to have a quantitive method to evaluate the various types of solubility interactions 

for a candidate phase. As mentioned much earlier the method used to characterise the 

solubility properties is the ‘solvation equation’. The application of the solvation equation 

using multiple regression analysis, can be used to evaluate stationary phase properties, 

and to sort out the relative strengths of multiple simultaneous interactions.

Four particular materials were chosen in consultation with Dr. J. Grate in order to cover 

a range of properties, and in the hope that some selectivity towards solutes would be 

exhibited. These materials are as follows (see figure 8.5 for their structures).

(1) A trimethylsilyl endblocked poly(methylsiloxane) containing pendant -(CH2)3NMe- 

4-pyridyl groups, supplied by Dr Martel Zeldin of Purdue University, this is 

denoted as SXPYR.

(2) A commercial poly(trifluoropropylmethyl) siloxane, OV-202.

(3) Poly(vinyl propanoate) supplied from Aldrich as a solution in toluene, and from 

which the toluene had subsequently been removed by azeotropic evaporation. This 

shall be referred as PVPR.

(4) Poly(vinyltetradecanol) as supplied by Dr Grate. This material is denoted as PVTD.

The reasoning behind the choice of candidate phases for chemical sensors has been set 

out earlier. The following phases had their Tg btlow room temperature, which was to be 

the operating temperature, 297-298K. SXPYR was chosen as a possible strong base, 

with selectivity towards acidic solutes. Hence in equation 3.7 the a-constant is expected 

to be large for SXPYR. The ester, PVPR, might be useful as a more general phase with 

some basicity (a reasonably large a-constant) and dipolarity (a reasonably large s- 

constant). OV-202 was selected as a possible phase that might be selectively dipolar due 

to the trifluoropropyl groups, and so might have a large s-constant with small a- and b- 

constants. Finally PVTD is of considerable interest as a phase for which it is difficult to
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make predictions on chemical grounds, and for which only an analysis through equation 

3.7 can lead to a proper characterisation. The difficulty with this phase is that although it 

is structurally an acid (possibly a reasonably strong acid), any inter- or intra-molecular 

hydrogen-bonding could considerably reduce the effective acidity towards external basic 

solutes. An analysis through the general solvation equation would reveal how effective 

an acid is phase PVTD.

8.50 The regression equations of the polymeric phase 
SXPYR

It was rather difficult to study SXPYR. The chromatographic peaks were very broad and 

in some cases very asymmetric. Also, the phase was so basic that it was extremely 

difficult to elute any hydrogen-bond acids stronger than the simple alcohols. Values of 

log L were obtained for 39 solutes, and are in table 8.1 and the corresponding 

parameters are given in table 8.2. A usual regression analysis gave equation 8.4, which is 

reasonable, although not statistically as good as most such equations.

The SXPYR phase contains alkylaminopyridyl groups expected to be quite basic.^  ̂ The 

polymer, as predicted, is indeed very basic, indicated by the large a coefficient of 6.78, 

and has no acidic properties at all, the bZP"2 term is absent in equation 8.4. Hydrogen- 

bond basicity in a phase promotes the sorption of hydrogen-bond acidity vapours such as 

alcohols and water. SXPYR is not completely selective towards acids, but the 

observed s coefficient of s = 2.425 for dipolarity/polarisability is consistent with the 

large dipolarity of the 4-(N,N-dimethylamino)pyridine. SPXYR could be added to a hst 

of selected phases for piezoelectric chemical sensors ranking in the same class as 

poly(ethyleneimine), another very basic phase which has been used in chemical 

s e n s o r s . T h e  Infra-Red spectrum of SXPYR shows the characteristic peaks of C=N 

in the pyridyl group^^ at 1615cm'% Si-CH at 1260cm'% and Si-O group at 1050cm'% see 

figure 8.6, with a hint of moisture present at 3600-3200cm'^ region, which is expected 

of a hydroscopic phase.

LogL = -1.938 - 0.189 R2 + 2.425 7C?+ 6.780 W  + 1016 logL’̂  (8.4)

n = 39 r = 0.9886 sd = 0.120 F = 365.8
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Figure 8.5 Chemical structure of polymeric phases
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OV-202

This commercial GLC stationary phase, which is liquid at room temperature was much 

easier to study, with well-shaped elution peaks and no pronounced tendency to retain 

either acidic or basic solutes. The logL values determined on OV-202 are in table 8.1. 

For OV-202 there is a good range of all the explanatory variables, with little cross

correlation between them. OV-202 is quite dipolar with an s-constant of 1.298, no doubt 

due to the polar trifluoromethyl group, although perhaps not as dipolar as had been 

expected. The phase is weakly basic through the siloxane backbone, but does show some 

weak acidity. In terms of selectivity for dipolarity, trade-offs between dipolarity and 

basicity is made.’* The IR-spectrum, figure 8.7 of the neat liquid OV-202 phase is 

essentially free of any bonds due to OH groups, and it is possible that the weak acidity of 

OV-202 is due to the presence of C-H groups activated by the CF3 group.

LogL = -0.391 - O.48OR2 + 1.298 71̂ 2 + 0 .4 4 lW  + 0.705Zp^ + 0.807 logL*  ̂ (8.5)

n = 50 r = 0.9967 sd = 0.071 F =1319.5

PVPR

Preparation of the column packing with PVPR was quite awkward, because the phase 

was supplied as a solution in toluene. Any volatiles were first stripped off, using a rotary 

evaporator under vacuum, in order to start with a known weight of PVPR itself. After 

this, a sample of the stripped PVPR was weighed, dissolved in propanone, carefully 

mixed with the inert support, and the propanone then stripped off using exactly the same 

conditions as before.

Because the density of PVPR was not available, absolute Vg values was determined, 

rather than absolute L values. The two are simply related through equation 2.17. In any 

case, the conversion affects only the constant in equation 3.7.
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PVPR, rather surprisingly, proved a rather poor GLC phase at ambient temperature with 

very broad eluted peaks that were difficult to measure. The regression equation (8.6), as 

expected, shows this phase to be somewhat dipolar (s = 0.828) and quite basic (a = 

2.246), no doubt due to the ester function. But PVPR seems also to have some residual 

hydrogen-bond acidity (b= 1.026) that can hardly be due to the ester function.

Examination of the original bulk phase by IR, figure 8.9, after all the volatiles had been
» 1

stripped off showed, small broad band due to OH at 3400-3800 cm' , which could partly

be due to the presence of moisture, and it is also possible that PVPR may contain some 

OH groups, possibly through small amounts of unreacted acid or alcohol derived from the 

ester. The Infra-Red spectrum showed the expected carbonyl stretching bands at 1740 

cm'  ̂ for C=0, 1000 cm'' for C-O and 900 cm'' for vinyl C-O. In any case, the rather poor 

GLC quality of PVPR, together with the rather unselective nature of the polyester, seems 

to preclude PVPR as an outstanding candidate sensor phase.

Log Vg= -0.571 + 0.674 Rg + 0.828 + 2.246 Sa? + 1.026 SP^ + 0.718 logL'^ (8.6)

n = 33 r = 0.9958 sd = 0.081 F = 646.4

PVTD

Chemically, PVTD is a very interesting phase indeed. Although it contains an OH group 

that would lead to pronounced acidity, this group is flanked by oxygen atoms in such 

positions that internal (or intramolecular) hydrogen-bonding can easily take place:

CH CH
O ' '  O 'O ^

CH CH

Figure 8.8 An illustration of internal hydrogen-bonding in PVTD.
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If this were the case, the hydrogen-bond acidity of the OH to external hydrogen-bond 

basic vapours would be much reduced. In addition, the -OH oxygen atom would then 

become more basic in the -OH—O complex than in the free -OH group, so that 

intramolecular hydrogen-bonding will greatly reduce the hydrogen-bond acidity of PVTD 

and yet will increase the hydrogen-bond basicity.

LogL values for 42 solutes were obtained, as shown in table 8.1, and application of the 

general solvation equation leads to,

LogL = -0.591 - O.OI6R2 + 0.736 ng + 2.436Sog + 0.224EP5 + 0.919 logL’̂  (8.7)

n = 42 r = 0.9951 sd = 0.073 F = 722.3

Clearly, PVTD has almost no hydrogen-bond acidity (b=0.224) but is a reasonably strong 

base (a=2.436), as expected for a hydroxyl group containing phase, this basicity may be 

enhanced by the internal hydrogen bonding. The dipolarity of PVTD is low, and since the

1-constant is large (1=0.919), it is possible that PVTD might find use as a phase with a 

moderate selectivity towards bases.

The finding of PVTD showed that it has almost no hydrogen-bond acidity as regards 

solubility properties, receives some confirmation from the IR spectrum of neat PVTD, 

see figure 8.10. A large OH band is observed, but this seems to be entirely due to 

"associated OH" and not to "free OH" at 3500 cm * and a C-O stretch at 1000 cm *. This 

is exactly what would be expected if the OH of PVTD was internally hydrogen-bonded.
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Table 8.1 Values of logL for SAW device candidate phase

Compound name OV-202 PVTD PVPR SPYR

logL logL logL logVo

n-Hexane 1,73 1.83 - 0.80

n -Heptane 2.04 2.37 - 1.13

n-Octane 2.58 2.88 - 1.72

n-Nonane 2.99 3.37 2.47 2.31

n-Decane 3.35 3.63 2.75 2.83

n-Undecane 3.83 3.19

Cyclohexane 1.96 2.19

cis-Oct-2-ene - 2.04

Oct-2-yne - - - 2.79

Dichloromethane 1.73 1.83 1.89* 2.04

Trichloromethane 2.07 2.34 2.38 2.63

Tetrachloromethane 2.04 2.28 - 1.57

1.1-Dichloroethane 2.04 -

1.2-Dichloroethane 2.43 2.36 - 2.63

1.1.2.2-Tetrachloroethane 3.88

2-Chloro-2-methylpropane 1.85 - 1.45

1-Chloropentane 2.77 2.71 - 2.35

Trichloroethene 2.38 2.60 - 2.52

Tetrachloroethene - 3.07 - 2.62

Dibromomethane - - - 3.10

1-Bromobutane 2.65 - - 2.34

Diethyl ether - 0.92

Di-n-butyl ether - 3.25 - 2.56

Tetrahydrofuran 2.46 - - 1.90

1,4-Dioxane - 2.69 - 2.56

Acetaldehyde 1.70 -
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Table 8.1 continues

Propanone - 1.71 1.86 1.66

Butanone 2.73 2.15 2.20 2.13

Pentan-2-one 3.08 2.53 2.48 2.56

Pentan-3-one - 2.57 - -

Heptan-2-one 3.92 - - 3.60

Cyclohexanone - 3.57 - -

Methyl formate 1.73 1.28 1.52 1.06

Ethyl formate 2.14 1.64 1.83 1.42

n-Propyl formate 2.57 - 2.17 2.00

n-Butyl formate 2.99 - 2.54 2.54

Methyl acetate 2.21 1.79 1.93 1.52

n-Propyl propionate - 2.53 - -

n-Butyl propanoate - 3.45

Methyl trimethylacetate - 2.46 - -

Triethy lamine 2.76 - - 1.47

N,N-Dimethylformamide 4.22* 3.55 3.92 4.39'

Methanol 1.48 - - 3.10

Ethanol 1.72 2.23 2.40 3.07

n-Propan-l-ol - 2.62 2.65 3.51

Propan-2-ol 1.92 - - 2.97

n-Butan-l-ol 2.68 3.09 3.15 -

2-Methy Ipropan-1 -cl - 2.83 - -

Butan-2-ol - 2.69 - -

n-Pentan-l-ol - 3.59 3.58 -

n-Hexan-l-ol 3.50 4.08 - -

2,2,2-Trifluoroethanol 1.72 2.35 - -

1,1,1,3,3,3-Hexafluoropropan--2-011.99 3.06 2.47 6.08'

Benzene 2.37 2.38 2.04
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Table 8.1 continues

Ethylbenzene 3.15 - 2.99 2.78

n-Propylbenzene - - 3.45 -

2-Ethyltoluene - 3^3 - -

n-Butylbenzene 3.87 - - -

Chlorobenzene 3.18 - 3.18 3.37

1,2-Dichlorobenzene 3.91 - 3.93 -

1,4-Dichlorobenzene 3.84 - 3.86 -

2-Chlorotoluene 3.55 - 3.57 -

3-Chlorotoluene 3.59 - 3.61 -

4-Chlorotoluene 3.61 3.75 3.63 -

Methylphenyl ether 3.58 3.71 3.60

Acetophenone 4.52 - 4.54 -

Benzy lamine 4.26 - - -

Nitrobenzene 4.37 - 4.39 -

Pyridine 3.22 - 3.22 -

4-Methylpyridine 3.69 3.71 - -

* Calculated logK values using the respective regression equations
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Table 8.2 Solute parameters for solute vapours

Solute R LogL'"

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

Cyclohexane 0.305 0.100 0.000 0.000 2.964

Cis-Oct-2-ene 0.135 0.080 0.000 0.070 3.683

Oct-2-yne 0.225 0.300 0.000 0.150 3.850

Dichloromethane 0.387 0.570 0.100 0.050 2.019

T richloromethane 0.425 0.490 0.150 0.02 2.480

T etrachloromethane 0.458 0.380 0.000 0.000 2.823

1,1 -Dichloroethane 0.322 0.490 0.100 0.100 2.316

1,2-Dichloroethane 0.416 0.640 0.100 0.110 2.573

1,1,2,2-Tetrachloroethane 0.595 0.760 0.160 0.120 3.803

2-Chloro-2-methylpropane 0.142 0.250 0.000 0.120 2.217

1-Chloropentane 0.208 0.400 0.000 0.100 3.223

Trichloroethene 0.524 0.370 0.080 0.030 2.997

T etrachloroethene 0.639 0.440 0.000 0.000 3.584

Dibromomethane 0.714 0.670 0.100 0.100 2.886

1-Bromobutane 0.360 0.400 0.000 0.120 3.105

Diethylether 0.041 0.250 0.000 0.450 2.015

Di-n-butylether 0.000 0.250 0.000 0.450 3.924

T etrahy drofuran 0.289 0.520 0.000 0.480 2.636

1,4-Dioxane 0.329 0.750 0.000 0.640 2.892

Acetaldehyde 0.208 0.670 0.000 0.450 1.230

Propanone 0.179 0.700 0.040 0.490 1.696
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Table 8.2 continues

Butanone 0.166 0.700 0.000 0.510 2.287

Pentan-2-one 0.143 0.680 0.000 0.510 2.755

Pentan-3-one 0.154 0.660 0.000 0.510 2.811

Heptan-2-one 0.123 0.680 0.000 0.510 3.760

Cyclohexanone 0.403 0.860 0.000 0.560 3.792

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-Propyl formate 0.132 0.630 0.000 0.380 2.433

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

Ethyl propanoate 0.087 0.580 0.000 0.450 2.807

n-Butyl propanoate 0.058 0.560 0.000 0.470 3.833

Methyl trimethylacetate 0.049 0.540 0.000 0.450 2.932

Triethy lamine 0.101 0.150 0.000 0.790 3.040

N,N-Dimethy Iformamide 0.367 1.310 0.000 0.740 3.173

Methanol 0.278 0.440 0.430 0.470 0.970

Ethanol 0.246 0.420 0.370 0.480 1.485

n-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

n-Butan-l-ol 0.224 0.420 0.370 0.480 2.601

2-Methy Ipropan-1 -ol 0.217 0.390 0.370 0.480 2.413

Butan-2-ol 0.217 0.360 0.330 0.560 2.338

n-Pentan-l-ol 0.219 0.420 0.370 0.480 3.106

n-Hexan-l-ol 0.210 0.420 0.370 0.480 3.610

2,2,2-Trifluoroethanol 0.015 0.600 0.570 0.250 1.224

1,1,1,3,3,3-Hexafluoropropan--2-ol 0.240 0.550 0.770 0.100 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

n-Propylbenzene 0.604 0.500 0.000 0.150 4.230
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Table 8.2 continues

2-Ethyltoluene 0.680 0.550 0.000 0.180 4.346

n-Butylbenzene 0.600 0.510 0.000 0.150 4.730

Chlorobenzene 0.718 0.650 0.000 0.070 3.657

1,2-Dichlorobenzene 0.872 0.780 0.000 0.040 4.518

1,4-Dichlorobenzene 0.825 0.750 0.000 0.020 4.435

2-Chlorotoluene 0.762 0.650 0.000 0.070 4.173

3-Chlorotoluene 0.736 0.670 0.000 0.070 4.179

4-Chlorotoluene 0.705 0.670 0.000 0.070 4.205

Methylphenylether 0.708 0.750 0.000 0.290 3.890

Acetophenone 0.818 1.010 0.000 0.480 4.501

Benzylamine 0.829 0.880 0.100 0.720 4.319

Nitrobenzene 0.871 1.110 0.000 0.280 4.557

Pyridine 0.631 0.840 0.000 0.520 3.022

4-Methylpyridine 0.630 0.820 0.000 0.540 3.640
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8.60 Summary of the polymeric candidate phases

The various regression equations for all the phases are collected in table 8.3. For each 

phase, the first Une gives the constants in equation 3.7, and the second hne gives the 

standard deviation in these constants. SXPYR is far more basic than usual GLC 

stationary phases. It doesn’t have any substantial acidic character and so will selectively 

absorb acids and not bases. It, however, has substantial s-constants, 2.425 and so will 

absorb dipolar as well as basic substrates.

Of the four characterised phases, SPYR is useful as a possible alternative to PEI as a 

very basic phase. OV-202 might have some use as a "general" phase with a reasonable 

dipolarity/polarisablity. The interaction behaviour between selected vapours and the 

phases is quantitatively compared in table 8.4. It can be seen that the 1 logL’̂  term 

contributes significantly to the overall sorption, but does not have a large effect on the 

selectivity among these solutes. In general, dispersion interactions always occur in the 

sorption of an organic vapour, and these are not particularly selective, except that 

vapours with larger values will be more strongly sorbed than those with smaller 

values. This supports the comment made earlier that it is not possible to make a material 

that will interact only according to a single solubility property. A plot in figure 8.11, of 

the partition coefficients of selected vapours against the four polymeric phases gives an 

indication of how a SAW sensor would respond to the particular vapours.
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Table 8.3 A summary of the regression equations obtained

Phase T/K c r s a b 1 n P sd F

OV202

LogL 

St. dev.

298 -0.391

0.047

-0.480

0.061

1.298

0.063

0.441

0.070

0.705

0.055

0.807

0.013

50 0.9967 0.071 1319.5

PVTD

LogL 

St. dev.

298 -0.591

0.060

-0.016

0.068

0.736

0.069

2.436

0.071

0.224

0.071

0.919

0.016

42 0.9951 0.073 722.3

PVPR

LogL 

St. dev.

298 -0.571

0.078

0.674

0.081

0.828

0.089

2.246

0.095

1.026

0 . 1 0 0

0.718

0.019

33 0.9958 0.081 646.4

SPXYR

LogVc 

St. dev.

298 -1.938

0.128

-0.189

0 . 1 1 2

2.425

0.117

6.780

0 . 2 2 0

- 1.016

0.034

39 0.9886 0 . 1 2 0 365.8
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Table 8.4 Analysis of calculated interaction terms

Polym er/

solute

rRi aZ a^i logL’'

OV-202

Toluene -0.288 0.675 0 . 0 0 0 0.099 2.683

Dichloromethane -0.186 0.740 0.049 0.035 1.629

HFIP 0.115 0.714 0.340 0.071 1.123

DM F -0.176 1.700 0 . 0 0 0 0.522 2.561

PV TD

Toluene -0 . 0 1 0 0.196 0 . 0 0 0 0.031 3.056

Dichloromethane -0.006 0.419 0.244 0 .0 1 1 1.856

HFIP -0.004 0.405 1.876 0 . 0 2 2 1.279

DM F -0.006 0.964 0 . 0 0 0 0.166 2.916

PV PR

Toluene 0.405 0.431 0 . 0 0 0 0.144 2.387

Dichloromethane 0.261 0.472 0.225 0.051 1.450

HFIP -0.162 0.455 1.729 0.103 0.999

DM F 0.247 1.085 0 . 0 0 0 0.759 2.278

SX PY R

Toluene -0.114 1.261 0 . 0 0 0 . 3.378

Dichloromethane -0.073 1.382 0.670 - 2.051

HFIP 0.045 1.333 5.221 - 1.414

DM F -0.069 3.176 0 . 0 0 0 - 3.224
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Table 8.5 Chromatographic columns used

Phase Phase 

density/g cm'^

Support 

mesh size

Solvent Phase (%) 

loading

Packing

wt/g

column

1/cm

column

bore

OV202 1.252 GAW-DMCS

40-60

Chloroform 9.99 2.9400 74.0 3.0

PVTD 0.960 GAW-DMCS

40-60

Chloroform 9.99 3.1570 74.0 3.0

PVPR 1 .0 1 0 GAW-DMCS

40-60

Propanone 9.99 3.0160 74.0 3.0

SXPYR ( 1 .0 0 ) GAW-DMCS

40-60

Chloroform 9.99 2.9220 73.5 3.0
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8.70 The grouping of characterised phases

The search for polymeric phases as candidate SAW devices is extensive and wide. This 

leads to a large number of phases that have been characterised, each with solubility 

properties significantly different to another, so that different information can be used from 

each SAW device in an array. For example, vapour selectivity is best when there is high 

acidity and low basicity or high basicity and low acidity, illustrated graphically in figure 

8.12. These characterised phases, table 8 .6 , are grouped into similarities and 

dissimilarities,^^ by examining the regression coefficients obtained, as can be seen visually 

in the dendrogram in figure 8.13. The first group at the bottom are two very basic phase, 

PEI and SPXYR, which are very similar to one another and very dissimilar to all other 

phases. The second group contains the hydrogen bond acidic phases P4V, FPOL, SXFA 

and ZDOL. P4V is the most distinct in terms of large dipolarity and acidity, while SXFA 

and ZDOL are similar. The third group are SXCN and PEM, very dipolar phases that 

are moderately basic. The phases in the fourth group, PVTD and PVPR, are moderately 

basic, but are also weak acids. The final group contains generally less ‘polar’ phases than 

all the others, ie. their main interaction is via dispersive interactions. Cluster analysis 

displayed by the dendogram has previously been used to deduce and select chemical 

sensor phases based on chemical sensor responses.
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Figure 8.11 B ar chart show ing the d ifferen t in teractions

176



zoo -

...... -

177



OV202

SXPHB

PECH

PIB

PVPR

PVTD

PEM

SXCN

ZDOL

SXFA

FPOL

P4V

PEI

SXPYR

4- Sim ilarity

Figure 8.13 Dendrogram illustrating the similarities and dissimilarities^^ among the 

sorbent phases at 298K, as determined by cluster analysis of the c 

constants and r, s, a, b and 1 coefficients.
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Table 8.6 Coefficients of candidate phases for SAW device (data from ref. 26)

Phase c r s a b 1

SXPHA -0.452 0.308 0.851 0.692 1.297 0.806

SXPHB -0.846 0.177 1.287 0.556 0.440 0.885

SXPHC -2.949 0.246 0.992 0.549 0.827 0.794

SXCN -1.630 0.000 2.283 3.032 0.516 0.773

SXFA -0.084 -0.417 0.602 0.698 4.250 0.032

PIB -0.766 -0.077 0.366 0.180 - 0.017

PECH -0.749 0.096 1.628 1.450 0.707 0.831

PEI -1.602 0.495 1.516 7.018 - 0.770

PEM -1.653 -1.032 2.754 4.226 - 0.865

P4V -1.329 -1.535 2.493 1.507 5.877 0.904

FPOL -1.207 -0.672 1.446 1.494 4.086 0.810

ZDOL -0.486 -0.750 0.606 1.441 3.668 0.709

SXPHA - Poly[oxy(methyIphenylsilylene)-co-oxy(diphenylsilylene)], OV-25 

SXPHB - PoIy[oxy(methylphenylsilylene)-co-oxy(diphenylsilylene)], OV-25 

SXPHC - Poly[oxy(methyIphenylsilylene)-co-oxy(diphenyIsiIylene)], modified 

SXCN - Poly{oxy[bis(3-cyanoprop-l-yl)silylene]}

SXFA - Poly(oxy {methyl[4-hydroxy-4,4,bis(trifluoromethyl)but-1 -en-yllsilylene 

PIB - Poly( 1,1 -dimethylethylene)

PECH - Poly {oxy [ 1 -propionyloxyethylene]}

PEI - Poly(ethyleneimine)

PEM  - Poly(oxymaleoyloxyethylene)

P4V - Poly{l-[4-(2-hydroxy-l,l,l,3,3,3-hexafluoroprop-2-yl)phenyl]ethylene}

ZDOL - Fom blin Z-DOL 

FPOL - Fluoropolyol
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8.80 Characterisation of candidate solid phase for SAW sensor

F u lle r e n e s
the

Since the remarkable discovery of » third carbon allotrope in 1985, Geo, by Kroto and 

Smalley et al̂  ̂ it has attracted

considerable attention and excitement in many scientific disciplines^^ and is the subject of 

numerous reviews/^'^^

The birth of fullerene chemistry is relatively new, but David Joneŝ "̂  back in 1966, 

discussed the possibility of creating graphite balloons similar to geodesic cages. These 

objects are essentially giant fullerenes.^^’̂  ̂ The earliest record of Geo appeared a little 

later, when Osawa and Yoshida^^ proposed a new class of conjugated molecules, 

which they called superaromatics. They assigned these molecules a polyhedron form, 

with electrons in molecular orbitals delocalised on the surface of a three dimensional 

structure having an almost spherical symmetry and thus conjectured that the Geo 

molecule has a truncated icosahedron structure having an additional stability due to the 

mobile electrons, as in the benzene molecules. Independent to the work of Osawa and 

Yoshida, Bochvar and Gal’pem^* at around the same time produced estimate 

calculations of resonance energy of Côo, and concluded that the resonance energy is 

greater than that of the benzene molecule. An analysis of the chemical properties of Geo 

shows that it cannot be classified as an aromatic compound. Indeed, most of the known 

derivatives of this molecule undergo addition reactions.H ow ever, according to the 

physical criteria the Geo molecule can be assigned to the group of aromatic systems, for 

example, the C-C bond lengths in Geo, though different for the (6 ,6) and the (6,5) bonds, 

are close to the bond lengths in graphite.

ore-
From the high resonance energy (12,500 resonance structuresj)ossible for Geo), and its 

hollow cage structure of 60 equivalent carbons,Geo is thought to be extremely stable. 

This, overlooks an important feature of strained five-membered rings adjacent to 

benzenoid rings, namely the tendency to avoid having double bonds in the pentagonal 

ring. The presence of the double bonds in the already-strained ring, produce the Mills-
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N ixon e f f e c t / ' T here is thus only one structure for Cqq that avoids having any double 

bonds in the pentagonal rings, and this has tw o  im portan t consequences. F irst, 

delocalisation o f electrons is po o r, so Cgo is m uch m ore reactive than originally expected . 

S econd , Ceo is no t so m uch an arom atic m olecule as a giant c lo sed -cag e  alkene. The 

sam e applies to o ther fullerenes. C ontrary  to  intuition, a study o f  cyclic voltam m etric 

m easurem ents''^ on C 60/C 70 suggests that fu llerenes are excellen t e lec tron  aceptors.

#

T he structu re  o f  Ceo is a tru n ca ted  isohedron^^ w ith an Ih sym m etry w hile C?o is a m ore 

ex tended  s tructu re  w ith an ellipsoidal (Dsh) sym m etry type. Cgo is co m p o sed  o f  32 faces 

o f  w hich 1 2  are pen tagons and 2 0  hexagons, w ith each  pen tagon  su rrounded  by five 

hexagons, a s tructu re  analogous to  a football and rem iniscent o f  geodesic  dom es o f 

B uckm inster Fuller. T hus, Ceo is com m only referred  to  as “buckm insterfu llerene or 

buckyball fo r sh o rt” . B uckyball has a d iam eter o f abou t 7 A , and each  buckyball 

separated  from  each  o ther ca. 3.1 A  (in graphite the in terlayer d istance is 3 .4 -3 .5 A ) / '
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The discovery of Ceo was serendipitously revealed in a study of simulating clusters of

carbon star by pulsed laser on graphite.^^ Ceo was also detectable during the soot

formation process/^ so Ceo could have been around since time^memorial, but has to wait 

until the right experiment could be carried out at the right time with the right instrument. 

Progress on this unique molecule was slow due to the small quantity accessible, but in 

1990 Kratschmer' '̂  ̂ et al solved this by developing a method of preparing gramme 

quantities of carbon clusters by burning graphite electrodes in an electric arc in a helium 

atmosphere at subatmospheric pressure. Since then, work on Ceo has fluorished.

Fullerene is still a new and exciting molecule, and so there are promising potential 

applications for it for various reasons; such as its thermostability, ability to exhibit donor- 

acceptor interactions and high regularity in the solid state. The possible use of fullerenes 

as a liquid chromatographic phase has been investigated by Stalling'^  ̂ et al on Ceo/Cvo 

bonded polymeric materials, and Jinno"̂  ̂et al on Ceo for the separation of polyaromatic 

hydrocarbons. Golovnya"^  ̂ et al have studied fullerene Geo as a new stationary phase in 

capillary gas chromatography, and its abihty to exhibit dispersive interactions was 

compared with that of graphized carbon black and apolar liquid stationary phases. 

Fullerenes as adsorbents have not yet been explored, but from studies on carbon, it is 

known that this element has a very strong adsorbent"^* capability, and it has many 

beneficial functions in the environment."^  ̂How fullerenes function as adsorbentjcould only 

be unravelled by carrying out the present investigation.

The fullerene sample (83.9% Ceo and C70 16.1% ) obtained from Polygon Enterprises, 

Waco, Texas, USA, was packed into a glass chromatographic column, see table 8.7, and 

conditioned at 373K under a stream of dried helium. Data were collected as logged gas- 

solid partition coefficients for solutes at 298K, covering a reasonably wide range of 

functional groups, so that an overall view of how the fullerene interaction behaviour can 

be quantified. Due to its weak adsorbency property, small molecules were not studied, 

because of non-equilibration on the adsorbent column, so molecules such as 1,1,1,3,3,3- 

hexafluoropropan-2-ol and 2,2,2-trifluoroethanol had to be omitted. Results are in table

i«n
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8.8, and were analysed using the general equation. The following equations were 

obtained;

LogKc = -1 .5 8 0  - 0 .237  Rj + 0.721 +  1.041 Ea": +  0 .4 7 7  logL"* (8 .8)

n =  22  r = 0 .9 5 0 6  sd = 0 .1 2 4  F = 39 .8

LogKp = -1 .0 9 3  + 0 .5 7 6  Tt": +  0 .5 9 6  E a”i +  0 .5 4 9  logL“  (8 .9 )

n = 22 r = 0 .8 9 5 0 , sd = 0 .1 7 4  F = 2 4 .1

Here and elsewhere, n is the number of data points, r is the correlation coefficient, sd 

is the standard deviation, and F is the F-statistic. The characterisation of gas-solid 

adsorption is harder to study than is gas-liquid absorption, due to the non- 

homogeneous surface of the solid. In addition, the range of adsorbate concentration 

that allows linearity of isotherm is very much smaller than in gas-liquid systems.

The regression equation for Ceo reveals that it is quite basic, with a = 1 .0 4 1 ,  thus 

showing selectivity towards hydrogen-bond acid solutes. The hydrogen bond basicity of 

Côo is no doubt due to the high electron density around the ball. The regression 

equation also suggests that it is fairly polar, s = 0 .7 2 1 , although this value is 

perhaps lower than expected from its type of structure. Fullerene however, has been 

suggested^* to behave not as a highly aromatic molecule, but as a giant closed-cage 

alkene. The s-constant in equation 8.8 is certainly compatible with this suggestion. The 

dispersion interaction term in equation 8.8 is rather small, 1 = 0 .4 7 7 , and so the 

selectivity in terms of solute size does not play such a major role as with other 

adsorben ts.T he r coefficient gave a small negative value, r = -0 .2 3 7 , when an 

interaction between n and K electrons is expected to be fairly dominant. A possible 

explanation could be due to the repulsion between the electrons in the fullerene 60 and 

the solute lone pairs. Note that the bZP“2 term is dropped in the regression equation

8.8, due to a very poor significance test. This means that hydrogen bond bases are 

inactive towards Côo, or, conversely, that Ceo has no hydrogen bond acidity.
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Using equation 8.8, it is possible to examine in more detail the interactions that govern 

the sorption of vapours by fullerene. Interaction terms in this equation have been 

calculated for each of the test vapours and the results are given in table 8.9. Dispersion 

interactions are shown to be the predominant factor influencing the sorption of vapours 

by fullerene. Indeed for the most strongly sorbed vapours, decalin, tetrachloroethylene, 

and toluene, the 1 logL*  ̂is by the far the largest term. The value of this term ranges from

0.46 to 2.42 over the set of 11 set vapours.

Table 8.7 Chromatographic columns used

Adsorbent Mesh size Post-conditioned 

weight, g

Column 

length, cm

Column 

bore, mm

Fullerene 20-30 0.1383 9.3 2.0

Graphites 20-30 0.2388 5.0 3.0
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Table 8.8 Fullerene and Graphite logKc and logKp values at 298K

Graphite Fullerene

Solute logKc logKp logKc logKp

Decane 1.14 1.91 0.55 1.31

Undecane 1.53 2.33 0.85 1.65

Dodecane 1.82 2.66 1.21 2.05

1,1,2,2-tetrachloroethane 1.33 2.16 0.96 1.80

T etrachloroethene 0.83 1.66 0.57 1.41

Methylene-iodide 1.20 2.24 0.54 1.58

Butylether 1.11 1.83 0.54 1.27

Octan-2-one 1.50 2.22 0.93 1.65

Decan-2-one 2.19 2.99 1.51 2.32

Butylpropanoate 1.21 1.94 0.54 1.26

Octan-l-ol 2.17 2.89 1.22 1.95

Dimethylsulphoxide 2.17 2.67 1.16 1.67

T riethy Iphosphate 2.13 3.00 1.49 2.36

Propylbenzene 1.13 1.82 0.49 1.18

1,2-Dichlorobenzene 1.55 2.33 0.82 1.74

4-Chlorotoluene 1.48 2.19 0.52 1.73

lodobenzene 1.53 2.45 0.89 1.75

Nitrobenzene 2.13 2.83 1.17 1.89

m-Cresol 2.13 2.78 1.51 2.15

2-Chlorophenol 1.81 2.52 1.24 1.96

Benzy lalcohol 2.12 2.76 1.20 1.85

Pyrrole 1.14 1.57 0.53 1.00

185



Table 8.8 continues

Hexane 0.36 0.91

Norbomane 0.73 1.32

Decalin 1.77 2.53

a  ± Pinene 1.05 1.80

Norbomylene 1.05 1.64

Dichloromethane 0.35 0.90

Tetrachloromethane 0.65 1.45

Tetrahy drofuran 0.71 1.18

Propanone 0.76 1.14

Norcamphor 1.74 2.39

Methanol 0.35 0.47

Benzene 0.75 1.25

Toluene 1.05 1.63
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Table 8.9 Interaction terms for the sorption of vapours by fullerene

Solute rRi S7c“2 aSa“2 llogL’̂

Decalins -0.12 0.18 0.00 2.42

Tetrachloroethene -0.15 0.32 0.00 1.71

Toluene -0.14 0.37 0.00 1.59

Tetrachloromethane -0.11 0.27 0.00 1.35

Trichloromethane -0.10 0.35 0.16 1.18

Benzene -0.14 0.37 0.00 1.33

Tetrahydrofuran -0.07 0.37 0.00 1.26

Dichloromethane -0.09 0.41 0.10 0.96

n-Hexane 0.00 0.00 0.00 1.27

Propanone -0.04 0.50 0.04 0.81

Methanol -0.07 0.32 0.45 0.46
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In general, excepting cases where particularly strong hydrogen-bonding or dipolar 

interactions are set up, dispersion interactions are the main driving force for sorption of 

monomeric organic vapours from the gas phase to a condensed phase, and the fullerene 

results are consistent with this reality. The role of dispersion interactions in the sorption 

of vapours by fullerene has also been emphasised in recent studies by Golovnya et al,"̂  ̂

using fullerene as the stationary phase in a capilary gas column. These authors found that 

fullerene was comparable to nonpolar liquid phases such as squalane and Apiezon L in 

the retention of n-alkanes.

Overall, the result yields some insight into the many possible properties of this highly 

stable new form of carbon. From this study, it is shown that Ceo is not a very strong 

adsorbent, it is however, some what selective, and so there is a possible use of the 

fullerene as a selective adsorbent.

Indeed, such a potential use for this unique carbon has been suggested; such as sensor^ ̂ 

material to detect volatile polar substances, for example gaseous ammonia or amines 

including organic vapours. The concentration of such analytes are measured by changes 

in the conductivities in fullerene films. Li and Swanson^^ deposited thin films of a 

fullerene derivative on a surface acoustic wave (SAW) device. This combination yielded 

a chemical sensor where the role of the fullerene layer was to collect and concentrate 

vapour molecules on the SAW device surface by sorption. The sorption process plays a 

crucial role in determining the sensitivity, selectivity, response time, and reversibly of this 

type of sensor.^ 'The fullerene layer was assembled by reacting fullerene Ceo with (p - 

aminopropyl)trimethoxysilane to form a functionalised adduct that polymerizes via the 

formation of siloxane bridges. This process yields a network polymer that can covalently 

bond to silica surfaces. Sensors were coated by a dipping procedure.

The surface waves generated by SAW devices are sensitive to changes in the physical 

properties of the films on the device surface.^^’̂"̂ An increase in mass, for example, 

decreases the wave velocity, and this can be dectected as a shift in the frequency of an
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oscillator circuit containing the SAW device as the resonant element. Depending on the 

film material used, frequency shifts can also be observed in response to changes in 

polymer viscoelastic properties or changes in the sheet conductivity of a semiconducting 

material.

Li and Swanson^^ expressed SAW vapour responses in terms of Afv divided by the 

saturated vapour pressure, Psat of the test vapour. Psat and Cg are related by equation 

8.10, assuming the ideal gas law.

Co = Psat.MW/R.T (8.10)

MW is the molecular weight of the vapour, R is the gas constant, and T is absolute 

temperature.

Dividing both sides of the equation 8.10 by Psat and substituting for Cq according to 

equation 8.2 yields equation 8.11.

Afv =Afs.Cc.Kc (8.2)

Afv/Psat = Afs.MW.Kc/R.T (8.11)

This equation shows that vapour sensor response expressed according to Afy/Psat is 

proportional to Kc*MW. The factors Afs, R  and T are constant in measuring the 

responses of a given coated SAW  sensor to a series of vapours

The relative vapour sensitivities of the fullerene-coated SAW sensor to vapours were 

compared by Li and Swanson, who obtained values of Afy/Psat for 11 vapours, as shown 

in table 8.10. These values were obtained from measurements of SAW sensor frequency 

shifts in response to vapours at their saturated concentration at room temperature. 

Following Li and Swanson, these data were replotted as AFy/Psat, figure 8. 14
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Li and Swanson^^ suggested that the relative vapour sensitivities of the fullerene-coated 

SAW sensor could be correlated with the solubility of fullerene in various organic 

solvents. The solubility values of fullerene in organic solvents as measured by Ruoff et 

al̂  ̂were plotted, as shown in figure 8.15, and values are shown in table 8.11. The clear 

difference between figure 8.15 and that of 8.14 indicate that this approach is not a 

consistently reliable predictor of relative vapour sensitivities.
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Table 8.10 Af/P . of solutes in assembled fullerene^  ̂on SAW sensor

No Solute Af/P^

1 Decalin 3180

2 Tetrachoroethene 523

3 Toluene 320

4 Tetrachloromethane 98

5 Trichloromethane 62

6 Benzene 60

7 Tetrahydrofuran 39

8 Dichloromethane 26

9 n-Hexane 25

10 Propanone 22

11 Methanol 120

Table 8.11 Solubility of Ceo in a various solvents

Solute mg/ml

Decalin 4.60

Tetrachoroethene 1.20

Toluene 2.80

Tetrachloromethane 0.32

Trichloromethane 0.16

Benzene 1.70

Tetrahydrofuran 0.00

Dichloromethane 0.26

n-Hexane 0.043

Propanone 0.001

Methanol 0.00
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Figure 8.14 Relative vapour sensitivities, Afv/Psat (kHz/atm), of a fullerene-coated

SAW vapour sensor52

F U L L E R E N E  SOLUBILITY IN 
LIQUIDS

2 .2

Figure 8.15 Solubilities of fullerene in organic solvents55
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A much sounder approach to the prediction of vapour sensitivities on a fullerene coated 

SAW sensor, would be through experimentally determined values of Kc. These can be 

obtained by the gas-solid chromatographic method outlined above. Unfortunately, of the 

11 vapours studied by Li and Swanson, experimental Kc value was matched for only one 

vapour tetrachloroethylene. It is possible, however, to predict or estimate Kc value for 

the Li and Swanson set by using equation 8.8 with descriptors. Results, are shown in 

table 8.12 (calculated values of Kc and also the single observed value). The Kc*MW 

values, for these vapours were plotted in figure 8.16. Therefore, the predictions in figure 

8.16 are derived from an equation that only included one of these vapours in the training 

set.̂ ^

It can be seen that equation 8.8 is successful in estimating the relative sensitivities among 

the various vapours. Decalin is correctly predicted to be by far the most strongly sorbed, 

with tetrachloroethene and toluene being the^most strongly sorbed, in that order. The 

only striking difference between the predictions and the SAW sensor results is the relative 

sorption of methanol, which is predicted to be less strongly sorbed than was observed in 

the SAW measurements. However, this difference can be explained, because the fullerene 

layer on the SAW device contained amino functionalities essential to the assembly 

process employed. These amino groups should confer basic properties to the assembled 

thin film that are not present in the parent material. Consequently, methanol, the most 

hydrogen-bond acidic vapour in this set of vapours, should be more strongly sorbed by 

the assembled fullerene layer than by underivatized fullerene.
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Table 8.12 Kc*M.W values of solutes on fullerene and graphite

Solute Fullerene

Kc

Fullerene

Kc*M.W

Graphite

Kc

Graphite

Kc*M.W

Decalin 8.24 1139 58.88 8141

Tetrachoroethene 2.01 334 6.76 1121

Toluene 1.76 162 11.22 1034

Tetrachloromethane 0.87 134 4.47 687

T richloromethane 1.04 124 4.68 558

Benzene 0.97 76 5.62 439

Tetrahydrofuran 0.98 71 5.13 370

Dichloromethane 0.65 55 2.24 190

n-Hexane 0.50 43 2.29 197

Propanone 0.55 32 5.75 334

Methanol 0.38 12 2.24 72
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Figure 8.16 Relative vapour sorption, Kc*MW ((g/g)/(g/l)*(g/mole)), calculated for 
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Figure 8.17 Relative vapour sorption, Kc*MW for graphite
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Graphite

Graphite is the second allotrope of carbon, having structure similar to fullerenes in that, it 

is composed of a series of stacked parallel layer p lan es ,w ith  trigonal sp  ̂ bonding. 

Within each layer plane, the carbon atom is bonded to three others, forming a series of 

continuous hexagons. Fullerenes can be described as finite analogues of the graphite sheet 

where 12 pentagonal defects have been introduced to an otherwise perfect hexagonal 

framework. It is this similarity that lead us to investigate the adsorbent properties of 

graphite and to see how the two allotropes differ. In addition, is was useful to have 

graphite as a standard adsorbent for comparison. Admittedly, fullerene is a three- 

dimensional structure and graphite is two-dimensional, but the exposed surface is 

essentially benzene rings, in each case.

Carbon is the only element to have this particular layered hexagonal structure. The 

spacing between the layer planes in graphite is relatively large (0.35nm) or more than 

twice the space between atoms within the basal plane and approximately twice the van 

der Waals radius of carbon. The stacking of these layers occurs in two slightly different 

ways: hexagonal and rhombohedral. The latter one is the more common of the two, 

because of its greater thermodynamic stability

The solid phase studied was in the form of graphite flakes obtained from Aldrich 

and dried in a vacuum dessicator prior to packing into a short column, see table 8.7, and 

conditioned in helium for 24 hours at 373 K.

A standard solute, butane, was chosen which did not have a very long retention time, 

so that it could be injected from time to time, especially after the column was 

reconditioned. This served as a check that the surface of the graphite was the same ie. 

that reproducible results could be obtained.

The same set of solutes as for the fullerenes was used to probe the interaction character 

of graphite. Gas-solid sorption was calculated as Kc and Kp; values are in table 8.8.
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Application of the general solvation equation to the loglQ and logKp values leads to 

the following equations:

LogKc = -1.548 - 0.259 R2 + 0.989 n ' 2̂ + 1.106 Z a“2+ 0.587 logL"* (8.12)

n =22 r = 0.9712 sd = 0.117 F = 70.6

LogKp = -1.192 + 0.831 + 0.772 Za": + 0.679 logL"^ (8.13)

n =22 r = 0.9535 sd = 0.143 F = 60.0

The regression results obtained are quite good, with reasonable correlation coefficients 

and standard deviations. The dispersive interaction does not play a dominant role, but 

this is as expected for a carboneous phase, 1 = 0.587 for logKc and 1 = 0.679 for 

logKp. Graphite has a negative coefficient for r, r = -0.259 for logKc, and r is 

insignificant for logKp. This indicates that there is no interaction via n-7C electrons, 

but possibly that some lone pair-lone pair electron repulsion occurs.

A distinguishing feature of the correlation equations is the term in solute hydrogen-bond 

acidity, indicating interactions via hydrogen-bond basic sites in graphite, a =1.106 for 

logKc and a = 0.772 for logKp. These values are rather high for a phase that has only 

7t-electron functions as electron donor sites; note that the graphite structure consists of 

sheets of fused benzene rings stacked together. As expected of a structure of fused 

benzene rings, graphite is dipolar/polarizable: s = 0.989 for logKc and s = 0.831 for 

logKp. The absence of hydrogen bond acidity agrees with the nature of graphite, since 

there is no electron acceptor function. Results of the correlations for adsorption on 

graphite and fullerene are remarkably similar, and confirm the above conclusions on 

the chemical nature of fullerene. As well as studying the 22 solute data set for 

comparison with fullerene, a more extensive set of data was examined, table 8.8. The 

corresponding regression equations are;
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LogK c = -0.856 -0.273 R2 + 0.864 Jt“2 + 0.939 S a "2 + 0.458 logL '*  (8.14)

n =36 r = 0.9700 sd = 0.148 F =123.6

LogKp = -0.616 + 0.726 + 0.628 + 0.570 logL‘* (8.15)

n =36 r = 0.9781 sd = 0.144 F = 235.7

The equations for the extended data set are well in hne with those for the 22 solute 

data set, above, and the general conclusions as to the nature of graphite remain 

unchanged. However, equation 8.14 and equation 8.15 are preferred as the best set of 

equations for the characterisation of graphite.

The coefficients in these equations for graphite are essentially the same as those for 

fullerene in equation 8.8 and 8.9, indicating that the two primary components of soot, 

fullerene and graphite, are not too different from one another in their properties as 

sorbents.

Using experimental values of Kc, values of Kc*MW have been calculated for the test 

vapours considered in figure 8.14, 8.15 and 8.16 and these results, see table 8.12 are 

plotted in figure 8.17. Comparisons with figures 8.16 and 8.17 confirm that graphite is 

very similar to fullerene. As indeed plots of logKc for fullerene and graphite against the 

vapours, figure 8.18, showed the same pattern of adsorption. Plot of logKc for fullerene 

against logKc for graphite indicated a linear relationship, see figure 8.19, with graphite 

showing a slight stronger absorbance.

The assembled fullerene layer is similar in selectivity to graphite and other non-polar 

polymers,^® and thus could serve as a sensor for non-polar vapours in a sensor array. 

Compared to graphite, fullerene has the advantage that it can be assembled into a thin 

film starting with molecular precursors. The assembled fullerene layer is noteworthy in 

that the film is immobolised by being networked with siloxane bridges and covalently 

bound to the surface. This could produce a more durable film than simple linear polymers
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bound to the surface only by physisorption. The assembly of the fullerene layer 

introduced amine functionalities that afforded greater sensitivity to hydrogen-bond acidic 

vapours than fullerene alone, thus decreasing the overall selectivity for non-polar vapours 

such as chlorinated and petroleum hydrocarbons.

In conclusion, fullerene has a weaker adsorbency capability than its allotrope carbon or 

graphite, it is however more selective. Because of this selectivity, fullerene finds a 

potential application in sensor devices, and with time more uses will be uncovered for this 

unique, beautiful and exciting molecule.
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Table 8.13 Summary of the regression coefficients

Phase T/K c r s a b 1 n P sd F

Fullerene

LogKc 

St, dev.

298 -1.580

0.244

-0.237

0.073

0.721

0.081

1.041

0.162

0.477

0.049

22 0.9506 0.124 39.8

LogKp 

St. dev.

-1.093

0.334

0.576

0.106

0.596

0.220

0.549

0.068

22 0.8950 0.174 24.1

G raphite

LogKc 

St. dev.

298 -1.548

0.230

-0.259

0.070

0.989

0.077

1.106

0.149

0.587

0.047

22 0.9712 0.117 70.6

LogKc 

St. dev.

-0.856

0.105

-0.273

0.081

0.864

0.079

0.939

0.166

0.458

0.024

36 0.9700 0.148 123.6

LogKp 

St. dev.

-1.192

0.274

0.831

0.087

0.770

0.180

0.679

0.056

22 0.9535 0.143 60.0

LogKp 

St. dev.

-0.616

0.101

0.726

0.069

0.628

0.159

0.570

0.024

36 0.9781 0.144 235.7
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CHAPTER 9

9.00 Solvatochromism of solvent and polymer

Organic liquids or polymers are characterised by several properties that make them 

suitable for dissolving solutes. Abraham, Kamlet and Taft (AKT) have constructed 

equations that could bring together solvent effects on many phenomena, using the 

principle of linear solvation energy relationship (LSER), based on the solvation 

model. One of the commonly used methods to measure solubility properties is inverse 

gas-chromatography. Another method is that of solvatochromism as applied by 

Kamlet and Taft to solvents using ultra-violet/visible spectrometry.

9.10 Effect of solvent on Ultra-Violet/ Visible absorption spectra

It has been long known that absorption spectra of chemical compounds may be 

affected by solvents, which can usually change the position, intensity and shape of 

absorption bands. This phenomenon is termed solvatochromism. The word 

solvatochromie literally means 'solvent colour'. The principle is based on the 

wavelength of maximium absorption (̂ max) of some indicators absorbing in the 

ultra violet/visible region of the electromagnetic spectrum, which are measurably 

shifted when the indicators are dissolved in different solvents. The extent of 

wavelength shift depends on the type and degree of interaction possible between the 

indicator and the solvent. A hypsochromic (or blue ) shift, with increasing solvent 

polarity is usually called negative solvatochromism.’ The corresponding 

bathochromic (or red ) shift is termed positive solvatochromism. These changes 

are a result of physical intermolecular solute-solvent interaction forces; such as 

dipole/polarisability and hydrogen-bonding, etc., which tend to alter the energy 

difference between ground and first excited state of the absorbing species containing 

the chromophore. If with increasing polarity, the ground-state molecule is better 

stablbed by the solvation than the molecule in the excited state, negative
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solvatochromism will result. And better stabilisation in the first (Frank-Condon)* 

excited state relative to the ground state will lead to positive solvatochromism.

The pronounced change in the position of the absorption band of a solute in a 

solvent is used as a probe to unravel, quantify and correlate the multiple solvent 

effects on physicochemical properties.

According to Bayliss and McRae,^ four hmiting cases can be distinguished for 

intramolecular electronic transitions in solution:

1) N o n  p o la r  so lu te  in  a  n o n  p o la r  so lv e n t. The solvation energy in both ground 

state and excited state is due to dispersion forces only. Dispersion forces are present 

in all solutions, and this will invariably cause a small bathochromic shift, the 

magnitude of which depends on the solvent refractive index, n, the transition intensity 

and the size of the molecule.

2) N o n -p o la r  so lu te  in  a  p o la r  so lv e n t. Although the solvent is polar, the absence of 

a solute dipolar moment means that there is no significant orientation of solute- 

solvent molecules, and a general red shift, takes place the magnitude again depending 

on the solvent refractive index, n.

3) D ip o la r  s o lu te  in  a  n o n  p o la r  so lv e n t. In addition to dispersive forces, there is also 

a dipolarity-polarisability interaction present (polarization of solvent molecules by the 

solute dipole).

When the solute dipole moment decreases during the electronic transition, this will 

cause the solution spectrum to shift to the blue by an amount that depends on the 

solvent refractive index and on the change in the solute dipole moment. On this shift

The Frank-Condon priciple states that the time required fo r  a molecule to get electronically 
excited (about 10'^ )̂ is much shorter than that required fo r  vibrations or rotations (about 10'̂  ̂ to 

s). The nuclei o f the absorbing molecule (and o f the surrounding solvent molecules) during an 
electronic transition do not appreciably alter their positions, so in that state the excited molecule in 
solution has the same solvation pattern (the excited molecule momentarily surrounded by a solvent 
cage whose size and orientation are those suitable to the ground state) as the corresponding ground 
state, and the ground state corresponds to an equilibrium state.
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will be superimposed polarisation red shift, and the resultant shift may either be red 

or blue depending on the relative magnitudes of the red shift caused by polarisation 

and the blue shift.

The argument is the same as the above case when the solute dipole moment increases 

during the electronic transition, the Frank-Condon state is more solvated by dipole- 

solvent polarization, a bathochromic shift is expected, the magnitude depending again 

on solvent refractive index and the change in solute dipole moment.

4) D ip o la r  so lu te  in  a  p o la r  so lv e n t. The ground state solvation is largely due to 

dipole-dipole forces, and the solvent cage is oriented around the dipolar solute 

molecule, resulting in the net stabilization of the ground state of the solute molecules. 

If the solute dipole moment increases during the electronic transition (|Lig < |ie), the 

Frank-Condon excited state is formed in a solvent cage of partly oriented solvent 

dipoles. The excited state is better stabilised relative to the ground state, with 

increasing solvent polarity, resulting in a red shift, see figure 9.0(i). The magnitude 

depends on the change in dipole moment during the transition, the value of the solvent 

dipole moment, and the extent of interaction between solute and solvent molecules.

If the dipole moment of the solute decreases during the electronic transition, the 

Frank-Condon excited state is in a strained solvent cage of oriented dipoles not 

correctly disposed to efficiently stabilise the excited state. Thus, with increasing 

solvent polarity, the energy of the ground state is lowered much more than that of the 

excited state, and this produces a hypsochromic shift, see figure 9.0(ii). The 

superimposed bathochromic shift due to polarization will usually be less, resulting in a 

net blue shift.
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Increasing solvent polarity

(i) Hg < |x.

Frank-Condon 
excited state

AE = hv

Ground state

Increasing solvent polarity 

(ii) |lg  >  He

Figure 9.0 Schematic qualitative representation of solvent effects on the electronic 

transition energy of dipolar solutes in polar solvents.

9.20 Solvatochromie comparison method

The solvatochromie method was first introduced by Kamlet and Taft '̂  ̂ for 

determining the solvent pi scale for hydrogen-bond basicities, an tti scale of 

hydrogen-bond acidities, and a 7ii-scale of dipolar/polarisability using the 

solvatochromie comparison method from spectral data. The absorption maximum 

values, , of an indicator, eg. 4-nitroaniline, N l, is compared with its 

homomorphic indicator, N,N-dimethyl-4-nitroaniline, N2, see figure 9.1. Both Nl 

and N2 are capable of acting as hydrogen-bond acceptor substrates (at the amino 

nitrogen) in hydrogen-bond donor solvents, but only N2 can act as hydrogen-bond 

donor substrate in hydrogen-bond acceptor solvents.
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Figure 9.1 N,N-dimethyl-4-nitroaniline

(N2)

(ii) 4-Nitroaniline 

(Nl)

9.21 Solvent dipolar/polarisability, 7U*i

The dipolar/polarisabilty blend, tü*i, is so named, because it is derived from solvent 

effects on the 7C-7t* electronic transition of a variety of aromatic indicators or probes; 

These probes are mostly of the A-C6H4-D type, where A and D are electron acceptor 

(such as NO2) and electron donor (NMc:) groups. The electronic absorption 

transitions of these indicators are solvent dependent; in the absence of specific 

interaction (hydrogen-bonding), the solvent effect on any two non-hydrogen-bond 

donor indicators are linearly related to a high precision, as shown in equation 9.0.

v(2)s  -  v(2)so =  s[ v ( l ) s - V ( l ) s o ] (9.0)

Where s is a constant dependent on solvent (subscript) s and in a reference solvent 

(subscript) so, for the given indicators 1 and 2. This electronic transfer is connected 

to an intramolecular charge transfer from the electron-donor part (OMe, NMe2) to 

the acceptor part (NO2, COCgHg) through the aromatic system. Hence, the first 

excited state is more dipolar than the ground state, with an observed bathochromic 

shift. The solvent effects on these indicators was employed initially in the 

construction of the n *  scale by Kamlet and Taft.^’̂  These 71* values were obtained 

from Vmax for seven aromatic indicators in a series of solvents, and were normalised to 

give 7t* = 0.00 for cyclohexane and 7t* = 1.00 for dimethyl sulfoxide. The 7C* values
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were averaged, this was to eliminate any specific solute/solvent effects eg. hydrogen- 

bondings, and any spectral anomalies eg. band shape or vibrational fine structure. 

Later workers^’* have tended to use one or two particular indicators, and typical 

indicators are; 4-nitroanisole, N,N-dimethyl-4-nitroaniline and N,N-diethyl-4- 

nitroaniline. This is because the solvatochromie studies for perfluorinated solvents by 

Carr and B rad y an d  Bekarek et al'° showed that 7i*i values are significantly indicator 

dependent. Thus equation 9.0 may not be as generally applied as originally believed.

For a given solvatochromie indicator,* the 7C*i value for a solvent s is defined through 

equation 9.1

7i*i(s) = [ v(s) - vfc-CeHn)]/[ v(DMSO) - v(c-C6Hi2)] (9.1)

Where the v(s) is the maximum absorption frequency of the solvatochromie band in

various solvents. The two reference solvents are cyclohexane, C-C6H12, and DMSO, 

where 7i*i is taken as 0 and 1 respectively. These 7C*i values can be obtained by 

applying equation 9.1 to N,N-dimethyl-4-nitroaniline, N l indicator: taking v(c-6Hi2) 

= 28.18, and v(DMSO) = 24.66 *10* cm '\ leading to the general equation* for 7t*].

71*1 (Nl) = 8.006 - 0.2841 O) (10* cm'^) (9.2)

Here D̂ ax is in 10* cm '\ The solvent parameter 7t*i is a blend of dipolarity/ 

polarisability, and measures the ability of solvents to stabilise a charge or a dipole.

For the oxygen indicator, 4-nitroanisole, 01, Tt* can be similarly obtained from the 

absorption maximum, Dmax- Following the same procedure,* taking v(c-6Hi2) = 34.12 

and v(DMSO) = 31.72 *10* cm '\ leads to equation 9.3. 4-Nitroanisole is certainly the 

best indicator to use technically, because the absorption peaks have less fine structure 

and are more Gaussian in shape than those for any aniline-type indicator.

7ü*i(01) = 14.2167 - 0.4167 \) (10* cm'^) (9.3)
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9.22 Solvent hydrogen-bond basicity, pi

The solvatochromie parameter pi is a quantitative measure of the abihty of a bulk 

solvent to act as a hydrogen-bond acceptor towards a solute (indicator) forming a 

solute-solvent hydrogen-bond. The elegant solvatochromie comparison method of 

Kamlet and Taft^’"̂ is used to determine Pi. In this procedure, a pair of indicators are 

used, for example 4-nitroanisole, O l, and its homomorph 4-nitrophenol, 02, or N, 

N-dimethyl-4-nitroaniline, N l, and its homomorph 4-nitroaniline, N2. Comparison of 

the Dmax values of the two indicators in the same solvent leads to the measure of 

solvent basicity.

There are two main ways of determining pi values a) solvatochromie comparison 

method and b) double regression method. In the first method, the polarity of a 

solvent s is measured by the bathochromic shift relative to cyclohexane, -A Vs, of the 

K -K *  transition of the maximum 1 of non hydrogen-bond donor indicator, i, (eg. 

N,N-dimethyl-4-nitroaniline). The basicity of the same solvent is measured by the

supplementary bathochromic shift -AA Vs of its homomorph indicator, j, (eg. 4-

nitroaniline). A plot of the absorption wavenumbers of indicator i against those from 

indicator, j for non-hydrogen-bond donor(HBD) and non-hydrogen-bond acceptor 

(HBA) solvents, gives a straight reference hne of the equation, Vi = ay Vj 4- by. The 

HBA solvents fall below this line. The supplementary band shift^’*̂ ’'  ̂denoted -AA V(i 

. j) can be calculated from the deviation of HBA solvents from the reference line via 

equation 9.4.

-AA V(i.j) = [ay Vj-I-by]-Vi (9.4)

The pi scale was constructed by taking as usual, pi= 0 for cyclohexane and pi = 1

for hexamethylphosphoric triamide (HPMA). The pi scale thus obtained based on 

two indicators, is shown in equation 9.5.

pi = -AA V(i-j) / v(HMPA) - v(c-6Hi2) (9.5)
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In the second method, Abraham et al̂  obtained the pi values by the double 

regression method suggested by Kamlet and Taft,^^ using equation 9.6.

v(i) = v(i)o + s7C*](N) + bPi (9.6)

Where v(i) refers to the band maximum of indicator i in a number of solvents and 

v(i)o is the constant. The analysis of equation 9.6 was initiated by taking three pi 

values; cyclohexane, pi= 0, acetone pi = 0.48 and HPMA, Pi =. 1.00. The output 

valuesfrom the regression analysis was slightly different to the input value), which were 

adjusted such that the output values were as the selected values above. The 

equation is solved by an iterative method in which pi values calculated from each 

equation are averaged at the end of each cycle. The process was repeated until a 

constant value was obtained between sucessive cycles. The above procedure was 

performed for a number of anihne indicators on a number of solvents. Equation 9.7 is 

the regression equation from the indicator, N2.

pi = [30.91 - 2.604 71*1 - D (N2)] / 3.550 (9.7)

Here again Umax is in 10̂  cm'’. The shift of Umax o f  N2 in the same solvent will give 

both polar/dipolarity and hydrogen-bond basicity, and so the 7C*i interaction is 

subtracted out in the pi calculation.

Alternatively, pi can be obtained by application of the first method, equations 9.4 and 

9.5, to give equation 9.8, taking v(c-C6Hi2) = 31.13 and v(HMPA) = 25.52 *10^ cm ’ 

as two reference points, for 4-nitroaniline indicator.

Pi (N2) = (0.9752 v(Nl) -h 3.7281) - v (N2)/ 2.7643 (9.8)

The original pi scale was obtained by averaging up to five pi values measured 

from five different properties:^ a solvatochromie property using a nitrogen acid 

indicator, a solvatochromie property involving an oxygen acid indicator, and three
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properties involving solute basicity toward oxygen acids. Thus, the Kamlet and Taft 

p] values are a mixture of solvent and solute basicity measurements. Abraham et al̂  

re-evaluated the Pi values parameters, by using the aniline based pair of indicators 

namely, N 1 and N2.

For 4-nitrophG.ncL, the homomorph of 4-nitroanisole, Pi can be obtained from 

equation 9.9, derived from equations 9.4 and 9.5 of the solvatochromie comparison 

method. Taking vCc-CeH^) = 34.12 and v(HMPA) = 32.03 *10  ̂ cm'* as two 

reference points.

pi (02) = (1.038 v(01) - 0.3839) - v (02)/ 2.0316 (9.9)

9.23 Hydrogen-bond acidity, tti

The construction of an acidity scale was rather difficult, because there are no 

suitable matching pairs of indicators, as there are in the Pi determination. 

However, a solvent polarity scale Et was analysed by Kamlet, who found that 

solvent polarity and polarizability were not purely the dominant factoo influencing 

Bt values, but  ̂also was solvent hydrogen bond acidity, ai. The solvent strength 

scale Et, equation 9.10 was first proposed by Reichardt and Dimroth^^ to measure 

solvent polarity, which is simply defined as molar transition energy of the 

intramolecular charge transfer absorption of 4-(2,4,6-triphenylpyridium)2,6- 

diphenylphenoxide, (Reichardt's dye),*^’̂  ̂ see figure 9.2, dissolved in a solvent,

measured in kcal/mol. This molecule exhibits one of the largest known solvent-

induced shifts in Àmax, a negative solvatochromism of n -  %*,

E t/ (kcal/mol'^) = h*c*v*NA = 2.859*10'^ / v  (cm'^) (9.10)

Or

Et = 28591/À-max

Here h is Planck's constant, c is the velocity of light, v is the wavenumber of the 

photon which produces electronic excitation, and NA is Avogrado's number.
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Reichardt's dye is rather unique in its features; it posesses (a) 44 n  electron aromatic 

ring system (b) a negatively charged phenoxide oxygen atom, making a centre of high 

basicity, thus enabling it to hydrogen bond with hydrogen bond acid solvents, and (c) 

an internal positive nitrogen atom in the pyridinium ring, hence the existence of its 

dipolarity. Kamlet and Taft applied the linear solvation energy relationship equation, 

3.4, to the E t values, leading to equation 9.11. Note the h(0^H)i term has been 

dropped out, this is because there is no volume change during electronic transitions 

from ground to excited state.

Et = 30.2+ 12.99 (71*1-0 .2 1 ô i)+ 14.45 a i +2.13Pi (9.11)

Although the dÔi and pi terms are statistically significant, the regression coefficients

in equation 9.11 are comparatively small, and thus can be disregarded without 

affecting the final equation,w hich was simplified to equation 9.12. It is obvious that 

the solute/solvent interactions between the betaine dye and HBA solvents play only a 

minor role.

Et = 30.2 + 12.35 7i*i + 15.90 ai (9.12)

n = 100 r = 0.967 sd = 1.95

Or

tti = (Et - 30.2 - 12.35 7t*i)/ 15.90

Et is obtained from measurements of m̂ax or Dmax for Reichardt's dye, where Imax is 

in nm. According to equation 9.11, the interaction between the betaine dye and 

solvent molecules is mainly determined by a blend of dipolarity/polarizability and 

hydrogen-bond acidity. The ratio of the regression coefficients of 7t*i and tti in 

equation 9.12 is tti /7t*i = 1.29. Hence, the sensitivity of Et is slightly larger for ai 

than to 71*].̂ °

Reichardt's dye is dipolar and basic with a large dipole, and has a very large range 

of solvatochromie shifts. This solvatochromie range lies within the visible region 

of the electromagnetic spectrum, with its long wavelength intramolecular charge
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Figure 9.2 Reichardt’s dye molecule (Ri = R2 = H)

transfer (CT) absorbing band shifted by 9730 cm^ (350 nm) on going from water ( k  

= 450 nm) to diphenylether (A, = 810 nm).^  ̂ Solutions of the dye are red in methanol, 

violet in isoamyl alchol, green in acetone, and yellow in anisole, thus comprising the 

whole visible region and allowing even a visual estimation of the solvent polarity. This 

is due to stabflisation of the electronic ground state, which is an ion pair, relative to the 

first excited state, which is a radical pair, with increasing solvent polarity. The 

stronger the stabilization effect of the solvent on the ground-state ion-pair as 

compared with the less dipolar radical pair in the excited state, the higher this 

transition energy and, thus, the E t value. A high E t value corresponds to high 

solvent polarity. The shift of the solvatochromie absorption of Reichardt's dye in 

various solvents provide a good and sensitive characterisation of the polarity and 

acidity of the solvents. However, Reichardt's dye is not very soluble in less polar 

solvents, and is insoluble in non polar solvents, such as aliphatic hydrocarbons. 

This problem is overcome by placing a more lipophilic penta-tert-butylsubsititute on
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the dye, see figure 9.2, Ri=R2= t-butyl, which is then additionally used as a secondary 

reference probe.Reichardt's dye is not only sensitive to change in solvent polarity, 

but its Âmax also depends on changes in temperature^^’̂  ̂ (thermo-solvatochromism) 

and pressure (piezo-solvatochromism). Thermo-solvatochromism arises due to 

the increased stablisation of the dipolar electronic ground state of Reichardt's dye 

relative to the less dipolar excited state with decreasing temperature as a result 

of better solute/solvent interaction at low temperature. Similai^, a hypsochromic 

shift of Xmax as pressure is increased is observed.^"  ̂ It is proposed that this piezo- 

solvatochromism is due to increased solute/solvent interaction with increasing 

pressure.

The major limitation of the Et values is the fact that no Ej values can be measured 

for acidic solvents such as carboxylic acids. Presence of traces of an acid in solutions 

of the Reichardt’s dye immediately changes the colour to pale yellow due to 

protonation at the phenolic oxygen atom of the dye. The protonated form no longer 

exhibits the long wave-length solvatochromie absorption band. Another limitation is 

that it was not possible to measure the absorption maximum of the betaine dye in the 

gas phase as a reference state.'
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Figure 9.3 Qualitative representation of the solvent effect in the CT of betaine dye
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9.30 Previous work on solvatochromism with polymers

Numerous studies have been carried out on characterizing solvent liquids using 

solvatochromie methods, however, the application of this method to polymeric phases 

has been very limited. This is probably due in part to difficulties in handling large 

molecules, that are not encountered with small molecules.

Carr and co-workers^^ have measured polarity characteristics, 7C*i for a series of 

liquid, polymeric siloxanes (methyl/phenyl OV type gas-chromatographic stationary 

phases) using the solvatochromie method. Measurements were made by directly 

dissolving the appropriate dyes in the viscous hquid; this can require long period of 

time to completely dissolve the dye. Drickamer^^ et al studied the effect of pressure 

on the solvatochromism of the charge transfer (CT) absorption bands of several 

pyridium N-phenoxide betaine dyes in solvents and polymers (polymethacrylate and 

polystyrene). Here, the polymer and the dye were dissolved in an appropriate solvent, 

and the thin polymer film contain îrg the dye was obtained by spinned coating on a 

quartz slide. McGill and co-workers^^ used the same technique to characterize 

polymers as solvent phases by preparing thin films and measured polarisability, 

hydrogen-bond acidity and hydrogen-bond basicity. These workers^* further studied 

the effect of relative humidity on polymer sorption properties on solvatochromie 

parameters; hydrogen-bonding acidity and Ex values. The kinetic study of the 

sorption and desorption of water vapour by films of polymer (polyvinylacetate) 

showed that the polymer/dye film can give large, reversible, rapid changes in colour 

(visible absorption maximum) with changes in humidity. These authors suggested that 

this method can be be useful in the sensor technology.

Recently, Fichou et al̂  ̂ used a solvatochromie dye-doped polymer for detection of 

polar additives in hydrocarbon blend. The dye, Reichardt’ s dye, was dissolved in 

poly(methyl methacrylate), and the resulted RD-PMMA spin coated film was used to 

detect analytes, methanol, as low as 0.1% (V/V). This has a potential use as 

candidates of a solvatochromic-based fibre optic chemical sensor for in situ 

monitoring of octane improvers in gasoline.
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9.40 Result and discussion on solvatochromie data

A range of solvents were measured for solvatochromie parameters using both pairs of 

homomorph nitrogen indicators; N,N-dimethyl-4-nitroaniline, N l, 4-nitroaniline, N2, 

and the oxygen indicators; 4-nitroanisole O l, 4-nitrophenol, 02, and Reichardt’s dye, 

RD. The absorption maxima, Vmax are set out in table 9.0. The resultant 7t*i, pi 

and ai values calculated from the given equations for the respective indicators are 

given in table 9.1 and table 9.2. The 7t*i and Pi values obtained from the nitrogen 

indicators generally agree well with the corresponding oxygen indicators, with the 

exception of a few polar solvents; ketones observed here have 7i*i values very much 

higher than the parameters obtained from the nitrogen indicators, ie. the two scales 

are not exactly the same. The tc*i and pi values obtained via N l and N2 shown in 

table 9.0 compared very well against the corresponding literature values.*’̂  ̂But, for a 

few solvents, notably the ketones, the 7T*i values obtained using 4-nitroanisole, 

show a fairly large discrepancy against literature values. For the Et value for 

solvents, there is generally a good agreement between those measured in this work 

against the corresponding literature values. ‘ There are some slight differenceson some 

solvents, in particular; N,N-dimethylformamide, N,N-dimethylacetamide, chloroform 

and methylene iodide. The ai values were calculated from the Et values obtained in 

this work through equation 9.12. Overall, the method is thus reproducible within 

experimental error, hence the same procedure can be applied to the polymers.

The polymers examined here have already been characterised using the method of 

inverse gas-chromatography, some in this work, and where the polymers have 

previously been studied in the literature, these are appropriately marked.
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Table 9.0 Absorption maxima, Vmax of indicators in liquid solvents

Solvent Nl N2 Ol 02 RD

Hexane 31.25 28.44 35.07 34.20

Cyclohexane 31.06 28.14 34.89 34.04 -

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 28.72 32.46 14.05

Butyl chloride 29.18 26.49 30.34 - -

Propanone 27.21 25.60 29.97 30.53 14.71

Octan-2-one 27.39 25.85 29.46 30.57 -

Cyclohexanone 27.06 25.47 33.09 29.55 -

Diethylether 28.58 27.04 32.88 33.41 12.14

Butylether 28.91 27.26 32.75 33.58 -

Ethyl acetate 28.05 26.14 25.65 32.83 13.30

Methanol 26.98 25.65 32.72 32.06 19.32

Octan-l-ol 27.04 26.20 32.01 33.04 16.88

Decan-l-ol 27.26 26.32 31.51 33.04 16.82
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Table 9.1 Solvatochromie parameters for 7t*i and (3i

Solvent 7C*i

(Nl)

7C*i

(Ol)

Pi

(N2)
Pi

(02)

7C*i

(Nl)*

7C*i

(Ol)*
Pi

(N2)*
P.

(02)*

Hexane -0.07 -0.03 -0.04 0.02 -0.08 -0.11 -0.08 -0.02

Cyclohexane 0.01 0.03 -0.05 0.03 0.00 0.00 -0.06 -0.01

Toluene 0.51 0.54 0.12 0.02 0.49 0.49 0.13 0.11

Tetrahydrofuran 0.65 1.12 0.48 0.40 0.63 0.54 0.44 0.59

Dimethylformamide 0.89 0.92 0.71 0.69 0.87 0.88 0.70 0.70

Dimethylacetamide 0.87 0.88 0.75 0.78 0.85 0.84 0.74 0.79

Chloroform 0.75 0.69 0.07 0.57 0.73 0.69 0.04 -0.08

Butyl chloride 0.48 - 0.13 - 0.45 0.40 0.13 0.13

Propanone 0.73 1.73 0.50 0.48 0.71 0.62 0.48 0.49

Cyclohexanone 0.77 1.90 0.52 0.41 0.75 0.68 0.51 0.52

Diethylether 0.32 0.30 0.42 0.59 0.31 0.24 0.40 0.60

Butylether 0.26 0.23 0.37 0.78 0.24 0.17 0.25 0.65

Ethyl acetate 0.58 0.54 0.38 0.46 0.56 0.45 0.38 0.49

Methanol 0.72 0.62 0.58 0.75 0.72 0.56 0.56 0.70

Octan-l-ol 0.56 0.45 0.68 0.95 0.54 0.43 0.67 0.94

Decan-l-ol 0.53 0.45 0.64 0.94 0.52 0.40 0.65 0.96

Values taken from literature refs. 8 and 30.
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Table 9.2 Values of Et and ai for solvents

Solvent Et Er'* «1

(N l)

a ,

(01)

Toluene 33.93 33.90 -0.16 -0.23

Dimethylformamide 44.25 43.20 0.19 0.17

Dimethylacetamide 43.29 42.90 0.15 0.14

Chloroform 40.17 39.10 0.04 0.09

Propanone 42.05 42.20 0.18 -0.42

Diethyl ether 34.71 34.50 0.04 0.05

Ethyl acetate 38.03 38.10 0.04 0.07

Methanol 55.23 55.40 1.01 1.09

O ctan-l-ol 48.26 48.30 0.70 0.79

Decan-l-ol 48.08 47.70 0.71 0.78

Et values taken from reference 1.
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Table 9.3 Absorption maxima, Vmax of indicators in polymers

Polymer N,N-dimethyl-4-nitroaniline

Vmax* 10  ̂cm

4-Nitroaniline

Vmax* 10^ cm

Reichardt’s dye 

Vmax*10̂  cm

388? 27.66 29.99

B178 27.70 29.94

B174 27.69 30.03

FC-2174 25.18 26.57

FLS-2650 25.46 26.89

PVPR 25.73 27.2

PECH 25.20 27.01 15.76

PVTD 26.32 27.56 16.65

PEI 24.39 25.15

ZDOL 25.54 27.93

OV-202 26.23 29.41
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Table 9.4 Solvatochromie values for 7ü*i, Pi, and ai values

Polymer n 1 

(N I)

P i

(N2)

a i

(RD)

388? 0.15 0.15

B178 0.14 0.17

B174 0.14 0.14

FC-2174 0.85 0.60

FLS-2650 0.77 0.57

PVPR 0.70 0.53

PECH 0.85 0.48 0.28

PVTD 0.53 0.56 0.68

PEI 1.08 0.83

ZDOL 0.75 0.29

OV-202 0.55 0.02

Table 9.5 Absorption maximum, Vmax and 7i*i and pi values for oxygen indicators

Polymer 4-Nitroanisole

Vmax

4-Nitrophenol

Vmax

71*1

(01)

Pi
(02)

388P 33.80 30.39 0.13 2.12

B178 33.51 30.02 0.25 2.16

B174 33.69 29.72 0.18 2.40

FC-2174 32.30 31.62 0.76 0.75

PEI 28.57 23.84 2.31 2.67

ZDOL 31.15 32.40 1.24 -0.22

OV-202 32.89 33.11 0.51 0.32

224



As seen in tables 9.3 and 9.4, values for were only obtained for two polymers; this 

is because the betaine dye is weakly soluble in most of the polymers studied, and the 

dye/polymer film concentration is too low to be absorbed in the ultra-violet, or the 

absorbance is too low to be measurable. For 7i*i and pi, the solubility of the N l and 

N2 dyes in these polymers are higher, measurements are thus easier.

From table 9.4, all the polymers contain some polarity ie. dipolar/polarisability and 

hydrogen-bond basicity; the magnitude naturally depends on the notional structure of 

the polymer. As expected for polymer containing fluorine, the 7i*i value is large due 

to the high dipolarity of fluorine; as in the case of the two hexafluoropropylene and 

vinylidene coplymers, FC-2174, 7t*i = 0.85, FLS-2650, 7t*i =0.77, and perfluoro- 

polyether, ZDOL, 7i*i = 0.75. While other rather high 7ti values were observed for 

PEI (polyethylenimine), PECH (polyepichlorohydrin) and PVPR (polyvinyl 

propionate), with PEI having the highest value. Correspondingly, the high value of 

hydrogen-bond basicity, see table 9.4 is also observed, for PEI, due to the very basic 

imine group.

The parameters tti and Pi using a pair of oxygen indicators, 4-nitroanisole and 4- 

nitrophenol, for a few polymers are given in table 9.5. In terms of technicality, this 

pair of indicators give narrow Gaussian peaks, and in general are easier to work with 

in comparison to the nitrogen indicators used. The 7t*i values obtained from these 

indicators are reasonable, ie. comparable to the corresponding polymers in table 9.4, 

except for PEI and ZDOL, the 7C*i values for these two polymers are larger than the 

values obtained using N, N-dimethyl-4-nitroaniline, one of the reasons could be due to 

the unsymmetrical peak, which could lead to larger error than usual when

measuring X̂max- The pi values are higher than those obtained from 4-nitroaniline for 

the same polymer, except for FC-2174, this is very surprising, as the pi values 

measured for the liquid solvents using both 4-nitroaniline and 4-nitrophenol agree 

well, as shown in table 9.1. In view of the fact also, that 7t*i (01) values for ketones 

and tetrahydrofuran, table 9.1, are incorrect, solvatochromie parameters for polymers 

using the nitrogen indicators are preferred over those from the oxygen indicator 

pair. Also, solvatochromie measurements using the oxygen indicators to obtain tc*i
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and Pi parameters were not carried out further, because there were not enough 

polymer samples available to measure the parameters using both types of indicators.

For hydrogen-bond acidity, only two rather acidic polymers could be studied, these 

are PECH and PVTD (polytetradecanol). PECH has an ai value of 0.28, which may 

be about an anticipated value. The value for PVTD, ai = 0.68 is a little higher than 

expected, because as already mentioned in chapter 8, the hydroxy group in the 

polymer is internally bonded, and so is not freely available to behave as hydrogen 

bond donor.

It is of great interest to examine correlation between the 7C*i, pi and ai parameters, 

and the corresponding polymer coefficients obtained by application of the general 

solvation equation to a set of specific retention volumes using the method of inverse 

gas-chromatography. In order to have a reasonable number of 7C*i and Pi for carrying 

out the above task, included also are some polymers which were not possible to 

measure solvatochromically, due to the colour of the polymer. The solvatochromie 

values were therefore determined using a fragmentation method with known 

fragmented solvent parameters, as described in the section 9.5. Both the 

solvatochromie parameters and the coefficients obtained by the method of multiple 

linear regression analysis are listed in table 9.6. For oci, unfortunately, there are not 

enough solvatochromie parameters for a correlation, but the values are also given.

A plot of dipolarity/polarisability, s, against tc*i values, see figure 9.4 showed that 

there is a linear relationshipbetween the two methods. As can be seen with the plot of 

hydrogen-bond basicity, a against pi values, see figure 9.5. There is one very 

obvious outlier in figure 9.5, and this is identified as FLS-2650. The solvatochromie 

parameter, pi= 0.57, and the corresponding hydrogen-bond value, is absent in the 

general solvation equation. From the notional structure of 1,1-difluoroethene-co- 

hexafluoropropylene, FLS-2650, there is no basic moiety, thus no hydrogen-bond 

basicity should be expected. This rather high pi value (0.57), could comebotousa the 

solvent, tetrahydrofuran, used to dissolve the polymer, had not completely dried off. 

The pi =0.57 value is almost the value of that of THF, Pi = 0.55.
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In both figures 9.4 and 9.5, there is in general quite a large deviation, probably

contributed mainly by the sovatochromic method. This is because in the

solvatochromie measurement, a small change in the Xmax can lead to quite a change in

the solvatochromie value. The Xmax determined by the UV spectrometry’s program is

one with the highest absorbance, this may be the true value for a solvent, where there

is no noise. In some polymeric absorbance, the true Imax value is sometimes masked

by the noise and combined with the broadness of the peak, the Imax given by the

program might not be the true value. In such a case, a print out of the absorbance

would be obtained, and the m̂ax is determined by drawing tangents. Complications

can arise when the absorbance peak is not symmetrical, this can generate error in the

^max determination. Great care is involved in these measurements, and as always more
oo<t

than one experimental measurement was made, an average then obtained. In inverse 

gas-chromatography the retention time of most probes are fairly long, and so any 

errors induced in the measurement tend to be quite insignificant.
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Table 9.6 Polymer solvatochromie and the solvation equation coefficients at 298.15 K

Polymer 7r*i

(Nl)

s Pi
(N2)

a «1
(RD)

b

388P 0.15 0.15 0.15 0.22 .

B178 0.14 0.34 0.17 0.22 - -

B174 0.14 0.28 0.14 0.28 - -

FC-2174 0.85 1.83 0.60 2.37 - 1.11

FLS-2650 0.77 2.16 0.57 - - 1.10

PVPR 0.70 0.83 0.53 2.25 - 1.02

*PECH 0.85 1.63 0.48 1.45 0.28 0.71

PVTD 0.53 0.74 0.56 2.44 0.68 0.68

*PEI 1.08 1.52 0.83 7.02 - -

*ZDOL 0.75 0.61 0.29 1.44 - 3.67

OV-202 0.55 1.30 0.02 0.44 - -

'*FPOL 0.80 1.45 0.42 1.49 0.84 4.086

*P4V '(1.27) 2.49 (0.18) 1.51 (1.96) 5.88

*SXPYR (1.10) 2.43 (0.87) 6.78 - -

*PEM 1.25 2.75 0.75 4.23 - -

' Solvatochromie value from ref 27
* Coefficient values from ref 31
 ̂ Values in brackets are solvatochromie values determined by estimation using fragment method, 

section 9.60
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9.50 Determination of fragment values

Estimation of molecule descriptors work by breaking down the molecule into 

fragments, taking care to keep the interactions that may occur, isolated within the 

fragment and not between them. This method was employed on a few polymers where 

experimental measurements are not possible due to the polymers being coloured, thus 

masking the ^max of the solvent shift. An illustration of how the method works is 

shown below for polyethylenemaleate (PEM);

[-02-C-CH=CH=C-02-CH2-CH2-]n

HCO2CH3 + HC=CHC02C2H5

Scheme 1

Table 9.7 Descriptors for fragments

Fragments R, n* i P. tti

Ethylacrylate 1 0.21 0.63 0,38 0.00

Methylformate 1 0.19 0.62 0.37 0.00

Table 9.8 Descriptors for solvent molecule

Solvent R] 7C*i Pi

Polyethylmethacrylate i 0.40 1.25 0.75 0.00
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The descriptors for the fragments as shown in table 9.7 were added accordingly to 

give the final parameters for the solvent molecule, table 9.8. The employed method as 

a way to find the descriptors for molecules, where experimental measurements were 

not possible due to various reasons, had^been carried out sucsessfully by Abraham et 

al̂  ̂ for a number of drug molecules and other big molecules.

The advantage of using the solvatochromie method in obtaining the 7t*,, pi and ai 

parameters is that it is simple, and involves little time and chemicals. The difficulty 

with solvatochromie measurements in polymers are; in obtaining of the right

concentration of a dye in a polymer, and the ensuring complete removal of a

solvent when depositing polymer film on a quartz slide. If the polymer/dye film (4- 

nitroaniline) is left for too long, for example, to evaporate off the solvent, a shift in 

the ^max disappeared ie. no absorbance is observed.

It has been observed that of the two pairs of indicators used to obtain polymer 

solvatochromie parameters, the oxygen pair (4-nitroanisole and 4-nitrophenol) are not 

very reliable. This is corroborated by the very poor correlation of the solvatochromie 

parameters against the corresponding coefficients generated from the general 

solvation equation. The results obtained from the pair of nitrogen indicators (N,N- 

dimethyl-4-nitroaniline and 4-nitroaniline), however, is excellent.

There Oft a good correlation for the dipolarity/polarisability and hydrogen-bond basicity 

constants between the two methods. Unfortunately, for the solvatochromie hydrogen- 

bond acidity, a correlation cannot be obtained because of lack of solvatochromie 

results.

This method of determining the described solvent parameters has a potential, as an 

alternative method to the established inverse gas chromatography, as a simple, fast 

and cheap method, once the technique is well set up.

The disadvantage with the solvatochromie method is that, the solubility of different 

probes cannot be observed, as can with inverse gas-chromatography. This is very
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useful when studied on a polymer, where in a given set of specific retention volumes 

of assorted solutes, the Vg values showed how each individual gaseous solute is 

retained by the studied stationary phase (polymer). The advantage of this is, for a 

polymer where it is designed to have some specific application, for example,^^a 

protective barrier to certain chemicals or as use in chemical sensors, then by carrying 

out the inverse gas-chromatography method, the solubilities of the chemicals by a 

given polymer can be observed. In addition, with the gas-chromatographic method, 

high temperature can be used, while high temperature in ultra-violet spectrometry is 

restricted.
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9.60 Analysis of the solubility of Ceo in various solvents

The solubility of fullerenes in solvents has been examined by two different groups,

Ruoff et al̂  ̂ for 47 various solvents at 298.15 K, where the analytical method used

is HPLC with an ultra-violet detector. Mathews and co-workers^"  ̂ determined

solubilities in 15 organic solvents at 303K using a UV-Vis spectrometry method.

Mathews et al studied mostly alkane solvents, with few polar solvents. In general, the

values obtained by the two groups are in good agreement, except for a number of

solvents (benzene, toluene, mesitylene and carbon disulfide) where the values of

Mathews et al are on average 40% lower than those obtained by Ruoff et al. Ruoff

suggested that the discrepancy in values was possibly due to the 8 degrees higher in

temperature in the Mathews experiments, and the equilibration time difference these

groups used, 24 hours and 5 hours stirring period respectively. In table 9.9 is a list of
a

solvents used by the two groups and also included are»few solvents which were 

measured in this work by UV-Vis spectrometry.

Ruoff et al suggested that the solvent properties that might be expected to influence 

the solubility of Ceo are polarizability, polarity, molecular size, and cohesive energy 

density. The solvent parameters these workers used are: (n^-1)/ (n^+2), (where n is 

the refractive index), (£-l)/(e-l-l), (where £ is the dielectric constant), ô is the 

Hildebrand solubility parameter, V is the molar volume, which is equal to the 

molecular weight divided by the density at 298K. The solvent solubility values were 

plotted against each of the aforementioned calculated solvent parameters. Against the 

polarizability parameter, (n^-1)/ (n^+2), Ruoff and co-workers found that there were 

variations, but generally the higher the value of n, the higher the solubility. Against 

solvent polarity solubility tends to he with more polar solvents, but was generally 

scattered. Against the solubility of Ceo as a function of the Hildebrand solubility 

parameter, 6, did not fall into the expectation of the Hildebrand theory that solubility 

would be greatest in a solvent whose Ô values matches that of Ceo, but is scattered. 

There seems a trend for increase in solubility of Cao with molar volume, and that 

increase in solvent molecular size favours solubility. These workers concluded that the 

mentioned plots serve to emphasize that solvents whose n, £, V, and Ô approach those 

of Côo are relatively stronger solvents, and that there is an unlikely existence of a
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‘universal parameter’ found for the studied solvents. It was also suggested that it 

might be possible that multivariable statistical methods such as multiple linear 

regression analysis might uncover the ‘hidden’ trends of the functional dépendance of 

solubility of Ceo on various solvent parameters.

The solubilities in table 9.9, as log(mg/ml) were regressed against the solvent 

parameters. The variables are of the Kamlet and Taft solvation equation, equation 

3.4.

SP = S P q + dÔi + S 7 i* i  + aoti + bPi + h(0H )̂i (3.4)

In this equation, S is solvent-dependent property. So is a constant, 6h is the 

Hildebrand solubility parameter and is a measure of the energy required to form a 

cavity in the solvent phase, 7C*i is the solvent dipolarity/polarisability, 6i is a 

‘polarizability correction’ term that needs to be used in connection with 7t*i, when the 

data set includes both aromatic and aliphatic solvents, while and pi are the solvent 

hydrogen-bond acidity and hydrogen-bond basicity respectively. The coefficients d, s, 

a, b, and h are constants, the magnitude and sign of which are dependent on a 

particular solution property being studied and not on the individual solvents.

9.61 Ruoff et al solubility data

There are 47 solvents in the Ruoff solubility data of wide ranging functional groups, 

three are of the same solvent; decalins, cis-decalin and trans-decalin. Effectively, there 

are 45 solvents, but the number of solvents in the regression analysis are only 38, as 

the other 9 solvents do not have all the solvent descriptors for equation 3.4: cis- 

decalin, trans-decalin, 1,2-dichloro-1,2-difluoroethane, 1,2,4-trichlorobenzene, 2- 

methylthiophene, dimethylnapthalenes, 1 -phenylnapthalenes, tetralin, and 1-chloro- 

napthalenes. On application of the multiple regression analysis, the regression output 

for the solubility data in table 9.9 of Ruoff et al is given in equation 9.13
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Log SP = -1.572 + 1.307 5, - 0.030 %*, - 1.506 a , + 0.695 (Ôĥ ), (9.13)

n =38 r = 0.5534 sd = 1.075 F = 3.6

The equation in general is very poor, in terms of the very low correlation coefficient, 

r=0.5534, the low F-statistics (F=3.6) and the high standard deviation (sd=1.075), 

but also the negative coefficients, dipolar/polarizability, s = -0.030 and the hydrogen- 

bond basicity, a= -1.506. Both of these values have as expected a low T-test. Note, 

the bp] term is absent in equation 9.13, this means that it is not significant, it has a 

negative hydrogen-bond acidity value and a very small T-test. Furthermore, this term 

is not expected for a solute (fullerene) that has no hydrogen-bond acidity character. 

The correlation coefficient is very poor, but can be improved by removing some of 

the solvents with very high standard deviation or outliers, the equation becomes;

Log SP = -1.755 + 1.148 6, + 1.261 7C*, + 0.343 a, + 0.164 (5h")i (9.14)

n =31 r = 0.7852 sd = 0.670 F = 10.4

Equation 9.14 on the whole improves on deleting 7 solvents; decalins, propanone, 

tetrahydrofuran, nitroethane, ethanol, carbon disulfide and o-cresol. The 

dipolarity/polarizability coefficient is clearly the main contributing factor in solubility 

of fullerene in solvents, s= 1.261, while the cohesive energy density parameter, 

h=0.164, and the hydrogen-bond basicity constants, a=0.343, play a minor role, as 

indicated by the low coefficients and also the very low T-test (0.34611 and 0.19959 

respectively). The a, and h(0H )̂i terms though are clearly not significant, so 

removing one or both of the terms neither improves or worsens the regression 

equation and so they remained in equation 9.14.

The output obtained from the method of multiple linear regression analysis on the 

Kamlet and Taft solvation equation of solute (fullerene) in solvents yielded, almost the 

same conclusion as that reached by Ruoff and co-workers. There is little contribution 

from the Hildebrand solubility parameter, h = 0.164, see equation 9.14, but a 

significant contribution from the solute dipolarity/polarizability, s = 1.261. In addition, 

the finding in this work suggests that there is some hydrogen-bond basicity, a = 0.343,
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though it is small. Ruoff and co-workers also proposed that there is a trend for 

solubility of Ceo with molar volume, and it was therefore decided to replace the 

Hildebrand solubility parameter, Ô̂ h, with that of the molar volume at 298.15 K, see 

equation 9.15, V25, for comparison. Though this is not the parameter in the Kamlet 

and Taft equation, because molar volume is partly covered in the Hildebrand solubility 

parameter.

Log SP = SPq + dôi + S7i*i + aoci-I-bpi + mV2s (9.15)

The regression result for the above equation is given in 9.16.

Log SP = -2.775 + 0.936 Ô1 + 1.804 71*1 + 1.082 tti + 0.926 V25 (9.16)

n = 31 r = 0.8063 sd = 0.640 F =  12.1

Here the number of solvents in the final regression equation is the same as in equation 

9.14 with the same solvents removed. The replacement by the molar volume term, 

V 2 5 , see equation 9.16, is marginally better in quality (a good correlation coefficient 

and a low standard deviation) than the original Kamlet and Taft equation, 9.14. There 

is also a notable absent of the b|3i term. As Ruoff et al suggested there is a definite 

trend of solubility with molar volume, m=0.926. For other coefficients, there is not 

much difference in the dôi term with that in equation 9.14, but the difference in the 

S7t*] and aai terms are indeed large. The dipolarity/polarizability coefficient, 

s= 1.804 is higher than the comparative equation 9.14, s= 1.261. The appearance of the 

rather high coefficient of solute hydrogen-bond basicity, a= 1.082, is unexpected, 

though the T-test (T=0.82695) is a little short of the acceptable level of T-test at 

95%. At first glance, the difference in value for both the s and a constants between the
bvif

two equations seemsvery large^ at closer inspection, however, it is less so, when the 

standard deviation for the variables are considered. For example, the 

dipolarity/polarisability and the hydrogen-bond basicity terms in equation 9.14 are 

s=1.261 ± 0.580 and a=0.343 ± 0.839, for the correspondent terms in equation 

9.16; s= 1.804 ± 0.496 and a= 1.082 ± 0.772. Because the standard deviation of the
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coefficients are large the values thus lie within the deviation range. This, however, 

does not explain why the difference in the two terms is large.

9.62 Mathews and co-workers solubility data at 303K

Mathews and co-workers also determined the solubility of Ceo in solvents, but at a 

higher temperature, 303 K. The number of solvents used in their study is not 

extensive, but it is of interest to see how the application of the Kamlet and Taft 

equation 3.4 results. There are 15 solvents, and all are present in equation 9.17.

Log SP = -1.645 + 0.569 5, + 1.805 Jt*, - 3.698 a , + 0.404 (Sĥ ), (9.17)

n = 15 r = 0.8243 sd = 0.575 F =  5.3

It was found that by removing 2 solvents (carbon disulfide and n-pentane) with large 

standard deviation leads to equation 9.18.

Log SP = -1.082 1.393 S, + 0.373 Ji*, - 0.554 ai - 0.358 (Sh^), (9.18)

n = 13 r = 0.9509 sd = 0.256 F =  18.9

The correlation coefficient certainly improves. The constants showed very little 

significance in the dipolarity/ polarizability term, as indicated by the low coefficient, 

s=0.373 (T-test = 0.30978), while the aai and the h(0^H)i terms are negative. 

Omitting one of the negative terms, aai, dcKnot improve the equation, but affects the 

S7i*i term a little as found in equation 9.19.

Log SP = -1.182-h 1.456 6i -I-0.127 jc*, - 0.179 (Sh )̂i (9.19)

n = 13 r = 0.9498 sd = 0.244 F =  27.7

The s7C*i and (5ĥ )i terms almost disappeared, s=0.127, and h= -0.179, as 

expected the F- statistics are also very poor, 0.14917 and 0.13892 respectively, an 

indication that both of these parameters are not significant, so removing these from 

the regression would not really affect the equation, equation 9.19.
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Application of equation 9.15 to the Mathews set of 13 solvents (omitting n-pentane 

and carbon disulfide) leads to a rather satisfactory equation 9.20.

Log SP = -1.750 4- 1.475 6 i + 0.334 7t*i + 0.278 V25 (9.20)

n = 13 r = 0.9695 sd = 0.191 F =  46.9

This is a much improved correlation, there is still a very poor showing of the aai term 

and thus it was removed. It is obvious that the absence of hydrogen-bond and the 

wide range dipolarity/polarisability character solvents in the Mathews data set, see 

table 9.9 have an effect on the the final regression equation, as clearly shown by the 

missing aaj term and the low dipolarity/polarisability coefficient in both the 

regression equations 9.19 and 9.20, as compared to the regression equations obtained 

for the Ruoff et al solubility data which has a wider spectrum of solvents.

Following from the above, it was decided to combine the two sets of data (Ruoff et al 

and Mathews and co-workers), plus the few solvents measured in this work. Also 

included was one solvent (quinoline) from Tour and Scrivens’^̂  list of solvents. Tour 

and Scrivens measured the solubility of fullerene in almost all substituted benzene 

solvents, some of the solvents were already listed in the combined set, while other 

solvents of the Tour and Scrivens have two or more descriptors missing, thus 

cannot be used. There are in total 59 solvents for correlation with both the Kamlet 

and Taft parameters.

Log SP = -1.671 + 1.139 Ô1 + 0.990 jc*i + 0.161 tti + 0.251 (5h^)i (9.21)

n =49 r = 0.8244 sd = 0.572 F =  23.3

Log SP = -2.147 4- 1.038 5i 4-1.476 Jt*, 4- 0.382 a , 4- 0.438 V25 (9.22)

n =49 r = 0.8389 sd = 0.550 F =  26.1

The number of solvents removed are 10: tetrahydrofuran, decalin, acetone, 

nitroethane, ethanol, carbon disulfide, o-cresol, 2-chloroethanol, aniline and benzyl 

alcohol.
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There is not much difference between the Kamlet and Taft regression equation output 

9.21 for the combined solubility data set to that of equation 9.14 from the solubility 

data of Ruoff et al alone, except that the former has a slightly better correlation 

coefficient. There is, however, quite a constrast between equations 9.16 and 9.22 with 

regard to the solute hydrogen-bond basicity, and the molar volume. In equation 9.22, 

the a and h constants have reduced markely from a= 1.082 and m=0.926 in equation 

9.16 to a=0.3S2 and m=0.438 for the combined solubility data. The coefficients in
OUtt.

equation 22  ̂ now very close to those in equation 9.21.

From the result of the linear solvation energy relationship, the character of Ceo can be 

described as those of weak hydrogen-bond basicity, strong dipolarity/polarisability 

and some cohesive energy density. This would be expected from the notional 

structure of Ceo- This result is qualitatively similar to that for the regression of a set 

of gas-solid partition coefficient constants against the corresponding solute 

parameters for fullerene in chapter 8. Naturally, direct comparision between the two 

results can not be made, because the solubility of Ceo studied by Ruoff and Mathews 

are of solute (Ceo) surrounded by solvent molecules, while, in the gas-solid 

chromatographic method, fullerene is not a solute, but is the ‘bulk’ solid. Hence, 

some differences in the result might be expected. Note also, the set of solutes used in 

the two methods are quite different, and as mentioned before, the general solvation 

equation docdepend on the solutes and solvents used.

Overall, the general trend of solubility of Côo in solvents is of the same order as 

those studied by the gas-solid partition method. Direct comparison of result cannot be 

made as the methods of solubility measurement are different, as with the set of probes 

used.

It is clear, that the understanding of solvent effects on solubility described in a 

multitude of empirical solvent parameters is indeed very useful in the analysis, 

because, often there are more than one interaction taking place simultaneously in a 

given system, a single parameter therefore would not be adequate. With aU other 

variables being equal, having a solvent dependent model process that qualitatively and
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quantitively described the solvent effects is an obvious advantage. This gives a proper 

choice of suitable solvent for the planned reaction, solubility or a medium, and so 

empirical solvent parameters will certainly be of lasting importance for most physical 

organic chemists.
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Table 9.9 Solubility of Côo in organic solvents

Solvent [Côol, mg/ml log[C6ol, mg/ml

Ruoff etal

n-Pentane 0.005 -2.350

n-Hexane 0.043 -1.367

n-Decane 0.071 -1.149

Cyclopentane 0.002 -2.699

Cyclohexane 0.036 -1.368

cis-Decalin* 2.200 0.342

trans-Decalin* 1.300 0.114

Decalins 4.600 0.663

Dichloromethane 0.260 -0.585

Trichloromethane 0.160 -0.796

Tetrachloromethane 0.320 -0.495

1,1,2,2-Tetrachloromethane 5.300 0.724

Trichloroethylene 1.400 0.146

Tetrachloroethy lene 1.200 0.079

1,2-Dibromoethane 0.500 -0.301

Dichlorodifluoroethane 0.020 -1.699

1,1,2-Trichlorotrifluoroethane 0.014 -1.854

Propanone 0.001 -3.000

Nitromethane 0.000 0.000

Nitroethane 0.002 -2.699

Acetonitrile 0.000 0.000

Tetrahydrofuran 0.000 0.000

Methanol 0.000 0.000

Ethanol 0.001 -3.000

Tetrahydrothiophene 0.030 -1.523

2-Methylthiophene* 6.800 0.833

Carbon disulfide 7.900 0.806

Benzene 1.700 0.230

Toluene 2.800 0.390
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Table 9.9 continues

Xylenes 5.200 0.716

Mesitylene 1.500 0.088

1 -Methylnapthalene 33.000 1.519

Dimethy Inapthalenes * 36.000 1.556

1-Phenylnapthalene* 50.000 1.699

1-Chloronapthalene* 51.000 1.708

Tetralin 16.000 1.204

Fluorobenzene 0.590 -0.229

Chlorobenzene 7.000 0.845

1,2-Dichlorobenzene 27.000 1.431

1,2,4-Trichlorobenzene* 8.500 0.929

Bromobenzene 3.300 0.519

Anisole 5.600 0.748

Benzonitrile 0.410 -0.387

Nitrobenzene 0.800 -0.097

0-Cresol 0.014 -1.854

Pyridine 0.890 -0.051

N-methyl-2-pyrrolidone 0.890 -0.051

Mathews et al

n-Pentane 0.004 -2.398

n-Hexane 0.040 1.152

Isooctane 0.026 -1.602

n-Octane 0.025 -1.602

n-Decane 0.070 -1.155

n-Dodecane 0.091 -1.041

n-Tetradecane 0.126 -0.900

Cyclohexane 0.051 -1.292

Dichloromethane 0.254 -0.595

Tetrachloromethane 0.447 -0.423

Dioxane 0.041 -1.387

Benzene 1.440 0.194
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Table 9.9 continues

Toluene 2.800 0.390

Mesitylene 0.997 0.088

Tours and Scrivens

Quinoline 7.200 0.857

This work

Tetrahydrofuran 0.176 -0.755

n-Decyl alcohol 0.155 -0.809

2-Chloroethanol 0.003 -2.469

Aniline 0.003 -2.440

Pyridine 0.889 -0.051

* There are no solvent parameters
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Table 9.10 List of solvent parameters

Solvent 5, 71*1 tti (5̂ h)i V25

n-Pentane 0.000 -0.080 0.000 0.499 1.161

2-methylbutane 0.000 -0.070 0.000 0.463 1.174

n-Hexane 0.000 -0.080 0.000 0.528 1.316

n-Octane 0.000 0.010 0.000 0.570 1.635

n-Decane 0.000 0.030 0.000 0.597 1.959

N-Dodecane 0.000 0.050 0.000 0.615 2.286

n-Tetradecane 0.000 0.070 0.000 0.628 2.613

Cyclopentane 0.000 0.030 0.000 0.661 0.947

Cyclohexane 0.000 0.000 0.000 0.672 1.087

Decalin 0.000 0.090 0.000 0.754 1.548

Dichloromethane 0.500 0.820 0.300 0.977 0.645

Trichloromethane 0.500 0.580 0.440 0.887 0.806

T etrachloromethane 0.500 0.280 0.000 0.738 0.971

1,1,2,2-Tetrachloroethane 0.500 0.950 0.000 0.978 1.057

1,1,2-Trichloroethene 0.500 0.530 0.000 0.848 0.903

T etrachloroethene 0.500 0.280 0.000 0.865 1.027

1,2-Dibromoethane 0.500 0.750 0.000 1.082 0.866

112-Trichloro-122-trifF-ethane 0.500 0.140 0.000 0.050 1.198

Tetrahydrofuran 0.000 0.580 0.000 0.864 0.816

1,4-Dioxane 0.000 0.550 0.000 1.000 0.857

Propanone 0.000 0.710 0.080 0.906 0.740

Acetonitrile 0.000 0.750 0.190 1.378 0.526

Nitromethane 0.000 0.850 0.220 1.585 0.540

Nitroethane 0.000 0.820 0.000 1.269 0.719

Methanol 0.000 0.600 0.930 2.052 0.407

Ethanol 0.000 0.540 0.830 1.621 0.587

n-Decanol 0.000 0.461 0.764 0.985 1.918

T etrahy drothiophene 0.000 0.679 0.000 1.047 0.825
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Table 9.10 continues

Carbon disulphide 0.000 0.550 0.000 0.978 0.606

Benzene 1.000 0.590 0.000 0.838 0.894

Toluene 1.000 0.540 0.000 0.794 1.068

2-Xylene 1.000 0.470 0.000 0.808 1.212

Mesitylene 1.000 0.410 0.000 0.944 1.396

1 -Methylnapthalene 1.000 0.792 0.000 0.941 1.399

Fluorobenzene 1.000 0.620 0.000 0.830 0.945

Chlorobenzene 1.000 0.710 0.000 0.936 1.023

1,2-Dichlorobenzene 1.000 0.800 0.000 0.101 1.131

Bromobenzene 1.000 0.790 0.000 0.970 1.055

Methylphenylether 1.000 0.730 0.000 0.929 1.093

Benzonitrile 1.000 0.900 0.000 1.229 1.030

Nitrobenzene 1.000 1.010 0.000 1.222 1.027

o-Cresol 1.000 1.350 0.354 1.426 1.038

Pyridine 1.000 0.870 0.000 1.113 0.809

Quinoline 1.000 0.920 0.000 0.946 1.185

N-methyl-2-pyrrolidinone 0.000 0.920 0.000 1.276 0.966

2-Chloroethanol 0.000 0.830 1.040 0.902 0.673

Benzyl alcohol 1.000 0.968 0.537 1.452 1.039

Aniline 1.000 1.176 0.000 1.392 0.915
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Table 9.11 Summary of the regression equations for the Ceo solubility data

c d s a h m n r sd F

Ruoff

LogSP 

St. dev.

-1.755

0.402

1.148

0.371

1.261

0.587

0.343

0.839

0.164

0.527

31 0.7852 0.670 10.4

LogSP 

St. dev.

-2.775

0.734

0.936

0.347

1.804

0.496

1.082

0.772

0.926

0.574

31 0.8063 0.640 12.1

Mathews

LogSP 

St. dev.

-1.182

0.593

1.456

0.230

0.127

0.656

-0.179

0.993

13 0.9498 0.244 27.7

LogSP 

St. dev.

-1.750

0.206

1.475

0.178

0.334

0.287

0.278

0.116

13 0.9695 0.191 46.9

Combined data

LogSP 

St. dev.

-1.671

0276

1.139

0.263

0.990

0.431

0.161

0.541

0.251

0.410

49 0.8244 0.572 23.3

LogSP 

St. dev.

-2.147

0.341

1.038

0.238

1.476

0.337

0.382

0.468

0.438

0.220

49 0.8389 0.550 26.1
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9.70 Experimental procedures

The solvatochromie determination of paramters 7i*i, p and for solvents and 

polymers using N,N-dimethyl-4-nitroaniline, 4-nitroaniline and Reichardt's dye 

as indicators were carried out at 298.15 K. This temperature was maintained by 

thermostating the cell holder. The instrument was allowed to warm up for about 

half an hour before used, and the wavelength was frequently calibrated by a 

Holmium glass filter.

Experimental conditions for obtaining UV spectra for solvents and polymers are 

as follows:

Instrument: Perkin Elmer lambda 16 instore with Ms dos 4.01 

Scan abscissa range: 300 - 500 nm for (Nl) and (N2)

600 - 850 nm for Reichardt's dye 

Data interval : 0.1 nm

Slit : 1 nm

Scan speed : 60 nm/min

Smooth (noise reduction): 0.1 

Lamps : 3 (UV/VIS lamps on)

Ordinate range : 0.00-1.00

9.71 Procedure for solvatochromie measurements of solvent

1. The solvents were first dried by adding molecular sieve or anhydrous 

magnesium sulphate.

2. A small amount of the indicator was added to a 1cm length quartz cuvette 

containing solvent, and the solution was shaken to dissolve the dye. It was not 

necessary to know the weight of the dye, as long as a suitable absorbance was 

obtained (~ 0.5 - 1.0).
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3. The spectra of the resultant run was plotted, saved and À̂ ax was obtained by 

drawing tangents to the curve. As a check, the computer calculated was 

also noted.

9.72 Procedure for solvatochromie measurement of polymer films

1. The polymer was allowed to dissolve in a suitable solvent. Four samples were 

prepared, one for each dye and a blank (absence of indicator).

2. Into the polymer solution, indicator was added (Nl, N2 and Reichardt’s dye). 

The amount of indicator used must be more than required for sufficient 

intereaction of dye molecule with polymer end groups, but too small quantity 

of dye used would lead to low absorbances, which would lead to increased error 

in Imax measurements, and too much dye would lead to crystallising of the 

indicator on the polymer film, when solvent had evaporated off.

3. The polymer/dye solution was throughly mixed and time was allowed for 

interaction between a dye and a polymer.

4. A clean quartz slide was soaked with 1,2-dichloroethane, in order to aid the 

spreading of the polymer/dye on to the slide.

5. A drop of the polymer/dye mixture was placed on the slide using a Pasteur 

pipette and was spread using the ‘mechanical spreader’, which has a controllable 

film thickness. It was sometimes necessary to use several layers, and different 

polymers required different film thickness.

6. The solvent was allowed to evaporate off in a vacuum dessicator, leaving behind 

on the slide the dye dissolved in the polymer.
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7. A blank was also prepared, with the same polymer thickness on the same slide. 

The UV spectrum of the blank was recorded and was subtracted from the 

polymer/dye spectrum.

NOTE: For p-nitroaniline dissolved in a polymer, it was found that if the prepared 

slide was exposed for long period of time, the effect of the polymer on the dye 

disappeared, due to the breakage of the polymer/dye interaction.
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CHAPTER 10

10.00 Summary discussions and future work

The general solvation equation has suaessfully characterised a number of liquid and 

solid phases. With the abihty of the phase to discriminate certain types of probes 

with specific main interactions, for example hydrogen-bond basicity, this method has 

been favourably used to assess the suitability of candidate phases, in for example the 

SAW device. For solid sorbents, an understanding of the absorbent capability with 

particular types of probes, enables the full potential of selective adsorbents to be 

realised.

The inverse gas-chromatography method used to measure the gas-stationary phase 

partition has demonstrated high sensitivity, detecting very minor components in the 

polymer matrix. Phases of the same empirical formula, with different molecular 

weights showed differences in the absolute retention values. This suggests therefore, 

that batch to batch variation might also affect gas-stationary phase partitions, and 

thus will depend on the particular manufacturing process. Gas-chromatographic 

stationary phases can therefore be chosen in a very precise way for their solute 

selectivity.

The present method of characterising liquid and solid phases has led to an insight into 

the solubilities properties of the materials, under dry conditions. But there are other 

factors that could greatly complement the present work. For example, as an 

extension, it would be useful to study humidity effects. Water is one of the major 

components in the atmosphere, so when carrying out future partition studies it 

would be useful to include this factor, in parallel with zero humidity. This would give 

a real absorption or adsorption power of the phases when applied to the real 

enviroment, eg. SAW detector or adsorbent.

From the experimental work on gas-liquid chromatography, it has been observed that 

probes are adsorbed onto the solid support at low liquid phase loading. This has an 

effect on the retention of solutes. To account for this extra activity by the solid 

support, the gas-liquid partition constants have been appropriately corrected. The
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correction has been based on the percentage liquid loading present on the support 

and from past experimental experiences. In order to make this correction more 

accurate further studies could be made on a liquid phase coated at different 

percentage loadings, and the absolute retention values of a given set of solutes could 

be compared against a correspondent set at different loadings. This would give a 

better estimation of corrections to be made for adsorption onto the solid support.

The solvatochromie method used to characterise polymers has been compared with 

the results from the linear solvation energy relationship. The general conclusion is that 

there is a good correlation, especially for the dipolarity/polarisability and hydrogen- 

bond basicity constants. However, the above comment applies for the pair of 

nitrogen (N,N-dimethyl-4-nitroaniline and 4-nitroaniline) indicators only. Use of the 

pair of oxygen indicators (4-nitroanisole and 4-nitrophenol), however, to obtain 

solvent’s 7C*i and ai parameters is unreliable, and the solvent parameters do not 

correlate with the corresponding coefficients generated from USER.

The solvatochromie method used to obtain solvent parameters is well founded, as is 

evident by the existence of a very large bank of solvent parameters measured by 

various workers over the years. The indicators and the equations used to determine 

the parameters are thus very sound. Extention of this method to polymer is still 

relatively new, and is not as well established as the inverse gas-chromatography 

technique. The use of the solvatochromie method could be applied in characterising 

polymers as an alternative to the linear solvation energy relationship method. It is 

encouraging to see the emergence of more work in this field, which may be due to 

the speed at which results are being obtained, and the simplicity of the 

experimentation. Although, there is a continual advancement in the work, one area 

that could be further improved is the technique of polymer coating onto the quartz 

slides. One proposed technique is spinned coating, this should give an even and 

smooth coating, so that variation in absorbance and Xmax can be eliminated.

The disadvantage of the solvatochromie method is that it is not very sensitive. This is 

because, in order to measure the shift of the maximum wavelength of the dye in a
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given polymer, the absorbance ought to be fairly high, especially if the peak is broad 

(which can be quite often, depending on the polymer under study). For example, 

Reichardt’s dye is not very soluble in non polar solvents, making Xmax measurements 

impossible. There is an alternative to Reichardt’ s dye, however, figure 9.2 (Ri =R2 = 

t-butyl), but this has not often been used, and could be further investigated in 

future work.

It is well recognised that chemical interactions play an important role in physical and 

biological environment. The Kamlet, Taft and Abraham solvation model of solute in 

solvent continues to contribute to our understanding of the various interactions. The 

solute-solvent interactions taking place are quantitatively separated out into five major 

components. This enables the model to be suoessfully applied to a number of selected 

physicochemical and biochemical processes. Such processes include the development 

of new synthetic materials or pharmaceutical products. With the continual 

advancement of new products to meet the demand of our society, it is useful to have 

a means of preliminary testing for the chemical properties of these before progress 

into in depth research is carried out in order to ascertain how and where these new 

products could be best applied. In the words of a proverb “a journey of a thousand 

miles begins with a single step”. The solvation model can be regarded as the first step 

of a long journey.
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CHAPTER 11

11.00 Experimental: liquid phase

11.10 Measurement of relative partition coefficients

Relative partition coefficients were measured at 298.15 ± 0.5 K using Perkin Elmer 

F33 and Pye Unicam 104 model gas-chromatographs. The Perkin Elmer F33 and one 

of the Pye Unicam 104 were equippd with a flame ionisation detector, the other Pye 

Unicam model with a katharometer detector. The disadvantage of having a system 

with a katharometer dectector is its low sensitivity compared with an FID. However, 

the use of a katharometer is ideal in measuring flow rate, as it does not require the 

turning off of the flame like an FID does.

Relative partition coefficients were obtained by injecting a chosen standard followed 

by a solute. Three or more injections of both the standard and a probe were made for 

each solute, and an average for the relative value was obtained. A standard was 

always an alkane, and an alkane was selected for its appropriate retention to the 

particular liquid phase under investigation.

The majority of the measurements were relative partition coefficients, and relative 

values were converted to absolute measurements by matching up with an absolute 

experimental standard determined for a number of key compounds (10-12).

Methane gas was used as the non-sorbed gas to measure the time taken for the 

carrier gas to travel the length of the column, and was timed by a stop clock. Several 

measurements were taken to obtain the average. The gas-hold up time was made at 

the start and at the end of the measurements, and the average was determined.

11.20 Measurement of absolute partition cofflcient

The absolute measurements were at 298 ±0.3  K, after a set of relative values were 

determined. The required physical variables were determined at the start of the
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partition coefficients and at the end of the measurements, the average of the 

measurements was used.

Exit gas flow rate was measured with a soap buble meter, by attaching the tubing of 

the flow meter to the carrier gas outlet. The flow rate was measured by squeezing a 

little detergent into the main gas stream, thus forming bubbles in the flow meter, and 

the flow of the bubble was timed between two calibration marks, 0-10 cm .̂ 

Allowances for the saturated vapour pressure of water in the detergent solution at 

the flow meter temperature were made to the observed flow rate. A digital 

thermometer (±0.1 K, type Tempcon TCI 100) was used to measure the temperature 

of the detergent solution in the flow meter, simply because it was easy to introduce 

the thermocouple into the flow meter. It is important to wet the wall of the burette 

when making flow measurements, because dryness of the walls could lead to 

irreproducible flow rates. Several measurements were made and an average was 

obtained. The inlet and outlet pressures were measured using a U-tube manometer 

containing mercury connected to the gas inlet of the gas chromatograph, and 

atmospheric pressure was measured with a barometer.

About ten or more solutes were selected to measure as absolute standards. The 

choice of these solutes range from differing functional groups of the molecules and 

the range of retention time of these solutes.

11.30 Experimental details

11.31 Preparation of gas-chromatographic column.

-  The approximate weiglt of a stationary phase and solid support required to give 

desired percentage loading was calculated.

Weight Percentage loading = weight of stationary phase *100 (11.0)

Weight of support

-  The support was weighed out roughly in a beaker and any lumps was removed.
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A Tound bottom flask (RBF) was weighed with a wire hooked to

allow suspension from the balance. The stationary phase was weighed 

accurately into the preweighed RBF, but the specified percentage need only 

be approximately achieved. Alternatively, the stationary phase can also be 

weighed into a preweighed 500 ml evaporating dish.

A suitable solvent was added to either the RBF or the evaporating dish contained 

the known weight of the stationary phase. This mixture was gently swirled and 

continued until all the stationary phase had completely dissolved. For some liquid 

phases, this process may take several days, and sometimes solubility of the phase 

was aided by gentle reflux.

A known weight of the support was added into the solution, and the mixture was 

swirled and gently stirred from time to time. For some phases the solvent was 

removed using a rotary evaporator. For more viscous stationary phases, solvent 

was evaporated from the evaporating dish at room temperature with a thin cover 

(piece of tissue). The coated support was dried in a vacuum desiccator containing 

P2 O5 . The final product was free flowing granules.

The exact weight percentage loading of liquid phase on the support can be found 

directly using equation 11.0 from all the recorded weights. More often, weight 

percentage loading was found by ashing a small sample (2.5 g) using a Bunm 

burner to a constant weight, with bare inert support as a control. Three samples 

and three controls were ashed, and an average was found. Weight percentage was 

found for the bulk sample using equation 11.0 making allowances for any moisture 

present oberved in the control.

11.32 Packing of a column

1. A dried and clean glass column was weighed, then weighed again with a small 

teflon plug, for the Pye Unicam 104 column, and two plugs for the Perkin Elmer 

F33 column (one on each end).
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2, Some of the packing was transferred into container A of the apparatus shown 

above.

N j l O  lb/in-

- f i
co lu m n  p a c k in g  
r e s e v o i r

p l a s t i c  t u b in g to v a c u u m  p u m p

g l a s s  c o lu m n

Figure 11.0 Packing apparatus

3. One open end of the column was attached onto the end of the container A at 3 .

4. The taps 1, 2, 3 was closed and the nitrogen was switched on slowly.

5. Tap 1 was turned on so that the gas entered would force the packing down the 

column, the column was tapped gently during and between the pouring process.

6. Steps 4 and 5 were repeated until the packing was within 5 cm from the ends of 

the column.

7. The second teflon plug was inserted onto the open end of the column to hold the 

packing, using only slight pressure to avoid obstructing of gas flow. The column 

was gently tapped until the packing was tightly packed ie. no movement of the 

packing in the column when tapped.
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8. The packed column was weighed, and the weight percentage loading of stationary 

phase present in the column was calculated.

It was sometimes not necessary to carry out the above steps to pack a column, but to 

pour the packing straight into the column with the help of a funnel, with gentle and 

continued tapping of the column.

11.33 Column length

For most of the stationary phases studied, the length of the column was about Im with 

an internal diameter ranged from 2 - 3  mm. For certain liquid phases, short column 

(0.5m) was prepared along with the long column, to study strongly retained 

solutes. Some suitable solutes were run on both long and short columns to ensure that
SVwtt coVufftn

the calculated partition coefficients were comparable on both columns. A  ̂ saves 

time and eliminates the need to inject large volumes of solute onto the column, 

especially on solutes which have very long tail, due to adsorption of probe onto the 

solid support (most liquid phases studied here have very low liquid loading).

11.34 Conditioning of a column.

The packed column was conditioned by placing it in the chromatograph and heating 

at 323 K over night in a stream of dried gas, nitrogen. This conditioning process 

should remove any solvent that may remained from the coating procedure, along with 

any other volatilities. After conditioning, a stable base hne should be attained on the 

chart recorder.

11.35 Operation procedure

The carrier gas, helium, and detector were switched on at least forty five minutes 

before any runs were made, to allow the apparatus to reach equilibrium. When 

conditions were stable, the chart recorder was switched on. A constant basehne 

should be observed, if not, time must be given to allow the base hne to be stable. For
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a katharometer detector, the carrier gas was always turned on before switching on the 

amplifier, this is important, to avoid overheating of the titanium filament in the 

Wheatstone bridge.

The carrier gas flow rate was chosen with the pressure drop and column efficiency 

taken into consideration. The flow rateswere in the range of 30 - 60 ml/ min. Sample 

sizes used were very minute, usually by drawing some neat liquid into a 1.0 j i l  

Hamilton syringe, and the liquid was emptied several times, then 0.01-0.5 | i l  of air 

was drawn into the syringe. For alkanes, the vapour above the liquid bottle was 

drawn using a 10 |i,l Hamilton gas tight syringe, the volume of gas used were 2 - 7 )Lil.

0.005 - 0.05 [l\ of neat liquid were injected for some solutes, these solutes were 

mainly high alcohol or amines. The neat liquid was volatised by heating the injector 

port to a temperature close to the boiling point of the solute (423 K), to ensure that 

the solute passes onto the head of the packing as a vapour.

For relative partition coefficient measurements, it was found convenient to inject a 

mixture of the standard solute and test solute by drawing up first the least retained 

solute into microsyringe and then of the test solute. More than one test solute can be 

drawn into the microsyringe, but it is important to avoid overlapping of the peaks and 

indeed the correct labeling of the peaks.

11.36 Data collection

Chromatograms were obtained with a Goerz Servoscribe RE-511 chart recorder. 

Retention measurements were calculated directly from the chart paper.

260



11.40 Experimental: solid phase

Partition coefficients were measured on a specially adapted Perkin-Elmer F l l  flame 

ionisation detector gas-chromatograph. The flow controller supplied with the 

instrument was replaced with high precision Negretti and Zambra M2545 flow 

controller; to ensure reproducible and steady gas flow rates.

Partition measurements were determined at 298.15 K, and because for most of solutes 

the partition.were very long, it was important that the temperature did not fluctuate. 

The original air thermostat was replaced by a Grant SE-50 liquid bath thermostat, 

enabling the stab&ililty of the column temperature to within ±0.05 K, by completely 

immersing the column in water. The temperature was monitored with a mercury 

thermometer.

All the physical variables were obtained as in the absolute measurements.

11.41 Column packing and conditioning

1. The adsorbent material was first sieved to obtain 20-30 mesh size.

2. A clean glass column was weighed, and then weighed again with a small ball of 

Teflon wool (to hold the solid in place).

3. The sieved adsorbent was poured into the column with the aid of a small funnel, 

and the column was gently tapped.

4. The packed column was weighed, and then weighed again with another teflon 

wool sitting on top of the packing.

5. The column was tapped to make sure it was packed down and the final weight of 

the preconditioned column was obtained.

6. The column was then conditioned at 323- 373 K, using helium for 24 hours, and 

the column was reweighed.
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11.42 Column length

The length of the column ranged from 3.5 - 10.5 cm with internal diameter

between 2 - 3  mm. For one of the solid sorbents both short and long columns were
os

prepared. The short column was used on strongly retained solutes, so^to have a set of
msuUS
^probes with different properties.

11.43 Operation procedure

There were no relative measurements determined, nevertheless, a standard (an 

alkane) was injected after each solute was eluted. This was to make sure that the 

partition coefficient of the standard was reproducible each time. The column was 

constantly reconditioned to ensure that any residuals of the previous solutes bad ̂  rid 

of.

Sample sizes injected were often very small, for most solutes, vapour above the liquid 

in a bottle was drawn using a Hamilton gas-tight syringe, and for some higher 

molecular weight molecules, neat liquid was injected. For vapours, the amount 

injected can be 5 - 800 pi, and for neat liquid, 0.01 - 0.05 pi. When using neat liquid, 

the injector port had to be heated at a sufficiendy high temperature to volatüW the 

solute, ensuring that the solute interacts with the column head as a vapour.

11.44 Data collection

Chromatograms were displayed on a chart recorder, Goerz Electronic RE 511, and by 

a personal computer, Elonex 386B. The data was acquirad by Unkelscope Level II 

software with a Metrabyte DAS-8 PGA analog/digital convertion board.

11.45 Calculation of partition coefficients

The analog signal from the detector amphfier was passed to the computer interface, 

converted to a digital signal and stored in data file for processing. Any noise level can 

be smoothed out using a Fourier transformer function, and read directly into the 

adsorption program as Input for baseline, diffusion and flow rate corrections (written 

by Dr. D. Walsh). The partition coefficients were then calculated using any necessary 

physical variables, and all the data were stored in files.

262


