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ABSTRACT. 

Ion Mobilities in Capillary Electrophoresis. 

Andrew Gordon McKillop. 

September 1996. 

The project has investigated the electrophoretic mobilities of sets of model compounds to 
detennine the effects of size and shape on ion mobilities. Methods were developed for the 
analysis of compounds in order to quote accurate electrophoretic mobilities. Using the 
obtained electrophoretic mobilities. mobility orders were correlated with structural properties. 

The analysis of the first group of compounds. the alkylpyridines. showed that differences in 
electrophoretic mobility were obtained for structural isomers at low pH where the compounds 
are all fully charged. Mobility orders were found to have no relation to the ionisation constants 
of compounds and the relationship between the mobility order of compounds at low pH and at 
higher pH values where separation is controlled by the ionisation constants was investigated 
for the six dimethylpyridine isomers. 

Structural propenies of the alkylpyridines were investigated with a view to prediction of 
mobility from such propenies. Literature relationship accounted for the size of ions but 
isomers were not accounted for. An approach to modelling the separations of the 
alkylpyridines was presented. The centre of charge of analytes were calculated based on the 
Hiickel charge distribution model and the centre of mass of the compounds was calculated. 
The ions were considered to be restricted in their rotation in the applied electric field and two 
molecular radii related to this propeny wcrc calculated: Rro. - the radii swept out due to 
unrestricted rotation and Ri - distance between centre of mass and centre of charge related to 
the ability of an analyte to rotate against the applied electric field. Using these values and the 
Van der Waals' radii of the molecules. multi-linear regression was used to produce a 
regression equation predicting the mobility of imalyres. TIlis equation was tested on other 
alkylpyridines. 

The electrophoretic mobilities of some alkylanilines were also detemlined by capillary 
electrophoresis. Their mobilities were found to be generally lower than corresponding sized 
alkylpyridines. and it is thought that these lower mobilities were due to the anline groups being 
able to interact more strongly with counterions in solution. Primary amines had lower 
mobilities than secondary amines. TIle mobility orders of the dimethylanilines had some 
similarities with the alkylpyritiines. 

The final set of compouncls that were investigated were some alkyl benzoic acids. The 
electrophoretic mobility of these compounds were found to be generally lower than the 
mobilities of corresponding alkylpyridines. TIle mobility order of structural isomers was found 
to differ than the orders observed for the other sets of compounds and this may be due to 
increased interactions with counterions. TIIC chromatographic retentions of alkylbenzoic acids 
in alkyl bondcd capillaries was also investigated. 
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Chapter 1. 

Introduction. 

1.1 History of Capillary Electrophoresis 

Electrophoresis is defined as the migration of charged particles, colloidal 

particles or ions through a solution under the influence of an electric field [l]. 

The separation of compounds by applying a voltage to a gel support matrix has 

long been established as an impol1ant separation technique for biomolecules 

[2]. The use of capillaries as the separation chamber is a relatively more recent 

development and can be traced back to the thesis of Virtanen [3] who in 1974 

showed that it was possible to achieve separations of alkali cations by free 

zone electrophoresis in small diameter (200-500 Ilm internal diameter) Pyrex 

tubing. Mikkers, Everaerts and Verheggen [4] described the use of Teflon 

tubes (200 Ilm internal diameter) and demonstrated that by using only a small 

amount of analyte, a symmetrical peak shape could be achieved. 

The work that inspired the separation science community was that of 

Jorgenson and Lukacs in 1981 [5] where CE was pedormed in open-tubular 

glass capillaries of 75 Ilm internal diameter. Injection was achieved by 

electromigration giving a narrow injection band and detection was pedormed 

by means of fluorescence detection. Such conditions allowed Jorgenson and 

Lukacs to achieve symmetrical peaks and efficiencies in excess of 400 000 

theoretical plates m-I for runs of under 30 minutes. This landmark in the 

development of the instrumental technique demonstrated all the advantages of 

capillary electrophoresis: namely relatively short migration times, cheapness, 

extremely small sample capacity, environmentally friendly buffers and high 

efficiencies of separation. 

I 



Chapter 1 IllIroduc/ion 

Many problems still remained, such as the need for an automatable and 

quantitative injection technique, the requirement of flexible and sensitive 

means of detection to accommodate a broad spectrum of analytes and the 

problems of band broadening due to thermal gradients within capillaries. The 

challenge to the scientific community was established and CE saw explosive 

growth in the following 15 years. The development of commercially available 

automated instrumentation [6-13) has eliminated many of the problems faced 

by early workers. 

Features of CE such as high separation efficiency, reasonable sensitivity, 

short separation times and simplicity have led to the rapid development of 

capillary electrophoresis in the analysis of small molecules [14-16) including 

the analysis of analytes of pharmaceutical interest [17-21). 

1.2 Basic Theory of Electrophoresis. 

1.2.1 Electrophoretic Mobility. 

In capillary electrophoresis, ions are separated according to their 

differential velocity in an electric field, either by attraction or repulsion. When 

an ion of charge q is subjected to an electric field of strength H, it is acted on 

by a force qH, causing the ion to accelerate. In liquids this acceleration will 

continue until it is exactly balanced by a frictional force f, causing the particle 

to reach a constant terminal velocity v. The equilibrium conditions can be 

represented by the general equation (1.1) (22) , 

kT 
qH=-v=fv 

D 
(1.1) 

where D is the diffusion constant of the particle, k is the Boltzmann 

constant and T is the temperature. The terminal (or steady state) velocity of the 

particle v is dependent on the applied field. The ability to migrate, the 

2 



Chapter 1 IlllroduClioll 

electrophoretic mobility f.le is defined as the velocity per unit field strength and 

is given by equation (1.2). 

(1.2) 

Therefore the quotation of electrophoretic mobility has the advantage 

over ion velocity of being independent of field strength. In tenns of mobility, 

equation (1.1) can thus be rewritten (1.3). 

qD ZeD 
11,. = kT = kT (1.3) 

where Z is the unit charge on the ion and e is the electronic constant. 

This equation is widely applicable, as it is independent of shape and size of 

particle. However, diffusion constants are rarely available for chosen 

experimental conditions. 

The common theory adopted in capillary electrophoresis has been to 

assume that the frictional force experienced by an analyte is given by Stokes' 

Law [23], thus the mobility of ions is given by equation (1.4), 

q 
11 = 

e 61(111" (1.4) 

where q is the charge on the analyte, ,. is the hydrodynamic radius of the 

analyte and 11 is the viscosity of the separation medium. Equation (l.4) can 

also be derived from electrostatic theory for the limiting case where the 

charged particle is so small that it does not distort the applied electric field 

[24]. For the case where the charged particle is so large that the electric field is 

everywhere tangential to its surface the equation is similar except for the factor 

3 



Chapter I IJJtroduction 

61t is replaced by the factor 41t. The numerical value is a function of geometry 

and experimental results are often fitted by the experimental assignment of a 

value between 41t and 61t. 

Thus in the simplest form of CE (open tubular or capillary zone 

electrophoresis) the two principal factors that influence the electrophoretic 

mobility of analyte's are their charge and size. Equation (l.4) is a measure of a 

spherical analytes speed of movement through the buffer solution within the 

capillary. 

1.2.2 Electroosmotic Flow. 

The buffer is also transported through the capillary by the phenomena 

known as electroosmotic flow, which occurs in addition to the migration of 

ions in the capillary. The electroosmotic flow (EOF) is defined as the bulk 

flow of liquid in the capillary [l] and occurs as a consequence of the surface 

charge on the interior of the capillary wall. The EOF can allow the separation 

of cations and anions within the same run in capillary electrophoresis [25]. 

In a fused silica capillary, the ionised silanol groups at the capillary wall 

are balanced by a layer of positive ions in the vicinity of the capillary surface 

forming a zeta potential (C) at the capillary wall. When a voltage is applied to 

the capillary the loosely bound layer of cations is free to move towards the 

cathode causing a bulk flow of liquid within the capillary. An exact expression 

for !leo! [26] (1.5) is, 

(1.5) 

4 



Chapter 1 Introduction 

where 11 is the buffer viscosity. 10 is the dielectric constant and eo is the 

permittivity of free space. The EOF is highly dependent on the pH of the 

electrolyte buffer [27] because of effect of pH on the surface charge of the 

silanol groups within the capillary (Figure 1.1). 

10 
,........ 
u 8 Q) 
(/) 

>- 6 --N 

E u 4 '-"' 

"0 - 2 • 
Vl 
0 

0 ::l. 

0 2 4 6 8 10 12 

pH 

Figure 1.1 Dependence of EOF on pH for a fused silica capillary. 

Reproducedfrom [27] 

The fundamental properties of the fused silica capillary were investigated 

by Salomon et al. [28]. The potential induced by the capillary surface is 

compensated by positive ions over an effective distance x (perpendicular to 

the wall). such that the electrooslllotic mobility can be re-written as 

Qx 
lleG! =--

11 
(1.6) 

5 



Chapter I Introduction 

where Q is the charge per unit area at the interface between capillary 

wall and the buffer solution and x is the thickness of the counterion layer. The 

thickness of the counter ion layer was derived to be a sum of a compact layer 

of fixed thickness do and the Debye-Hiickel thickness [29] which is related to 

the square root of ion concentration 0.7), 

(1.7) 

[M+ J is the ion concentration and K' is equal to 3.2 e·9 m-I (mol rlrll2 for 

a dilute aqueous system at 25 QC. 

The model was tested by measuring the electroosmotic flow in a 20 mM 

2-(N-morpholino)ethanesulfonic acid (MES) - 8 mM sodium hydroxide buffer 

and a non-linearity of EOF against [NaOHr i
/1 was observed at low buffer 

concentrations. This non-linearity was accounted for by the fact that the 

charge Q is also a function of buffer concentration due to the absorption of 

buffer ions [30]. Cations are known to absorb to silica surfaces and can be 

held by forces in addition to electrostatic attraction, however the mechanism is 

not well understood [30]. A simple adsorption mechanism was investigated 

and the electroosmotic flow was found to be inversely proportional to [NaOH] 

at low concentrations, with curvature at higher concentrations. Thus, a model 

involving both absorption and electrostatic interaction was developed and 

fitted well with experimental results (1.8), 

(1.8) 

The effects of other parameters were also investigated [28]. Buffer cation 

has a large effect on electroosmotic flow [31]. The addition of orgal1lc 

6 



Chapler J IlIIroduCfioll 

modifiers are known to lead to changes in the EOF [32-36], with methanol 

leading to a reduction in EOF. The reduction of EOF by methanol has been 

attributed to the shielding of charged sites from one another by methanol 

molecules. 

The EOF is also sensitive to coating on the capillary surface. Coated 

capillaries such as alkyl bonded or polyaclilamide have less free SiO- groups 

available to form the electrical double layer [37] and also absorption of cations 

is greatly reduced. This makes these capillaries ideal for the analysis of 

complex samples susceptible to absorption of analytes such as biological 

matrices or polymer samples [38,39]. 

1.2.3 The Effects of Temperature in Capillary Electrophoresis. 

The application of an electric field to a buffer filled capillary leads to 

Joule heating within the capillary. This heating can lead to a variety of effects 

which can influence the quality of separations. For biological samples, 

performing separations using rigid gels was the most common approach to 

eliminate heating affects. The gel support materials anti-convective properties 

and the application of low electric fields lead to reduced heating effects thus 

producing satisfactory results [2]. However, the ability to work with and detect 

samples in capillaries of less than 200 ""m [3-5] has led to a powerful 

alternative to gel electrophoresis. The high surface area to volume of small 

capillaries allows sufficient heat dissipation at high electric field strengths to 

avoid excessive temperature rises. However, the effects of temperature can 

still be detrimental and so must be evaluated. Joule heating effects can be 

divided into three main categories. 

7 



Chapter / Introduction 

Natural Convection. 

The bulk flow of liquid due to density differences in neighbouring 

regions of fluid is known as natural convection, and can be due to differences 

in either composition or temperature of the electrolyte solution [23]. A 

parameter used to evaluate the effects of natural convection is the 

dimensionless Rayleigh number, Ra [40] (1.9). 

Ra=R,'g(6 P ) 
11a 6 I" 

(1.9) 

where R, is the radius of the electrophoresis chamber, g is the 

acceleration due to gravity, 11 is the viscosity of the separation medium, a is 

the themlal diffusivity of the medium and 6p /61" is the density change per 

unit of radial distance caused by heating. If Ra « I, then convective flow is 

negligibly small, and if Ra is in the region of 1 then natural convection 

becomes significant. Thus by reducing the Rayleigh number convective effects 

can be reduced. 

Historically, the first attempt to reduce natural convection was to 

superimpose a composition-induced density gradient using sucrose [41]. A 

horizontal tube rotated about its longitudinal axis also hinders thermal 

convection [42,43]. Another proposed method but not widely applicable would 

be to perform electrophoresis in outer space thus reducing the gravity term in 

equation (1.9). This method may be a future approach to preparative scale 

electrophoresis. 

However, the method of widest applicability for reducing the Rayleigh 

number is to perform separations in capillaries, thus reducing the RI term. This 

method is particularly successful due to the power relationship between Ra 

and the radius of the separation chamber R,. 

8 



Chapter I llllroduClioll 

Jntracapillary Temperature Profile. 

The heat generated due to the application of electric fields must be lost 

through the walls of the capillary to surroundings. Thus, an intracapillary 

temperature profile is generated under electrophoresis. For the types of 

capillary used in CE (Figure l.2) heat must be lost at the interfaces between 

buffer and the fused silica wall, between the fused silica and polyimide coating 

and between the polyimide coating and surroundings. 

The difference in temperature between the centre of the capillary and the 

boundary with the fused silica is described by the laws of thermal conduction 

[44-46] and is given by expression (1.10). 

(1.10) 

where To is the temperature at the centre of the capillary, Tl is the 

temperature at the fused silica wall, Se is the rate of power generation within 

the control volume per unit volume and kb is the thermal conductivity of the 

buffer. Se is given by {2/Ke where { is the current density and Ke is the electrical 

conductivity of the buffer. The intracapillary temperature profile has a 

parabolic shape (Figure 1.3) and leads to the electrolyte buffer viscosity being 

higher at the walls of the capillary than the centre. These viscosity differences 

can lead to band broadening of peaks due to migration of compounds at 

different rates (equation 1.4) at the centre and walls of the capillary. The 

usual way of controlling this form of band broadening is to keep the ionic 

strength of the electrolyte solution low and thus the amollnt of heat generation 

within the capillary to a minimum. 

9 
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Open Channel 

Fused Silica 

---- Polymer Coating 

Figure 1.2 Schematic diagram of a typical capillary cross section where 

RI, R2 alld R3 are the radii of the open channel, fused silica 

and polymer coating respectively. 

T, 

T, 

Figure 1.3 Parabolic illtracapillary temperature profile. TI is the 

temperatllre at the fused silica wall and To is the temperature at 

the celltre of the capillary. 

10 



Chapler 1 infrodUClioll 

Overall Temperature Rise. 

In order to accurately determine the temperature within a capillary under 

conditions of natural and forced convection, it is necessary to use heat 

conduction and convection equations of heat transfer [44-46]. For steady state 

heat conduction from composite cylinders, the heat equation reduces to 

equation (1.1 1). 

where Ta is the actual average temperature within the capillary, kg and kp 

are the thermal conductivities of the fused silica (glass) and polyimide coatings 

respectively, h is the capillary-surroundings heat transfer coefficient and R}-R3 

are as Figure 1.2. 

The relationship is a summation relating to heat transfer across each 

interface. Knox and McCormack [47] calculated the temperature difference 

within the capillary bore (i.e. ignoring the final term in the summation) to be 

1.05 K using typical values for buffer thermal and electrical conductivities. 

This contrasted with an experimental value [48] of 34.1 K . The discrepancy 

was accounted for since the capillary was cooled by natural convection. For 

such a system by far the greatest drop in temperature occurs between the outer 

capillary wall and sUlTounding fluid [49]. Typical values for the capillary

surroundings heat coefficient h were estimated by lones and Grushka [50] to 

be 263 W/m2 °C for an air velocity of 2 m/s and an air temperature of 25°C. A 

value of 10,000 W/m2 °C would be typical for a liquid heat transfer medium. 

Thus the temperature rise within the capillary in a liquid cooled CE instrument 

is much smaller than for a corresponding CE cooled either by forced 

convection or natural convection. Knox and McCormack [47] calculated that 

11 



Chapter 1 ImrodUClioll 

for typical conditions, the maximum power dissipation in a liquid cooled 

capillary could be 391 W/m compared to 2.13 W/m for air, although it is never 

likely that such high power levels would ever be reached. 

The methods for the determination of temperature within capillaries 

described above use indirect information, such as the current data and 

information about the electrical and thermal properties of the materials, to 

detemline the temperature rise within capillaries under electrophoresis. Direct 

methods of determining temperature within capillaries have also been 

investigated. Watzig [51] used a cobalt (II) solution which has thermochromic 

properties to measure temperature changes by a shift in the UV spectrum of 

the buffer. The effectiveness of the cooling system was investigated in 

reaching equilibrium temperatures was investigated and results indicated 

temperature rises of several degrees Kelvin despite thermostatic control, which 

was in agreement with theoretical calculations for a liquid cooled system. 

Using Raman thermometry based on the temperature dependence of the 

water O-H stretch equilibrium, the temperatures within a fused silica capillary 

were probed by Davis et al. [52]. The capillary was cooled by natural 

convection and intracapillary temperatures ranging from 25°C to 70 °C were 

observed over the range of buffers and electric fields used. Differences 

between local temperatures and average capillary temperatures were observed 

at all operating conditions. 

In summary, heating within capillaries occurs due to current flow. Such 

effects can lead to dramatic changes in the separation conditions and so it is 

desirable to cool the capillaries. Most commercial CE apparatus have forced 

air or liquid cooling systems to minimise the effects of heating [6-13]. 

12 



Chapter 1 Introduction 

1.3 Separations of Small Molecules by Free Solution Capillary 

Electrophoresis. 

1.3.1 Range of Applications. 

Features such as high separation efficiency. reasonable sensitivity, short 

separation times and simplicity have led to the investigation of free solution 

capillary electrophoresis by many workers [I4-16]. The range of substances 

analysed is wide. from small molecules to larger molecules such as polymers 

and biomolecules. Small molecules and ions have been analysed by CE for a 

wide range of applications, ranging from inorganic analysis to pharmaceutical 

analysis [17-21]. 

1.3.2 Separations of Small Molecules. 

The electrophoretic mobility of compounds is governed by the factors in 

equation (l.4) describing the mobility of spherical analytes. External factors 

such as the temperature of the background electrolyte and therefore its 

viscosity affect electrophoretic mobilities, however the only analyte dependant 

factors on electrophoretic mobility are the charge on the analyte and the size of 

the analyte. The shapes of analytes are considered in section 1.4. Therefore to 

achieve relative changes in the separations of analytes by free solution 

capillary electrophoresis, the analyst can adjust the charge on compounds by 

varying the pH of the background electrolyte or exploit differences in the size 

of analytes. It is not possible to separate neutral molecules without adding 

complexing agents [53] to perform electrokinetic chromatography. 

For separations exploiting differences in the charge on analtytes Terabe 

and co-workers studied the separation of isotopic 160 and 180 benzoic acids 

as examples of closely related compounds [54]. An optimum pH for separation 

was calculated to be (pKa - log 2) based on the theoretical resolution equation 
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in CE. The effects of applied voltage and capillary length were also 

investigated. Optimisation of pH in the separation of the methylpyridines was 

studied by Wren [55], who predicted that the maximum charge difference 

between two species could be calculated by taking the l\verage of their pKa 

values. At the point of maximum charge difference between the species the 

best separation should be obtained and this was shown using the isomeric 

methylpyridines as an example. For the basic methylpyridines increasing 

electroosmotic flow was shown to deteriorate separations due to the time 

windows available for separation being reduced. Separation of the 

methylpyridines was improved by the use of a cationic surfactant to suppress 

electroosmotic flow. Friedl and Kenndler investigated resolution as a function 

of the pH of the buffer for multivalent ions, including the benzenedicarboxylic 

acids [56]. It was detemlined that resolution depended on two terms, the ratio 

of the electrophoretic mobilities and an efficiency term. Based on the pKa 

values and the actual mobilities the resolution was calculated across the pH 

range and compared with experimental data. 

Physico-chemical constants can also be determined by free solution CE. 

An advantage of a separation technique such as CE for determining such 

constants is that possible impurities can be separated from the substance of 

interest. Ionisation constants are readily determined by CE by investigating the 

change in electrophoretic mobility of analytes with changes in the pH of the 

background electrolyte. Beckers et al. [57] described the determination of pKa 

values for a weak monovalent acid. The effect of the partial charge on the 

migration rates has also been used to determine ionisation constants at low 

solute concentrations [58]. By studying the change in electrophoretic mobility 

across the pH range, pKa values between 2.55 and 5.26 were determined to 

within 0.03 pH units for analyte concentrations less than 1001lM. 

Diffusion coefficients (D) and frictional coefficients (the inverse of 

diffusion coefficient) of analytes are also related to their electrophoretic 
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mobilities. The frictional coefficients and pKa values of four diuretics were 

correlated with their electrophoretic mobilities by Jumpannen et al. [59]. The 

self diffusion coefficients and the frictional coefficients of clopamide, 

ethacrynic acid, hydrochlorothiazide and acetazolamide were determined by 

pulse gradient spin-echo (PGSE) nuclear magnetic resonance spectroscopy, 

where a field gradient is used to tag molecules at a certain time, they are 

allowed to diffuse during the lapse time and the positions of the molecules are 

then determined by the application of a second field gradient pulse. However, 

the determination of diffusion coefficients for compounds is more usually 

calculated from the measured peak widths [60,61], as band broadening is also 

controlled by diffusion. By calculating diffusion constants in this way, the 

assumption that diffusion and migration are governed by the same mechanism 

(which is only a rough approximation) is avoided. 

One of the main groups of small ions that have been separated by free 

solution CE is are inorganic anions and cations [62]. Inorganic ions are 

particularly important in water analysis and the ions of the alkali metals [63, 

64], alkali earth metals, ammonium ions [65] and heavy metals [66, 67] have 

been analysed and found to generally have high mobilities. One feature of the 

alkali metals is that the lower atomic weight metals have lower mobilities than 

their size would predict, since their hydrated radii are larger due to high charge 

densities. Similarly, inorganic anions such as bromide, bromate, iodide, iodate, 

nitrate and selenite anions have been separated by CE [68]. Thus CE can be 

used for many of the applications performed routinely by ion chromatography. 

Organic acids are sufficiently s~ble to be separated by CE [69-72]. Of 

the other techniques available to the analyst, gas chromatography is unsuitable 

due to the non-volatile nature of the acids, and reversed phase HPLC often 

requires ion pair reagents or ionisation suppression. In a typical example 

Brumley and Brownrigg [72] studied the electrophoretic behaviour of some 56 

aromatic organic acids by both free zone electrophoresis and micellar 
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electrokinetic chromatography. Separations were achieved at pH 8.3 which in 

most cases was well above the pKa values of the analytes. 

The effect of experimental parameters on the separation of p- and m

aminobenzoic acids was investigated by Nielen [73). The pH was varied 

between 4.0 and 6.0 and the optimum resolution was found to be close to the 

pKa values of the analytes. Because these analytes have two pK. values, a 

reversal in migration order was observed at low pH with co-migration at pH 

4.2. 

1.4 The Effects of Size and Shape on Electrophoretic Mobility. 

1.4.1 Effects leading to the retardation of ions. 

Of the examples of applications for CE already presented, compounds 

are separated based on the differences between charge and size of compounds. 

Factors related to the shapes of compounds has also been shown to lead to the 

separation of non-spherical compounds by CE [74-76). The separation of 

analytes by differences in shape may be attributed to the differences in the 

frictional forces experienced on them. Analytes are retarded by two primary 

effects known as the relaxation effect [77) and the electrophoretic effect [77) 

which contribute to the size relationship. As ions move through a liquid they 

experience a frictional force due to collisions with the liquid molecules, 

however ions in solution are under non-ideal conditions, therefore they cannot 

be considered to be moving independently of one another. Thus, each ion in 

solution can be considered to be surrounded by a relatively higher proportion 

of ions carrying opposite charge due to coulombic forces [77, 78]. 
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Relaxation Effect. 

When a potential is applied to a positive ion, it moves with mobility Ile 

towards the cathode, and the surrounding anions are continually refonning in 

the environment around it. It takes a finite time for the anionic environment to 

refonn thus an asymmetric distribution of the ions results (Figure 1.4). The 

electrical attraction between the asymmetric charged atmosphere and the ion 

reduces the overall speed of the ion. This is known as the relaxation effect. 

Figure 1.4 

Ideal Non-Ideal 

The distribution of ions under ideal conditions where no 

voltage is applied and under non-ideal cOllditions where 

the applied voltage leads to the moveme1lt of iOlls and an 

asymmetric distribution of ions. 
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Electrophoresis Effect. 

The viscous force opposing the motion of the ion is equal to the product 

of the frictional coefficient and the velocity of the ion. The counterions in the 

vicinity of the central ion are moving in the direction opposite to the central 

ion and are carrying with them their molecules of solvation. Therefore the 

solvent in the immediate vicinity of the central ion has a net motion in the 

direction opposite to the motion of the central ion (Figure 1.5), and thus a 

stronger viscous environment is experienced by the central ion. Thus, the 

electrophoretic effect retards the motion of the central ion. 

Figure 1.5 

---u 
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The strong ViSCOllS ellvirollment experienced by the 

analyte iOIl due to the movement of COllnteriollS ill all 

opposing direction. 
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1.4.2 The Modelling of Size and Shape Effects. 

Before the advent of capillary electrophoresis, paper electrophoresis [79] 

provided a means of separating analytes by their electrophpretic mobilities and 

the properties of such separations closely resembles free solution capillary 

electrophoresis. Investigations of the size/shape effects under these conditions 

led to a number of publications. 

When considering the electrophoretic mobility of peptides on paper, 

Offord suggested that the retarding force caused by the electrophoresis effect 

could be accounted for by considering the force to be related to a function of 

the effective surface area (M2/3
) of the peptide [80]. Thus a semi-empirical 

equation for mobility was suggested for spherical analytes (1.12), 

k'Z 
J1 e = M~ (1.12) 

where J.le is electrophoretic mobility of the peptide, Z is the charge on the 

peptide, M is the molecular weight of the peptide and k' is a constant. 

However many analytes are not of spherical shape and based on the 

assumption that the frictional resistance to the passage of an ellipsoid is greater 

than that of a sphere of the same volume Cantor and Schimmel [81] suggested 

the use of different indices to account for different shapes of analytes (Table 

1.1). In this case the shape of a sphere was modelled as Ml!3 and all other 

shapes led to higher frictional coefficients, thus the index was varied from 1/3 

to 1. 
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Table 1.1 

Molecular Model 

Solid sphere 
Statistical ball 
Broad planar disc· 
Long cylinder 
Porous Ball 

Molecular shape indices. 

Proportionality Relationship 

i-Ml/3 
i-M 0.5 10 0.6 

i-M 213 

i-M08 

i-M' 

IllIroduCliolJ 

Perrin derived equations relating the frictional resistance to the ratio (b/a) 

of the semi axes (a,b) of a prolate or oblate ellipsoid [82]. The results are 

usually described as a frictional ratio (j!j~). Edward and Waldron-Edward 

proposed a semi-empirical method for the calculation of the mobilities of small 

organic ions [83]. They proposed that free solution mobility of ions in 

infinitely dilute aqueous solution at 25 QC can be given by the equation (1.13). 

1.14 X 10-3 X Zj 
/-le = 

r.Jo 
(1.13) 

where rw is the van der Waals' radius (,.\) of the ion, Z is the ionic charge 

in electronic units, and flio is the frictional ratio for non-spherical molecules 

(unity for spheres, less than unity for prolate ellipsoids and greater than unity 

for oblate ellipsoids). 
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1.4.3 Separations ofIsomeric Compounds. 

Chad wick and Hsieh reported the separation of cis- and trans- double 

bond isomeric compounds by capillary electrophoresis 'p4]. Separation of 

fumaric acid and maleic acid could be achieved at pH 8.5 where the 

compounds existed as dianions. Separation at pH 4.0 was also achieved, but 

without baseline resolution. Baseline separation of aII-trans-retinoic acid and 

I3-cis-retinoic acid was achieved, the retinoic acids being of interest as they 

serve as visual pigments in photoreception and phototransduction (Figure 1.6). 

Maleic Acid Fumaric Acid 

~ccx)H 
COOH 

13-cis-Retinoic acid all-trans-Retinoic acid 

Figure 1.6 Fumaric acid, maleic acid, all-trans-retinoic acid and 

13-cis-retilloic acid 

The differences in electrophoretic mobility of the analytes were 

attributed to the isomers possessing different hydrodynamic radii. By 

considering the mobility of the analytes the hydrodynamic radii of the 

molecules could be calculated. 

In the separation of codeine and its by-products by capillary zone 

electrophoresis [75], it was noted by Korman et al. that the closely related by

products thebaine and 6-methy!codeine could be separated (Figure 1.7). 
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CH, 

o 

CH, 

Thebaine 6-Melhyl codeine 

Figure 1.7 Codeine by-products separated by capillary 

electrophoresis. 

Optimum conditions were investigated and the best separations were 

achieved between pH 2.5-6.0, indicating that there was no pH related 

difference between the alkaloids. This indicated that the differences in the 

mobilities were based on geometric differences alone. Molecular modelling 

calculations indicated that there was a slight difference in conformation 

between the two molecules, related to the position of the double bonds. 

Differences in the mobility of monosubstituted alkylpyridines were noted 

by Rowe et al. [76). The differences in mobility could not be accounted for by 

the Van der Waals' radii of the compounds and simple molecular descriptors 

such as the length and width of analytes were considered to predict the relative 

mobilities of compounds. 

Brumley and Brownrigg [72) studied the electrophoretic behaviour of 

some 56 aromatic organic acids by both free zone electrophoresis and micellar 

electrokinetic chromatography. Separations were performed at pH 8.3, where 

in most cases the pH of analysis was much higher than the pK, values of 

compounds and thus the analytes bore full negative charges. Although only 

migration times of compounds were quoted, differences in the migration 

behaviour of several substituted benzoic acids were noted. In a typical 

example, the hydroxybenzoic acids were separated (Figure 1.8), giving 
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migration times of 3.81 mins, 3.77 mins and 3.73 mins for 2-hydroxybenzoic 

acid, 3-hydroxybenzoic acid and 4-hydroxybenzoic acid respectively. 

co2 -&0> 
OH 

Figure 1.8 The lzydroxybenzoic acids. 

Similar migration orders were obtained for the chlorobenzoic acids and 

nitrobenzoic acids. Also the hydroxyphenylacetic acids (Figure 1.9) were 

separated and migration times of 3.73 mins, 3.55 mins and 3.54 mins were 

obtained for 2-hydroxyphenylacetic acid, 3-hydroxyphenylacetic acid and 4-

hydroxyphenylacetic acid respectively. 

co2 - co2 -

OH 

OH 

OH 

Figure 1.9 The hydroxyphenylacetic acids. 

Meyer et al. [84] reported the separation of eis/trans isomers of a prolyl 

peptide bond by capillary zone electrophoresis. The molecular arrangement 

observed in peptide chemistry resembles the configuration of eis/trans 

isomers. The partial double bond character of the peptide bond maintains the 

backbone of polypeptides in two preferred directions of propagation. Usually 

the rapid interconversion between the two forms is too fast for successful 

separation, however the Ala-Phe-'¥[CS-N]-Pro-Phe-4-nitroanilide thioxo 

peptide isomerises much slower and so is suitable for separation by CE. The 

two forms were separated at 30 QC and by increasing the temperature the 
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separation could be destroyed by interconversion between the two forms. The 

UV spectra of the two forms were compared and no differences in the spectra 

of the pure forms and the mixture were observed. The two isomers were 

compared by molecular modelling, and the energetically preferred 

conformations of the isomers showed that the cis conformer had a cylindrical 

shape with an average length of 11.5 A and width of 9.5 A was calculated. The 

trans conformer had a near spherical shape with average lengths for length and 

width of 11.3 A and 10.4 A respectively. The differences in the electrophoretic 

properties of the peptides were thus explained by the smaller cylindrical 

molecule hydrodynamically adjusting its orientation to give a smaller 

frictional force than the spherical molecule and hence the cis isomer had a 

higher electrophoretic mobility. For an alternative peptide, Ala-Gly-'I'[CS-N)

Pro-Phe-4-nitroanilide the differences were found to be much smaller and 

together with an increased isomerisation rate the absence of peak splitting for 

this compound was rationalised. 
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1.5 Present Study. 

The aim of the present study was to investigate the influence of structural 

and physical properties of analytes on electrophoretic .mobility in CE, to 

enable the relative mobilities of related analytes to be predicted. This would be 

valuable for the pharmaceutical analyst working in method development as 

separation could be easily rationalised from the physical properties of 

compounds. In particular, the effects of molecular size and shape on isomeric 

and closely related compounds were to be investigated. The work of Rowe et 

al. [76] investigating the effects of size and shape on the mobility of 

monosubstituted alkylpyridines was taken as a starting point for investigations. 

The optimisation of separations for these related compounds and the collection 

of accurate mobilities for the compounds would allow the testing of published 

models relating to the size/shape and charge on analytes. Additional models 

would then be developed where necessary. It was proposed to also investigate 

a wider range of analytes with different charges and functionalities and to 

compare separations achieved by differences in the shape of analytes with 

separations by liquid chromatography. 
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Experimental. 

2.1 Introduction. 

In this chapter general experimental details are provided for the analysis 

of compounds by capillary electrophoresis and the associated techniques used 

to obtain experimental data. 

2.2 Capillary Electrophoresis. 

2.2.1 Chemicals. 

Distilled water was purified to 18 MQ using an ELGA MAXIMA water 

purification system. All alkylpyridines were obtained from Aldrich (Poole, 

UK) with the exception of 2-propylpyridinium bromide which was obtained 

from Lancaster (Morecambe, UK). The alkylbenzoic acids were obtained from 

Aldrich (Poole, UK) except for 4-nonylbenzoic acid and 4-decylbenzoic acid 

which were prepared by the hydrolysis of 4-nonylbenzoyl chloride and 4-

decylbenzoyl chloride (Avocado, Lancaster). Alkylanilines were used as 

received from Aldrich (Poole, UK). Ortho-phosphoric acid, citric acid and 

boric acid were obtained from BDH (Poole, UK). Lithium hydroxide and 

sodium hydroxide was obtained from Fisons Scientific Apparatus 

(Loughborough, UK). 

2.2.2 Apparatus. 

All capillary electrophoresis work was carried out on a PlACE 2050 

system (Beckman Instruments, High Wycombe, UK) with the exception of the 

analysis of 2-(3-pentenylpyridine) which was analysed on a PlACE 5000 DAD 

system (Beckman). Data was recorded at 254 nm for the alkylpyridines using a 

26 



Chapter 2 ExperimelZlai 

A (N,N-bis[2-hydroxyethyl]glycine) buffer (BICINE) was obtained by 

preparing a 50 mM solution of BICINE and adjusting the pH of the solution to 

pH 8.5 using lithium hydroxide (l M). Samples were loaded onto a fused silica 

capillary by a 2 s pressure injection and separated at 25°C using a voltage of 

15 kV. Electroosmotic flow was measured using thiourea. 

Method D Lithium Borate Buffer. 

Lithium borate buffers were obtained by preparing a 50 mM solution of 

boric acid and adjusting the pH of the solution to pH 8.5 using lithium 

hydroxide (l M). Samples were loaded onto fused silica capillaries and also 

bonded capillaries using a 2 s pressure injection and separated at 25°C using 

voltages of 15 kV or 30 kV. Electroosmotic flow was measured using thiourea 

as a marker and benzoic acid was used as an internal standard. 

Modifications of the lithium borate buffer were also investigated. A 

sodium borate buffer was prepared by substituting sodium hydroxide (I M) for 

the lithium hydroxide (l M) and the ionic strength of the buffers was varied by 

taking solutions of lithium hydroxide and sodium hydroxide (both 50 mM) and 

adjusting the pH to 8.5 using boric acid (I M). 

2.3 Molecular Modelling of CE Separations. 

2.3.1 Equipment 

The molecular modelling package SYBYL (Tripos Assoc. Inc., USA) 

was used for all computer modelling on an Evans and Sutherland workstation. 

The spreadsheet package Excel v4.0 (Microsoft Inc., USA) was used for 

numer}cal calculations on a Toshiba T4400SXC personal computer. 
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5 Hz collection rate and at 214 nm for the benzoic acids using a 5 Hz 

collection rate. An IBM 433/DX microcomputer with System Gold v8.0 

Personal Chromatograph (Beckman) software installed was used for data 

collection. 

For the alkylpyridine work, fused silica capillaries of 50 j..lm and 75 j..lm 

internal diameter (i.d.) were used (Beckman). For the benzoic acid work three 

different capillaries were used: a fused silica capillary of 50 j..lm i.d. 

(Composite Metal Services Ltd., Wore.), a 75 j..lm i.d. CElect™ H 75 (Cl) and 

a 75 j..lm i.d. CElect™ H 275 (CI8) (both Supelco Inc., USA). Each capillary 

had an inlet to outlet length of 57 cm and an inlet to detector length of 50 cm. 

Electrophoretic mobilities of all analytes were determined using the 

following equation (equation 2.1), 

IL 
l1e = VI - l1eo! (2.1) 

where I is the length from inlet to detector, L is the total capillary length, 

V is the operating voltage, t is the migration time and j..lea! is the electroosmotic 

mobility. 

2.2.3 Methods for Alkylpyridine and Alkylaniline Separations. 

Stock solutions of 1 mg mL-1 of alkylpyridine and alkylanilines were 

made up in de-ionised water, and samples for injection were prepared each day 

by taking 50 j..lL of the sample stock solution and diluting it in 4.4 mL of de-

ionised water. 
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Method A. Lithium Phosphate Buffers 

A lithium phosphate buffer was prepared by taking the required molarity 

of ortho-phosphoric acid (l0-100 mM) and adjusting the pH to 2.5 using 

lithium hydroxide. Samples were loaded by a 2 s pressure injection and 

separated at 25°C using a voltage of 15 kV. Pyridine and acridine were used as 

internal markers and electroosmotic flow was measured by using the fast 

marker technique described in chapter 3. 

Method B. Lithium Citrate Buffers. 

For these separations the method IS as for method A, except that the 

buffer was prepared from 50 mM citric acid and adjusted to the required pH 

using lithium hydroxide (I M). Separation times were adjusted as required and 

the electroosmotic flow was determined using acetone as an additional 

standard. 

Method C. Sodium Phosphate Buffer. 

A sodium phosphate buffer system was used for the study of the 

dimethylpyridines at pH 6.5. 50 mM sodium hydrogen phosphate was 

adjusted to pH 6.5 with hydrogen chloride OM). The samples were analysed 

as in method A using acetone as the elec'troosmotic flow marker compound. 

2.1.4 Methods for Alkylbenzoic Acid Separations 

Stock solutions of 1 mg mL') alkylbenzoic acids were made up in de

ionised water, and samples for injection were prepared each day by taking 50 

ilL of the sample stock solution and diluting it in 4.4 mL of de-ionised water. 
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Method D. (N-N-bis[2-Hydroxyethyl]-glycine) Buffer. 

A (N,N-bis[2-hydroxyethyl]glycine) buffer (BIClNE) was obtained by 

preparing a 50 mM solution of BIClNE and adjusting the pH of the solution to 

pH 8.5 using lithium hydroxide (l M). Samples were loaded onto a fused silica 

capillary by a 2 s pressure injection and separated at 25°C using a voltage of 

15 kV. Electroosmotic flow was measured using thiourea. 

Method D Lithium Borate Buffer. 

Lithium borate buffers were obtained by preparing a 50 mM solution of 

boric acid and adjusting the pH of the solution to pH 8.5 using lithium 

hydroxide (1 M). Samples were loaded onto fused silica capillaries and also 

bonded capillaries using a 2 s pressure injection and separated at 25°C using 

voJtages of 15 kV or 30 kY. Electroosmotic flow was measured using thiourea 

as a marker and benzoic acid was used as an internal standard. 

Modifications of the lithium borate buffer were also investigated. A 

sodium borate buffer was prepared by substituting sodium hydroxide (1 M) for 

the lithium hydroxide (1 M) and the ionic strength of the buffers was varied by 

taking solutions of lithium hydroxide and sodium hydroxide (both 50 mM) and 

adjusting the pH to 8.5 using boric acid (l M). 

2.3 Molecular Modelling of CE Separations. 

2.3.1 Equipment 

The molecular modelling package SYBYL (Tripos Assoc. Inc., USA) 

was used for all computer modelling on an Evans and Sutherland workstation. 
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The spreadsheet package Excel v4.0 (Microsoft rnc., USA) was used for 

numerical calculations on a Toshiba T4400SXC personal computer. 

2.3.2 Method 

Bond lengths, bond angles and molecular co-ordinates for the analytes of 

interest were calculated using SYBYL. The charge distributions for the 

alkylpyJidines were also obtained using SYBYL by applying the Hiickel 

model to the charged analyte. Molecular co-ordinates were then fed into a 

spreadsheet in order to obtain the centre of mass of the compounds, calculated 

from the formulae (2.2), 

Lmx 
x=--

Lm 
- Lmy 
y=--

Lm 
(2.2) 

where m is the mass of each individual atoms with co-ordinates x and y. 

By substituting mass for charge, the centre of charge of the analyte was also 

found (2.3), 

, Lqx 
x=--Lq (2.3) 

where q is the partial charge on individual atoms and x and y are the co

ordinates of atoms. Thus, a representation of the analyte was obtained showing 

the centre of mass, centre of charge and the analytes' direction of travel in the 

electric field (discussed in chapter 6), (Figure 2.1 for 2-ethylpyridine). 

30 



Chapter 2 

Figure 2.1 

Experimental 

2·Ethylpyridine E 

Genua 01 Charge 

Centre 01 Mass 

Represelltatioll of the celltre of mass and celltre of 

charge for 2-ethylpyridille. 

The distance between the centre of mass and the centre of charge, 

defined as the radius of inertial rotation, Ri, was calculated by applying the 

simple formula (2.4), 

Ri =~(X_X')2+(y_y'/ (2.4) 

To obtain the radius of rotation, Rro" the analyte was redrawn on a grid 

with the charge-mass axis lined up with the grid (Figure 2.2 for 2-

ethylpyridine). The space occupied by the atoms was then drawn in, using the 

Van der Waals' radii from SYBYL. 
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Figure 2.2 Tile calclllatioll oj rotated vollllllejor 2-etllylpyridille. 

The volume of rotation was then obtained for the analyte, by calculating 

the volumes of the two halves split by the charge-mass axis. The volume of 

rotation for each half was calculated by applying the equation (2.5), 

(2.5) 

The two halves were summed and the cubed root was taken to obtain the 

radius of rotation for each analyte (2.6), 

(2.6) 

2.4 Pot.ent.iometric Tit.ration. 

2.4.1 Chemicals. 

The preparation and standardisation of HCI (Fisons), KOH (Volucon1M 

Rhone Poulenc), ethylenediamine dihydrochloride (Fluka, used for electrode 
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calibration) were carried out using the procedures described by Avdeef et al. 

[85, 86]. Alkylpyridine samples (Aldrich) were used as received. 

2.4.2 Apparatus. 

The instrument used to perform the pKa analysis was a PCA 101 (Sirius 

Analytical Instrument~ Limited, Forest Row, East Sussex, UK), which 

consisted of an Intel 8088/8087 and Phillips 80552 distributed processors, a 

pH sensing circuit, a semi-micro combination pH electrode, an overhead 

stirrer, a precision dispenser and a six way valve for dispensing reagents and 

titrants: (0.5 M Hel, 0.5 M KOH, 0.15 M KcI), and SDS surfactant cleaner. A 

10 cm polyimide clad quartz capillary (0.5 mm i.d) serves as a dispenser tip. 

Teflon FEP tubing is used throughout. The instrument moves the 

electrode/stirrer/dispenser tip assembly in and out of sample, buffer and wash 

solutions. A weighed sample of analyte (1-10 mg) was added manually; the 

diluent and all other reagents were added automatically. 

2.4.3 Method. 

The methods used for electrode calibration, determination of acidity 

errors and corrections for the carbonate from carbon dioxide were carried out 

as described by Avdeef et al. [85] and these methods were followed as a 

standard procedure to calibrate the instrument at the start of each working day. 

The alkylpyridine sample (10 mg) was diluted with HCI (10 mL, 0.02 

M). The samples were introduced into the peA 101 and the initial pH was 

measured. The pH of the sample was adjusted to pH 2 by the automated 

addition of Hel (0.5 M). Once a stable initial pH was obtained, diluents were 

added automatically to perform the titration. The instrument calculated the 

volume of titrant to add (in the range of 0.0004-0.25 mL) to maintain an 

approximate 0.2 pH unit separation between succesive data points. The pH of 

the solution was measured after the completion of 3 s vigorous stirring by 
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taking a sequence of 15 pH readings, one reading every 0.3 s. At the end of the 

sequence, pH versus time was fitted to a straight line. If the slope of fit was 

grater than 0.01 pH min- I in magnitude, the sequence of pH measurement was 

repeated. All refinements of data were performed directly by the instrument. 

Estimation of pKa values - The difference curve (which is a measure of 

the average number of bound protons versus pH) was used to estimate 

ionisation constants. For' a single substance X in solution: 

-
11/1 =([HCI]-[KOH]+IIX -[H+]+K..I[H+])/X (2.7) 

where fill is the average number of bound protons, n is the number of 

dissociable protons introduced into the solution by the substance X (e.g. n = 0 

for pyridine and for phosphoric acid introduced as NaH2P04 n = 2), 

Kw = 10-13.75 at 25 QC and 0.2M ionic strength and [Y] is the concentration of 

the respective substances. The difference curve clearly reveals pK. values and 

overlapping pK. values can also be easily estimated from such curves. 

2.5 pKa Estimation 

2.5.1 Equipment. 

For the calculation of estimated pK. values, the molecules of interest 

were drawn using IsisIDraw (Molecular Design Limited), and then converted 

using ConSystant (Exographics, New Jersey, USA) into SMILES form where 

the computational program pKalc (CompuDrug Chemistry Ltd.) could estimate 

the pK. values. pKalc estimates pK. values based on the work of Perrin et al. 

[87]. 
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2.6 NMR Spectroscopy. 

The sample of 2-(3-pentenyl)pyridine was used as received from Aldrich 

(Poole, UK). Deuterated chloroform was obtained from a departmental source. 

'H NMR Spectra were run in deuterated chloroform on a 250 MHz AC250 

BrOker NMR spectrometer. 

2.7 Gas-Liquid Chromatography. 

A sample of 2-(3-pentenyl)pyridine was used as received from Aldrich 

(Poole, UK). A dilute solution of 2-(3-pentenyl)pyridine in dichloromethane 

was analysed by GC-MS on a Fisons GC 8000 gas chromatograph coupled to 

a MD 800 mass spectrometer using a DB 5 ms column isothermally at 100 cc. 
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Evaluation of fundamental parameters 

3.1 Introduction. 

The electrophoretic mobilities of compounds were to be determined and 

111 many cases the values were very similar. Therefore it was necessary to 

investigate parameters that affect the mobilities of compounds so that quoted 

values were as independent of experimental conditions as possible. In order to 

measure electrophoretic mobilities the migration times and the magnitude of 

the electroosmotic flow must be measured. The repeatability and 

reproducibility of these measurements are investigated. Corrections for 

changes in parameters such as temperature. electroosmotic flow velocity and 

buffer ionic strength were investigated. Investigations at low pH were 

investigated and then applied to the analyses at high pH. 

3.2 Analysis and markers at pH 2.S. 

3.2.1 The Repcatability of Migration Times. 

The analysis of compounds by capillary electrophoresis using a fused 

silica capi lIary has been shown to lead to poor repeatability of the migration 

times of analytes [88-97J. Thus workers have suggested the use of internal 

standards in the analysis of compounds by CE [90. 98. 99) and also the 

quotation of electrophoretic mobility rather than migration time as a measure 

of an analytes electrophoretic properties [88.94-97.100-102). 

With fifty consecutive injections of pyridine analysed using method A, 

the migration time of pyridine drifted between 7 and 7.35 minutes (Figure 

3.1). This drift in migration time was attributable mainly to nonrepeatable 

electroosmotic flow velocity due to the surface conditions at the capillary wall. 

36 



Chapter 3 Fundamental Parameters. 

A general trend of decreasing pyridine migration time was observed, which 

corresponds to a decrease in EOF velocity, with periodic increases in pyridine 

migration time. This periodic increase in analyte migration time may be related 

to the introduction of fresh buffer vials to the CE system. Reasons why this 

could lead to the increase in migration time could be a difference in the 

temperature of the fresh buffer vials, or inactivity of the CE system between 

runs could lead to non-equilibrium conditions developing at the fused silica 

surface of the capillary. 

6.7 

6.65 

~ 6.6 
~ 
~ 

i= 6.55 
< 
.g 
~ :i 6.5 

6.45 

-

6.4 4----+---+----f-----+---+---+---+----+---+----+ 
o 5 10 15 20 25 30 35 40 45 so 

Injection NlJllbef 

Figure 3.1 Repeatability of pyridine migration time in a fused silica 

capillary. 40 m/l1 lithium phosphate buffer, pH 2.5, 2 s 

injection, IS kV applied voltage 

Between each sample injection and analysis a capillary wash programme 

was applied, involving a 0.5 minute high pressure wash with 0.1 M lithium 

hydroxide and a 3 minute high pressure wash with the run buffer. The caustic 

lithium hydroxide wash changes the conditions inside the capillary 

considerably and this wash was removed from the rinse cycle to investigate 

whether it was the cause of the non-equilibrium conditions inside the capillary. 

Similar drifts in migration time were observed without the wash and so 

it was concluded that the drifts in migration time was a fundamental property 
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of the separation system and that it was not possible to accurately forecast the 

absolute migration time of an analyte on anyone run. 

Thus it is necessary to apply corrections to account for the effects of the 

electroosmotic flow instability and also the effects of effective field strength. 

Electroosmotic flow must be measured which can be done by including a 

neutral marker compound that shows a suitable detector response. 

3.2.2 Measurement of Electroosmotic Mobility. 

The apparent electrophoretic mobility of a compound is the sum of its 

own electrophoretic mobility and the electroosmotic flow (EO F) within the 

capillary, thus in order to measure electrophoretic mobilities, the EOF must be 

detennined. 

The EOF velocity is related to the ionisation of silanol groups at the 

capillary surface. Counter-ions build up at the capillary surface to retain 

electroneutrality and it is the migration of these cations that causes the bulk 

flow. To measure the EOF velocity, neutral compounds with a suitable 

detector response are used. Typical markers include benzyl alcohol and 

acetone. However when the EOF was measured at pH 2.5, EOF times of 

between thirty and ninety minutes were observed. In order to exploit the rapid 

separation times offered by capillary zone electrophoresis, it is undesirable to 

wait long periods of time for a measurement of electroosmotic flow. 

Thus the development of a fast electroosmotic flow marker was 

proposed, by using a positively charged (and so fast migrating molecule) in 

place of the neutral marker. For this study, it was proposed to relate acridine 

(the fast marker) to benzamide (the uncharged EOF marker). Acridine (Figure 
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3.2) was chosen because its electrophoretic mobility and functionality was 

similar to the compounds being studied but it did not co-migrate with other 

analytes. 

Acridine has a fixed conformation and so changes in operating conditions 

were not expected to affect its electrophoretic mobility (with the exception of 

high pH values, where de-protonation takes place). 

"-
N 

Figure 3.2 Structure of Acridine. 

Repeated measurements of the electroosmotic flow showed that a 

variation in electroosmotic flow occurred, and that it was influenced by the 

operating conditions. A corresponding variation was experienced for the 

migration times of pyridine, 2,3-cyclohexenopyridine and acridine. 

Data were collected at ionic strengths of 10 mM - 100 mM using the 

lithium phosphate buffer system. For each ionic strength the migration times of 

benzamide and acridine were plotted against each other to give graphs relating 

the acridine migration time to the migration time of the neutral marker 

benzamide (Figure 3.3). 
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Figure 3.3 Acridine migration time plotted against benzamide migration 

time. 40 mM lithium phosphate buffer, pH 2.5, IS kV applied 

voltage. 

Linear regression yields equations that can be used to relate the 

benzamide migration time to the mobility of acridine thus providing a method 

to calculate electroosmotic flow for each individual run (Table 3.1). A nonnal 

measurement of the EOF was made between each set of runs to check and also 

to provide more data for the EOF calibration graphs. 

The observed increase in electroosmotic flow with decreasing ionic 

strength of the buffer is due to the strength of the zeta potential at the capillary 

walls and is in agreement with the observations of other workers [36], and the 

literature relationships are applied to these results in the next chapter. 
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Table 3.1 

Fundamental Parameters. 

Linear regression analysis relating the migration time of 

acridine to the migration time of benzamide. 

Lithium Phosphate buffers, pH 2.5,15 kV applied voltage. 

Regression Analysis. 

Ionic Strength Gradient Intercept Correlation Sample 
Coefficient Size 

10 mM 6.48 -26.5 0.9212 32 
20mM 13.2 -79.6 0.9629 32 
40 mM 34.4 -283 0.9601 36 
60 mM 29.2 -239 0.9944 28 
80mM 46.7 -424 0.9950 28 
IOOmM 66.7 -650 0.9714 28 

For SIX measurements of electroosmotic flow, the calculated 

electroosmotic flow from the regression analysis and the measured benzamide 

migration time (actual electroosmotic flow) are compared (Table 3.2). The 

error between calculated and actual EOF values is of the order of 3 %. For a 

typical EOF time of 60 minutes and an analyte migration time of 7 minutes the 

electroo~motic flow will make up approximately 12% of the overall migration 

time. Thus the elTor incurred by applying the fast marker was estimated at 

approximately 0.4%. 

The repeatability of migration times and the electroosmotic flow can be 

attributed to the fundamental properties of the silica capillary walls with their 

exposed silanol groups. Such a system is highly susceptible to cation and 

analyte absorption as well as protonation and so one either has to alter the 

surface of the capillary to control EOF or to overcome these problems with a 

practical approach. Working at low pH it is impractical to measure the full 
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EOF for each run made because of the time involved. The fast marker method 

provides a compromise between long analysis times or imprecise EOF values. 

Because of the strong capillary dependence on EOF, in order to set up a EOF 

calibration graph, experimental measurements have to be made. However, 

once data is collected, then it is possible to make less frequent measurements. 

Table 3.2 Comparisoll betweell electroosmoticflow calclllatedfrom 

acridille migratioll times alld the actllal electroosmotic flow 

measllred IIsing bellzamide as a lIelltral marker. 40 mM 

lithillm phosphate buffer, pH 2.5, 15 kV applied voltage. 

Acridine Migration Calculated EOF Actual EOF 
Time 

(Mins) (Mins) (M ins) 

10.02 61.688 60.457 
9.897 57.457 57.459 
9.672 49.717 50.711 
9.634 48.410 49.659 
9.583 46.656 48.480 
9.897 57.457 53.811 

3.2.3 Pyridine as an Internal Standard. 

The results obtained by uSlIlg acridine as a fast electroosmotic flow 

marker provided a means of breaking down the actual electrophoretic 

migrations into a true electrophoretic migration and the electroosmotic 

mobility. However, when the mobility data for pyridine was tabulated, a 

systematic decrease in the electrophoretic mobilities was observed (Figure 

3.4). The pyridine mobility showed a drift of about 2-3 % over the range 

studied, and the system appeared to never be reaching an equilibrium 

42 



Chapter 3 Fundamental Parameters. 

condition. The reason for the drift in pyridine mobility was unclear, the error 

associated with the calculation of EOF was estimated at only 0.4%. Other 

workers have associated such drifts with buffer depletion or electrode 

processes [88, 89]. Therefore, it was necessary to correct mobilities by using 

an internal standard. 
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Figure 3.4 Uncorrected pyridine /lIobility, pH 2.5, 40 mM lithium 

phosphate buffer, 15 kV applied voltage. 

In order to perform a correction, standard values for the electrophoretic 

mobility of pyridine at each ionic strength are needed. Since no data was 

available in the literature, this was done by measuring the mobility of pyridine 

at ionic strengths of 10 mM - 100 mM in consecutive runs using the same 

conditions for each measurement. Once corrections are made to the mobilities 

of other analytes, all electrophoretic mobilities are relative to these standard 

measurements so it was necessary to get the best measurements possible. For 

this reason, a 10 minute buffer wash was used between each measurement to 

minimise analyte absorption effects. The values obtained are shown in Table 

3.3. 
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Pyridine was to be used as the internal standard for corrections and so 

was included in runs at each ionic strength. 2,3-Cyclohexenopyridine and 

acridine were also included in the mixture to allow testing of the quality of the 

corrections against actual experimental values. 

Table 3.3 

Buffer 
Ionic 

Strength 

10 ml\1 
20 1111\1 
40 mM 
60 mM 
80 mM 
100 mM 

Experimental electrophoretic mobility of standards. 

Lithium Phosphate buffers, pH 2.5,15 kV applied voltage. 

Electrophoretic Mobility (cm2y.l s·l) 

Pyridine 2,3-Cyclo· Acridine EOF 
hexenopyridine 

4.399 e-04 3.101 e-04 2.795 e-04 1.829 e-04 
4.298 e-04 3.004 e-04 2.706 e-04 1.305 e-04 
4.176 e-04 2.891 e-04 2.602 e-04 9.787 e-05 
4.115 e-04 2.849 e-04 2.563 e-04 6.354 e-05 
4.047 e-04 2.798 e-04 2.515 e-04 5.554 e-05 
3.993 e-04 2.758 e-04 2.477 e-04 4.668 e-05 

The electrophoretic mobilities of all analytes were determined by 

calculating the raw mobilities using the calculated EOF during the run, and 

adjusting these values using pyridine as the internal standard (Example 3.1). 

Over fifty injections, the corrected mobilities of 2,3-cyclohexenopyridine and 

acridine was found to be stable (Figure 3.5). 
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Example 3.1 . Calculation of 2 .3-cyclohexenopyridine mobility. 

Migratioll times of 6.452 mills for pyridille, 9.039 mills for 2,3-

cyclohexenopyridine alld 9.923 mills for acridine were obtained ill a rull. 

I. The EOF was calculated as 58.4 mins using the regression equation for 

the 40 mM lithium phosphate buffer. EOF = 34.4(Taaidille) - 283. 

2. Since !le = !la - !leo! the uncorrected 2.3-cyclohexenopyridine mobility is 

calculated as 2.964 e-4 cnlVi 
S·I and the uncorrected pyridine mobility is 

calclllated as 4.230 e-4 cn/Vl S·l 

3. The value for 2.3 -cyclohexenopyridine can now be corrected lIsillg the 

standard pyridine mobility of4.176 e-4 cnlVls· l 

Corrected 2.3 -cyclohexenopyridine mobility. 

(2.96414.230)*4.176 e-4 = 2.926 e-4 cn/Vls· l 
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Figure 3.5 Corrected electrophoretic mobility values . • - Pyridine; Ll - 2,3-

cyclohexenopyridine; • - acridine. 40 mM lithium phosphate 

buffer, pH 2.5, 15 kV applied voltage. 

Relative standard deviations (RSDs) of 0.16% and 0.18% were obtained 

for 2,3-cyclohexenopyridine and acridine respectively for the fIfty injections 

shown in figure 3.5. During the analysis of compounds, six replicate intra-run 

injections were performed, which involved injecting sample from the identical 

sample vials using the same buffer vials for separation. The intra-run RSD for 

the corrected electrophoretic mobility of 4-ethylpyridine was 0.03% (Table 

3.5) and the corresponding inter-run RSD for 6 injections of acridine was 

0.13% (Table 3.6). Inter-run replicates used fresh sample solutions for each 

injection and fresh buffers for these injections. 
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Table 3.5 Intra-run reproducibility for six injections of 4-ethylpyridine. 

40 mM lithium phosphate buffer, pH 2.5, 2 s injection, 15 kV 

applied voltage, mobilities calculated using calculated EOF 

values and corrected using pyridine as an internal standard. 

4-Ethylpyridine - Intra-run replicates 

Uncorrected Pyridine Uncorrected Corrected 4-
Mobility 4-ethylpyridine mobility ethylpyridine mobility 
clll~Y·'s·' CIll~Y·'S·' cm'y·'s·' 

4.233 e-4 3.442 e-4 3.395 e-4 
4.230 e-4 3.441 e-4 3.397 e-4 
4.228 e-4 3.440 e-4 3.398 e-4 
4.228 e-4 3.439 e-4 3.397 e-4 
4.229 e-4 3.439 e-4 3.396 e-4 
4.228 e-4 3.437 e-4 3.395 e-4 

Average Mobility 3.396 e-4 
Swndard Deviation 0.001072 e-4 

RSJ) 0.03% 
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Table 3.6 Inter-run reproducibility for six injections of acridine. 

40 mM lithium phosphate buffer, pH 2.5, 2 s injection, 15 kV 

applied voltage, mobilities calculated using calculated EOF 

values and corrected using pyridine as an internal standard. 

Acridine Inter-Run 

Uncorrected pyridine Uncorrected Corrected acridine 
Mobility acridine mobility mobility 
cm"Y" s" cm"Y"s" cm'y"s-' 

4.238 e-4 2.652 e-4 2.613 e-4 
4.243 e-4 2.652 e-4 2.610 e-4 
4.229 e-4 2.644 e-4 2.611 e-4 
4.203 e-4 2.629 e-4 2.612 e-4 
4.217 e-4 2.638 e-4 2.612 e-4 
4.187 e-4 2.611 e-4 2.604 e-4 

Average Mobility 2.610 e-4 
Standard Deviation 0.003288 e-4 

RSD 0.13% 

3.2.4 Summary. 

The repeatability of migration times In capillary electrophoresis was 

shown to be poor because of changes in the EOF. By using acridine as a fast 

electroosmotic flow marker the electroosmotic flow was calculated rapidly. 

thus allowing the calculation of analyte mobilities. Drifts in mobility were 

observed with time, and these drifts were corrected for by the use of an 

internal standard, giving inter-run reproducibility of electrophoretic mobilities 

below 0.5% RSDs. 
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3.3 The Effects of Temperature at pH 2.5. 

An important parameter that must be controlled 1I1 capillary 

electrophoresis is the temperature inside the capillary. The Beckman PlACE is 

equipped with liquid cooling to control the external temperature of the 

capillary. In this section the effectiveness of this system to control buffer 

temperature is investigated. By analysing the mobility of pyridine at different 

levels of applied power, the effect of Joule heating in the system was 

investigated. The overall temperature rise was also estimated at different ionic 

strengths of the buffer. 

3.3.1 Power Dissipation Experiments. 

By changing the amount of power applied to the capillary it is possible to 

apply different heating forces to the capillary being studied. Thus as more 

power is applied the effectiveness of the cooling system to dissipate the heat 

generated is investigated. Experiments were set up to measure changes in the 

mobility of pyridine at different power levels (W) (Table 3.7). It was 

necessary to conduct these experiments without applying the corrections 

applied to pyridine mobility in the previous section. In most cases six 

repetitions were investigated, but at O. I W only three repetitions were 

conducted due to analysis times in excess of 2 hours, and one experiment 

failed at 0.7 W. 
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Table 3.7 Mobility of pyridine against power dissipated. 40 mM Lithium 

Phosphate buffer, pH 2.5, Voltage adjusted to give the Power 

levels indicated. 

Electrophoretic Mobility of Pyridine (cm2y·'s-') 
Repetition 
Number 

Power Power Power Power Power 
0.1 W 0.3 W 0.5W 0.7W 0.9W 

Rep 1 4.0433 e-4 4.0798 e-4 4.0287 e-4 4.1746 e-4 4.1607 e-4 
Rep 2 - 4.0577 e-4 4.0797 e-4 4.1874 e-4 4.1679 e-4 
Rep 3 401659 e-4 4.1847 e-4 4.2461 e-4 4.2274 e-4 4.2508 e-4 
Rep 4 4.2347 e-4 4.1785 e-4 4.2276 e-4 4.2413 e-4 4.2464 e-4 
Rep 5 - 4.1616e-4 4.1629 e-4 4.2296 e-4 4.2581 e-4 
Rep 6 - 4.1838 e-4 4.1873 e-4 - 4.2788 e-4 

A plot of electrophoretic mobility against power dissipated should give a 

linear relationship which allows one to correct electrophoretic mobilities to 

zero power dissipation [78]. However, the graph using the data from table 3.7 

gave a essentially random scatter of points (Figure 3.6). These results 

indicated that either the errors in measuring mobility without the use of an 

internal standard were bigger than the variation in electrophoretic mobility 

with power dissipated in the capillary or that the cooling system was dealing 

adequately with the heating forces within the capillary. 
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Figure 3.6 Plot showing pyridine mobility against power dissipated. 

40 mM lithium phosphate buffer. 

3.3.2 Estimation of Capillary Temperature. 

In section 1.2.3 the effects of temperature were reviewed and the overall 

temperature rise in the capillary during electrophoresis was shown to depend 

on basic equations of heat transfer (equation 1.11) [44-46). This equation can 

be used to estimate the temperature rise within the capillary. The rate of power 

generation Se is given by (3.1), 

{2 

Se=
Ke 

(3.1) 

where { is the current density and ICe is the electrical conductivity of the 

electrolyte solution. Both properties are easily obtained experimentally since 

the current density I is related to the electrical driving current i by (3.2) and 
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the electrical conductivity of the electrolyte solution is related to the applied 

field and driving current by (3.3) 

1=_1_ 
2 

1tR, 

Kc 

(3.2) 

(3.3) 

Thus, combining (3.1-3.3) with equation (1.11), the following expression 

(3.4) giving the overall temperature rise across the capillary is obtained, 

(3.4) 

The values of the current data and electrical conductivity were 

measured and calculated for the lithium phosphate buffer system at ionic 

strengths between 10 mM and 100 mM (Table 3.8) in a capillary of 75 !lm i.d 

(R, was 37.5 !lm) and 200 !lm o.d (R2 approx. 95 !lm and R3 approx. 100 !lm). 

The outer temperature of the capillary was thermostatted to 25 QC. The thermal 

conductivity of fused silica and polyimide has been measured in the literature 

[771 as 1.50 Wm"K', and 1.55 Wm"K-' respectively and a typical value for 

the heat transfer coefficient h between polyimide and surrounding was 

measured as 10,000 W/m2 °C [50]. The thermal conductivity of the buffer may 

be determined using an iterative method using the conductivity of water as a 

starting point. A polynomial expression relating the thermal conductivity of 

water to temperature was reported by Grossman based on literature data [771, 

Aw = 0.5605 + (I.998.e-3) T - (7.765.e-6) T2 (3.5) 
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Table 3.8 Cllrrent and electrical conductivity in a 57 cm long, 75 Ilm 

internal diameter capillary for a 15 kV applied voltage and 

bllffer ionic strellgths betweell10 mM and 100 mM. 

Buffer 
Ionic Strength Current (llA) Conductivity (Om) 

(mM) 

10 19.0 0.192533 
20 24.7 0.250293 
40 32.8 0.332373 
60 42.6 0.431275 
80 52.7 0.534027 
100 62.7 0.539030 

The values for the electrical conductivity of the buffer at different ionic 

strengths were used in equation (3.2) to estimate the temperature rise in the 

capillary by the iterative method described (Example 3.2). Three iterations 

proved to be sufficient to obtain consistent results in each case. The estimated 

buffer temperature during electrophoresis are shown in Table 3.9. 

Example 3.2 Outline of iterative steps. 

1. Use condllctivity of Wall'/' at 25°C and other vallles in equation (4) to 

obtain a vallle for the electrolyte temperalllre. 

2. Use obtained value of the electrolyte temperalllre from step 1. in equation 

(7) to find a lIew thermal conductivity of the electrolyte. 

3. Use the value from step 2 ill step I alld repeat IIlItil a consistent value for 

the temperalllre is obtained. 
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Table 3.9 Estimated buffer temperature ill a 57 cm long, 75 Jlm internal 
diameter capillary for a 15 kV applied voltage and buffer ionic 

strengths betweell10 mM alld 100 mM 

Ionic Strength Estimated Temperature 
mM oC 

10 25.162 
20 25.211 
40 25.280 
60 25.365 
80 25.451 
100 25.632 

3.3.3 Summary. 

The increase in temperature across the ionic strength range was small 

when compared to other CE systems described in the literature which are 

cooled by natural or forced convection [47,48. 52]. The increases in 

temperature were of the same order of magnitude as observed by Watzig [51], 

and it was concluded that since electrophoretic mobilities were studied at fixed 

ionic strengths. corrections for temperature between sets of compounds was 

unnecessary. A linear relationship between ionic strength and estimated 

temperature was obtained of slope 4.88 x 10-3 and intercept 25.1 QC. correlation 

coefficient 0.967. 
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3.4 Analysis at pH 8.S. 

3.4.1 Analysis and markers at pH 8.5. 

Negatively charged ions were analysed at high pH under conditions of 

strong electroosmotic flow. thus the EOF velocity was easily determined by 

including a neutral marker compound. in this case thiourea. A charged marker 

compound was also included at this pH which was benzoic acid. The 

repeatability of migration time was poor (Figure 3.8). 
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Figure 3.7 Repeatability of benzoic acid migration time. 50 mM Lithium 

borate buffer, pH 8.5. Fused silica capillary, 15 kV applied voltage. 

The thiourea marker used to calculate the EOF showed a corresponding 

change to the migration time of benzoic acid (Figure 3.8). However. when the 

electrophoretic mobilities of benzoic acid were calculated. the same pattern of 

drifts in mobility were observed. (Figure 3.9). The migration time drift and 

electrophoretic mobility drift correspond closely for benzoic acid. The graphs 

of benzoic acid migration time and electrophoretic mobility are more closely 

related than the corresponding graphs for pyridine. which may be due to the 

large electroosmotic flow at high pH having a more significant overall effect. 
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Figure 3.8 Repeatability of EOF time. Thiourea neutral marker, 50 mM 

LithiulIl borate buffer, pH 8.5. Fused silica capillary, 15 kV 

applied voltage. 
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Figure 3.9 Uncorrected electrophoretic mobility of benzoic acid. 50 mM 

Lithium borate buffer, pH 8.5. Fused silica capillary, 15 kV 

applied voltage. 
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In order to calculate stable values for the electrophoretic mobility of 

species, it was necessary to use benzoic acid as an internal standard. An 

average value for the benzoic acid mobility of 2.996 e-4 cm2y·'s·' was used to 

correct electrophoretic mobilities throughout the rest of the study. 

Intra-run reproducibility for six replicate injections (as defined for the 

alkylpyridines) was calculated for 4-ethylbenzoic acid at 0.05% (Table 3.10) 

and inter-run reproducibility for six repetitions of 4-methylbenzoic acid at 

0.09% (Table 3.11). These figures agree closely with the data obtained for the 

alkylpyridines and indicate that electrophoretic mobilities may be accurately 

measured. 

Table 3./0 Intra-run reproducibility for six injections of 4-ethylbenzoic 

acid. 50 mM lithiulII borate buffer, pH 8.5, 2 s injection, 15 

kV applied voltage, uncorrected lIIobilities adjusted for 

electrooS11l0tic flow. Corrected mobilities adjusted for 

electrooS11l0tic flow and using benzoic acid as an internal 

standard. 

4-Ethylbenzoic acid - Intra-run replicates 

Uncorrected benzoic Uncorrected Corrected 
acid mobility 4-ethylbenzoic acid 4-ethylbenzoic acid 

mobility mobility 
CI11::!V-' S·1 cm2y·'s·' cm2y-'s" 

-2.989 e-4 -2.566 e-4 -2.572 e-4 
-2.996 e-4 -2.575 e-4 -2.575 e-4 
-2.989 e-4 -2.569 e-4 -2.575 e-4 
-3.002 e-4 -2.580 e-4 -2.575 e-4 
-3.016 e-4 -2.592 e-4 -2.575 e-4 
-3.005 e-4 -2.583 e-4 -2.575 e-4 

Average -2.574 e-4 
Standard Deviation 1.226 e-7 

RSD 0.05 % 

57 



Chapter 3 FUlIdamental Parameters. 

Table 3.11 Inter-run reproducibility for six injections of 4-methylbenzoic 

acid. 50 mM lithium borate buffer, pH 8.5, 2 s injection, 15 kV 

applied voltage, uncorrected mobilities adjusted for 

electroosmotic flow. Corrected mobilities adjusted for 

electroosmotic flow and llsing benzoic acid as an internal 

standard. 

4-Mcthylbenzoic acid - Inter-Run Replicates 

Uncorrected benzoic Uncorrected Corrected 
acid mobility 4-methylbenzoic acid 4-methylbenzoic acid 

mobility mobility 
cm'Y-'s-' cm2Y-ls-1 cm2V-ls-l 

-2.974 e-4 -2.712 e-4 -2.732 e-4 
-2.969 e-4 -2.712 e-4 -2.737 e-4 
-3.002 e-4 -2.740 e-4 -2.735 e-4 
-2.989 e-4 -2.726 e-4 -2.732 e-4 
-2.987 e-4 -2.721 e-4 -2.729 e-4 
-2.979 e-4 -2.716 e-4 -2. 731 e-4 

Average -2.733 e-4 
Standard Deviation 2.578 e-7 

RSD 0.09% 

3.4.2 Effects of Temperature. 

The investigations into heating effects at low pH are applicable to the 

system at high pH as the principal physical factor governing heating is the 

current carried within the capillary. For the 50 mM lithium borate buffer used 

at pH 8.5 and an applied voltage of 30 kY, the current measured was typically 

17 - 18 f..IA, giving similar amounts of power dissipation to the lower ionic 
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strength lithium phosphate buffers used at low pH. Thus only very small 

increases in temperature were expected. 

3.5 Summary. 

Analysis of alkylpyridines at low pH showed that the repeatability of 

migration time in CE was poor. In order to obtain reproducible results it is 

necessary to measure electroosmotic flow and a method for rapidly estimating 

large EOF values is presented. Electrophoretic mobilities when corrected with 

an internal standard gave extremely reproducible results. The effects of 

temperature were shown to be small in the system being investigated and it is 

likely that the corrections applied would also correct for any aberrant changes 

in temperature. The data for the alkylbenzoic acids at high pH on migration 

times and electrophoretic mobilities needed the same corrections applied to 

them as for the analysis of the alkylpyridines at low pH. The accurate 

determination of electrophoretic mobilities allows more detailed investigations 

in future chapters. 
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Chapter 4. 

Separations of Alkylpyridines. 

4.1 Introduction 

The first group of compounds that were investigated were the 

alkylpyridines. At low pH their separations were based on the size and shape 

of the compounds and the effects of experimental parameters such as buffer 

ionic strength and temperature were investigated. Separations can also be 

performed based on the optimisation of charge difference between ions. and 

these alternative separations were compared for the dimethylpyridines. 

4.2 Separations at low pH. 

The main study on separations of alkylpyridines was performed at pH 

2.5. At this pH it was expected that differences in charge between analytes 

would be eliminated since the alkylpyridines' pKa values were in the range 

4.5-6.5. Using the Hendersson-Hasselbach [!OS] equation to calculate the 

effective charge on analytes gave charges at pH 2.5 of +1 for the 

alkylpyridines. Full pKa data is reviewed in Appendix A. 

Separations of the homologous series of the 2-alkylpyridines gives a 

separation based on molecular size of analytes with the smaller alkylpyridines 

migrating faster than larger alkylpyridines (Figure 4.1) 
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Figure 4.1 Separation of the 2-alkylpyridines. 40 mM lithium phosphate 

buffer, pH 2.5, IS kV applied voltage. 

In addition to separations based on size, separations of positional isomers 

were observed such as the separation of 2-, 3- and 4- ethylpyridines (Figure 

4.2). 
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Separation of Efhylpyridines. 40 mM Lithium Phosphate 

Buffer, pH 2.5, 15 kV applied voltage. 1 - 4-efhylpyridine, 2 -

3-ethylpyridine, 3 - 2-ethylpyridine. 
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Chapter 4 Separation of AUylpyridines 

A migration order of 4-ethylpyridine, 3-ethylpyridine, 2-ethylpyridine 

was observed. Similar separations were observed for the methylpyridines, but 

3- and 4- methylpyridine were unresolved. The isomeric propylpyridines also 

gave nse to a separation with n-propylpyridinium bromide, 4-n

propylpyridine, 4-isopropylpyridine and 2-n-propylpyridine being resolved 

(Figure 4.3). 
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Separation of Propylpyridines. 40 mM Lithium Phosphate 

Buffer, pH 2.5,15 kV applied voltage. 1 - N-Propylpyridinillm 

bromide, 2 - 4-propylpyridine, 3- 4-isopropy/pyridine, 4 - 2-

propylpyridine. 

Thus for the propylpyridines, a separation between 4-n-propylpyridine 

and its isopropyl branched chain is observed. Separations of many more 

structural isomers could be achieved (Table 4.1). Full mobility data is 

presented in Appendix I. 
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Table 4.1 Electrophoretic mobility of alkylpyridines. 40 mM Lithium 

phosphate buffer, pH 2.5, 15 kV applied voltage. 

Compound Mobility 
cm'y·'s·' 

Compound Mobility 

Pyridine 4.176 e-4 2-Propylpyridine 2.923 e-4 
2-Methylpyridine 3.581 e-4 4-Propylpyridine 3.097 e-4 
3-Methylpyridine 3.722 e-4 3-Butylpyridine 2.848 e-4 
4-Methylpyridine 3.722 e-4 2-Pentylpyridne 2.534 e-4 
2-Ethylpyridine 3.222 e-4 2-Hexylpyridine 2.391 e-4 
3-Ethylpyridine 3.366 e-4 4-isoPropylpyridine 3.059 e-4 
4-Ethylpyridine 3.397 e-4 n-Propylpyridinium bromide 3.249 e-4 
3,4-Dimethylpyridine 3.349 e-4 3-Eth yl-4-methylpyridine 3.071 e-4 
3,5-Dimethylpyridine 3.285 e-4 5-Eth yl-2-methylpyridine 2.976 e-4 
2,6-Dimethylpyridine 3.168 e-4 6-Ethyl-2-methylpyridine 2.904 e-4 
2,4-Dimethylpyridine 3.196 e-4 Z-2,3-pen tenyl pyridine 2.640 e-4 
2,5-Dimethylpyridine 3.236 e-4 E-2,3-pen tenyl pyridine 2.602 e-4 
2,3-Dimethylpyridine 3.236 e-4 

0.005 
2.3..cyclohexenopyridine 

0.004 

• ~ 0.003 
• 
1 
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Figure 4.4 Separation of 2,3-cyclohexenopyridine and quinoline. 40 mM 

lithium phosphate buffer, pH 2.5,15 kV applied voltage. 
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2,3-cyclohexenopyridine and quinoline. which differ by only two 

molecular mass units gave a well resolved separation (Figure 4.4). There are 

structural differences between 2.3-cyclohexenopyridine and quinoline and this 

could account for the separations. 2,3-cyclohexenopyridine has a fused hexene 

ring in a half chair conformation whereas quinoline is a flat aromatic structure. 

Thus a relationship between size and electrophoretic mobility has been 

shown (Figure 4.1). with additional separations of analytes of identical sizes 

being observed (Figures 4.2-4.4). The factors causing differential mobilities of 

compounds is shown clearly for the mono-alkylpyridines. where analytes 

migrated according to size. but bands of positional isomers were resolved 

(Figure 4.5). 
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phosphate bllffer, pH 2.5, J 5 kV applied voltage. 1 - Pyridine, 

2 3-methylpyridille and 4-methylpyridine, 3 2-

methylpyridine, 4 - 4-ethylpyridine, 5 - 3-ethylpyridine, 6 - 2-

ethylpyridille, 7 - 4-propylpyridine, 8 - 2-propylpyridine, 9 - 3-

butylpyridine, 10 - 2-pentylpyridine, 11 - 2-hexylpyridine. 
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4.3 The Effects of Ionic Strength. 

4.3.1 General Trends. 

In section 3.2 the compounds pyridine and acridine were investigated as 

markers to correct electrophoretic mobilities. 2.3-cyclohexenopyridine was 

also included in these analyses. The electrophoretic mobilities for the 

compounds pyridine. 2.3-cyclohexenopyridine. acridine and benzamide (the 

electroosmotic flow marker) form the basis for investigations into the effects 

of buffer and ionic strength. At this stage the mobilities used were measured 

using benzamide as the electroosmotic flow marker and taken from Table 3.3. 

These values were plotted against ionic strength (Figure 4.6). 
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The effects of ionic strength on electrophoretic mobility and 

electroosmotic flow. Lithilllll phosphate buffers, pH 2.5, 15 

kV applied voltage. (.) Pyridine, (+) 2,3-cyclohexenopyridine, 

(e) acridine, (~) buffer electroosmotic mobility. 
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4.3.2 Electroosmotic Mobility. 

The changes in electroosmotic mobility (Figure 4.5) are broadly in line 

with theory and literature observations [36]. Over the range studied the 

relationship between (Ionic Strengthrl
/2 and EOF gives a linear relationship 

with correlation coefficient of 0.9869. Curvature at low ionic strengths seen by 

Salomon [36] is not observed probably due to the lowest value studied at 10 

mM not being low enough for a significant effect. The relationship between 

ionic strength and the inverse of EOF gives a linear fit with correlation 

coefficient of 0.9890 but the curvature at high ionic strengths observed by 

Salomon [36] was not observed. 

4.3.3 Electrophoretic Mobility. 

The effect of ionic strength on electrophoretic mobility of analytes 

depends on the interaction between buffer salts and analyte and so can be a 

complex function. An expression has been derived which has its origins in the 

Debeye-Htickel theory [105], 

where Qeff is the effective charge on the analyte and I is the ionic strength 

of the buffer. The relative separations of pyridine, 2,3-cyC!ohexenopyridine 

and acridine show no difference over the range studied (Figure 4.6), indicating 

no significant differences in the environments about their positive charge with 

ionic strength. A fit of mobility against rl/2 does not show a linear relationship, 

with a curvature at lower ionic strengths (Figure 4.7). This may be accounted 

for by the fact that Qeff is almost certainly changing as the concentration of 

buffer salts surrounding the analyte ion are changed by varying the ionic 

strength of the buffer. 
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4.3.4 Effects of Ionic Strength on Separations. 

The relative separations of pyridine, 2,3-cyclohexenopyridine and 

acridine showed no changes over the ionic strength range studied. For further 

investigations into the effects of ionic strength the corrected mobilities of 

compounds as described in section 3.2 were used. For all positional isomers 

studied, no overall change in migration order was observed with changes in 

ionic strength of the background electrolyte. However, by comparing 

mobilities of analytes relative to the mobility of pyridine, any changes in the 

buffer-analyte interaction with changes in ionic strength can be probed. 
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The separation of the ethylpyridines relative to the mobility of pyridine 

showed little difference in the relative mobilities of 3-ethylpyridine and 4-

ethylpyridine in the region 20 mM to 100 mM (Figure 4.8). An increase in 

mobility at 10 mM can be observed which may be attributable to a decrease in 

the size of the buffer-analyte complex. 
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Figure 4.8 Relative mabilities of the ethylpyridilles . • 2-ethylpyridille, .3-
ethylpyridille, - 4-ethylpyridille. 

The trend for 2-ethylpyridine shows little difference in relative mobility 

between 40 mM to 100 mM buffer ionic strength. but an increase in relative 

mobility is observed at 20 mM buffer ionic strength. This is probably 

indicative of a steric effect which could be due to the exclusion of ions at this 

ionic strength. However, since the changes were small compared with the 

overall separation of the positional isomers, the significance was reasoned to 

be small. The pattern of the 2-substituted alkylpyridines showing slight 

discrepancy in relative mobility to their 3- and 4- substituted isomers at low 

ionic strengths is repeated for the methylpyridines and the propylpyridnes 

(Figure 4.9 and 4.10), with the effect becoming more significant with 

increasing chain length. 
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4.4 The Effects of Temperature 

The inner capillary temperature affects a range of properties influencing 

a separation including buffer viscosity, the ionisation constants of analytes and 

electroosmotic flow. It was intended to investigate the effects of temperature 

on the separations by comparing the electrophoretic mobilities of compounds 

with respect to the supporting buffer viscosities measured by rheometry. 

However the fast marker technique could not be used with changes in 

temperature due to the influence of temperature on EOF leading to the need to 

run a series of measurements at each different temperature. Thus, a lithium 

ciu·ate buffer of pH 4.0 was used to give an acceptable electroosmotic flow. 

Table 4.2 

Buffer 
temperature 

QC 

25 
30 
35 
40 
45 
50 

Regression 
analysis 

Electrophoretic mobilities of the isomeric ethylpyridines 

measured in a 40 mM lithium citrate buffer, pH 4.0, 30 kV 

applied voltage, at temperatures of 25-50 oC. Supporting 

buffer viscosity measured using a torque rheometer system 

between 20-50 DC at a temperature gradient of 0.1 DCIl2 s. 

Buffer 2-Ethylpyridine 3-Ethylpyridine 4·Ethylpyridine 
viscosity mobility mobility mobility 

Pas cm'y·'s·' cm'y·'s·' cm2y·'s·' 

1.70 e-3 3.025 e-4 3.103 e-4 3.194 e-4 
1.62 e-3 3.380 e-4 3.456 e-4 3.518 e-4 
1.51 e-3 3.622 e-4 3.708 e-4 3.781 e-4 
1.40 e-3 3.988 e-4 4.092 e-4 4.160 e-4 
1.31 e-3 4.361 e-4 4.446 e-4 4.542 e-4 
1.18 e-3 4.643 e-4 4.713 e-3 4.792 e-4 

Gradient -0.313 -0.312 -0.313 
Intercept 8.38 e-4 8.45 e-4 8.54 e-4 

Correlation 0.923 0.991 0.991 
coefficient 
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The mobilities of the isomeric ethylpyridines were compared to the viscosity 

of the citrate buffer (Table 4.2, Figure 4.11). No change in the relative 

separations was observed with temperature and a good correlation between the 

measured electrophoretic mobility and viscosity was observed as would be 

expected from section 1.2 (equation 1.4). Thus, separations of isomeric 

compounds did not show a strong dependence on temperature. 
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Figure 4.11 The inverse relationship between electrophoretic mobility of 

analytes and the supporting buffer viscosity. 40 mM Lithium 

citrate buffer, pH 4.0, 30 kV applied voltage, at temperatures 

of 25-50 DC. Supporting buffer viscosity measured using a 

torque rheometer system between 20-50 DC at a temperature 

gradient of 0.1 DC/12 s. 
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4.5 Separation of The Dimethylpyridines across the pH Range. 

4.5.1 Introduction. 

Separations have been presented that show separations based on the size 

of analytes. The charge on analytes also has an important influence on the 

separations of compounds. The separation of the dimethylpyridines across the 

pH range provided a comparison between the two modes of separation. 

4.5.2 Separations at pH 2.5. 

A partial separation of the dimethylpyridines (DMP) could be achieved at 

pH 2.5 (Figure 4.13), where each of the isomers bears a full positive charge 

because the pH is much lower than their pKa values. In order to improve the 

baseline separation the ionic strength of the background electrolyte was varied 

from 10 mM-lOO mM and it was concluded that an optimal separation was 

obtained at about 40-60 mM. At lower ionic strengths. the electroosmotic flow 

in the capillary increases, and so the time window for separation decreased. At 

higher ionic strengths, Joule heating effects were observed, leading to band 

broadening of the dimethylpyridine peaks. Both these effects contributed to a 

loss in resolution. 

The migration order at pH 2.5 was detennined by spiking studies as 3,4-

DMP, 3,5-DMP, 2,3-DMP ~ 2,5-DMP, 2,4-DMP, 2,6-DMP. This order did 

not correspond to the order of pKa values detennined by potentiometric 

titration (Table 4.3) [103]. The electrophoretic mobility of the 

dimethylpyridines at low pH, 1-12.5 was calculated (Table 4.4). 
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Table 4.3 

Table 4.4 

Separation of Alkylpyridines 

pKa values for the dimethylpyridines determined by 

potentiometric titration [103}. 

Compound Literature pKa 

2,6-Dimethylpyridine 6.77 
2,4-Di meth yl pyridine 6.72 
2,3-Dimethylpyridine 6.60 
3,4-Dimethylpyridine 6.52 
2,5-Dimethylpyridine 6.47 
3,5-Dimethylpyridine 6.25 

Electrophoretic mobilities of the fully charged 

dimethylpyridines at pH 2.5, 40 mM lithium phosphate buffer, 

IS k V applied voltage. 

Compound Electrophoretic Mobility 
cm2y- 1s-l 

3,4-Dimethylpyridine 3.349 e-4 
3,5-Dimethylpyridine 3.285 e-4 
2,3-Dimethylpyridine 3.236 e-4 
2,5-Dimethylpyridine 3.236 e-4 
2,4-Dimeth ylpyridine 3.196 e-4 
2,6-Dimethylpyridine 3.168 e-4 

By adding 0.1 % hydroxypropylmethylcellulose (HPMC) to the buffer the 

viscosity of the background electrolyte is increased [104] increasing the 

migration time of compounds and potentially increasing the discrimination 

between isomers. However, no significant improvement in resolution was 
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obtained. The temperature of the background electrolyte was then reduced 

from 25°C to 15 °C and a small increase in resolution was observed. 

However, 2,3-DMP and 2,5-DM? still did not separate and it was concluded 

that they had identical mobilities. 
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Figure 4.13 Separation of the dimetlzylpyridines and standards at low pH, 

40 mM lithium phosphate buffer, pH 2.5, 15 kV applied voltage. 

4.5.3 Prediction of Mobility Prof1le from pK. Values 

The partial charge on each of the dimethylpyridines was calculated 

across a broad pH range from their reported pK. values [103] (Table 4.3) and 

the Henderson-Hasselbalch equation [105] (equation 4.1). Since the 

electrophoretic mobility of each isomer should be a product of their fully 

charged mobility (at pH 2.5) and their partial charge at the pH being studied, 

the mobility of the dimethylpyridines can be predicted across the pH range 

(Figure 4.14). 

I 
(4.1) 

where qelf is the partial charge on the analyte, pH is the buffer pH and 

pKa is the ionisation constant of the analyte. 
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3.5 • 2.6-dimethylpyridine 

• 2.4-dimethylpyridine 

3 .. 2,3-dimelhylpyl'idine 
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Figure 4.14 Variation ill predicted mobility with pH based 011 the a/lalytes 

mobility at pH 2.5 and their partial charge at each pH .. 

These predictions suggest that points of co-migration of isomers should 

occur at particular pH values and the order of elution will be reversed on either 

side of these points. The pH of maximum mobility difference, which occurs at 

pH 6.5, should give the optimum separation. In the intermediate pH range of 

between 4· 6, there should be points where the mobilities of pairs of analytes 

should coincide. This was confirmed by separating the mixture at a number of 

pH values between pH 4.5-5.77 (Figure 4.15). 
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At pH 4.S, the mobility order was 3,4-DMP, 3,S-DMP ~ 2,3-DMP ~ 

2,S-DMP, 2,4-DMP ~ 2,6-DMP which was the same order as at pH 2.S, 

suggesting that the separation was still determined by the shape of the 

analytes. As the pH was raised, the migration order becomes scrambleg as the 

charges on the different isomers were reduced by different extents. For 

example at pH 4.7S, the 2,3-DMP, 2,6-DMP and 3,S-DMP isomers co

migrated. As the pH was raised further, the differences in the partial charge on 

the DMPs became the dominant factor, and at pH S.5 the migration order was 

2,6-DMP, 2,4-DMP, 2,5-DMP, 3,4-DMP, 2,3-DMP, 3,5-DMP in agreement 

with the order predicted from pKa data. 

4.5.4 Separation at pH 6.5 

The separation in a lithium phosphate buffer pH 6.S produced baseline 

separation of all six dimethylpyridines (Figure 4.16) and the mobility order 

follows the predicted separation (Figure 4.14). 
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Figure 4.16 Separation of the DMPs, 50 mM Lithium Phosphate buffer, 

25 oC, pH 6.5. 1 - 3,4-DMP; 2 - 3,5-DMP; 3 - 2,3-DMP; 4 -

2,5-DMP; 5 - 2,4-DMP; 6 - 2,6-DMP 
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The electrophoretic mobilities for each isomer were calculated from the 

experimental values and were compared with the predicted values for the 

partial charge and electrophoretic mobility (Table 4.5). As can be seen the 

relative order of migration was predicted correctly but the absolute v~Iues of 

the electrophoretic mobility were all smaller than the predicted values with 

differences between 7% to 30%, with an average deviation of 15%. These 

differences are probably caused because the pH of the background electrolyte 

was slightly higher than the intended value. As can be seen in Figure 4.15, at 

pH 6.5 the mobilities are very sensitive to changes in pH and would change 

markedly with only a small discrepancy in the actual value compared to the 

nominal value. 

Table 4.5 Comparison between calculated and experimental mobilities 

of the dimethylpyridines at pH 6.5. 

Compouncl Experimental Preclictecl Partial 
Mobility Mobility Charge 

cm2V- 1 s-l cm2y- 1s-l 

2,6-Dimethylpyricline 1.947 e-4 2.06 e-4 0.651 
2,4-Dimethylpyricline 1.848 e-4 1.99 e-4 0.624 
2,3-Di meth ylpyricline 1.630 e-4 1.80 e-4 0.557 
3,4-Di meth ylpyricline 1.464 e-4 1.71 e-4 0.512 
2,5-Dimethylpyricline 1.386 e-4 1.56 e-4 0.483 
3,5-Di methylpyricline 0.912 e-4 1.18 e-4 0.360 

In summary, the six isomeric dimethylpyridines were separated by free 

zone capillary electrophoresis across the pH range 2.5-6.5. The order of 

elution changed with pH of the buffer. The relative order of migration and the 

electrophoretic mobilities over a range of pH values could be predicted from 
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the separation of the fully charged species and the calculated partial charges 

based on their pKa values and pH of the buffer. 

4.6 Separation of Z- and E- 2-(3-pentenylpyridine) 

2-(3-Pentenyl)pyridine is marketed as a mixture of isomers and in 

solution at pH of 2.5 the isomers can readily be separated by CE in 11 minutes 

(Figure 4.17). Little method development was required, as 2-(3-

pentenyl)pyridine was fully protonated under these conditions. 

Figure 4.17 Separation of z- alld E- 2-(3-pentenyl)pyridine. 40 mM lithium 

phosphate bllffer, pH 2.5,15 kV applied voltage. 

It was not possible to directly assign structures to the peaks in the 

electropherogram because the individual isomers were not available to assign 

the peaks. However, as electrophoretic mobility increases with decreasing size 

of the analyte it should be possible to use the size and shape to predict the 

migration order of the isomers. When the lengths of the side chains were 

investigated by molecular modelling, it was found that the E isomer was fully 

extended with a length from the ortho-hydrogen on the pyridine ring to the end 

79 



Chapter 4 Separation of Alkylpyridilles 

of the sidechain of 10.2 A. The corresponding measurement for the Z isomer 

was 9.2 A (Figure 4.18). 

H 

.. 
IO.2A 

(E)-2-(3-pe nle nylpyrid i ne) 

H 

.. .. 
9.2 A 

(Z}-2-(3-penlenyl)pyridine 

Figure 4.18 Molecular widths of 2-(3-pentenyl)pyridine isomers 

Since a smaller ion would be expected to migrate fastest, the smaller 

peak at 10.11 min was predicted to correspond to the Z isomer and the second 

peak at 10.31 min to the E isomer. These assignments agreed with the 

expected ratio of the isomers based on the greater thermodynamic stability of 

the E isomer. 

In order to quantify the proportion of the two isomers, the absorbance of 

the analytes are required. Because of the similarity of the chromophore it was 

expected that the spectra would be effectively identical and this was confirmed 

using a CE system equipped with a diode array detector. Both peaks gave 

identical spectra with a maximum absorbance at 265 nm. It was also necessary 

to correct the peak areas by division by their migration times, in order to take 

account of the unequal residence time of the analytes in the detection window 

[106]. Using this correction, the mean proportions over 6 runs was 40.9% for 

the minor isomer and 59.1 % for the major isomer with a standard deviation of 

0.9%. The precision of these measurements is in agreement with the work of 

Altria, who reported precision's of 1-2% relative standard deviations [106]. 

ConfiIl11ation of the assignment of the isomers can be obtained by using 

HI-nuclear magnetic resonance spectroscopy to independently deteIl11ine the 
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proportion of the isomers (Table 4.6). The shifts of the terminal methyl groups 

adjacent to the double bonds are different for the Z and E isomers, and each 

are split due to the adjacent protons. Coupling across the double bond was also 

observed, which split each methyl signal into a doublet of doublets an? can be 

used to identify the isomers (Figure 4.19). The larger peaks showed a long

range coupling of 1.1 Hz and were therefore assigned to the E isomer, whereas 

the small peaks had a coupling of 0.6 Hz typical of a Z isomer [107]. 

Table 4.6 Tabulation of 1 H NMR data for 2-(3-penteny/)pyridine. 

Description Chemical Integration 
Shift Ratio 

8/ppm 

Doublet 1.559 -
Doublet 1.638 -

Multiplets 2.43 2H 
Triplet 2.84 2H 

Multiplets 5.60 2H 
Multiplets 7.10 2H 

Triplet of Doublets 7.58 1H 
Doublet of 8.53 IH 
Doublets 

It was also predicted that the methyl group in the Z isomer would be 

more shielded than in the E isomer, thus it would occur at a higher field as was 

observed. The heights of the two methyl signals were compared to give 

relative concentrations of each isomer in the sample, giving a percentage of 

(Z)-2-(3-pentenyl)pyridine of 38% and (E)-2-(3-pentenyl)pyridine of 62% in 

agreement with the CE assignments. 
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Figure 4.19 HI-nuclear magnetic resonance spectroscopy shifts of the 
methyl signal for 2-(3-pentenyl)pyridines. 
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In order to ensure that the two peaks were isomers and not homologues 

or other derivatives a sample of 2-(3-pentenyl)pyridine was also investigated 

by Ge/Ms. At 1000c under isothermal conditions, major peaks were obtained 

at 16.0 minutes and 17.1 minutes, which had identical mass spectra with 

molecular ions (mlz 147), corresponding to 2-(3-pentenyl)pyridines. A minor 

impurity was also present. The proportions of the major peaks differed from 

those observed by the other techniques which was attributed to thermal 

equilibration of the isomers. 

In conclusion, the Z and E isomers of 2-(3-pentenyl)pyridine can be 

separated according to their shape by capillary electrophoresis. By considering 

the shape of the molecules, it was possible to predict the order of migration 

which was subsequently confirmed by NMR Spectroscopy. 

4.7 Summary. 

The alkylpyridines show a separation based on analyte size at low pH. 

Differences in the mobilities of positional isomers were noted, and these 

differences show little change when changing the ionic strength and 

temperature of the supporting buffer. Predictions of mobility based on 

structural modelling are presented later. The separation of the 

dimethylpyridines across a pH range shows the competing nature of the two 

mechanisms of separation and provides evidence that the separations at low 

pH are not based on charge effects. Proton magnetic resonance spectroscopy 

identified the Z- and E- isomers of 2-(3-pentenyl)pyridine and using simple 

molecular modelling on the electrophoretic separation, the isomers could be 

identified. 
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Separations of Substituted Benzenes 

and Related Compounds 

5.1 Introduction. 

In order to test the theory introduced for the alkylpyridines in chapter 6 

some substituted benzenes and related compounds were investigated. These 

compounds were of interest as the ionisable atoms were moved from a position 

on the aromatic ring to substituted groups. Compounds such as the 

alkylanilines are cations and so were analysed under the same conditions as 

the alkylpyridines. The alkylbenzoic acids are anions and so were analysed as 

negatively charged ions at high pH. 

5.2 Separations of Alkylbenzoic Acids. 

5.2.1 Separations at high pH. 

Anions can be analysed by CE with the direction of the electric field in 

the same direction as for the analysis of cations by utilising the properties of 

the fused silica capillaries to give high EOF mobilities. Thus when a voltage is 

applied the anions move towards the anode (injection end) of the capillary 

(Figure 5.1). However, since the EOF is high they are dragged along in the 

bulk flow through the capillary and so reach the detector at the cathode end of 

the capillary. The flow of cations and ions in the capillary can be envisaged as 

downstream movement in a flow for cations and an upstream movement in a 

flow for anions. 
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5.2.2 BICINE Buffer. 

A EICINE (N,N-bis[2-hydroxyethyll-glycine) buffer of pH 8.5 was 

initially used to investigate the separations of alkylbenzoic acids. This buffer 

gives a small current flow in the capillary to minimise Joule heating. Very 

little separation of the methyl benzoic acids (Figure 5.2) and dimethylbenzoic 

acids (Figure 5.3) could be achieved. 

85 



Chapter 5 

O.COl 

0.00\ 

g 
• ~ 0.004 

~ 

0.002 

4;reh,-1t::Er2dccrid 

Separations of Substituted Belltelles 

2-rreh,(ba1zdccdd 

~benl.dca:id 

O+-------r-----~r-----~------~------~------~ 

la 

Figure 5.2 

10.5 11 11.5 

Time (Mns) 

12 12.5 

Separatio1l of 2·,3· a1ld 4·methylbellzoic acids. 50 mM 

BICINE buffer, pH 8.5, IS kV applied voltage. 

13 

There are several possible reasons for poorer separations than for the 

alkylpyridines. They could be inherently less likely to separate, or the time 

window could be too small to allow sufficient separation (due to the high EOF 

generated at this pH). The relationship between EOF mobility, analyte 

mobility and the resolution of species has been investigated [56]. Maximum 

resolution should be achieved when analyte mobility approaches the EOF 

mobility, although in practice this results in long analysis times and such long 

analysis times can allow band broadening of peaks due to molecular diffusion. 

Another reason for the poor resolution could be the size of the BICINE· 

analyte complex. Since the BICINE buffer has a high molecular mass a strong 

analyte-buffer interaction would give migrating complexes with only small 

differences in size for positional isomers, thus the effect from the large 

counterion would swamp the small differences in shape. Thus the buffer was 

changed to investigate the effect of the buffer on separations. 
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Separation of tlze dimetlzylbenzoic acids. 50 mM BICINE 

buffer, pH 8.5, 15 kV applied voltage. 1 - 2,4-Dimethylbenzoic 

acid and 2,6-Dimetlzylbenzoic acid. 2 - 3,5-Dimetlzylbenzoic 

acid, 3,4-Dimethylbenzoic acid, 2,5-Dimetlzylbenzoic acid, 

2,3-Dimethylbenzoic acid. 

5.2.3 Lithium Borate butTer. 

The selection of the buffer can change the separations of compounds 

dramatically in CE, mainly by influencing the efficiency of peaks [4]. A 

general guide for selection of the buffer is to pick a similar sized of ion and 

counter ion to the analytes being studied to minimise the effects of peak tailing 

and fronting. Thus, a borate buffer was a good alternative to the BICINE 

buffer used in the previous section. 

Benzoic acid was included as an internal standard for the analysis. Since 

it bears a full negative charge at pH 8.5 and it was the smallest of all the 

alkylbenzoic acid ions being investigated, it was expected that benzoic acid 

would have the largest migration time. All the other alkylbenzoic acids were 
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expected to migrate between the EOF marker and the benzoic acid peak 

therefore a time window available for separation could be measured. 

At 15 kV applied voltage, twelve repeat injections of thiourea (the EOF 

marker) and benzoic acid gave average migration times of 4.68 mins (RSD 

0.77%) and 7.99 mins (RSD 1.15%) respectively. This gave a separation 

window of only 3.31 minutes for all the alkyl benzoic acids to separate. Actual 

separations of positional isomers were largely unchanged from the BICINE 

buffer, and separations were poor with no baseline resolution of species 

compared with the corresponding alkylpyridines at low pH. For the 

methyl benzoic acids a migration order of 3-methylbenzoic acid, 2-

methylbenzoic acid 4-methylbenzoic acid was observed but the 3-

methylbenzoic acid and 2-methylbenzoic acid again co-migrated. Mobility 

orders were determined by spiking studies and individual injections with the 

EOF marker and the benzoic acid marker. Differences in the measured 

electrophoretic mobilities of 2-methylbenzoic acid and 3-methylbenzoic acid 

were observed (Appendix I). This mobility order has no connection with pKa 

data and does not have an obvious similarity with the isomeric 

methylpyridines. 

lodo-substituted benzoic acids were investigated as it was thought that 

the bulkier iodo groups might have a stronger influence on separations. 

However separations followed the same mobility order as the rnethylbenzoic 

acids with again with no baseline resolution between isomers. 

The electrophoretic mobilities of the compounds were obtained (Table 

4.1 for examples and full data in Appendix I using benzoic acid as an internal 

marker compound as described in chapter 3 (Section 3.4). 
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5.2.4 Alkyl Bonded Capillaries. 

By reducing the electroosmotic flow in the capillary, the time window 

available for separation can be increased due to the analytes being swept 

through the capillary at a slower rate [108]. The EOF can be decreased by 

reducing the pH of the supporting buffer but this often results in changing the 

effective charge on analytes due to their own ionisation constants. An 

alternative way to reduce electroosmotic flow is to coat the surface of the 

fused silica capillary. Alkyl bonded capillaries have less silanol groups on the 

surface of the capillary and so electroosmotic flow is reduced [108] as well as 

wall absorption effects being minimised for compounds such as proteins [38, 

39]. 

Using a Cl capped capillary with the lithium borate buffer system and an 

applied voltage of 15 kV, as for the fused silica capillary, average migration 

times of 7.81 minutes (RSD 1.62%) and 29.3 mins (RSD 0.12%) for twelve 

injections of thiourea and benzoic acid respectively were obtained, increasing 

the time window for separation to 21.5 minutes. 

However, for the separations of compounds, any improvement in the 

time window for separation was largely negated by the fact that increased band 

broadening of peaks occurred due to increased residence time of compounds in 

the capillaries. When applied to the dimethylbenzoic acids, an additional peak 

was observed for the dimethylbenzoic acids (Figure 5.4). Only small 

differences were observed in the electrophoretic mobility of compounds 

measured in the fused silica and the Cl capillary was observed (Appendix I). 

The only exceptions were the longer chain alkylbenzoic acids which are 

treated in the next section. 
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Figure 5.4 Separation of the dimethylbenzoic acids; 15 kV applied voltage, 

50 mM Lithium Borate, pH 8.5, Cl Capped Capillary. Labels 

By increasing the applied voltage to 30 kV. migration times of 3.7 ruins 

and 12.2 mins were obtained for thiourea and benzoic acid. respectively. 

giving a time window for separation of 8.5 minutes. This represented an 

acceptable analysis time and a reasonable window for separation. However. 

resolution was largely unchanged from the applied voltage of 15 kV for the Cl 

capped capillary. and for short chain alkylbenzoic acids. the electrophoretic 

mobilities obtained were the same as for the fused silica capillary. 

5.3 Retention of Alkylbenzoic acids in Alkyl Bonded Capillaries. 

The use of alkyl bonded capillaries was also applied to longer alkyl 

chained alkylbenzoic acids and this led to some interesting effects related to 

interactions between the capillary wall and the alkyl side chains on the benzoic 

acids. The compounds were studied in three different capillaries. a Cl capped 

capillary. a C 18 capped capillary and also a fused silica capillary in order to 

make comparisons between the different capillaries. 

90 



Chapter 5 Separations a/Substituted Benzenes 

5.3.1 Fused Silica Capillary Separations. 

Separation of the 4-n-alkylbenzoic acids using a fused silica capillary 

gave a migration order of 4-decylbenzoic acid to 4-methylbenzoic acid as the 

compounds are attracted to the anode and so migrate against the 

electroosmotic flow (Table 5.1), as described in the previous sections. 

Table 5.1 Electrophoretic mobilities of the 4-n-alkylbenzoic acids. 50 

mM lithium borate buffer, pH 8.5, 15 kV applied voltage for 

fused silica capillary, 30 kV applied votage for Cl and C18 

capped capillaries. 

Compound Fused Silica Cl Capillary C18 Capillary 
Capillary (cm2y- 1s-l) (cm2y- 1s-l) 

(cm2y-1s-l) 

4-methylbenzoic acid -2.738 e-4 -2.732 e-4 -2.732 e-4 
4-ethylbenzoic acid -2.573 e-4 -2.575 e-4 -2.574 e-4 
4-propylbenzoic acid -2.424 e-4 -2.420 e-4 -2.417 e-4 
4-butylbenzoic acid -2.298 e-4 -2.302 e-4 -2.300 e-4 
4-pentylbenzoic acid -2.193 e-4 -2.203 e-4 -2.198 e-4 
4-hexylbenzoic acid -2.067 e-4 -2.124 e-4 -2.112 e-4 
4-heptylbenzoic acid -1.979 e-4 -2.106 e-4 -2.072 e-4 
4-octylbenzoic acid -1.948 e-4 -2.201 e-4 -2.070 e-4 
4-nonylbenzoic acid -1.892 e-4 -2.636 e-4 -2.301 e-4 
4-decylbenzoic acid -1.880 e-4 -2.631 e-4 
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5.3.2 Cl Capillary Separations. 

For the Cl capillary, the mobility initially decreased with carbon 

number as expected and then unexpectedly for chain lengths greater than octyl 

the mobilities of compounds started to increase. (Figure 5.5). This anomalous 

behaviour was attributed to an interaction between the capillary wall for 

alkyl benzoic acids with chain lengths of six carbons and above. The 

interaction of the longer chain acids with the bonded-phase on the wall of the 

column increases the migration time of compounds in the capillary. This gives 

the analytes an apparent increase in electrophoretic mobility as they appear to 

have moved more rapidly against the EOF carrying them to the detector. In 

addition a noticeable decrease in the efficiency of the these higher chain length 

alkyl benzoic acids was observed, supporting a wall interaction mechanism 

(Figure 5.6). This behaviour is as would be expected in open tubular liquid 

chromatography [109] with poor efficiencies due to mass transfer effects. 
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Electropherograms showing the apparent increase in mobility 

of higher chain length alkylbenzoic acids. Cl capped 

capillary, 50 mM lithium borate buffer, 30 kV applied voltage. 

Labels 1-8 represent the numbtJr of carbon atoms in the side 

chain (methyl - octyl). 
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5.3.3 C18 Capillary. 

The Cl8 alkyl bonded capillary gave similar results to the Cl capillary 

with an effective increase in the mobilities of 4-hexylbenzoic acid and above 

again being observed. 4-decylbenzoic acid could not be detected possibly 

because it was so strongly retained that it never actually reached the detector. 

The electrophoretic mobility as a function of chain length is shown in Figure 

5.7. 

94 



Chapter 5 

>-
N 
E 
u 

~ 
:0 
o 
::;; 
u 

2.8E-04 

~ 2.3E-04 
o 
.c 
a. e 
t> 
O!! 
w 

Separations ojSubslilUled Benzenes 

1.8E-04 +----+--+---l--+--+---+---I---+--+----j 
o 

Figure 5_7 

2 4 6 8 
Chain Length 

--- Fused Silica - Cl Capillary --- C18 Capillary 

Mobility of n-alkylbellzoic acids as afllllction of alkyl chain 

length_ 50 mM lithium borate buffer, pH 8.5_ 

Reasons for the interaction between analytes and the C I capillary wall 

being stronger than the corresponding interaction for the Cl8 capillary were 

unclear and difficult to detemline experimentally. [t is possible that in the Cl 

capillary analytes interact on the surface of the capillary by bending the 

negatively charged moiety away from the capillary surface. whereas for the 

Cl8 capillary that analytes actually fit into hydrophobic pockets created by the 

Cl8 chains. This could explain the possible reason why the retention between 

nonylbenzoic acid and decylbenzoic acid is similar in the Cl capillary whereas 

in the C 18 capillary decylbenzoic acid could not be detected. 
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5.3.4 ElTect of Organic Modifier. 

To confirm that the increase in electrophoretic mobilities of higher chain 

alkylbenzoic acids was caused by a wall interaction, the effects of adding 

organic modifier to the buffer were investigated. By adding organic modifier 

to the running buffer, the affinity between the stationary phase and the 

alkylbenzoic acids shou Id be decreased, and therefore less retention between 

higher chain homologues and the capillary walls should occur. Acetonitrile 

was added at 5%, 7.5% and 10% v/v concentrations. As the acetonitrile 

concentration increased the measured mobility values of 4-hexylbenzoic acid 

to 4-decylbenzoic acid decreased relative to their values in unmodified buffer 

indicating that their interaction with the capillary wall had been reduced 

(Figure 5.8). 
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The effect of the addition of acetonitrile to the running buffer 

in the Cl alkyl bonded capillary on alkylbenzoic acids. 
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5.3.5 Pressure Driven Separations. 

By applying a pressure to the end of the capillary with no voltage 

applied, a hydrodynamic flow of liquid can be established within the capillary. 

Compounds can be swept in this way from the injection end of the capillary 

past the detector, effectively giving a open tubular capillary HPLC system. 

This configuration was used as a further confilmation that the interactions 

occurring in the capillary were due to an interaction between analyte and 

capillary wall. For any separation of analytes to occur there must be an 

interaction between the stationary phase in the capillary (the coated capillary 

wall) and the analytes. The Cl and CI8 capillaries were investigated. 

For the C I capillary, injection of benzoic acid followed by the 

application of the low pressure rinse function (with no voltage) resulted in 

detection of benzoic acid in approximately 7 minutes. Systematic injection of 

the alkylbenzoic acids resulted in peaks at the same retention time for 4-

methyl benzoic acid to 4-heptylbenzoic acid. However 4-octylbenzoic acid was 

retained and gave a peak at approximately 8 minutes. The peaks were much 

broader than electrophoretic separations with poor peak shape characteristic of 

band broadening in a wide bore column due to poor mass transport [Ill J 

(Figure 5.9). 
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4-Nonylbenzoic acid could also be detected as a broad peak at a retention 

time of approximately 10 minutes, but 4-decylbenzoic acid was not detected, 

probably because the peak was too broad to distinguish from baseline noise. 

The Cl8 capillary gave similar results with 4-octylbenzoic acid and 4-

nonylbenzoic acid being detected. The capacity factors were then calculated 

for the pressure driven separations (Table 5.2). 

The capacity factors for the interactions observed under electrophoresis 

could also be calculated. For electrophoretic separations, the equation for 

capacity factor must be modified as the measured migration time will contain 

components for EOF, migration and retention. Therefore to calculate capacity 

factors due to chromatographic retention, it is necessary to consider the 

difference between the unretained electrophoretic mobility of an analyte (i.e. 

the analyte mobility in the fused silica capillary) and the retained 

electrophoretic mobility. Hence the equation for capacity factor is modified to 

(4.1 ), 

k = !-lr - !-lll 

!-lll 
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where 11, is the retained mobility and l1u is the unretained mobility of the 

analyte. Good agreement between the hydrostatic and electrophoretic retention 

factors were obtained (Table 5.2) indicating that the retentions of benzoic 

acids under the application of an electric field can be correlated with the 

retention obtained by open tubular liquid chromatography. 

Table 5.2 Chromatographic retention factors for the retention 

component of the wall interactions for 4-nonylbenzoic acid 

and 4-decylbenzoic acid Ilsing pressure and CE flows. 

SilIllple Pressure k Electrophoretic k 

C I Capillary 
4-octylbenzoic acid O.IS 0.13 
4-nonylbenzoic acid 0.37 0.35 

CI8 Capillary 
4-octylbenzoic acid 6.9 e-2 6.3 e-2 
4-nonylbenzoic acid 0.30 0.22 
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5.3.6 Separation of Neutral Compounds. 

The partitioning effect observed between buffer and capillary wall gave 

flse to the possibility of separating neutral compounds by open tubular 

capillary electrochromatography. Using the same lithium phospate buffer as 

for the benzoic aicds hexanophenone (k = 1.25) (Figure 5.10) and 

heptanophenone (k = 1.58) were separated from the electroosmotic flow but as 

with the acids the peak shapes were poor. The plug flow obtained for the 

electroosmotic flow gives narrow bands of compounds, however band 

broadening is observed due to poor mass transport. 
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Figure 5.10 Separation of flexallophellonefrom the Electroosmotic Flow; 

30 kV applied voltage, C18 capillary. 50 mM lithium 

phosphate buffer, pll 8.5 

Longer alkyl chain analytes such as octanophenone were investigated but 

since they were more highly retained, very broad peaks were again observed. 

lOO 
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5.4 Separations of Alkylanilines 

The anilines investigated have similar ionisation constants to the 

alkylpyridines studied in chapter 4 (Appendix II), thus they were good test 

compounds for comparison as they could be studied under exactly the same 

conditions as used for the alkylpyridines. Structurally they have similar overall 

sizes and charge distributions to the alkylbenzoic acids as the ionisable atom is 

located on a group external to the aromatic ring (Figure 5.11). 

Figure 5.11 Structural similarities of Alkylbenzoic acids and 

A lkylanilines. 
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Figure 5.12 Separation of the Dimethylanilines; 40 mM Lithium 

Phosphate buffer, pH 2.5, 15 kV applied voltage. 1 - 3,4-

Dimethylaniline, 2 

dimethylaniline, 4 

2,3-dimethylaniline, 3 2,5-

3,5-dimethylaniline and 2,4-

Dimelhylaniline, 6 - 2,6-dimethylaniline. 

Only a limited number of the n-alk'ylanilines were available for 

investigation, but the main compounds of interest were the dimethylanilines 
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as the three sets of dimethylsubstituted compounds from the anilines, pyridines 

and acids could be compared. Separation of the dimethylanilines gave a 

separation similar to the separation of the dimethylpyridines (Figure 5.12). 

Aniline and some N-alkylanilines were also included in the sample set to 

give a wider spread of molecular weights. Electrophoretic mobilities (Table 

5.3) were determined by the methods described for the alkylpyridines, 

determining electroosmotic flow using the fast marker technique and 

correcting mobilities using pyridine as an internal marker. 

Table 5.3 Mobility data for the alkylalliiilles_ 

Compound Electrophoretic 
Mobility 

cm2y"s" 

3,4-Dimethy lan il i ne 2.708 e-4 
2,3-Dimethylall i line 2.677 e-4 
2,5-Dimethylan i line 2.651 e-4 
3,5-Dimethy lalli I ille 2.620 e-4 
2,4-Dimethy lall i line 2.620 e-4 
2,6-Dimethylaniline 2.580 e-4 

Aniline 3.255 e-4 
N-methylaniline 3.098 e-4 
N-propylaniline 3.796 e-4 
l-amino-5 ,6,7 ,8- 3.587 e-4 
le Ira h yd ro nap th a le ne 
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S.S Multi-functional Compounds. 

Nicotinic acid. iso-nictonic acid and picolinic acid are all pyridine 

compounds with carboxylic acid side groups. These compounds were of 

particular interest as they can carry a charge at both low and high pH. At low 

pH. the nitrogen in the ring is charged and so the uncharged carboxylic group 

should act in a similar way to other side chains possibly giving selectivity in 

separations between the isomers. At high pH. the side chain becomes charged 

and differences in structure between isomers was expected to be much smaller. 

5.5.1 Separation at pH 2.5. 

The addition of a carboxylic group to a pyridine ring causes the second 

pKa of the compound to be lowered considerably to 2.03 for nictotinic acid, 

1.74 for i.wnictotinic acid and 1'()6 for picolinic acid. Therefore the analysis at 

pH 2.5 separated the nicotinic acids with only partial positive charges. giving 

lower electrophoretic mobilities than would be expected for compounds of 

similar size (Table 5.4). Using the Hendersson - Hasselbach equation [105] 

and the ionisation constants of the compounds. the mobility of the fully 

protonated compounds can be predicted (Table 5.4). The ionisation constants 

of 6-methylnicotinic acid and 2-methylnicotinic acid were not available in the 

literature so the fully charged mobilities could not be estimated. 
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Table 5.4 Electrophoretic //lobilities of the Nicotinic Acids at pH 2.5. 40 

mM lithiulII phophate buffer, pH 2.5,15 kV applied volatage. 

Compound Mobility at pH Ionisation Fully charged 
2.5 Constants Mobility 

cm"y·ls·l cm2y.ls·l 

Nicotinic Acid 0.9091 e-4 4.83,2.03 3.592 e-4 
IsoNicotinic Acid 0.6272 e-4 4.96, 1.74 4.235 e-4 
6-Methylnicotinic Acid 1.1036 e-4 
2-Methylnicotinic Acid 0.8152 e-4 

From the predicted fully ionised ion mobilities. the nicotinic acid shows 

a lower mobility than isonicotinic acid. This shows a reversal ill mobility order 

than for the monosubstituted alkylpyridines studied earlier where a general 

trend of 2-substituted groups having lower mobilities than 3-substituted groups 

was observed. 

5.5.2 Separation at pH 8.5. 

All the acid groups are fully ionised at pH 8.5 thus no corrections to the 

mobility for partial charges were necessary. Nicotinic acid and isonicotinic 

acid peaks had the same migration time as the internal standard benzoic acid 

and it was concluded that they all had the same electrophoretic mobilities 

(Table 5.5). 
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Table 5.5 

Separations ojSubs(iwfed Benzenes 

Electrophoretic mobilities of the Nicotinic Acids at pH 8.5. 50 

mll1 lithium borate buffer, pH 8.5,Jllsed silica capillary, 15 

kV applied voltage. 

Compound Mobility 
cm2y"s" 

Nicotinic acid -2.996 e-4 
IsoNicotinic acid -2.996 e-4 
o-Methylnicotinic acid -2.713 e-4 
2-Methylnicotinic acid -2.682 e-4 

From the results. no resolution between nicotinic acid and isonicotinic 

acid is lost when analysing the compounds at high pH. The structural 

differences between the isomers in anionic form are small, with the situation 

of the nitrogen lone pair the only difference. Picolinic acid was analysed at 

both low and high pH however no peak in the electropherograms was 

apparent. At low pH this may be attributable to the compound having 

effectively no charge (pK = 1.06) and thus very long migration times, but it is 

unclear why the compounds were not detected at pH 8.5. Detection was 

attempted at 254 nm and 214 nm. 

105 



Chapter 5 Separations of Substituted Benzenes 

5.6 Summary. 

Separations of alkylbenzoic acids at high pH were largely the same in 

different buffer systems with small differences between the electrophoretic 

mobilities of species. When alkyl bonded capillaries were used in an attempt 

to increase resolution between isomers by increasing the time window for 

separations to be performed, an increased band broadening was experienced. 

Higher molecular weight alkylbenzoic acids showed chromatographic 

retention in the alkyl bonded capillaries and these modifications to separations 

have been investigated in detail. Such separations are of interest due to the 

developing interest in capillary electrochromatography in the separation 

science community. The alkylanilines and nicotinic acids were studied as they 

have physical and chemical properties somewhere between the alkyl benzoic 

acids and the alkylpyridines. 
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Chapter 6. 

Modelling of Alkylpyridine Separations. 

6.1 Introduction. 

In this chapter the nature of the separations of alkylpyridines is 

investigated further. The separations of the alkylpyridines are based on 

physico-chemical parameters and the literature models for size-mobility effects 

are examined. A model is introduced to account for the separation of structural 

isomers. The model is tested on a range of different sized alkylpyridines and 

also on the doubly charged aminoalkylpyridines. 

6.2 Existing Models. 

The basic relationships relating the sIze of analytes to their 

electrophoretic properties were reviewed in Chapter One. These relationships 

have been tested on the <lnalytes investigated in this study and their results are 

presented here. 

6.2.1 Offord's Relationship. 

Offord's relationship (Section 1.4.2) [80] is modelled on the effective 

surface area of analytes and relates mobility to the inverse of molecular weight 

to the power of two thirds (equation 6.1), 

k'Z 
f..Le = MX (6.1) 

Offord's relationship was calculated and plotted against the measured 

electrophoretic mobilities for pyridine, methylpyridines, ethylpyridines, 
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dimethylpyridines, propylpyridines, methyl-ethylpyridines, 3-butylpyridine, 2-

pentylpyridine and 2-hexylpyridine (Figure 6.1, mobility data from Appendix 

I). A good fit is obtained for Offord's relationship with a correlation 

coefficient of 0.964, slope 85.58 and intercept -0.47. 
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Offords Relationship relatillg mobility 10 molecular weight. 

Points represent (l) pyridine, (2) methylpyridilles, (3) 

elhylpyridilles and dimethylpyridines, (4) propylpyridilles 

alld melhyl-ethylpyridilles, (5) 3-butylpyridille, (6) 2-

pentylpyridine and (7) 2-hexylpyridille 

The vertical lines of points show that discrimination between positional 

isomers is not accounted for, since the analytes have been treated as spherical 

molecules. Extensions to Offord's relationship allow different shapes to be 

accounted for by varying the molecular mass index (80]. The malIl 

disadvantage of this approach is that only ideal shapes can be modelled, thus 

in order to model non-ideal shapes strict boundaries relating to the shapes of 

analyte would have to be applied. [t was considered that the shapes of the 

alkylpyridines did not conform to these regular shapes and so could not be 

easily modelled by such an approach. 
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6.2.2 The Van der Waals Model. 

The van der Waals model relates the electrophoretic mobility of analytes 

to the inverse of their hydrodynamic radii by the following basic equation 

based on the Stokes' relationship for the frictional force on a moving spherical 

analyte in a viscous medium (equation 6.2) (Section 1.2.1) [23]. 

q 
,.1 E =--''--

6TC11 r 
(6.2) 

Using the measured electrophoretic mobilities of pyridine. 

methylpyridines. ethylpyridines. dimethylpyridines. propylpyridines. methyl

ethylpyridines. 3-butylpyridine. 2-pentylpyridine and 2-hexylpyridine a linear 

correlation coefficient of 0.968 (slope 3.53 e-3. intercept -5.36 e-4) was 

obtained for the relationship between van der Waals radii and mobility 

(Appendix I). which is comparable with literature data for mono-substituted 

alkylpyridines (Figure 6.2) [76]. 

The good fit obtained between van der Waals radii and electrophoretic 

mobility indicates that the van der Waals model works well. However. no 

discrimination between positional isomers is obtained which can be seen from 

the vertical lines of points. so the model does not explain or predict differences 

in migration of positional isomers. 
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Mobility of alkylpyridines against the inverse of the vall der 

Waals radii. Electrophoretic mobilities obtained 

experimentally by CE and vall der Waals radii by molecular 

modelling. Points represent (1) pyridine, (2) methylpyridines, 

(3) ethylpyridines and dimethyipyridilles, (4) propylpyridilles 

alld methyl·ethylpyridines, (5) 3·butylpyridine, (6) 2· 

pentylpyridille and (7) 2.hexylpyridille 

It should be noted that the basic equation for electrophoresis (6.2) relates 

the electrophoretic mobility to the inverse of the hydrodynamic radius of a 

particle rather than the van der Waals radius. The hydrodynamic radius is the 

effective radius that the analyte occupies under the conditions of analysis thus 

it includes contributions from the rotations of analytes and their interactions 

with counter-ions and other substances. Thus although the van der Waals 

relationship does not account for geometric isomers this is due to the van der 

Waals volumes being used in the calculations. The van der Waals volumes of 

analytes are the cubed root of the volume that the static ions fills and so they 

do not take account of interactions with other molecules and molecular 

translation and rotation. 

Since the model using the van der Waals radii of analytes fits well to a 

first approximation and such radii are simple to calculate, it was proposed to 
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use this model as a starting point and to add in other effects as and when they 

were found to be significant. Thus the equation for electrophoretic mobility 

can be modified to (equation 6.3). 

~,=-.!L (_I_+f(a)+f(b)+f(C) + ... ) (6.3) 
67t 11 R" •.. 

where /l, is the electrophoretic mobility, Rvd", is the van der Waals radii. 

q is the charge on the analyte, 11 is the 8GE viscosity and f(x) are functions 

relating to additional molecular properties. 

6.3 Molecular Properties of Analytes and their Relationship with 

Electrophoretic Mobility. 

The nature of the relaxation and electrophoresis effects [77] (as reviewed 

in Chapter I) are the fundamental properties which produce the retardation of 

ions in capillary electrophoresis. The relaxation effect relates to the 

asymmetric separation of charge between the analyte and surrounding 

counterions. causing a coulombic retardation force. The electrophoresis effect 

relates to the bulk flow of background electrolyte and water over the surface of 

the analyte, causing a frictional retardation of the analyte. Thus, in order to 

model the behaviour of separations it is these effects that must be accounted 

for. 

6.3.1 The Relaxation Effect and Charge Distribution. 

The relaxation effect is dependant on the coulombic force between the 

analyte and the asymmetric distribution of counterions, thus it is dependent on 

the charge of the analyte. For a non-spherical ion it is also likely that the 
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position and distribution of charge throughout the ion will play a role in the 

strength of this effect. For the alkylpyridines, delocalisation of the positive 

charge across the aromatic ring occurs. The Hlickel model [110] was therefore 

used to investigate the charge distributions for the alkyl substituted pyridines 

by modelling the distribution of the single positive charge in the analytes. 

The charge distribution for pyridine shows that approximately 40% of 

the positive charge is located on the nitrogen atom, and the remaining charge is 

distributed on the 2-, 4- and 6- atoms, each bearing 20% of the charge (Figure 

6.3). 

H 
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H N H 
0.222 
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H 

Figure 6.3 H iickel charge distribution showing the partial [Jositi~'e 

charges for pyridine. 

Adding methyl groups to the 2-, 3- and 4- positions gave rise to only very 

small changes to the charge distributions (Figure 6.4), and it was concluded 

that these small changes in the charge distributions could not account for the 

separation of geometric isomers. Furthermore, differences in the partial 

charges did not match differences in electrophoretic mobility of analytes. 
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Figure 6.4 Hiickel charge distribution showing the partial positive 

charges for the methylpyridines. 

Identical charge distribution patterns were obtained for longer side chain 

alkylpyridines. Since the charge is distributed about the pyridine ring with 

little difference between positional isomers, it was considered that the 

coulombic retardation caused by the relaxation effect would probably be non

specific between different positional isomers. Shielding of the positive charge 

in the aromatic ring by the delocalised electron clouds could also lead to 

reduced retardation of the ions. 

6.3.2 The ~~Iectrophoresis EfTect and Restricted Rotation. 

The electrophoresis effect relates to bulk flow of background electrolyte 

over the surface of the analyte, and so one would expect analytes of identical 

volume (and charge) to migrate with the same electrophoretic mobilities. The 

relationship between the mobility of peptides and molecular weight [80] 

investigated by Offordmodelled this effect. 

Non-spherical shapes of molecules were treated by applying different 

indices to account for different shapes [81]. Much of the work implicitly 
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assumes an orientation of the ions to describe the different shapes. For 

example, Waldron and Waldron-Edward described different frictional ratios 

for the migration of prolate and oblate ellipsoids [82]. By rotating either 

ellipsoid through 90° the ellipsoids can be interchanged. Thus, a model was 

developed to take account of molecular orientation and its effect on the 

electrophoretic mobility (Section 6.4). 

6.3.3 Analyte Interactions. 

Other analyte interactions must also be considered when describing the 

migration behaviour of the alkylpyridines. For instance. it may be possible that 

alkylpyridines form micelles and thus reasons for differences in migration 

behaviour can be explained in this way. However. no evidence was obtained to 

suggest that these kinds of interactions occur and for the size of alkyl chains 

studied micelle formations is not usually observed [1111. One would expect 

the more polar ions to form micelles. which would indicate strong micelle 

formation for long chained 4-alkylpyridines. and weaker formations for short 

chained alkylpyridines. No obvious patterns of this sort were observed. Also, 

when the ethylpyridines were studied at different concentrations, no 

concentration dependent selectivity changes were observed. 

6.4 A Model for Restricted Rotation of Analytes. 

It was proposed that the differences in electrophoretic mobility of 

analytes may be a consequence of the molecular orientation of the analytes 

under electrophoresis. In free solution. molecules are free to move in both 

translational and rotational directions and so each molecule has translational 

and rotational diffusion coefficients. Under electrophoresis the electrical force 

is experienced by the charged moiety of the analyte causing migration. The 

whole molecular ion experiences a balancing frictional force related to the 
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flow of Counter ions over the surface of the whole ion and this frictional force 

always occurs in the opposite direction to the direction of the electric field 

[22]. Thus the molecular ion will align with the charged moiety pointing in the 

direction of the electric field. The rest of the molecular ion is dragged under 

the frictional force related to movement through the buffer (Figure 6.5). Under 

such conditions, two out of the three axes available for free rotation will 

become hindered. 

Figure 6.5 Restricted rotation of the alkylpyridilles. 

Thus only one aXIs is left available for free rotation. The other two 

rotations will be hindered to some extent, although perhaps only to a very 

small extent. Thus the average volume occupied by an Ion under 

electrophoresis may be smaller than under conventional diffusion. 

The axis running through the centre of charge and the centre of mass, 

gives the direction of travel of an analyte. The volume swept out by the 

remaining unhindered rotation about this axis was calculated and converted to 

a radius Rml • Furthermore, the distance between the centre of charge and the 

centre of mass, defined as the inertial radius (R;), gives a measure of the force 

required to rotate an ion against the applied electric field. 

The restricted radii of rotation and inertial rotation were calculated for 

the methylpyridines, ethylpyridines and the dimethylpyridines (Table 6.1) 

using the calculation procedures outlined in Section 2.2. Graphical 

representations of the compounds and their respective centres of charge and 
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mass (Figure 6.6), clearly show the different location of centre of charge and 

centre of mass for positional isomers. Thus. different values are obtained for 

the rotated and inertial radii. 

Table 6.1 Radii calculations for the metlzylpyridines, etlzylpyridines and 

dimethylpyridilles. 

Compound Rvdw Nrot R· I Electrophoretic 

(A) (A) (A) Mobility 
cm2V·1S· 1 

2-mcthylpyridinc 3.712 5. I '.I 0.58 3.581 e-4 
3-lllcthylJ1yridine 3.70R 4.XO 0.85 3.721 e-4 
4-mclhylJ1yridinc 3.70'! 4.70 1.15 3.722 e-4 
2-cthylpyridinc 3.R(iR 5.30 0.'.17 3.222 e-4 
3-clhylpyridinc 3.XM 5.01 0.97 3.366 e-4 
4-clhylJ1yridinc UM 4.'.14 1.54 3.397 e-4 
2.6-c1i III ct h yl J1Y ri e1i nc 3.873 5.US 0.53 3.168 e-4 
2.5-c1i mct h yl J1yri dinc 3.873 5.18 0.69 3.236 e-4 
2.3-dimethylpyrielinc 3.8(\7 5.23 0.87 3.236 e-4 
2.4-c1imcthylJ1yridinc 3.869 5.20 0.70 3.196 e-4 
3.5-d i m ct h yl J1Y riel i nc 3.869 5.()S 0.88 3.285 e-4 
3.4-dimcthylJ1yridine 3.867 5.04 0.89 3.349 e-4 
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Figure 6.6 Graphical representations of the modelling of the 

methylpyridines, ethylpyridines and dimethylpyridines. RI is the 

distance between centre of charge and centre of mass and Rro' 

is the radius obtained by rotating the molecules about the 
charge mass axis. 
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The general trend of the mobility being inversely proportional to the radii 

of analytes is supported through observations of the rotated radii versus 

mobility. For the methylpyridines and the ethylpyridines. the CE data gave a 

mobility order of 4-. 3- and 2-alkylpyridines. For the methylpyridines. 2-

methylpyridine has the largest rotated radius of 5.19A. which would give it the 

lowest mobility. 4-methylpyridine and 3-methylpyridine have smaller but 

similar rotated radii and co-migration of these species was observed. The 

ethylpyridines follow a similar pattern. The situation for the dimethylpyridines 

is more complex. They showed only small differences in their mobilities and it 

was thought that differences in mobility could also relate to the ease of 

rotation against the electric field. This group of molecules represented a 

challenging set of compounds to investigate by multi-linear regression. 

6.S Multi-Linear Regression Analysis. 

The modelling data and mobility data for the methylpyridines. 

ethylpyridines and dimethylpyridines were investigated by multi-linear 

regression. A semi-empirical method based on equation 6.2 was used. [n order 

to build up information on the quality of fit it is necessary to investigate each 

part of the equation separately and to obtain a cOITelation for each part. Thus 

each combination of the molecular radii (Table 6.1) and their relationship with 

the electrophoretic mobilities (Appendix I) were investigated. 

6.S.1 van der Waals model. 

Applying the van der Waals model for the twelve alky\pyridines to be 

used as the data set for investigation gave a linear regression equation (6.4). 
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!le = (33.2xlO--I) _1_ - (4.06xlO-4
) 

R"dw 
(6.4) 

No discrimination between isomers was observed as expected and a 

linear correlation coefficient of 0.831 provides a measure to compare other 

models by. The correlation coefficient is lower for this restricted set of 

compounds than for the set investigated in Figure 6.2 because the sets of 

compounds of only two distinct molecular weight were deliberately chosen in 

order to try minimise the effects in the regression analysis of the size-mobility 

relationship which could potentially overwhelm the more subtle shape effects 

that were observed. 

6.5.2 van der Wan Is model including I1R rot . 

Multiple linear regression analysis of mobility against I/R"dw and I/Rro. 

yielded a regression equation with correlation coefficient of 0.921, but the 

mobility order of the dimethylpyridines was not correctly predicted. 

6.5.3 van del" Waals model including 1IRj • 

Similar analysis of mobility against I/Rvdw and I/Ri yielded a regression 

equation with correlation coefficient 0.934. The mobility order of the 

dimethylpyridines was again not correctly described. These results indicated 

that all the molecular radii should be used simultaneously. 

6.5.4 van der Waals model including I1R rot and 1IRI 

Multi linear regression using the three different radii gave the following 

regression equation (6.5), 
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_1 I _1 I 0 3 -3 1 0 99 -3 !1 =3.213e ---+0.571e ---0. I e --.5 e (6.S) 
e R"dW Rrot RI 

An adjusted correlation coefficient of 0.965 is a considerable 

improvement over the value of 0.831 obtained for the van der Waals model. 

Full statistical data (Table 6.2) shows that the Rvdw is by far the most 

significant term, relating to the size-mobility van der Waals relationship. The 

other two tenns have smaller effects, yet it is these terms that provided 

selectivity between positional isomers. The plot of experimental mobility 

against predicted mobility for the van der Waals model shows vertical lines for 

positional isomers (Figure 6.7) but using the additional molecular dimensions 

the points were spread Ollt (Figure 6.8) from these vertical bands seen 

previously. The points fall within 95% confidence limits. 

Table 6.2 Statistical data for the lIlultiple regression analysis of 

electrophoretic mobility against R"d.', R,ot and Ri. 

Electrophoretic I/lobilitiy of compunds measured in 40 111/11 

lithiulll phosphate buffer, pH 2.S, IS kV applied voltage. 

Dependant Variable: Electrophoretic Mobility (/1e) 

Parameter Estimate Standard Error T Statistic P-Value 

I/Rvdw 3.213 e-3 2.971 e-4 10.814 0 
I/Rro< S.70S e-4 2.302 e-4 2.478 0.04 
I/Ri -1.270 e-S 3.893 e-6 -3.263 0.01 
Constant -5.990 e-4 S.783 e-S -10.359 0 
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Figure 6.7 Regression analysis for mobility versus lIR"dK" in the analysis 

of the methylpyridines, ethylpyridines and dimethylpyridines 

(Regression equation 6.4). 
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Figure 6.8 Regression analysis for mobility versus lIR"'{K" lIRm , and l!R; 

in the analysis of the methylpyridines, ethylpyridines and 

dimethylpyridines (Regression equation 6.5). Confidence 

intervals shown are 95%. 
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Using multi-linear regression with a model containing all three radii, the 

COITect migration order of the dimethylpyridines was obtained (Table 6.2). 

This is an impoI1ant improvement over the single and two term models which 

gave incolTect migration order predictions. 

Table 6.3 Comparisons between predicted mobilities calculated by 

molecular modelling and experimental mobilities measured by 

CE ill 40 mM lithiuIII phosphate buffer, pH 2.5, 15 kV applied 

voltage. 

Analyte Experimental Mobility Predicted Mobility 
cm!Y-'s-' cm'y"s" 

3,4-dimethylpyridine 3.349 e-4 3.303 e-4 
3 ,5-c1 imeth yl pyricl i ne 3.285 e-4 3.295 e-4 
2,3-c1i meth y I pyricl i ne 3.236 e-4 3.257 e-4 
2,5-dimeth ylpyricline 3.236 e-4 3.233 e-4 
2,4-dimeth ylpyridi ne 3.196 e-4 3.232 e-4 
2,6-dimethyl pyricli ne 3.168 e-4 3.195e-4 

2-methylpyricline 3.581 e-4 3.544 e-4 
3-methylpyricline 3.721 e-4 3.704 e-4 
4-methyl pyridine 3.722 e-4 3.774 e-4 
2-ethylpyricline 3.222 e-4 3.258 e-4 
3-ethylpyridine 3.366 e-4 3.321 e-4 
4-ethylpyridine 3.397 e-4 3.382 e-4 

6.5.5 Effects of Ionic Strength. 

In section 4.3, the effect of ionic strength on the separations of analytes 

were investigated. Although changes in mobility order of compounds were not 

observed, there were some changes in the relative separations at 20 mM buffer 

ionic strength. These were attributed to changes in the analyte-buffer 

interaction with a steric or relaxation effect being more significant at this ionic 

strength. In the development of the molecular modelling the electrophoretic 

mobility values at 40 mM ionic strength buffers were used in all calculations 
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and analyses. The multi-linear regression analysis using all three calculated 

radii for each analyte was also investigated across the ionic strength range 

using the electrophoretic mobility data (Appendix I). For the general equation 

(6.6) the values of the constants were calculated (Table 6.4). 

1 1 1 
JI =A--+B-+C-+D 

e R."H' ~t RI 
(6.6) 

Table 6.4 Multi-linear regression constants across the buffer ionic 

strength range. Constants A, B, C and D relate to the general 

equation 6.6. 

Ionic Strength A B C D 

10 mM 32.3 e-4 4.92 e-4 -0.132 e-4 -5.64 e-4 
20 mM 34.1 e-4 3.05 e-4 -0.139 e-4 -5.85 e-4 
40 mM 32.1 e-4 5.71 e-4 -(J.I27 e-4 -5.99 e-4 
60 mM 30.9 e-4 6.41 e-4 -(J.Il7 e-4 -5.89 e-4 
80 mM 29.8 e-4 6.74 e-4 -0.105 e-4 -5.72 e-4 
100 mM 2.92 e-4 6.78 e-4 -0.100 e-4 -5.61 e-4 

Some general changes are evident. The values of A, related to the van der 

Waals radii (Rvdw ) of compollnds, decreases with increasing ionic strength, 

while the values of B, related to the restricted rotation (R ro,), increase with 

increasing ionic strength. As the ionic strength of the supporting buffer 

increases, more counterions are available to interact with the analyte ions, and 

thus it may be expected that the effects of the size of ions (related to A) may 

become less significant. Properties that are related to asymmetric effects such 

as Rro, may become more significant with increasing buffer concentration, as 

was observed. 
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However, an anomoly is shown at the 20 mM ionic strength, with the 

value of A higher than the general trend suggests, and consequently the value 

of B is lower. This behaviour min'ors the effects observed in the relative 

separations of isomeric methylpyridines, ethylpyridines and propylpyridines 

observed in section 4.3 and is presumably related to steric effects. 

6.6 Extensions to other Analytes. 

The regression equation obtained for the twelve alkylpyridines 

invesigated in the previous section was tested on the other alkylpyridine 

analytes available, whose electrophoretic mobility had been measured 

(Appendix J). 

6.6.1 Other positional isomers and longer chain alkylpyridines. 

The rotated radii and inertial radii for an extended number of analytes 

were calculated in the same way as for the methylpyridines and ethylpyridines 

(Table 6.5). By substituting these values into the regression equation (6.5) 

obtained for the methyl, ethyl and dimethylpyridines, electrophoretic 

mobilities for these compounds were predicted. 
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Table 6.5 Radii calculations for other alkylpyridines. 

Compound R"dw (A) R,oI (A) RI (A) 

2-Yinylpyridine 4.495 5.454 0.540 
4-Yinylpyridine 4.495 4.858 1.130 

N-propylpyridinium 4.740 4.821 0.430 
bromide 
2-propylpyridine 4.740 5.251 1.290 
4- i so -prop y I pyridi ne 4.736 4.857 1.562 
4-propylpyridine 4.759 4.820 1.621 
2,4,6-trimethylpyridine 4.802 5.293 0.907 

3-ethyl-4-methylpyridine 4.744 5.321 1.156 
5-ethyl-2-methyl pyridine 4.733 5.319 0.938 
6-ethyl-2-methylpyridine 4.733 5.567 0.492 

3-butylpyridine 4.942 5.122 1.832 
2-pentylpyridine 5.112 5.380 1.470 
2-hex ylpyric1 i ne 5.270 5.459 1.728 

2-'butylpyridine 4.933 5.295 1.052 
4-'butylpyridine 4.933 4.830 1.886 
2,4,6-' -butylpyridine 6.119 5.732 0.737 

Table 6.6 Comparison betweell electrophoretic mobilities of the 

Vinylpyridines predicted by molecular modelling alld measured 

experimentally by CE ill 40 mM lithium phosphate buffer, pH 

2.5, /5 kV applied voltage. 

Compound Pred ictec1 Mobility Experimental Mobility 
cm2y. l s· 1 cm2y. ls·1 

2-Yinylpyric1ine 3.178 e-4 3.388 e-4 
4-Yinylpyridine 3.429 e-4 3.597 e-4 

125 



Chapler6 Modelling of Alkylpyridine Separa/ions 

The mobility order of 2-vinylpyridine and 4-vinylpyridine are correctly 

predicted. (Table 6.6). The vinylpyridines had higher mobilities than the 

con·esponding ethylpyridines, but since there was very little difference in the 

calculated rotated radii, the predicted mobilities were only slightly higher than 

those for 2-ethylpyridine and 4-ethylpyridine. This is due to limitations in the 

model used to calculate the rotated radii of compounds. Alkyl chains are 

approximated to straight line chains thus no significant difference between an 

ethyl and a vinyl group is observed. In solution, the ethyl groups can rotate and 

so occupy more space than the vinyl groups thus resulting in lower overall 

mobilities. 

The mobility order of 2-propylpyridine and 4-propylpyridine is also 

predicted from the molecular modelling (Table 6.7). The model is not able to 

correctly predict the mobility of 4-isopropylpyridine relative to 4-

propylpyridine. However the compounds have only a small difference 111 

mobilities and the differences in predicted mobilities were similarly small. 

Modifications in the model to tackle branched chains are presented in the next 

section. N-Propylpyridinium bromide had a quite different predicted mobility 

to the experimental value. One possible clue why such a different value is 

obtained is given from the positions of centre of charge and centre of mass 

obtained by molecular modelling .. For all other compounds, the centre of 

charge is in front of the centre of mass, whereas for N-propylpyridinium 

bromide the situation is reversed (Figure 6.9). 
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Table 6.7 Comparison between electrophoretic mobilities predicted by 

molecular modelling and measured experimentally for the 

propylpyridines. 

Compound Predicted Experimental 
Mobility Mobility 
cm2y-'s-' cm2y-'s-' 

2-propylpyridine 3.051 e-4 2.923 e-4 
4-propylpyridine 3.177 e-4 3.097 e-4 
4-isopropyJpyridine 3.125 e-4 3.059 e-4 
N-propylpyridinium 2.941 e-4 3.249 e-4 
bromide 

4·Propylpyridine 
E o.Propylpyridinium Bromide 

c.nUolMan 

Figure 6.9 Centre of charge locations for 4-propylpyridine and n

propylpyridinillm bromide. 

The ethylmethylpyridines and 2,4,6-trimethylpyridine are closely related 

in size to the propylpyridines, with di-substituted and tri-substituted rings. The 

mobility order for the ethylmethylpyridines is correctly predicted (Table 6.8), 

with the biggest difference between 5-ethyl-2-methylpyridine and 6-ethyl-2-

methylpyridine being accentuated in the predicted mobilities. The 2,4,6-

trimethylpyridine predicted mobility is close to its experimental mobility, and 

lies in the correct order with 3-ethyl-4-methylpyridine and 5-ethyl-2-

methylpyridine, although the low value for the predicted mobility obtained for 
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6-ethyl-2-methylpyridine does not correspond with the predicted 2,4,6-

trimethylpyridine value. The pattern of mobility orders of the mono

substituted, di-substituted and tri-substituted propylpyridines compare well. 

Table 6.8 Comparison between electrophoretic mobilities predicted by 

molecular modelling and measured experimentally for the 

ethylmethylpyridines and 2,4,6-trimethylpyridine. 

Compound 

3-ethyl-4-methyl pyridine 
5-ethyl-2-methy I pyridine 
6-ethyl-2-methy Ipyridine 
2,4,6-trimethylpyridine 

Predicted Mobility 
cm2y"s" 

2.980 e-4 
2.954 e-4 
2.784 e-4 
2.937 e-4 

Experimental 
Mobility 
cm2y"s" 

3.071 e-4 
2.976 e-4 
2.904 e-4 
2.849 e-4 

Other compounds available for study were the larger sized 

alkylpyridines, 3-butylpyridine, 2-pentylpyridine and 2-hexylpyridine, of 

which positional isomers were not available. Predicted and experimental 

mobilities compared well (Table 6.9), mainly because of the dominant van der 

Waals size term (l/Rvdw ) in the regression equation. 

Table 6.9 Comparison between electrophoretic mobilities predicted by 

moleclllar modelling and measured experimentally for 3-

butylpyridine, 2-pentylpyridine and 2-hexylpyridine. 

Compound 

3-butylpyridine 
2-pentylpyIidine 
2-hexylpyridine 

Predicted Mobility 
cm2 y"s" 

2.771 e-4 
2.504 e-4 
2.391 e-4 
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The graph of experimental mobility against predicted mobility for all the 

derivatives shows these patterns clearly (Figure 6.10). Most points lie within 

the 95% confidence intervals. Notable aberrant points, such as the 

vinylpyridines and n-propylpyridinium bromide have been discussed. 

0.= 

0.00036 

0.00024 

0.0002 -I-------+-------I-------t-----~ 
0.000225 0.000265 O.o:x)305 

Expeflmeold Motility 

0.000385 

Figure 6.10 Comparison between electrophoretic 11Iobilities predicted by 

lIloleClllar modelling and measured experimentally for the 

alkylpyridilles. 
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6.6.2 Chain branching. 

4-/ so-Propylpyridine. 

For simplicity, the model used to predict the mobilities of the 

alkylpyridines approximated alkyl chains as straight lines. However the model 

was shown to be unable to account for differences in the branching of alkyl 

chains for 4-n-propylpyridine and 4-iso-propylpyridine. Thus, in order to 

model the migration behaviour of branched chains the chain branching was 

maintained rather than reduce the alkyl chain to a single line. For 4-

isopropylpyridine this is a better representation of the ion as the isopropyl 

group is likely to sit out of the plane of the pyridine ring (Figure 6.11). 

The rotated radii and the inertial radii of 4-isopropylpyridine were 

calculated using the modified branched chain model, and the difference in the 

obtained values was in the rotated radii (Table 6.10) which is larger for the 

branched chain model. Thus, the predicted mobility using the branched chain 

model is lower than for the straight chain model. 

E 
4·lsopropylpyridine 

Centre of Charge 

Two Carbon Atoms 

Superimposed 

Existing Model 

4-lsopropylpyridine 

Cent'" 01 Charge 

Cenlre 01 Mass 

Modified Model 

Figure 6.11 Representations of 4-isopropylpyridine showing the model for 

restricted rotation and the need to show chain branching. 

Using the branched chain model for 4-isopropylpyridine and the straight 

chain model for 4-n-propylpyridine the mobility order of these alkylpyridines 
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is correctly predicted. The predicted value of the mobility of 4-iso

propylpyridine is lower than the experimental because the model has been 

developed by the regression analysis of compounds modelled by the straight 

chain method. Both models represent a simplification because of the 

conformational mobility of alkyl chains. 

Table 6.10 Modelling of 4-iso-propylpyridine. Straight chain model 

approximates the isopropyl group to a straight line and the 

branched chain model maintains the chain branching. 

Predicted Experimental 
4-isopropylpyridinc Rvdw Rrot Ri Mobility Mobility 

A A A cm 2y-1s·1 cm2V- IS·1 

Straight Chain 4.736 4.857 1.540 3.076 c-4 3.059 e-4 
Modcl 

Branchcd Chain 4.736 5.143 1.540 2.982 e-4 3.059 e-4 
Model 

2-(l-ethylpropyl)pyridine. 

2-(l-Ethylpropyl)pyridine is a structural isomer of 2-n-pentylpyridine 

and analysis by CE showed that it had a higher electrophoretic mobility of 

2.650 e-4 cm"V·ls·1 compared to 2.534 e-4 cm"V·1s·1 for 2-n-pentylpyridine. 

On this occasion, the straight chain model gives the best prediction of 

electrophoretic mobility (Table 6.11). 

13J 



Chapter 6 Modelling of Alkylpyridille Separations 

Table 6.11 Modelling of 2-(l-ethylpropyl)pyridine. Straight chain model 

approximates the isopropyl group to a straight line and the 

branched chain model maintains the chain branching. 

Predicted Experimental 
Compound Rvdw R"" R; Mobility Mobility 

A A A an2y-'s·' an2Y-'s·1 

Ethylpropylpyridinc 5.112 4.999 1.182 2.561 e-4 2.650 e-4 
Straight Chain Model 

Et hy 1 propyl pyricl ine 5.112 5.422 1.182 2.474 e-4 2.650 e-4 
B ranched Chain Model 

2-Pentylpyricline 5.112 5.380 1.470 2.504 e-4 2.534 e-4 

6.6.3 2-(3-pentenyl)pyridine. 

2-(3-Pentenyl)pyridine was obtained as a mixture of 2 and E isomers. 

Previous treatment of the modelling of the isomers electrophoretic mobilities 

(Section 4.6) [112] investigated the distance between the end of the alkyl chain 

and the ortho hydrogen to predict mobility orders based on the shorter distance 

for the 2 isomer giving it a smaller size and thus higher mobility. 

The model for restricted rotation was investigated for 2-2-(3-

pentenyl)pyridine and E-2-(3-pentenyl)pyridine. In modelling the alkene 

group, the differences in the bond wen: maintained so as to give the greatest 

possible difference between the two isomers. The isomers were thus modelled 

in the conformations shown in Figure 6. I 2. 
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Alkyl chain approximated 

to a straight line 

Modelling of Alkylpyridine Separations 

Alkyl chain approximated 

to a straight line 

Figure 6.12 Conformatiolls of Z-2-3-pelltenylpyridine alld E-2(3-

pelltenyl)pyridi1le used for molecular modelli1lg. 

The predicted mobilities of the two isomers are lower than the actual 

observed mobilities (Table 6.12). This is due to the modifications of the model 

used (as represented in Figure 6.12). The mobility order is predicted correctly 

and the difference between the mobilities of the two isomers is 1.9% for the 

predicted values and 1.5% for the experimental values. 

Table 6.12 Modelling dala for E-2-(3-pelllenyl)pyridi1le and Z-(2-3-

pe n le lIyl) pyridi lie. 

Predicted Experimental 
2-(3-Pcntcnyl)pyridine R,'dw Rro< R; Mobility Mobility 

A A A cm1y-'s" cm2y"s" 

E-Isomer 5.088 5.877 1.602 2.450 2.602 

Z- Isomer 5.088 5.571 1.408 2.496 2.640 
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6.7 Aminoalkylpyridines. 

The aminoalkylpyridines were of interest because two ionisable groups 

were available on each compound and so further investigations into the effects 

of shape and charge location could be studied from their mobilities. 

6.7.1 Van der Waals' model. 

Doubly charged aminoalkylpyridines migrate faster than their 

correspondingly sized alkylpYlidines because they bear double the charge of 

the alkylpyridines at pH 2.5 (Table 6.13). The relationship between Van der 

Waals' radii of compounds and mobility was investigated for the 

aminoalkylpyridines (Figure 6.13). Linear regression of mobility versus Van 

der Waals' radii gave a slope of 3.65 x 10'3, intercept -2.78 x 10'4, with a 

correlation coefficient of 0.850. This is a steeper slope than obtained for a 

cOITesponding group of alkylpyridines which gave slope 2.928 x 10'3, intercept 

-3.151 x Jtr4 and a correlation coefficient of 0.972 (in this instance the 

monosubstituted alkylpyridines were used for comparisons). 
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Figure 6.13 Comparison between the mobilities of the alkylaminopyridines 

(_) and the mono-substituted alkylpyridines (e). 2-

(dimethylaminomethyl)pyridine (+) bears only one positive 

charge due to its ionisation constant. 

Table 6.13 Properties of the aminoalkylpyridines. Electrophoretic 

mobilities determined by CE in a lithium phosphate buffer, pH 

2.5, 15 kV applied voltage. Ionisation constants determined by 

potentiometric titration, Rvdw by molecular modelling. 

Compound Mobility Ionisation Rvdw Molecular 
cm2V' l s" Constants A Mass 

2-(N-aminoethyl)pyridine 4.787 e-4 9.62,3.98 4.756 107.6 
4-(N ,N-diethylaminoethyl)pyridine 4.176 e-4 9.46,5.02 5.450 161.9 
2-(N,N-diethylaminoethyl)pyridine 3.761 e-4 9.62,3.64 5.450 161.9 
3-(N-methylaminobutyl)pyridine 4.449 e-4 10.4,5.46 5.293 148.3 
2-(N-methylaminoethyl)pyridine 4.439 e-4 9.43,4.33 4.946 121.0 
2-(N,N-dimethylaminoethyl)pyridine 4.404 e-4 9.08,3.72 5.125 l34.6 
2-( e th ylaminoe thy I )pyridine 4.310 e-4 9.98,4.80 5.124 134.6 
2-(N ,N-dibutylamino )ethyl)pyridine 3.088 e-4 9.68,3.80 6.003 216.3 
2-(dimethylaminomethyl)pyridine 2.990 e-4 ' 8.21, 1.42 4.946 121.0 
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Theoretically since the aminoalkylpyridines have double the charge of 

the alkylpyridines, they should have double the electrophoretic mobility of a 

similarly sized alkylpyridines. Therefore it is necessary to normalise the 

charge on the aminoalkylpyridines in order to compare mobilities between 

species. This is done by calculating the effective charge on the 

aminoalkylpyridines at pH 2.5 using the Hendersson-Hasselbach equation 

[105] and correcting the mobilities for differences in charge (mobility/charge) 

(Table 6.14). 

Table 6.14 Normalised electrophoretic mobilities for the 

amilloalkylpyridines 40 mM lithium phosphate buffer, pH 2.5, 

15 kV applied voltage. 

Compound Effective charge Normalised 
Mobility 
cm2y"s" 

2-(2-ami noe th y I) P yricl ine 1.968 2.432 e-4 
4-(N ,N -diethylaminoethyl)pyricline 1.997 2.091 e-4 
2-(N ,N-diethylaminoethyl)pyrid i ne 1.932 1.947 e-4 
3-(N-methylaminobutyl)pyridine 1.999 2.226 e-4 
2 -(N -meth y la m i n oe thy I )pyricline 1.956 2.269 e-4 
2-(N ,N-dimethyl aminoeth yl)pyricline 1.942 2.268 e-4 
2 -(N -eth y lami noeth y I )pyricl i ne 1.958 2.201 e-4 
2-(N ,N-clibuty laminoethy I)pyridine 1.952 1.582 e-4 
2-( dime th y la mi nometh y I )pyrid i ne 1.077 2.776 e-4 

The normalised electrophoretic mobilities of the aminoalkylpyridines 

were generally lower than similarly sized alkylpyridines (Figure 6.14), and the 

regression analysis showed differences in the gradient and intercept of the 

regression lines (Table 6.15). 
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Table 6.15 Regression results for the relationship between the 

electrophoretic mobility of aminoalkylpyridines and mono

substituted alkylpyridines alld their size measured by Van der 

Waals' radii of compounds. 

Compound group Gradient Intercept Correlation 
coefficient 

Aminoalkylpyridines 3.649 e-3 -2.780 e-4 0.850 
(Standard Erl'Ors) (6.24 e-4) (1.19 e-4) 

Mono-substituted 2.928 e-3 -3.15\ e-4 0.972 
alkylpyridines (1.66 e-4) (3.582 e-5) 

Normalised 1.858 e-3 -1.414 e-4 0.895 
aminoalkylpyridines (2.605 e-4J (4.977 e-5) 

The aminoalkylpyridines contain two ionisable nitrogen atoms, one 

within the pyridine ring and the other as an amine group which for the group 

of compounds studied are either primary or secondary. The different 

functionality of the amino group may lead to different buffer-analyte 

interactions and therefore lower normalised Illobilities with interactions 

between buffer and analyte frolll both protonated nitrogens. 
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Figure 6.14 Comparison between the normalised mobilities of the 

aminoalkylpyridines and the mono-substituted alkylpyridines. 

6.7.2 Relationship with molecular mass. 

A similar graph is obtained for the relationship between molecular weight to 

the power of two thirds and mobility for the aminoalkylpyridines (Figure 

6.15)_ 
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Figure 6.15 Comparison between the mobilities of the alkylaminopyridines 

(_) and the mono-substituted alkylpyridines (e) related to their 

molecular masses. 2-(dimethylaminomethyl)pyridine (+) bears 

only O1le positive charge due to its ionisatio1l constant. 
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6.7.3 Separations of Isomers. 

Of the nine aminoalkylpyridine analytes studied there were three pairs of 

isomeric compounds. One such set, 4-(N,N-diethylaminoethyl)pyridine and 2-

(N,N-diethylaminoethyl)pyridine are positional isomers (Figure 6.16) 

2-(N,N-diethylaminoethyl)pyridine 4-(N,N-diethylaminoethyl)pyridine 

Figure 6.16 Structure of2- (N,N-diethyfamilloethyf)pyridille alld 4-(N,N

diethylamilloethyl)pyridille 

Table 6. 16 Radii calculations for the amilloalkylpyridilles. 

Compound Rvdw (A) R,,,, (A) R; (A) 

2 -(2-d ieth y la minoethy I )pyrid i ne 5.450 6.556 0.444 
4-(2-d ie th y I a mi noe t hy I )pyrid i ne 5.450 4.882 0.617 
2-(2-d i me th y la mi no let h y I )pyri di ne 5.124 5.705 0.479 
2-(2 -eth y I am i noe th y I )pyri dine 5.124 5.887 0.444 
2-(2-me thy la mi n oe th y I )pyri dine 4.946 5.323 0.711 
2-(2 -di meth y I a mi nometh y I )pyrid ine 4.946 4.888 1.864 
2-(2-aminoethyl)pyridine 4.756 5.016 1.021 
3-( 4-meth yla mi nobu tyl )pyridine 5.293 6.458 0.322 
2-(2-di bu ty lam inoethy I )pyridine 6.003 5.365 1.048 
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Modelling 2-(N,N-diethylaminoethyl)pyridine and 4-(N,N-diethyl

aminoethyl) pyridine gave differences in the values of Rrol and Ri (Table 6.16, 

Figure 6.17). The values were used in regression equation (6.5) to give 

normalised predicted mobilities (Table 6.17). As can be seen the mobility 

order of the aminoalkylpyridines isomers was predicted correctly and the size 

of the predicted mobility was slightly larger for 4-(N,N

diethylaminoethyl)pyridine and smaller for 2-(N,N-diethylaminoethyl)

pyridine. The correct prediction of mobility order for the aminoalkylpyridines 

indicates that the reduction of two discrete charges in the ions to one single 

point is a good method for approximating the migration behaviour of multiply 

charged analytes. 

2-(2·0""1 hylllminoethyl)pyndine 
4·(2·QielhylaminoethyJpy,idine 

E E 

Figure 6.17 Graphical representations of the modelling of the 4-(2-diethyl 

aminoethy/)pyridine and 2-(2-diethylaminoethyl)pyridille. Ri is 

the distance betweell centre of charge alld celltre of mass alld 

R ,·o, the radius obtained by rotating the molecules about the 

charge-mass axis. 
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Table 6.17 Comparison between the predicted and experimental 

normalised mobilities of the aminoalkylpyridines. 

Compound Predicted Experimental 
(N ormalised) (Normalised) 

Mobility Mobility 
cm2y"s" cm2V"s" 

2-(N ,N-diethy laminoethyl)pyridine 1.472 e-4 1.947 e-4 
4-(N,N-diethylaminoethyl)pyridine 2.131 e-4 2.091 e-4 
2-(N ,N -di methylaminoethyl)pyridine 2.248 e-4 2.268 eA 
2-(N -ethylaminoethyt)pyridine 2.196 e-4 2.201 e-4 
2-(N-methylaminoethyl)pyridine 2.613 e-4 2.269 e-4 
2-(N ,N -dimeth ylaminomethyl)pyridine 2.820 e-4 2.820 e-4 
2-(2-aminoethyl)pyridine 2.971 e-4 2.432 e-4 
3-(N -met h y la mi nob u ty I )pyrid i ne 1.818 e-4 2.226 e-4 
2-(N .N-d ibuty laminoethyl)pyridine 1.617 e-4 1.582 e-4 

2-(N,N-Dimethylamino)ethyl)pyridine and 2-(N-ethylaminoethyl)-

pyridine are structurally very similar with the only difference being secondary 

and primary amine groups respectively (Figure 6.18). Thus it was expected 

that there would be a smaller difference in electrophoretic mobility between 

these isomers than for the (N,N-diethylaminoethyl)pyridine positional isomers. 

Th is was observed (Table 6.17). 

2-(N,N-dimethylamino)ethyl)pyridine 2-(N-ethylaminoethyl)pyridine 

Figure 6.18 Structures of 2-(2-dimethylamino)ethyl)pyridine and 2-
( ethylaminoethyl)pyridine. 
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2-(N-methylaminoethyl)pyridine and 2-(dimethylaminomethyl)-pyridine 

are structural isomers but they carry quite different charges due to the 

proximity of the nitrogen atoms in the compounds (Figure 6. I 9). For 2-

(dimethylaminomethyl)pyridine one single positive charge is carried by the 

amine side chain. 

2-(dimethylaminomethyl)pyridine 2-(2-methylaminoethyl)pyridine 

Figure 6.19 Structures of 2-(di11lethyla11linomethyl)pyridine and 2-(N

methyla11lilloethyl)pyridille 

Modelling of these structural isomers showed the reasonably similar shapes of 

the analytes under electrophoresis (Figure 6.20), although the charges on the 

analytes were quite different (Table 6. I 3). The normalised mobility order was 

correctly predicted for these isomers (Table 6.17) indicating that the mobility 

order of analytes with different charges can be predicted. 
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2-(dimelhylaminomelhyl)pyridine 

2-(2-Methylaminoelhyl)pyridine 

Figure 6.20 Graphical representatiolls of the modelling of the 2-(N,N

dimethylaminomethyl)pyridine and 2-(N-methylaminoethyl)

pyridine. RI is the distallce between celltre of charge and centre 

of mass alld R, . ." the radius obtailled by rotatillg the molecules 

about the charge-mass axis. 

6.8 Summary. 

The literature models for the SIze dependence of analytes on 

electrophoretic mobility were tested for the alkylpyridines studied in chapter 4. 

These models could not account adequately for structural isomers and so a 

model based on the restricted rotation of charged non-spherical analytes in the 

electric field was introduced. For the methylpyridines, ethylpyridines and 

dimethylpyridines the measured data was used to produce a mobility equation 

using multi-linear regression. This equation was tested on singly charged 

alkylpyridines and was found to generally predict the mobility orders of 

structural isomers well. Aminoalkylpyridines can bear two positive charges 

and these compounds were also modelled in the same way. The mobility order 

of structural isomers could again be correctly predicted thus indicating that 

multiple charges on compounds could be accounted for. 
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Modelling of Substituted Benzenes and 

Related Compounds. 

7.1 Introduction. 

The separation and modelling of the alkylpyridines showed that 

electrophoretic mobility could be predicted for structural isomers. In this 

chapter the relationship of structure and electrophoretic mobility is 

investigated for compounds that have other functionalities. Alkylanilines are 

closely related structures to the alkylpyridines and have the advantage that 

they can be analysed under the same conditions as for the alkylpyridines. 

Alkylbenzoic acids were also investigated in this case under conditions of high 

EOF. 

7.2 Alkylanilines. 

7.2.1 Literature Relationships and comparisons with the Alkylpyridines. 

Alkylanilines were analysed under the same conditions as the 

alkylpyridines. therefore any differences observed in the mobility behaviour of 

the two sets of compounds may be attributed to the properties of the analytes 

being studied. The relationship between measured electrophoretic mobility 

(Appendix I) and molecular weight (Offord's parameter) for aniline, N

methylaniline, the dimethylanilines, N ,n-propylaniline and l-amino-5,6,7,8-

tetrahydronapthalene showed a poor correlation for the ten compounds taken 

as the regression set (r2 = 0.7097, Slope = 5.783 e-4, Intercept 3.61 e-5, n = 

10) (Figure 7.1). There is an insufficient number of compounds to properly 

evaluate the relationship between substi~ution on the nitrogen and 

electrophoretic mobility, however some patterns were observed. Aniline and 

the dimethylanilines, which are primary amines showed generally lower 
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mobilities than N-methylaniline and N-propylaniline. which are secondary 

amines. The other analyte studied. l-amino-5.6.7.8-tetrahydronapthalene is a 

primary amine. however it behaved as a secondary amine. 

A possible reason for the lower mobilities of primary amines could be the 

interaction between analyte and buffer. The primary amines have less steric 

hindrance around the nitrogen atom than secondary amines and so can interact 

more strongly with charged counterions. This would result in a larger analyte

counterion complex and a greater contribution from the relaxation effect. 

resulting in primary amines exhibiting lower mobilities. 

3.26-4 

., 3.0>-4 
• 
;i; 28&-4 g 
~ 2.Ce·4 
:0 
o 
~ 2.49--4 

2.2e-4 

• 
• 

I • 
• 

2.0>-4 -1----+--+----+---+----+---+----+----+----+----< 
0.030 0..032 0..034 0..036 0..038 0..040 0.042 0..044 o..G.46 0..048 o..cm 

Figure 7.1 

1,t.1"(2,3) 

• Primary Amines o Secondary Amines • 1·amino-5.6.7,8-
tetrahydronaphalene 

Relationship betweell mobility and molecular mass for some 

alkylallililles. 40 mM Lithium phosphate buffer, pH 2.5, 15 

kV applied voltage. 

The electrophoretic mobilities of the alkylanilines were also compared to 

the electrophoretic mobilities of the alkylpyridines using Offord's relationship 

(Figure 7.2). The alkylpyridines had higher electrophoretic mobilities than 

alkylanilines of equivalent molecular mass This behaviour was again attributed 

to the alkylanilines being able to interact more strongly with counterions 

generating an effectively larger analyte ion. For the alkylpyridines charge 
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delocalisation occurs, which probably reduces the analyte - counterion 

interactions. This effect was also observed for the aminoalkylpyridines which 

contain an amine function, with their normalised mobilities being lower than 

the equivalently sized alkylpyridines. 

4.5 

4 
,;, 

~ 
§ 3.5 .. 
;, 

~ 3 
D 
o 
:l: 2.5 

2~------r-------r-------+-------+-------+-----~ 

0.Q3 

• 

Figure 7.2 

0.Q35 0.04 

Alkylpyridines • 

0.045 

1,M"<2/.ll 

Alkylanilines 

0.05 0.055 0.0; 

-- Regression line for 
Alkylpyridines 

Comparison between tile electrophoretic mobilities of the 

alkylpyridilles alld the alkylallilines Ilsing their relationship 

with molecular mass. 

The relationship between electrophoretic mobility and the van def Waals 

volumes of the molecules showed a similar pattern, with the mobilities of the 

alkylpyridines being higher than those of the alkylanilines (Figure 7.3). 
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Alkylpyridines • 

0.25 0.26 
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Alkylanilines 

0.27 0.28 0.29 

-- Regression Line for 
Alkylpyridines 

0.3 

Comparison between the /IIobilities of the alkylpyridines and 

the alkylanililles alld their van der Waals molecular radii. 

7.2.2 Modelling of the Dimethylanilines. 

The dimethylanilines (DMAs) are structural analogues of the 

dimethylpyridines. As with the dimethylpyridines, the use of literature models 

to describe their electrophoretic mobilities gave vertical lines of points, 

indicating no discrimination of their mobilities. The dimethylanilines showed a 

similarity in mobility order to the dimethylpyridines (Table 7.1, Figure 5.12), 

indicating that the effects governing their relative separations are of a similar 

nature to the alkylpyridines. However, one notable difference was the mobility 

of 3,5-dimethylaniline, which had a lower mobility relative to its structural 

isomers compared to ·its corresponding structural isomer, 3,5-dimethylpyridine. 
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Table 7.1 

Compound 

3,4-DMA 

2,3-DMA 

2,5-DMA 

3,5-DMA 

2,4-DMA 

2,6-DMA 

Modelling of Substituted Benzenes 

Electrophoretic mobilities of the dimethylanilines (DMA) and 

the dimethylpyridilles (DMP) in order of decreasing mobility. 

40 mM lithium phosphate buffer, pH 2.5, 15 kV applied 

voltage. 

Electrophoretic Compound Electrophoretic 

Mobility Mobility 
cm'V-'s-' cm2V-'s-' 

V08 e-4 3,4-DMP 3.349 e-4 

2.677 e-4 3,5-DMP 3.285 e-4 

2.651 e-4 2,3-DMP 3.236 e-4 

2.620 e-4 2,5-DMP 3.236 e-4 

2.620 e-4 2,4-DMP 3.196 e-4 

2.580 e-4 2,6-DMP 3.168 e-4 

The rotated and inertial radii of the DMAs were calculated in the same 

way as for the alkylpyridines (Table 7.2). One obvious feature is that the 

inertial radii Ri values are much bigger than for the dimethylpyridines because 

of the greater distance between the centre of mass and centre of charge. This 

results in higher mobilities being predicted for the DMAs using the regression 

equation developed for the alkylpyridines (equation 6.5). However, the relative 

differences between isomers was of most interest and some correlation 

between experimental and predicted mobility orders (Table 7.2) was observed 

with 3,4-DMA predicted as having the greatest mobility and 2,6-DMA the 

smallest mobility. 
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Table 7.2 

Compound 

3,4-DMA 

2,3-DMA 

2,5-DMA 

3,5-DMA 

2,4-DMA 

2,6-DMA 

Modelling ojSubstitUled Ijenzenes 

Calculated radii values for the dimethylanilines and their 

predicted electrophoretic mobilities using the model for 

restricted rotatioll developedfor the alkylpyridines. 

R ,>dw Rrol Ri Experimental Predicted 

CA) CA) CA) Mobility Mobility 
cm2V·1s·1 cm2V·1s·1 

4.015 5.166 3.050 2.708 e-4 3.074 e-4 

4.015 5.325 2.569 2.677 e-4 3.030 e-4 

4.017 5.351 2.493 2.651 e-4 3.023 e-4 

4.017 5.351 2.849 2.620 e-4 3.030 e-4 

4.016 5.215 2.696 2.620 e-4 3.056 e-4 

4.015 5.351 2.139 2.580 e-4 3.019 e-4 

Reasons for the apparent difference in relative mobility order between 

3,5-dimethylaniline and 3,5-dimethylpyridine are unclear. One possible 

explanation may be due to the effects of 2-substitution in the anilines causing 

steric hindrance around the positive charge leading to higher overall mobilities 

than compounds unsubstituted in this position. Thus, 3,5-dimethylaniline 

would have an effectively lower electrophoretic mobility than other isomers. 

However, this behaviour was not observed for 3,4-dimethylaniline. 

7.3 Aminoalkylbenzenes. 

A number of aminoalkylbenzenes containing two amine groups were 

available for analysis. 1,4-dimethylbenzenediamine. 1,3-

dimethylbenzenediamine and 2-( 4-aminophenyl)ethylamine were all expected 

to bear double positive charges at pH 2.5 based on the pK. values (Appendix 

I1) whereas N-phenylethylenediamine was expected to have a single positive 

charge (Figure 7.3). 
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CH2 NH2 

1,4-dimethylbenzenediamine 

pK = 9.81, 8.78 

1,3-dimethylbenzenediamine 

9.72,8.75 

Figure 7.3 

NH2 

N-Phenylethylenediamine 2-(4-aminophenyl)ethylamine 

pK = 10.18, 0.56 10.21, 4.21 

Structures alld predicted [115J pK values for the 

ami 11 obe 11 ze lies. 

The electrophoretic mobilities of the compounds were normalised to 

correct for charge differences and the relationship between mobility and 

molecular mass was investigated (Figure 7.4). The doubly charged 

compounds, 1,3-dimethylbenzenediamine, l,4-dimethylbenzenediamine and 2-

(4-aminophenyl)ethylamine all exhibited lower electrophoretic mobilities than 

both the corresponding alkylpyridines and alkylanilines of similar size. For 

these compounds, two primary amine groups are ionised. Based on the results 

for the alkylanilines the doubly charged amino groups should interact strongly 

with counterions in the buffer, thus giving lower overall mobilities than for the 

other functionalities investigated earlier. N-Phenylethylenediamine showed a 

relatively higher mobility, which corresponds with the alkylpyridine 

mobilities. However, it is likely that the predioted pKa value is too low and in 

fact that some partial protonation of the second amine group occurs. The 

model again does not discriminate between structural isomers. 

150 



Chapter 7 

5 

'.5 

;:- . 
!O 
~ 
E 3.5 
~ 

~ 
• 3 
~ 
:D 
~ 2.5 

2 

Modelling ojSllbstituted Benzenes 

• 
• 

Alkylpyridines 

Arkylanilines 

-- Regression Une lar 
Alkylpyridlnes 

- - - - Regression line lor 
Alkylanilines 

AmJnoalkylbenzenes 

1.5 -1-----+----+----+----+----+-----1 
0.03 

Figure 7.4 
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Offord's relationship betweell molecular mass and mobility 

for the aminoalkylbenzelles compared with the alkylpyridilles 

and alkylanilines. Mobilities have beellllormalisedfor 

charge. 

7.4 Dual Functionality Compounds. 

Some pyridine compounds with carboxylic acid substituent groups were 

also analysed. These compounds can carry a charge on either the nitrogen 

atom or the carboxyl group at either low or high pH respectively and thus can 

be used to probe the effects of the position of charge on mobility. At pH 2.5, it 

was necessary to correct the mobilities of compounds for the partial charge as 

full positive charges were not present (Table 4.4). Nicotinic acid was thus 

shown to have a lower corrected mobility than isonicotinic acid showing a 

reversal in mobility order than for the alkylpyridines. The mobilities 

compared to size were also shown to be higher than for the alkylpyridines 

(Figure 7.5). It is unclear whether this is because of the normalisation of 
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mobilities or due to the structural properties of the analytes. The mobility 

order of the nicotinic acids may be reversed due to the carboxyl group 

shielding the positive charge on the analyte from interaction with buffer. 
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Relationship between moleclIlar mass and mobility for the 

nicotinic acid and isollicotillic acid with the alkylpyridines. 

Mobilities have been normalised for charge. 40 mM lithium 

phosphate bllffer, pH 2.5, 15 kV applied voltage. 

No separation of the nicotinic acids was achieved at pH 8.5 with the 

compounds co-migrating with benzoic acid. This is probably due to the 

compounds being ionised on the carboxyl group rather than the aromatic ring 

structure and thus the only structural difference in the ionised forms is the lone 

pair of electrons on the nitrogen. Comparison of the electrophoretic mobilities 

at pH 2.5 and pH 8.5 shows that the nicotinic acids have higher normalised 

mobilities at low pH than at high pH. The compounds were analysed at the 

different pH values using different buffers which may account for the 

differences or the differences may be due to the exposed nature of the 

carboxyl group allowing strong analyte-buffer interactions. The carboxyl 

functionality is further investigated for the benzoic acids. 
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7.5 Study of the Alkylbenzoic acids. 

7.5.1 Literature Relationships. 

The electrophoretic mobilities of the methylbenzoic acids, 4-ethylbenzoic 

acid, dimethylbenzoic acids, 4-propylbenzoic acid, 4-isopropylbenzoic acid, 4-

butylbenzoic acid-4-decylbenzoic acid (Appendix I) fit Offord's relationship 

with regression analysis showing a good correlation between mobility and 

molecular mass (Gradient = 6.9 e-3, Intercept = 1.2 e-5, r2 = 0.9853, n = 21). 

A slight curvature was observed for higher molecular weight compounds in a 

fused silica capillary which may be related to the hydrophobicity of the larger 

alkylbenzoic acids causing conformational changes in the structures of the 

compounds. Thus, using a different molecular index may account for this 

curvature [81]. No discrimination between structural isomers was observed by 

the model, although the differences in mobility between structural isomers 

were generally smaller than for the alkylpyridines. 
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Offord's relationship between alkylbenzoic acid mobility and 

molecular mass. 50 mM lithium borate buffer, pH 8.5, 15 kV 

applied voltage. 
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Comparison of the modular mobilities of the alkylbenzoic acids with the 

results obtained for the alkylpyridines of similar ionic strength showed the 

benzoic acids to have similar electrophoretic mobilities to alkylpyridines of 

similar molecular weights, although the gradient for the alkyl benzoic acids 

was smaIler (Figure 7.7). Thus for the homologous series of alkylbenzoic acids 

the difference in mobility between carbon units is smaller than for the 

alkylpyridines . 
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Comparison of Offord's parameter for the alkylbenzoic acids 

and the alkylpyridilles. 

The relationship between the electrophoretic mobility and the van der 

Waals radii of the benzoic acids was also investigated (Figure 7.8). A similar 

result, to that for the relationship with molecular mass, was obtained, with 

again curvature of the values for higher molecular weight alkylbenzoic acids. 
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Mobility of alkylbenzoic acids against JlRvdw. 50 mM lithium 

borate buffer, pH 8.5,15 kV applied voltage. 

The modular mobility of the alkylbenzoic acids were also compared with 

the mobility of the alkylpyridines in a plot of mobility against the inverse of 

the van der Waals radii (Figure 7.9). Both sets of compounds followed the 

general trend of an inverse relationship between mobility and size, but there 

was a clear difference in the gradient of the lines (Table 7.3), and the 

statistical data suggests that these differences are real. Since both sets of 

compounds bear either full positive or full negative charges they should 

theoretically have the same electrophoretic mobility. 
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Figure 7.9 Comparison between the alkylpyridines and alkylbenzoic 

acids plotted against their van der Waals radii. 

Table 7.3 Regression analysis jor the relationship between 

electrophoretic mobility and van der Waals radii (from Figure 

7.9). 

Compound Set Gradient Intercept Correlation Sample 

Coefficient Size 

Alkylbenzoic acids 2.0 ID e-3 -2.235 e-4 0.975 21 

(Standard Error) (736 e·5) (1.70 e-5) 

Alkylpyridines 3.416 e-3 -5.548 e-4 0.967 21 

(Standard Error) (12.9 e-5) (3.28 e-5) 
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It was important to distinguish whether such differences in the gradients 

of the plots were due to structural differences between the different sets of 

compounds or the conditions under which the compounds were analysed. One 

of the main differences between the two sets of compounds is the buffer that 

the compounds were analysed in to maintain the correct pH for the ionisation 

of compounds. To investigate whether a change in buffer could affect the 

gradient of the mobility-size plot, the benzoic acids were studied in different 

buffers. Since the alkylpyridines were studied in a lithium phosphate buffer, 

two lithium phosphate buffers of pH 8.2 were prepared, the first taking 40 mM 

phosphoric acid and adjusting the pH with 1 M lithium hydroxide, the second 

taking 40 mM lithium hydroxide and adjusting the pH with I M 

orthophosphoric acid. Also since the alkylbenzoic acids were expected to 

interact with counterions in solution, a sodium phosphate buffer was prepared 

to investigate the effects of a different counterion. 

The electrophoretic mobility values of benzoic acid and the homologous 

series 4-methylbenzoic acid to 4-hexylbenzoic acid in different buffers were 

found to be slightly different. The mobility-size plot shows that essentially the 

same gradient for each buffer was obtained with a RSD of 1.6 % between 

different buffers (Table 7.4 and Figure 7.10), but that slightly different 

intercepts were apparent with an RSD between buffers of 2.75 %. The 

gradients were slightly different to the value obtained for the complete set of 

compounds (Table 7.3) since only a selection of n-alkylbenzoic acids were 

included in this study. Electrophoretic mobilities of compounds were not 

corrected using the internal standard benzoic acid to maintain the mobility 

differences between different buffers. 
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Table 7.4 Regression analysis for the benzoic acid mobility versus 

IIR vdw plots, using different buffer compositions. 

Buffer 

Lithium Borate (Borate 50 mM) 

Lithium Phosphate (Phosphate 40 mM) 

Lithium Phosphate (Lithium 40 mM) 

Sodium Phosphate (S odium 40 mM) 

2.9&4 

~ 2.7e-4 
;, 

~ 
l2.5&4 

b 
:a 2.3&-4 
o 

" :; 
~ 2.1904 
o 

" 
1.9&4 

Slope 

2.29 e-3 

2.34 e-3 

2.23 e-3 

2.26 e-3 

Intercept Correlation 
Coefficient 

-2.87 e-4 0.996 

-3.11 e-4 0.994 

-2.96 e-4 0.992 

-2.99 e-4 0.993 

• 

1.7 ... 4 '1'-----+-----+------+------+------< 
0.21 0.22 0.23 0.24 0.25 0.26 

Figure 7.10 The effect of different buffers on the mobility of benzoic acids 

alld the 4-n-alkylbenzoic acids from 4-methylbellzoic acid to 

4-hexylbellzoic acid .. [ • Lithium Borate buffer (Borate 50 

mM);. Lithium Phosphate Bllffer (Lt 40 mM); • Sodium 

Phosphate Buffer (Na+ 40 mM); d Lithium Phosphate Buffer 

(Phosphate 40 mM)] 
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When compared to the gradient obtained for the alkylpyridines (Table 

7.3), the differences between gradients obtained for the benzoic acid mobility

size plots for the four different buffers were small. This indicated that the 

gradient of this line is not controlled by the buffer system alone and thus must 

be a related to properties of the analyte molecule itself. The relative 

differences obtained in different buffer systems for the benzoic acids may be 

compared with the relative differences between electrophoretic mobilities of 

the alkylpyridines at different ionic strengths. 

It has been shown (Section 7.3) that for the compounds containing amino 

groups that the electrophoretic mobilities of compounds were found to be 

generally lower than the electrophoretic mobilities of alkylpyridine 

compounds. This was attributed to the increased interaction between analyte 

and buffer. For the benzoic acids it was expected that a strong interaction 

between buffer and analyte could occur due to the exposed carboxyl group not 

being sterically shielded from ion-counterion interactions. This would be 

expected to lead to lower electrophoretic mobility values for the alkylbenzoic 

acids, and might also explain the different gradients between the sets of 

compounds. 

7.5.2 Shape Modelling of the Alkylbenzoic Acids. 

The alkylbenzoic acids were modelled 111 an identical way to the 

alkylpyridines to model the effective size of the ions in solution and the 

electrophoretic retardation of the ions. For the methylbenzoic acids, the 

following values were obtained assuming the distribution of the negative 

charge to be located on the carboxyl group (Ta,ble 7.5). 
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Table 7.5 Radii values obtained for the methylbellzoic acids. 

Compound Mobility Rvdw R"" Ri 

2-methylbenzoic acid -2.756 e-4 4.054 5.298 2.412 

3-methylbenzoic acid -2.767 e-4 4.058 5.317 2.732 
4-methylbenzoic acid -2.738 e-4 4.058 5.116 2.874 

The rotated radii, R ro" of 2- and 3- methyl benzoic acids are very similar 

but the Ri values, which are a measure of the analytes' ability to rotate against 

the force of electrical alignment differ, with the 3- and 4-methylbenzoic acids 

having higher values than 2-methylbenzoic acid. Applying the model 

developed for the alkylpyridines, the mobility of the methyl benzoic acids is 

not conectly predicted (Table 7.6). The actual electrophoretic mobilities of the 

species' is predicted to be higher than the actual values, as was observed for 

other compound functionalities such as the alkylanilines where the Ri values 

were generally larger than for the alkylpyridines. The mobilities of 2-

methylbenzoic acid and 3-methylbenzoic acid were predicted to be identical 

and this agreed with the very similar experimental results, with these peaks 

always co-migrating. However, the predicted mobility for the 4-methylbenzoic 

acid which is higher than the other isomers, showed a lower experimental 

electrophoretic mobility than its structural isomers. 
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Table 7.6. Comparison between experimental and predicted 

electrophoretic mobilitiesfor the methylbenzoic acids. 

Compound Predicted Mobility Experimental Mobility 
cm2y-'s-' cm2y-'s-' 

2-methylbenzoic acid -2.959 e-4 -2.756 e-4 

3-methylbenzoic acid -2.959 e-4 -2.767 e-4 

4-methylbenzoic acid -3.003 e-4 -2.738 e-4 

A possible explanation for the differences in migration behaviour of the 

methylbenzoic acids is due to the way in which the compounds interact with 

buffer. The electrophoresis effect was modelled to take account of the flow of 

counterions over analyte molecule, however the relaxation effect, which is 

caused by the coulombic interaction between buffer counterion and analyte ion 

was not modelled. For benzoic acid, the region where the asymmetric 

distribution of counterions would build up is around the carboxyl group and 

particularly on the opposite side to the direction of travel of the analyte (Figure 

7.11). 

Such a distribution of counterions would be sensitive to the substitution 

at the 2-position as groups would point into this region of counterions. If a 

region was stericalIy blocked then a smaller interaction between anaIyte ion 

and counterion would result, giving a higher overall mobility for the analyte. 

Representations for the isomeric methylbenzoic acids show the possible 

interaction between analyte ion and counterion (Figure 7.12). 
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Figure 7.11 Asymmetric distribution of counterions around benzoic acid. 

Count.nons InteracIJng 

With Analyte 

Counterion,'nt.racting 

'Mlh Analyl. 

Eloelrophor.~( 

Mo .. ,,, 

Counterions Interacting 

W'" 
El9clrophoretie 
Motion 

Motion 

With Analy!. 

Eloetrophon;Jlic 
Motion 

Figure 7.12 The interaction of COltnteriollS with the methylbellzoic acids. 
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Thus the mobility order expected from consideration of the 

relaxation/steric effects would predict a mobility order of 2-methylbenzoic 

acid, 3-methylbenzoic acid, 4-methylbenzoic acid. The actual separations 

probably include contributions from both effects. 

The buffers used to analyse the benzoic acids contained sodium and 

potassium which are relatively small counterions. For the analysis of the 

alkylpyridines, phosphate and citrate ions were the comparative counterions 

used, thus the interactions could also be stronger for these smaller counterions. 

Other alkbenzoic acid isomers also had quite different mobility orders to 

alkylpyridines and so the model developed for the alkylpyridines was unable 

to account for these compounds. In order to model the mobilities of these 

compounds, other factors would have to be considered. 

7.6 Summary. 

Sets of compounds of similar functionalities were found to fit literature 

relationships relating to the size or mass of analyte ions. When these sets of 

compounds were compared to others of different functionality, differences 

were observed which were attributed to the interaction between analyte ions 

and counterions in solution. Thus, when compared to the alkylpyridines 

studied in chapter 6, analytes containing amino groups exhibited generally 

lower electrophoretic mobilities. 

Some correlation between the mobility orders of the isomeric 

dimethylanilines and the dimethylpyridines was observed, although for the 

alkylbenzoic acids, scrambling of mobility orders was obtained. It was 

proposed that this behaviour was again reiated'to increased analyte-counterion 

interaction for the alkyl benzoic acids. 
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Chapter 8. 

Conclusions. 

Much of the work investigated in CE has been application based. This 

project set out to investigate some of the effects of size, shape and charge on 

electrophoretic mobility with an aim of being able predict electrophoretic 

mobility to aid the pharmaceutical analyst in method development. Literature 

models proved to be capable of descJibing the effect of analyte size on 

electrophoretic mobility for homologous compounds. However they failed to 

describe the shape effects that enabled structural isomers to be separated. and 

to describe the differences between electrophoretic mobilities of compounds of 

different functionalities. 

The use of marker techniques to quote accurate electrophoretic mobilities 

of compounds provided the foundations for future investigations. Analysis of 

the alkylpyJidines showed a unique selectivity in separations which were 

correlated with structural properties to provide a quantitative predictive model 

for the electrophoretic mobilities of alkylpyridines. The models were based on 

the Van der Waals' radii of compounds, their radii when aligned in the applied 

electric field and the distance between the calculated centres of mass and 

charge. 

Analysis of related compounds such as the aminoalkylpyridines. 

alkylanilines and aminobenzenes showed that the different functionalities of 

the compounds affects their electrophoretic mobility behaviour. Such 

behaviour was attributed to increased interaction of analyte and buffer leading 

to the lowered mobilities of compounds. Thus. it is believed that the charge 

delocalisation of the positive charge in the alkylpyJidines together with 
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shielding of the positive charge from aromatic electrons reduces the 

contribution of the buffer to the alkylpyridines. 

Alkylbenzoic acids were also analysed. For such compounds the ions are 

retarded by the flow of counterions over their surface as modelled for the 

alkylpyridines and also the effects of coulombic interactions between analyte 

and counterion, the effect observed for aminoalkylpyridines. Thus two 

mechanisms of separation of structural isomers are established which compete 

against one another. It is believed that the coulombic interaction dominates 

leading to a different selectivity of separations than for alkylpyridines. 

Separations of these compounds are thus detelmined by the amount of steric 

hindrance around the location of the charged moiety. Greater steric hindrance 

leads to lowered analyte - counterion interactions and hence to higher 

electrophoretic mobilities. 

The mobility behaviour has been described qualitatively. Future models 

able to take account of sets of molecules that vary in functionality would have 

to be developed to take account of the interaction between buffer and analyte 

thus the steric hindrance around charges would have to be considered. 

Alkyl bonded capillary columns showed some chromatographic retention 

properties when analysing alkylbenzoic acids by CE. Equations for calculating 

capacity factors of charged compounds relative to their analysis in uncoated 

fused silica capillaries were introduced and shown to give values close to the 

open tubular Le values obtained. With the recent advent of packed capillary 

electrochromatography there is much interest in the combination of 

electrophoretic and chromatographic techniques and with improvements 1I1 

detection performance and miniaturisation open tubular systems may offer an 

attractive alternative to working with packed capillaries. 
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Appendix I. 
Tabulation of Electrophoretic Mobility Data. 

Table l.i IOmM Lithium phosphate buffer pH 2.5; fused silica capillary, 
applied voltage 263 Vcm- l

_ 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm1 VI s·' cm2 VI S·I 

Pyridine 4_399 e-4 2,4,6-Trimelhylpyridine 3_030 e-4 

2-Melhylpyridine 3.813 e-4 3-Elhyl-4-melhylpyridine 3.282 e-4 

3-Melhylpyridine 3.946 e-4 5-Elhyl-2-melhylpyridine 3.179 e-4 

4-Melhylpyridine 3.942 e-4 6-Elhyl-2-melhylpyridine 3.089 e-4 

2-Elhylpyridine 3.447 e-4 N-propylpyridinium bromide 3.437 e-4 

3-Elhylpyridine 3.592 e-4 Z-2-(3-pentenyl)pyridine 2.879 e-4 

4-Elhylpyridine 3.618 e-4 E-2-(3-pentenyl)pyridine 2.834 e-4 

2-Propylpyridine 3.141 e-4 2-(2-aminoelhyl)pyridine 5.386 e-4 

4-Propylpyridinc 3.313 e-4 2-(2-dielhylaminoethyl)pyridine 4.364 e-4 

4-isoPropylpyridine 3.275 e-4 4-(2-dielhylaminoethyl)pyridine 4.660 e-4 

3-Bulylpyridine 3.080 e-4 3-( 4-meth y lam inobul yl)pyridine 5.033 e-4 

2-Pentylpyridine 2.725 e-4 2-(2-melhylaminoelhyl)pyridine 5.043 e-4 

2-Hexylpyridine 2.578 e-4 2-(2-dimcthylamino)elhyl)pyridine 4.939 e-4 

3.4-Dimelh yl pyridinc 3.577 e-4 2-(2-elhylaminoelhyl)pyridine 4.659 e-4 

3,S-Dimclhylpyridinc 3.520 e-4 2-(2-dibulylamino)elhyl)pyridine 3.480 e-4 

2,3-Dimelh y I pyrid ine 3.477 e-4 2-(dimethylruninomelhyl)pyridine 3.146 e-4 

2,4-D imelh ylpyridi ne 3.433 e-4 2-( I-elhylpropyl)pyridine 2.703 e-4 

2,6-Dimelhylpyridine 3.384 e-4 

2,5-Dimelhylpyridine 3.477 e-4 
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Appendix I Tabulation of Electrophoretic Mobility Data 

Table l.ii 20 mM Lithium phosphate buffer pH 2.5; fused silica capillary, 
applied voltage 263 Vcm- l

• 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm} VI s'} cm} Vi S·l 

Pyridine 4.298 e-4 2.4.6-Trimethylpyridine 2.941 e-4 

2-Methylpyridine 3.726 e-4 3-Ethyl-4-methylpyridine 3.194 e-4 

3-Methylpyridine 3.829 e-4 5-Ethyl-2-methylpyridine 3.106 e-4 

4-Methylpyridine 3.830 e-4 6-Ethyl-2-methylpyridine 3.016 e-4 

2-Ethylpyridine 3.378 e-4 N-propylpyridinium bromide 3.338 e-4 

3-Ethylpyridine 3.4 75 e-4 Z-2-(3-pentenyl)pyridine 2.751 e-4 

4-Ethylpyridine 3.500 e-4 E-2-(3-pentenyl)pyridine 2.712 e-4 

2-Propylpyridine 3.088 e-4 2-(2-aminocthyl)pyridine 5.160 e-4 

4-Propylpyridine 3.196 e-4 2-(2-diethylruninocthyl)pyridine 4.082 e-4 

4-isoPropylpyridine 3.167 e-4 4-(2-diethylruninocthyl)pyridine 4.437 e-4 

3-Butylpyridine 2.949 e-4 3-(4-methylruninobutyl)pyridine 4.737 e-4 

2-Pentylpyridine 2.710 e-4 2-(2-methylruninoethyl)pyridine 4.806 e-4 

2-Hexylpyridine 2.570 e-4 2-(2-dimeth ylamino )ethy 1 )pyridine 4.649 e-4 

3.4-Dimethy I pyridine 3.467 e-4 2-(2-ethylruninocthyl)pyridine 4.405 e-4 

3.5-Dimethylpyridine 3.407 e-4 2-(2-dibutylrunino)ethyl)pyridine 3.260 e-4 

2.3-Dimethylpyridine 3.360 e-4 2-(dimethylruninomethyl)pyridine 3.012 e-4 

2.4-Dimethy I pyrid ine 3.320 e-4 2-(l-ethylpropy I )pyridine 2.616 e-4 

2.6-Dimethylpyridine 3.282 e-4 

2.5-Dimethylpyridine 3.360 e-4 

174 



Appendix I Tabulation a/Electrophoretic Mobility Data 

Table I.W 40 mM Lithium phosphate buffer pH 2.5;fused silica capillary, 
applied voltage 263 Vcm·1

• 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm2 Vi S·l cm1 VI S-l 

Pyridine 4.176 e-4 2,4 ,6-Trimethylpyridine 2.849 e-4 

2-Methylpyridine 3.581 e-4 3-Ethyl-4-methylpyridine 3.071 e-4 

3-Methylpyridine 3.721 e-4 5-Ethyl-2-methylpyridine 2.976 e-4 

4-Methylpyridine 3.722 e-4 6-Ethyl-2-methylpyridine 2.904 e-4 

2-Ethylpyridine 3.222 e-4 N-propylpyridinium bromide 3.249 e-4 

3-Ethylpyridine 3.366 e-4 Z-2-(3-pentenyl)pyridine 2.640 e-4 

4-Ethylpyridine 3.397 e-4 E-2-(3-pentcnyl)pyridine 2.602 e-4 

2-Propylpyridine 2.923 e-4 2-(2-aminoethyl)pyridine 4.787 e-4 

4-Propylpyridine 3.097 c-4 2-(2-dicthylaminoethyl)pyridine 3.761 e-4 

4-isoPropylpyridinc 3.059 e-4 4-(2-dicthylaminoethyl)pyridine 4.176 e-4 

3-Butylpyridine 2.848 e-4 3-( 4-methylaminobur yl)pyridine 4.449 e-4 

2-Pcmylpyridine 2.534 e-4 2-(2-mcthylaminoethyI)pyridine 4.439 e-4 

2-Hexylpyridine 2.391 e-4 2-(2-dimethylamino)ethyl)pyridine 4.404 e-4 

3 A-Dimcthy I pyridine 3.349 e-4 2-(2-ethylaminoethyl)pyridine 4.310 e-4 

3,5-Dimethy I pyridine 3.285 e-4 2-(2-dibutylamino)ethyl)pyridine 3.088 e-4 

2.3-Dimcthylpyridine 3.236 e-4 2-(dimethylaminomethyl)pyridine 2.990 e-4 

2A-Dimethyl pyridine 3.196 e-4 2-( I-ethylpropyl)pyridine 2.521 e-4 

2,6-Dimcthylpyridine 3.168 e-4 2-'butylpyridine 2.748 e-4 

2,5-Dimethylpyridine 3.236 e-4 4-'butylpyridine 2.838 e-4 

2,4 ,6-tri'butylpyridine 1.809 e-4 
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Table l.iv 

Tabulation of Electrophoretic Mobility Data 

60 mM Lithium phosphate buffer pH 2.5; fused silica capillary, 
applied voltage 263 Vcm· l

• 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm2 VI S·I cm1 Vi S·l 

Pyridine 4.115 e-4 2-(2-mninoelhyl)pyridine 4.609 e-4 

2-Melhylpyridine 3.518 e-4 2-(2-dielhylmninoclhyl)pyridine 3.623 e-4 

3-Melhylpyridine 3.664 e-4 4-(2-dielhylaminoclhyl)pyridine 4.020 e-4 

4-Melhylpyridine 3.663 e-4 3,4-Dimelh y 1 pyridine 3.295 e-4 

2-Elhylpyridine 3.161 e-4 3,5-Dimclhylpyridine 3.231 e-4 

3-Elhylpyridine 3.311 e-4 2,3- D imelhy 1 pyridine 3.182 e-4 

4-Elhylpyridine 3.340 e-4 2.4 -D imelh y 1 pyridine 3.140 e-4 

2-Propylpyridine 2.863 e-4 2,6-Dimelhylpyridine 3.122e-4 

4-Propylpyridinc 3.042 e-4 2.5- Dimelhylpyridine 3.182 e-4 

3-Butylpyridine 2.795 e-4 

2-Pentylpyridine 2.554 e-4 

2-Hexylpyridine 2.476 c-4 
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Table I.v 

Tabulation ojElectropiwrelic Mobility Data 

80 mM Lithium phosphate buffer pH 2.5; fused silica capillary, 
applied voltage 263 Vcm·1

• 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm 2 Vi S·l clli Vi S·I 

Pyridine 4.047 e-4 2-(2-mninoelhyI)pyridine 4.425 e-4 

2-Melhylpyridine 3.463 e-4 2-(2-dielhylmninoelhyl)pyridine 3.481 e-4 

3-Melhylpyridine 3.604 e-4 4-(2-dielhylmninoelhyl)pyridine 3.892 e-4 

4-Melhylpyridine 3.607 e-4 3,4-Dimelhylpyridine 3.246 e-4 

2-Elhylpyridine 3.114 e-4 3.5-D imelhy 1 pyridine 3.182 e-4 

3-Elhylpyridine 3.258 e-4 2.3-Dimelhyl pyridine 3.132 e-4 

4-Elhylpyridine 3.290 e-4 2,4-Dimelhylpyridine 3.089 e-4 

2-Propylpyridine 2.820 e-4 2,6-Dimelh y 1 pyridine 3.089 e-4 

4-Propylpyridine 2.997 e-4 2.5-D imelhy 1 pyridine 3.132 e-4 

3-Bulylpyridine 2.752 e-4 

2-Pemylpyridine 2.448 e-4 

2-Hexylpyridine 2.304 e-4 
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Table I.vi 

Tabulation of Electrophoretic Mobility Data 

100 mM Lithium phosphate buffer pH 2.5; fused silica capillary, 
applied voltage 263 Vcm·1

• 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm1 VI S·l cm1 VI s'/ 

Pyridine 3.993 e-4 2-(2-am inoclh y 1 )pyridine 4.303 e-4 

2-Melhylpyridine 3.418 e-4 2-(2-diclhylaminoclhyl)pyridine 3.396 e-4 

3-Mclhylpyridinc 3.560 e-4 4-(2-dielhylaminoclhyl)pyridine 3.803 e-4 

4-Mclhylpyridinc 3.561 e-4 3,4-Dimelhylpyridine 3.206 e-4 

2-Elhylpyridinc 3.078 e-4 3,5-Dimclhylpyridinc 3.142 e-4 

3-Elhylpyridinc 3.219 e-4 2.3-Dimelhylpyridinc 3.091 e-4 

4-Elhylpyridine 3.248 e-4 2.4- D imelh y I pyridine 3.055 e-4 

2-Propylpyridine 2.789 e-4 2,6-Dimelhylpyridine 3.055 e-4 

4-Propylpyridinc 2.960 e-4 2,5-Dimel h y Ipyridine 3.091 e-4 

3-Bulylpyridine 2.749 e-4 

2-Pelllylpyridine 2.416 e-4 

2-Hexylpyridine 2.278 e-4 
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Table I. vii 50 mM Lithium borate bllffer pH 8.5; fllsed silica capillary, 
applied voltage 263 Vcm·1

• 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm1 VI S·l cm2 VI s'/ 

Benzoic acid ·2.996 e·4 3.5·Dimcthylbenwic acid ·2.520 e·4 

2·Methylbenzoic acid ·2.756 e·4 2,5·Dimethylbenzoic acid ·2.548 e-4 

3·Mcthylbcnzoic acid ·2.767 e·4 2.6·Dimethylbenzoic acid ·2.520 c·4 

4·Methylbenzoic acid ·2.738 e·4 2,4·Dimethylbenzoic acid ·2.519 c·4 

4·Ethylbenzoic acid ·2.573 e·4 3,4·Dimethylbenzoic acid ·2.543 e·4 

4·Propylbenzoic acid ·2.424 e·4 2,3·Dimethylbenzoic acid ·2.578 e·4 

4·isoPropylbcnzoic acid ·2.407 e·4 2,4.6· Trimethylbenzoic acid ·2.345 e·4 

4·Butylbcnzoic acid ·2.298 e-4 2-Aminobcnzoic acid ·2.955 e·4 

4·Pentylbenzoic acid ·2.193 e·4 3·Aminobenzoic acid ·2.811 e-4 

4·Hexylbenzoic acid ·2.067 e·4 4·Aminobenzoic acid ·2.777 e·4 

4·Heptylbenzoic acid ·1.979 e·4 2·(dimethylamino)benzoic acid ·1.387 e·4 

4·0ctylbenzoic acid ·1.948 c-4 3·(dimethylamino)benzoic acid ·2.461 e-4 

4·Nonylbenwic acid ·1.892 e·4 4·(dimethylamino)benzoic acid ·2.417 e·4 

4·Decylbenzoic acid ·1.880 e·4 2·(methylamino)bcnzoic acid ·2.739 e·4 

2·lodobenzoic acid ·2.662 e-4 4·(methylamino)benzoic acid ·2.546 e-4 

3·lodobenzoic acid ·2.666 e·4 

4·lodobenzoic acid ·2.647 e·4 
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Table l.viii 50 mM Lithium borate buffer pH 8.5; Cl capped capillary, 
applied voltage 263 Vcm·1

• 

Compound Electrophoretic Compound Electrophoretic 

Mobility Mobility 

cm2 VI S·l cm2 VI S·l 

Benzoic acid ·2.996 e·4 3,5-Dimelhylbenzoic acid -2.546 e-4 

2-Melhylbenzoic acid -2.760 e-4 2.5-Dimelhylbenzoic acid -2.582 e-4 

3-Melhylbenzoic acid -2.763 e-4 2,6-Dimelhylbenzoic acid -2.540 e-4 

4-Methylbenzoic acid -2.732 e-4 2,4-Dimethylbenzoic acid -2.545 e-4 

4-Elhylbenzoic acid -2.575 e-4 3,4-Dimelhylbenzoic acid -2.570 e-4 

4-Propylbenzoic acid -2.420 e-4 2,3-Dimelhylbenzoic acid -2.591 e-4 

4-isoPtopylbenzoic acid -2.412 e-4 2,4.6-Trimethylbenzoic acid -2.536 e-4 

4-Bulylbenzoic acid -2.302 e-4 2-Aminobenzoic acid -2.957 e-4 

4-Penlylbenzoic acid -2.203 e-4 3-Aminobcnzoic acid e-4 

4-Hexylbenzoic acid -2.124 e-4 4-Aminobenzoic acid -2.786 e-4 

4-Heplylbenzoic acid -2.106 e-4 2-(dimclhylrunino)benzoic acid -1.260 e-4 

4-0clylbenzoic acid -2.201 e-4 3-(dimethylrunino)benzoic acid -2.479 e-4 

4-Nonylbenzoic acid -2.636 e-4 4-(dimelhylrunino)benzoic acid -2.458 e-4 

4-Decylbenzoic acid -2.631 e-4 2-(melhylrunino)benzoic acid -2.754 e-4 

2-Iodobenzoic acid -2.671 c-4 4-(melhylamino)benzoic acid e-4 

3-Iodobenzoic acid -2.675 e-4 

4-Iodobenzoic acid -2.652 e-4 
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Table l.ix 50 mM Lithium borate buffer pH 8.5; CI8 capped capillary, 
applied voltage 263 Vcm·1

• 

Compound Electrophoretic Mobility 
cm2 VI S·l 

Benzoic acid ·2.996 e-4 

4-Methylbenzoic acid -2.732 e-4 

4-Ethylbenzoic acid ·2.574 e-4 

4-Propylbenzoic acid ·2.417 e-4 

4-Butylbenzoic acid -2.300 e-4 

4-Pentylbenzoic acid -2.198 e-4 

4-Hexylbenzoic acid -2.112 e-4 

4-Heptylbenzoic acid -2.072 e-4 

4-Octylbenzoic acid -2.070 e-4 

4-Nonylbenzoic acid -2.301 e-4 

4-Decylbenzoic acid -
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Appendix 11 
Survey of Ionisation Constants 

The ionisation constant of a compound detennines its charge at a 

particular pH, which is detennined by the Hendersson-Hasselbach equation 

(IU) [105]. 

[A -] 
pH = pKa + log ~~ 

[HA] 
(II.i) 

where [A-] is the concentration of the dissociated acid (or deprotonated 

base) and [HA] is the concentration of the protonated acid (or free base). For 

the alkylpyridines, the pH of the background electrolyte was usually 2.5. At 

this pH, pyridines and alkylpyridines with pKa values typically in the region 5-

6 were fully protonated. For work at higher pH values or for compounds with 

lower pKa values, such as the investigation of the dimethylpyridines across the 

pH range (section 4.5) and the separations of aminoalkylpyridines (section 

6.6), the ionisation constants must be known in order to be able to predict the 

partial charge on the analytes. 

Ionisation constants were obtained from three sources (Tables IIj for the 

alkylpyridines, alkylanilines and aminoalkylpyridines, Table IIii for the 

alkylbenzoic acids). Literature data [115, 116] provides collections of 

ionisation constants for acids and bases. When comparing the published 

ionisation constants of closely related compounds, it is necessary to ensure 

that the ionisation constants were measured by the same method, preferably 

during the same study. Literature ionisation constants quoted in Tables llj and 

II.ii were determined by potcntiometric titration. 

Estimated pKa data were obtained from the program pKalc which 

calculates the contributions of functional groups to estimate pKa values based 

on the work of Perrin [87]. It was found that these values were generally close 

to published values for compounds with one ion is able group although for 
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closely related compounds such as the dimethylpyridines some scrambling of 

values could occur. 

The ionisation constants for the aminoalkylpyridines, with two ionisable 

nitrogen atoms, were also measured experimentally by potentiometric titration 

as described by Avdeef et al. [85, 86]. It was important to have reliable pKa 

data for these compounds since corrections to electrophoretic mobility were 

made, based on the effective charge on compounds at a particular pH. 
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Table Il.i Ionisation constants for the basic compounds studied 
(Alkylpyridines, alkylanilines and aminoalkylpyridines). 

pKa Values 

Compound Literature Estimated Experimental 
[103] [87] 

pyridine 5.23 5.25 -
2-Methylpyridine 6.06 6.02 6.05 
3-Methylpyridine 5.70 5.60 -
4-Methylpyridine 5.99 6.08 -
2-Ethylpyridine 5.99 6.02 -
3-Ethylpyridine 5.70 5.66 -
4-Ethylpyridine 6.03 6.14 -
2-Propylpyridine 5.97 6.08 -
4-Propylpyridine 6.05 6.14 -
N,Il-Propylpyriclinium bromide 
4-isoPropylpyricline 6.02 6.14 -
2,4 ,6-Trimeth yl pyridi ne 7.43 7.61 -
3-Butylpyridine - 5.66 -
2-Pentylpyridine 6.00 6.19 -
2-( I-Ethylpropyl)pyridine 5.86 
2-(3-Pentenyl)pyridine - 5.23 -
2-Hexylpyridine - 6.19 -
2-tert-B utylpyridine - -
4-tert -B uty Ipyrid ine 5.99 6.14 -
2,4-Dimethylpyridine 6.99 6.84 -
3,5-Dimethylpyridine 6.15 5.96 -
3,4-Dimethylpyricline 6.46 6.43 -
2,3-Dimethylpyridine 6.57 6.37 -
2,6-Dimethylpyridine 6.60 6.78 -
2,5-Dimethylpyridine 6.40 6.37 -
5-Ethyl-2-ethylpyridine - 6.43 -
6-Ethyl-2-ethylpyridine - 6.78 -
3-EUlyl4-ethylpyridine - 6.49 -
2,4,6-Tri-tert-butylpyridine - 7.43 -
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Table I/.i (Continued) 
Ionisation constants for the basic compounds studied 

(Alkylpyridines, alkylanilines and aminoalkylpyridines). 

pKa Values 

Compound Literature Estimated Experimental 
[103] [87] 

2-(2-Aminocthyl)pyridine 9.52. 3.80 9.22.4.57 9.68. 3.98 
2-(2-Diethylaminoethyl)pyridine - 9.29.4.24 9.62.3.64 
4-(2-Diethylaminoethyl)pyridine - 9.87.4.24 9.46,5.02 
3-(4-Methylaminobutyl)pyridine - 10.39,5.66 10.4.5.46 
2-(2-Methylaminocthyl)pyridine - 9.43.4.33 9.43,4.33 
2 -(2-(Dimethylam ino )ethy I)pyri cl i ne - 8.23.4.42 9.08.3.72 
2-(2-Etllylaminoethyl)pyridine - 9.98.4.80 9.98,4.80 
2-(2-Dibutylaminocthyl)pyricline - 8.95.4.24 9.68.3.80 
2-(Dimethylaminomethyl)pyridine 6.77.2.71 8.21. 1.42 
Acridine 6.80 
I-Amino-5.6. 7 .8-tetrahydronapthalene 7.34 
m-Xylylenediamine 9.72. 8.75 
p-Xylylenediamine 9.81.8.78 
N-Phenylethylenediamine 10.18.0.56 
2,4-Dimethylaniline 4.84 
2.6-Dimcthylaniline 3.95 
3.5-Dimethylaniline 4.78 
2.3-Dimethylaniline 4.72 
2.5-Dimethylaniline 4.57 
3,4-Dimethylaniline 5.17 
N-Methylaniline 4.84 
N,n-Propylaniline 4.79 
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Table Il.ii Ionisation consUlntsjor the alkylbenzoic acids. 

pKa Values 

Compound Literature Estimated 
[113] [87] 

Benzoic Acid 4.20 
2-Methylbenzoic acid 3.93 3.88 
3-Methylbenzoic acid 4.29 4.26 
4-Methylbenzoic acid 4.41 4.34 
4-Ethylbenzoic acid 4.35 
4-Propylbenzoic acid 4.35 
4-isoPropylbenzoic acid 4.36 4.35 
4-Butylbenzoic acid 4.35 
4-Pentylbenzoic acid 4.35 
4-Hexylbenzoic acid 4.35 
4-Heptylbenzoic acid 4.35 
4-Octylbenzoic acid 4.35 
4-Nonylbenzoic acid 4.35 
4-Dccylbenzoic acid 4.35 
2.5-Dimethylbenzoic acid 4.04 3.97 
3,4-Dimethylbenzoic acid 4.50 4.40 
2,4-Dimethylbenzoic acid 4.30 4.08 
3,5-Dimethylbenzoic acid 4.39 4.32 
2,3-Dimethylbenzoic acid 3.80 3.97 
2,6-Dimethylbenzoic acid 3.26 3.47 
2,4,6-Trimethylbenzoic acid 3.67 
2-Aminobenzoic acid 2.11,4.95 2.05,4.95 
3-Aminobenzoic acid 3.12,4.74 3.53,4.32 
4-Aminobenzoic acid 2,41,4.85 3.67,3.89 
2-Dimethylaminobenzoic acid 8.51 3.77,5.51 
2-Iodobenzoic acid 2.86 
3-Iodobenzoic acid 3.85 
4-Iodobenzoic acid 3.99 
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Study of the Alkylpyridines by HPLC. 

1. Introduction. 

High perfonnance liquid chromatography (HPLC) offers an alternative 

method for the separation of compounds to CE. In reversed-phase (RP) HPLC 

compounds are separated according to their partition between a non-polar 

stationary phase and a polar water-organic modifier mobile phase. Thus 

compounds separate according to their hydrophobicity which is linked to the log 

P [114] of the compounds, the partitioning constant for the distribution of a 

compound in a solvent-water mixture (usually octanol). The pH of the mobile 

phase in liquid chromatography can be altered by using buffers. but suppression 

of ionisation by organic solvents often causes a shift in pKa values of compounds 

to values lower than their pKa values in aqueous media. 

Claessens et al. [115] used the probe compounds 2-hexyl- and 2-

heptylpyridine in a study of eight columns. The analysis of basic compounds. 

such as pyridine and its derivatives can be used to probe the heterogeneity of the 

RP surface and changes that can occur in the surface with time .. Large differences 

in the asymmetry of peaks were observed with simple organic solvent-water 

mixtures and acetonitrile gave rise to the most asymmetric peaks. In another study 

by McCalley [116]. relatively little difference in asymmetry when using 

acetonitrile-water compared to methanol-water was observed for pyridine. He 

also studied the perfonnance of pyridine and pyridine derivatives [117.118] on a 

range of commercially available ODS stationary phases. Significant peak shape 

differences were obtained for pyridine and alkyl-substituted derivatives when , 

using a silica-based RP column. Such differences were attributed to steric 
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hindrance around the basic nitrogen In 2-substituted derivatives, leading to 

reduced silanol interactions. 

In this study, the selectivity of some octadecyl silica (ODS) reversed phase 

columns are studied for the separations of the dimethylpyridines (DMPs) and the 

correlation of retention with log P values for the DMPs is investigated. The 

optimisation of the separation of the DMPs by variation of apparent pH of mobile 

phase is also investigated and comparisons are drawn with the separation of the 

DMPs by CE [119] at different pH values. 

2. Experimental. 

Chemicals. 

All alkylpyridines (Aldrich, Poole, UK) were used as received. Acetonitrile 

of HPLC grade was obtained from FSA (Loughborough, Leics. UK). Buffers were 

prepared from potassium dihydrogen phosphate of analytical grade (FSA) and 

sodium hydroxide of analytical grade (FSA). 

Apparatus. 

The HPLC apparatus consisted of a two constaMetric® 3000 HPLC pumps 

(Milton Roy LDC, Florida, USA) and a constaMetric® 3500 HPLC pump 

(Milton-Roy LDC Analytical), dynamic mixer, a column temperature controller 

unit (lones Chromatography), autosampler (Spark-Holland) containing a 7010-

080 valve (Rheodyne), and a spectroMonitor® 5000 diode array detector (Milton

Roy LDC Analytical). A personal computer ran the system using LCtalk software 

(LCD Analytical). 
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Methods. 

Alkylpyridine stock solutions were prepared by diluting 20 mg of the 

alkylpyridine in water: acetonitrile mixture (10 mL, 70:30 by volume). Sample 

solutions were prepared by taking 0.5 mL of each alkylpyridine solution and 

diluting it in 10 mL of mobile phase. 20 j.lL samples were injected and separated 

at 1 mLmin-l. UV absorbency was monitored at 254 nm. 

The stationary phases were used as received and were 5 j.lm particles packed 

in 25 cm x 4.6 mm coolumns. The phases used were Inertsil ODS (HICROM) 

Spherisorb ODS-l (HICROM), Spherisorb ODS-B (Phasesep, Deeside), and 

Primesphere (Phenomenex, Macclesfield). 

3. Results & Discussion. 

Study at pH 8.0. 

With pKa values in the region 5-6 (Appendix II) [103] it was expected that 

the DMPs would be uncharged at pH 8.0. The four different stationary phases 

were investigated with the OMPs as test compounds. As would be expected, for 

the four different reversed phase materials general similarities in retention 

behaviour between columns was observed. For Primesphere OOS and Inertsil 

ODS the elution order 2,6-0MP, 2,3-DMP, 2,4-DMP, 2,5-DMP, 3,4-DMP, 3,5-

DMP was observed although 2,5-DMP and 2,4-DMP were not resolved on the 

Ineltsil ODS column. Maximum resolution of the compounds was obtained at 

30% acetonitrile mobile phase. For Spherisorb ODS-B and Spherisorb ODS-I 

higher retention times were observed and the elution order of 2,5-DMP and 2,4-

DMP were transposed giving an elution order of 2,6-DMP, 2,3-0MP, 2,5-DMP, 
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2,4-DMP, 3,4-DMP, 3,5-DMP. The retention factors show this general trend in 

selectivity (Table Ill.i). Reasons for the reversal in the retention order of 2,5-

DMP and 2,4-DMP are unclear. 

Table IIl.i 

Compound 

3.5-DMP 

3,4-DMP 

2,5-DMP 

2,4-DMP 

2,3-DMP 

2,6-DMP 

Retention factors for the dimethylpyridines separated on 

four commercially available stationary phases. 30% 

Acetonitrile : 70% phosphate buffer (apparent pH B.O) 

mobile phase. 

Retention Factors k 

Phenomenex IncrtsiI ODS Spherisorb Spherisorb 

Primesphere ODS-B ODS-1 

3.89 3.98 5.60 6.98 

3.37 3.48 5.26 6.97 

3.08 3.28 4.51 6.13 

3.03 3.28 4.75 6.88 

2.89 3.11 4.31 6.11 

2.45 2.68 3.36 4.70 

The separation of compounds may be related to their log P values, thus the 

log P of the DMPs were calculated using ProLogD. The values calculated for 

each isomer was the same at 1.67. Literature values were found. Only the logP 

values of three DMPs were available (Table III.ii) [114]. 
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Table Ill.ii 
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Compound 

2.6-DMP 

2,4-DMP 

2,3-DMP 

3,4-DMP 

2.5-DMP 

3.5-DMP 

Study of the dimethyipyridines by HPLC 

Literature values of log P values in benzene-water [114] 

and pKa values [103] for the dimethylpyridines. 

pKa LogP 

6.77 1.31 

6.72 1.36 

6.60 -

6.52 -

6,47 -

6.25 1.51 

-+-- Prirms~e 

--....- lrer1sil (X)S 

----+---- S~isabCOS-B 

----- S P1erisab (x)s-1 

0+-~--~--r--+--1---r--+--+-~r--+~ 

1.3 1.32 1.34 1.36 1.38 1.4 1.42 1.44 1.46 1.48 1.5 1.52 

Figure Ill.i 

log!' 

The correlation between literature log P values and the 

retention factors obtained for 2,6-DMP, 2,4-DMP and 3,5-

DMP. 

/9/ 



Appendix III Study of the dimethylpyridines by HPLC 

A correlation between log P and the retention factors for the DMPs was 

observed (Figure IIl.i) for each stationary phase. However, one would expect the 

retention factor of a compound to increase with increasing 10gP based on the 

hydrophobicity of compounds. For the DMPs the reverse of this behaviour was 

observed and reasons are unclear. 

Study across the pH range. 

By varying the charge on the DMPs the effective polarity of the analytes can 

be changed and thus different retention times of compounds was expected. 

Charges on the DMPs vary according to the pKa of the analytes and thus different 

elution orders of compounds may occur. The pKa values of the DMPs have been 

quoted elsewhere [103, Table II.i] and combining the retention factors of the 

separation at pH 8.0 (where the DMPs were expected to be neutral) with the 

Hendersson-Hasselbach equation [105] (equation UI.i) a retention-pH profile 

could be constructed (Figure [JI.2 for Primesphere). Such a pH proftJe assumes 

that the chromatographic retention of analytes is proportional to the charge on the 

analytes with the constant of proportionality being the chromatographic retention 

of the neutral analyte. 

k-k( I ) 
- 8 1 + lOpKa-pll (III.i) 

whcre k is the retention factor of the compound at any pH and ks is the 

retention factor of the compounds at pH 8. For such a relationship to hold, the 

compounds must be unretained at low pH (k = 0). The retentions of the 

compounds were measured at pH 2.5 and found to be identical to pyridine which 

was used as a viod volume marker at this pH. 
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1--0-- 2.6-DtvP --0-- 2A.[)~ ---+- 2,3-QMJ -+- 3,4-DNP ----6-- 2.5-DM' --- 3.5-0tvP I 

Figure IIl.ii Retention factor - pH profile for DMPs 011 Primesphere 

predicted from pKa data and the measured retentiollfactors 

of the DMPs at pH 8.0. 

Similar curves for the predicted retention factor-pH profiles were also 

calculated for the other stationary phases. An optimum pH for separation of the 

DMPs was predicted to occur at pH 6.7 [I 19], based on the largest difference in 

effective charge between analytes. To compare the calculated retention factors 

(Figure JII.ii) and the experimental change in retention factor with pH the 

retention factors of each compounds were measured at different pH values (Table 

1II .iii) for Primesphere.The elution order of the compounds changed as predicted 

with an optimum separation at pH 5.8 (Figure III.3). However, the changes in 

retention order occured at a lower apparent pH than was predicted which is 

probably due to the presence of acetonitrile in the mobile phase causing 

suppression of ionisation. The main reversal in elution order is for 2,4-DMP and 

2,3-DMP. A previous study of the DMPs by CE showed a greater scrambling in 

migration order between pH 2.5 and pH 7 [119]. For HPLC, only small changes 
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in elution order occur because of the similarities between the mechanisms of 

separation since the charge on the DMPs is linked to the polarity of the 

compounds. 

4 

3.5 

" 3 

! 
.~ 2.5 

il. 
il 2 

1.5 

5.5 

Figure I//.;;i 

• • 

6 6.5 7 7.5 8 

pH 

Variation ill retention factors for the DMPs with apparent 

pH of the acetonitrile : phosphate buffer mobile phase 

(30:70). Primesphere ODS stationary phase. 
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Table IlI.iii 

pH 

5.8 

6.2 

6.5 

6.8 

7.1 

7.4 

8.0 

Study of the dimethyipyridines by HPLC 

Retention factors for the DMPs with different pH. 

Acetonitrile : phosphate bUffer mobile phase (30:70), 

Primesphere stationary phase. 

Retention Factors 

2,6-0MP 2,4-DMP 2,3-0MP 3,4-0MP 2,5-0MP 3,5-DMP 

1.35 1.74 1.91 2.40 2.23 3.29 

1.83 2.31 2.38 2.89 2.67 3.61 

2.10 2.62 2.60 3.09 2.84 3.71 

2.27 2.84 2.75 3.22 2.96 3.82 

2.36 2.89 2.80 3.29 3.02 3.84 

2.40 3.02 2.87 3.36 3.05 3.85 

2.45 3.03 2.89 3.37 3.08 3.89 

The predicted retention factor - pH profile for Spherisorb ODS-B (Figure 

rn.iv) and the experimental results (Figure nr.5, Table IIIA) also show a 

correlation with the optimum separation occurring at pH 5.8, a shift of 

approximately one pH unit from the predicted optimum. The cross over in the 

retention order of 2,3-DMP and 2,4-DMP is clearly seen for this stationary phase. 

For this stationary phase resolution of all six isomers can be achieved at either pH 

8.0 or pH 5.8. 
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Appendix III 

Table III.iv 

pH 

5.8 

6.2 

6.5 

6.8 

7.1 

7.4 

8.0 

Study of the dimethylpyridines by HPLC 

Retention factors for the DMPs with varying pH. 30:70 

acetonitrile : water mobile phase, Spherisorb ODS-B 

stationary phase. 

Retention Factors 

2,6-0MP 2,4-0MP 2,3-0MP 3,4-0MP 2,5-0MP 3,5-0MP 

2.14 3.05 3.13 4.10 3.59 5.06 

2.77 4.00 3.86 4.85 4.18 5.51 

3.05 4.39 4.09 5.11 4.40 5.64 

3.26 4.62 4.32 5.39 4.48 5.84 

3.34 4.74 4.31 5.34 4.52 5.73 

3.37 4.77 4.32 5.28 4.54 5.64 

3.36 4.75 4.31 5.26 4.51 5.60 
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4 4.5 5 5.5 6 6.5 

pH 

Study of the dimethylpyridines by HPLC 

7 7.5 8 8.5 9 

1-0-- 2,6-0tvP ~ 2A-DrvP ---.- 2,3-DfvP ---+-- 3,4-DtvP ----....-- 2.5-DtvP ------ 3.5-DfvP I 

Figure I11.iv Rete1ltio1l factor - pH profile for Spherisorb ODS-B 

predicted from pKa data and the retentio1l factors of the 

DMPs at pH 8.0. 
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6 

5.5 

5 

4.5 

£ 4 
~ 
.~ 3.5 

• J 3 

2.5 

2 

1.5 

Study ofrhe dimethylpyridines by HPLC 

1 +---------~-----------r----------+_--------~----------~ 

5.5 6 6.5 7 7.5 8 

pH 

1----<>--- 2.6-DNP ----0-- 2,4-LJMJ --+-- 2,3-D1'vP --+-- 3A-DtvP -....- 2.5-DM> ----- 3,5-D1'vP I 

Figure 111.5 Variation in retention factors for the DMPs with apparent 

pH of the 30:70 acetonitrile : phosphate buffer mobile 

phase. 
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Appendix 1lI Study of the dimethylpyridines by HPLC 

4. Conclusions. 

The dimethylpyridines were separated by HPLC. As neutral molecules the 

DMPs were shown to elute in order of their 10gP values (where known) although 

small differences in selectivity between commercial stationary phases was 

observed. By adjusting the apparent pH of the buffered mobile phase differences 

in the elution order of the DMPs were observed, and the order of elution was 

governed by the differences in the dissociation constants of the compounds. 
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Appendix IV 

Presentations and Publications 

Oral Presentations 

1. Optimisation of the Separation of Six Dimethylpyridines by 

Capi/lQly Electrophoresis. 

Research Topics in Chromatography, (Chromatography and 

Electrophoresis Group; South East Region of the Analytical 

Division, University of Surrey) April 95. 

2. The Effects of Size and Shape on the Mobility of Analytes by 

Capillary Electrophoresis. 

Zeneca Pharmaceuticals, Macciesfield, December 96. 

3. Prediction of Electrophoretic Mobility in CapillQly Electrophoresis 

by Molecular Modelling. 

Research and Development Topics in Analytical Chemistry 

meeting, Nottingham Trent University, 22-23 July 1996. 

4. Effect of Size and Shape on Electrophoretic Mobility of Analytes in 

Capillary Electrophoresis. 

19th International Symposium on Chromatography, Stuttgart 

(September 1996). 
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Appe/1dix IV Presentations and Publications 

Poster Presentations 

1. Molecular Size/Shape Effects In the Separation of the 

Dimethylpyridines and Related Compounds by Capillary 

Electrophoresis. 

18th International Symposium on Chromatography, Bournemouth 

(19-24 June 1994). 

2. Separation and Identification of the Z and E Isomers of 2-(3-

pentenyl}pyridine by Capillary Electrophoresis and Nuclear 

Magnetic Resonance. 

Research and Development Topics in Analytical Chemistry meeting 

(18-19 July 1994) and Third International Symposium on Capillary 

Electrophoresis (24-26 August 1994, University of York). 

3. Molecular Charge Effects in the Separation of Substituted 

Pyridines by Capillary Electrophoresis. 

Poster presentation at the Third International Symposium on 

Capillary Electrophoresis (24-26 August 1994, University of York) 

4. The Investigation of Substituted Pyridines by Capillary 

Electrophoresis and Molecular Modelling. 

HPLC '95, Innsbruck, Austria, 30 May - 2 June 1995 and SAC 

conference, Hull, 19-21 July 1995. 

5. Modelling of the Diffusion Characteristics of Alf...ylpyridines under 

Electrophoresis. 

Research and Development Topics 111 Analytical Chemistry 

meeting, Hull, 18-19 July 1995. 
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6. Modelling of the Shapes of Compounds by Capillary 

Electrophoresis. 

Eighteenth International Symposium on Capillary Chromatography, 

Riva del Garda, Italy, 20-24 May 1996 

7. The Retention of Alkylbenzoic Acids in Alkyl Bonded Capillaries by 

Capillary Electrophoresis. 

Eighteenth International Symposium on Capillary Chromatography, 

Riva del Garda, Italy, 20-24 May 1996 

8. Modelling of the Shapes of Compounds by Capillary 
Electrophoresis. 

Fourth International Symposium on Capillary Electrophoresis (21-

23 August 1996, University of York). 

Publications 

1. Molecular Size/Shape Effects In the Separation of the 

Monosubstituted Alkyl Pyridines using Capillary Electrophoresis. 

Electrophoresis, 1994, 15,635-639. 

2. Separation and Identification of the Z and E Isomers of 2-(3-

pentenyl)pyridine by Capillary Electrophoresis and Nuclear 

Magnetic Resonance Spectroscopy. 

J. Chromatogr. A, 1995, 700, 69-72 

3. Optimisation of the Separation of the Six Dimethylpyridines by 

Capillary Electrophoresis. 

J. Chromatogr. A, 1996,730,321-328. 
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Molecular size/shape effects in the separation of the 
monosubstituted alkyl pyridines using capillary 
electrophoresis 

A ;eries of monosubstituted alkyl pyridines have been used to investigate the 
presence of molecular size/shape effects in capillary electrophoresis and the 
applicability of various descriptors in discriminating not only between deriva
tives of differing chain length but also between positional isomers. Although 
van de Waals' radii and Offord's parameters are extremely good descriptors in 
predicting the relative mobilities of the derivatives, a further descriptor 
involving length and/or diameter of the molecule is necessary for discrimina· 
tion between the positionai isomers. 

IroduClion 

llary electrophoresis (CE) is fast becoming a lech
, complementary to HPLC for analysing small 
lic molecules [IJ. Whereas in H PLC analytes are 
ved on the basis of differences in distribution. in 
lhe separatio~ is on the basis of differences in 
lity arising from differences in charge and molec
,ize. In the simplest form of CE (open tubular). the 
rent mObility (p.,,,) oi a charged molecule in an elec
field is given by the sum of its electrophoretic 
lity (p. .. J and the mobility of the background elec
le (lhe electroosmotic mobilily Ilo). 

(I) 

,Iectroosmotic mobility arises because of the iowsa- -
of lhe sHanol groups on the capillary wall and there· 
is considerably reduced as the pH of the buffer solu· 
is decreased. It is directly proportional to the dielec
:onstant (e) and the Zeta potential (0, 

t( 
(2) 

T/ 

e 'I is the viscosiry of the buffer. 

~ a modified form of the Stokes equation for a sphe· 
particle moving in a medium regarded as a hydrody· 
c continuum, the electrophoretic mobility can be 
,d to the electric charge q and the hydrodynamic 
s of the alia1yte- r, 

=-q-
6nnr 

(3) 

ever, for small orgaruc ions 3-5 A in radius, Edward 
IValdron-Edward [2J have argued that the factor 6 ft 

Id be replaced by factor 5 ft. The authors also pro-
1 that the free solution mobility of ions in infinitely 
, aqueous solution at 25'C can be given by the 
,ssion 

1.I4 X ur' X Z I = ~~~~~~~~ 
r .. fo 

(4) 

~oadeace: Dr. R. C. Rowe. Pharmac;cutical Department. Zcncca 
ceuticals. -HlU<b6eld ladustrial Esta ... Macclesfield. Cheshire 

:::.=~ mOH. 69'S! W.iQ •• i~ '99, )~ \ 

where r. is the van der Waals' radius (A) of Ihe ion. Z is 
lhe ionic charge in electronic uni.s. and f/Io is the fric
tional ratio for non-spherical molecules (unity for 
spheres. less than unity for prolate ellipsoids and greater 
than unity for oblate ellipsoids). This is an important 
equation in the field of CE since it introduces the con
cept of molecular size and shape_ 

An additional relevant equation is suggested by Offord 
[3J for the mobility of pep tides in a fibrous media such 
as paper. 

(5) 

where It is a constant and M the molecular weight of the 
charged species. MU' is dimensionally equivalent to the 
effective surface area of the molecule. Although semicm
pirieal the equation has been shown to be applicable to 
a wide range of pep tides including recently the capillary 
electrophoresis of the oligoglycines and oligoalanines (4J. 
In this work these concepts have been applied to the 
separation of the monosubstituted alkyl pyridines using 
CE. . 

2 Materials and methods 

Wor" was carried out on a PACE 2100 system (Beckman 
Instrumcats, Hi6h Wyco:nbe, UK) using a fused silica 
capi1Iary (Beckman) with an internal diameter of 75 lUll, 
a total length of 57 cm and a length from inlet to· 
detector of SO cm. Samples were loaded by a 2s pressure 
~ection and separated at 25'C using a voltage of IS kV. 
Data was recorded at 254 om using a 2 Hz coUection 
rate. The n·alkyl pyridines, obtained-from A1drich (poole, 
UK), were chosen because of their water solubility, 
strong UV absorbance at 254 om and pK; values (e.g. for 
pyridine S.2), I.e. they are fully protonated at pH 2.5. 
Stock solutions of 1 mg mL -. were made up in water 
before being diluted to 0_01 mg mL -. with a phosphate 
buffer prepared from 40 mM of lithium hydroxide (FSA, 
Loughborough UK) and adjusted to pH 2.5 with ortbo
phosphoric acid (BOH, Poole, UK). Electrophoretic 
mobilities Il ... of all derivatives were detertnined using 
the equation 

1-1 ... + fJo 
IL 

(6) =-
VI 

Ol13~IJSI94/0.s0S.o6JS SS.OO+.lS/O 
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where I is the length from inlet to detector. L is the total 
capillary length. V is the operating voltage. t is the migra
tion time and Jl.o is the electroosmotic mobility. Reprodu· 
cibility between duplicate injections was typically ~ 
1.5%. Van der Waals' radii of all the derivatives were cal
culated from their van der Waals' volumes using group 
contribution data given by Edward and Waldron-Edward 
[2J. Other dimensions were calculated using molecular 
modelling (Alchemy n. Tripos Associated Inc.) after 
energy minimisation (Fig. I). 

d 
• 

H N H 
'" 

H 
/-

H 

H H 

HH H 

FlJu,~ I. Dim.ensions of molecule measured after molecular model· 
ling. 

3 Results and discussion 

3.1 Separation efficiency 

Figure 2 shows the separation of the 2, 3 and 4 methyl
pyridines. Spiking experiments indicated that the 2- and 
4-derivatives comigrated ahead of the 2-derivatives. This 
is in contrast with earlier work using overload conditions 
(as opposed to the low sample loadings used here) 
where all three derivatives could be separated by optimi
sation of the pH and reduction of electroosmotic 
mobility (5). However, in this work with different objec
tives resolution was maximised by operating at pH 2.S 
thus minimising the electroosmotic mobility. With a mix
ture of 2,3 and 4 ethylpyridines all three components 
were separated (Fig. 3) with the fastest migrating 4-deriv
ative ,?cing partially resolved from the 3-derivative. In all 

rum 

..... HIEIIMPY1'IIOIN 
AHD~ 

o.oos 

j am< 
2-MEI>tYlJ'\1II!lC 

j ..... 
..... 
..... 

0 ~.Y 
7.5. ... 

TIme (mins) 

E/~ct1'Oplto'niJ 1994. 15. bls-6J9 

subsequent experiments the 2-. 3- and 4-derivatives were 
run as a separate series with migration orders deter
mined by spiking experiments. 

3.2 -"Iobility DC the 2-derivatives 

Figure 4 shows the separation of pyridine and the 
2-methyl. ethyl. n-propyl. n-pentyl and n-hexyl deriva· 
tives. The components are all first-component. pyridine. 
having the greatest electrophoretic mobility. Note that 
the efficiency of separation appears to be relatively 
independent of the molecular weight with values for 
pyridine and 2-pentylpyridine being 220000 and 190000 
theoretical plates respectively. This is consistent with 
the work of Kenndler and Schwer (6) who stated that 
under optimum conditions the efficiency should be inde· 
pendent of the mass and directly proponional to charge. 
Mobility data on the 2-derivatives (Table 1) show a 
decrease in mobility with increasing length of alkyl 
chain, with a 40% decrease in mobility and a doubling in 
molecular weight. While calculations of van der Waals' 
radii show only a 40% increase. calculations from 
molecular modelling indicate an increase in diameter 
of the molecule of some 180%. Linear regression anal-

'-£TlI't\P'/'RIe 

~"I 

... 
TIme (mins) 

.' Rp,. J. Separation of Ibe 2, 3 and 4-elbytpyridines. 

...... 

J 
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FlIwrl •. SepantioD oC lho"2. 3 and 4-merhylpyridiDcs sbowiDl comt- Rp,.. 4. Separation oC the 2-methyl. etbyl. n-propyt. n-penryi and 
aration DC the 3- and .f...dorintives. ....hexyl derivatives. 
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1. Data on I·derivatives 

lound 
~(obility 
X 10-.1 

~Iolecular 
weight 
~ 

Van der Wuls' 
radius f '.' 

Diameter 
(d) 

ine 
lhylpyridine 
ylpyridine 
ropylpyridine 
:otylpyridine 
exylpyridine 

.l.555 
3.946 
3.577 
3.268 
2.869 
2.715 

.9.10 
93.\3 

107.16 
121.18 
1",9.22 
163.26 

(Table 2) shows good correlalion between mobilily 
the reciprocal of van der Waals' radius and diameter 
ell as between mobility and M ...... The similarily 
e magnitude of the gradient in respect 10 the vari
lid with that given by Eq. (4) would appear to be 
itous. The good correlation in respect to the vari
IIr. implies a similar frictional ratio for all the 

atives studied. In all cases the oxtrapolated inter
is different from the electroosmotic mobility meas
using the neutral marker benzyl alcohol (0.35 X 
cm'Y-'s-'). . 

,1obility oC the ~-derivatives 

hese derivatives molecular modelling showed a con
y of diameter but an increasing length of alkyl 
I. The data (Tahle 3) shows a decrease in mobility 
increasing length of alkyl chain, with a 25 % 

,ase in mobility and a 53 % increase in molecular 
11 (if. the 2-derivatives). Calculations of van der 
s' radii show an increase of 22 % but an increase in 
h of 142 %. Linear regression analysis (Table 4) 
·s very good correlation between mobility and the 
ble IIr. and M""'" with less (but still highly signif
) correlation with the reciprocal of the length. The 
:ept in respect to the variable ,~... is insignifi
y different. from zero. 

VIobility oC the 3-derivatlves 

these derivatives molecular modelling indicated a 
:zoid shape (in two dimensions) (Fig. 5), with a con
;y of length. Hence three diameters could be caJcu
, the maxiIOllm diameter d.,.., the arithmetic mean 

1. Regression' analysis OD 14erivatives 

iable Intercept j: SE Ondient ::: SE 
X U"" X to-' 

'r. -2.076 ± U50 1.61] ± 0.04] 
Id +1.770 ± 0.058' 1.173 ± 0.373 
('-" -0.287 ... 0.146 8.5.l7 :I: OollS 

3. Data OD 4-derivac1ves 

0.9971 
03960 
0.994] 

A 
2.45 
2.66 
2.84 
3.00 
3.27 
3.39 

A 
U6 
5.37 
6.75 
8.0t 

10.52 
11.80 

Table J. Regression analysis on -I.·derivatives 

Variable Intercept':' SE 

1/,. 
III 

I/M'·" 

X 10~ 

-1.437':" 0.12' 
+2.617 ± 0.129 
+0.068 ± 0.066 

Gradient :: SE 
X 10-) 

IA10 ::: 0.03' 
0.125 = 0.066 
8.032 = O. \36 

J.METI!YLPYRlDINE 

J.ETIiYl.PYRlDINE 

I~ J.lI·Bl1TYLPY1UD1NE 

0.9990 
0.9833 
0.999' 

FIgure . S. Schematic d.iagram. sbowilll the trapezoid sbape or the 
l·alkyl pyridi.D.es used in the study. Only the carboa skeleton is sboWD. 
(or clarity. 

of ~e two diameters d_ or the diameter of the mole
cule at its centre of gravity d_ (Table 5). The data (see 
Table S) shows a decrease in mobility with an increase in 
alkyl chain length and a 30% decrease in mobility and a 
70% increase in molecular weight. Dimensional changes 
are shown in Table S_ Linear regression analysis shows 
very good correlation between mobility and the variables 
lIr. and ~ (Table 6). The correlation between 
mohility and the reciprocal of the diameter would appear 
to be best for the derived diameters d-. and "-- M 
with the +derivatives the intercept in respect to the vari
able ~ is insignificantly different from zero_ 

Mobility 
X uT"' 

pJan1V-'s-1 

Molecular Van der Waals' Dlameter 
louad 

ne 
llylpyricllne 
,Ipyricllne 
"pylpyricllne 

4.555 
4.091 
3_757 
3.445 

weicht 
M 

79.10 
93.13 

107.16 
121.18 

radius C,.) (d) 
A A 

2.45 3.85 
2.66 4.76 
2.B4 6.06 
3.00 9.34 

, 
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Abstract 

A mixture of the 2 and £ isomers of 2-(3-pentenyl)pyridine has been separated with baseline resolution by 
capillary electrophoresis_ Using molecular modelling it was proposed that the smaller more rapidly migrating peak 
would be the 2 isomer_ This agreed with a 38:62 (2/£) composition by nuclear magnetic' resonance spectroscopy_ 
The sample was also investigated by gas chromatography coupled to mass spectromctry. 

I. Introduction 

Capillary electrophoresis (CE) is rapidly de
veloping as a complementary technique to high
performance liquid chromatography (HPLC) for 
the separation of small molecules [1]. Since CE 
is based on different physicochemical properties 
than HPLC, different performance characteris
tics are obtained, such as higher efficiencies and 
rapid times of separation. Together with low 
consumption of buffer and small sample require
ments, it is clear that CE is an attractive method 
of separation for the pharmaceutical industry. 

Separation in CE depends on the movement of 
the analyte ions in the applied electrical field. 
The electrophoretic mobility, !,-, of a particle is 
defined as the steady state velocity per unit field 
strength, !'- = q/J, where q is the charge on the 
analyte and f is' the frictional coefficient of the 

• CorresPonding author. 

analyte. Thus, the principal parameters that can 
influence separation are the charge on the ana
Iyte, q, and the factors which influence the 
frictional coefficient, J, which are the size of the 
analyte and also the shape of the analyte ion_ 

Rowe et a!. [2] have investigated the influence 
of size/shape on the separation of the monosub
stituted alkyl pyridines. The separation of posi
tional isomers was achieved and various molecu
lar descriptors were investigated to predict the 
mobility of the analytes. Chadwick and Hsieh [3] 
have also reported the separation of the alkenes, 
fumaric acid. maleic acid, all trans-retinoic acid 
and 13-eis-retinoic acid. Differences in mobility 
were ascribed to differences in shape of the 
alkenes. which 'were regarded as spheres with 
different hydrodynamic radii_ 

Quantitative impurity content determination 
by CE has been shown to be of comparable 
precision to HPLC by Altria [4,5]. It was shown 
that the analytcs must have the same UV chro-

OU21·%73/951S09.50 © IW; Elscvier Science H.\'. All right:- n:~'r\'cd 
SS/)tIl1l21-%731~5)()11(16~_() 
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mophores or correction factors applied, and that 
peak areas must be normalised by migration time 
in order to correct for the effect of analytes 
spending different residence times in the portion 
of the capillary that acts as the detection cell, 
because of the different mobilities. 

In this study a mixture of the Z and E isomers 
of 2-(3-pentenyl)pyridine were investigated as 
model compounds, and the relative abundance 
of each isomer was determined by CE and 
compared to the nuclear magnetic resonance 
(NMR) spectrum of the sample. The sample of 
2-(3-pentenyl)pyridine was also investigated by 
gas chromatography coupled to mass spec
trometry (GC-MS). 

2. Experimental 

2.1. Chemicals 

The sample of 2-(3-pentenyl)pyridine was used 
as received from Aldrich (Poole, UK) and was a 
mixture of the Z and E isomers. IH NMR 
spectra were run in deuterated chloroform on a 
250 MHz AC250 Briiker NMR speclrometer. 
The sample of 2-(3-pentenyl)pyridine as a dilute 
solution in dichloromethane was also analysed 
using GC-MS on a Fisons GC 8000 gas 
chromatograph coupled to MO 800 mass spec
trometer using a OB 5 ms column isothermally at 
lOO·C. Molecular modelling measurements were 
made using Nemesis Sampler (Oxford Molecu
lar). 

2.2. Capillary electrophoresis 

Work was carried out on a PlACE 2050 system 
(Beckman Instruments, High Wycombe. UK) 
using a fused-silica capillary of 57 cm (50 cm to 
detector) x 75 /Lm 1.0. Samples were loaded by 
a 2-s pressure injection at the anode and sepa
rated using"a voltage of 15 kV. The external 
temperature of the capillary was thermostated at 
25·C. The capillary was rinsed between each 
injection with a rinse cycle of sodium hydroxide 
(0.1 M,2 min) and running buffer (3 mins). The 
peaks were detected at 254 nm using a 2 Hz 

collection rate. Electrophoretic separations were 
performed in a phosphate buffer (40 mM) pre
pared from orthophosphoric acid (BOH, Poole, 
UK) and adjusted to pH 2.5 with lithium hy
droxide (1 M; FSA, Loughborough, UK). 

3. Results and discussion 

2-(3-Pentenyl)pyridine is marketed as a mix
ture of isomers and in a solution at pH of 2.5 
these can readily be separated by CE in 11 mins 
(Fig. 1). Little method development was re
quired, as 2-(3-pentenyl)pyridine was fully pro
tonated under these conditions. However, it was 
not possible to directly assign structures to the 
peaks in the electropherogram but as electro
phoretic mobility increases with decreasing size 
of the analyte it should be possible to use 
molecular modelling to predict the migration 
order of the isomers. When the lengths of the 
side chains were calculated, it was found from a 
molecular modelling package that the E isomer 
was fully extended· with a length from the orrho
hydrogen on the pyridine ring to the end of the 
sidechain of 10.2 A. The corresponding measure
ment for the Z isomer was 9.2 A (Fig. 2). Thus 
the smaller peaks at 10.11 min was predicted to 
correspond to the Z isomer and the second 
larger peak at 10.31 min to the E isomer. These 
assignments agreed with the expected ratio of 
the isomers based on the greater thermodynamic 
stability of the E isomer. 

In order to quantify the proportion of the two 
isomers, the absorbance of the analytes are 
required. Because of the similarity of the chro
mophore it was expected that the spectra would 
be effectively identical and this was confirmed 
using a CE system equipped with a diode array 
detector. Both peaks gave identical spectra with 
a maximum absorbance at 265 nm. It was also 
necessary to correct the peak areas by division 
by their migration times, in order to take ac
count of the unequal residence time of the 
analytes in the detection window. Using this 
correction, the mean proportions over six runs 
was 40.9% for the minor isomer and 59.1% for 
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TIme (Min ) 

10.5 11 11.5 12 

Fig. 1. Electr.opherogram showing the separation of (Z)- and (E)-2-(3-pentenyl)pyridine. 

the major isomer with a standard deviation of 
0.9%. The precision of these measurements is in 
agreement with the work of Altria [5), who 
reported precisions of 1-2% relative standard 
deviations. 

Confirmation of the assignment of the isomers 
can be obtained by using IH NMR spectroscopy 
to independently determine the proportion of 
the isomers. The shifts of the terminal methyl 
groups adjacent to the double bonds are differ
ent for the Z and E isomers, and each are split 
due to the adjacent protons. Coupling across the 
double bond was also observed, which split each 
methyl signal into a doublet of doublets and can 
be used to identify the isomers (Fig. 3). The 

HyN~ o H~" 

(E}2-(' .... _,.,. .... 

F~g. 2. Structures of (Z)- and (E)-2-(3-pentenyl)pyridine. 

larger peaks showed a long-range coupling of 1.1 
Hz and were therefore assigned to the E isomer, 
whereas the small peaks had a coupling of 
0.6 Mz typical of a Z isomer. It was also pre
dicted that the methyl group in the Z isomer 
would be more shielded than in the E isomer, 
thus it would occur at a higher field as was 
observed. The heights of the two methyl signals 
were compared to give relative concentrations of 
each isomer in the sample, giving a percentage of 
(Z)-2-(3-pentenyl)pyridine of 38% and (E)-2-(3-
pentenyl)pyridine of 62% in agreement with the 
CE assignments. 

In order to ensure that the two peaks were 
isomers and not homologues or other derivatives 
a sample of 2-(3-pentenyl)pyridine was also 
investigated by GC-MS. At 100°C under iso
thermal conditions, major peaks were obtained 
at 16.0 and 17.1 mins, which had identical mass 
spectra with molecular ions (mlz 147). which 
correspond to 2-(3-pentenyl)pyridines. A minor 
impurity was also present. The proportions of 
the major peaks differed from those observed by 
the other techniques which was attributed to 
thermal equilibration of the isomers. 
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Fig. 3. Expanded methyl signals in the NMR spectrum of 
2-(3-pentenyl)pyridine. 

4. Conclusions 

The Z and E isomers of 2-(3-pentenyl )py
ridine can be separated according to their shape 
by CE. By considering the shape of the mole
cules, it was possible to predict the order of 
migration which was subsequently confirmed by 
NMR spectroscopy. 
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Abstract 

The separation of the isomers of dimethylpyridine has been studied by capillary electrophoresis. Studies at low pH 
where the dimethylpyridines all bear the same charge showed a partial separation probably due to size/shape effects. The 
charge profiles of the analytes calculated from their ionisation constants were compared with their separation between pH 2.5 
and 9. The optimum resolution : was found at a pH of 6.S in the area of m~imum charge difference between the 
dimethylpyridines. 

Keywords: Capillary eleactrophoresis; Optimization; pH effects; Dimethylpyridines; Pyridines 

1. Introduction 

Capillary electrophoresis (CE) is a separation 
technique which has been successfully used to 
achieve the highly efficient separation of a vast range 
of analytes. ranging from biomolecules to smaller 
analytes. such as small organic molecules or inor
ganic ions [I). Because the separation depends on 
the migration velocities of the analytes under the 
influence of the electrical field. it should be possible 
to predict the differences between the behaviour of 
even closely related compounds from their size and 
charge. By selecting a suitable buffer pH the analyst 
should be able to adjust the charge on .partially 
ionised analytes to optimise the resolution of a 
mixture. If the ionisation constants (pK. values) of 
the analytes are Rnown then it should be also 

·COrTC:!>pon·ding author. Tel. +44 (1509) 222 563: Fax: +-U 
(1509) 233 163. 

possible to predict the conditions for maximum 
separation. 

In previous studies. Terabe and co-workers studied 
the separation of oxygen isotopic benzoic acids as 
examples of closely related compounds (2). An 
optimum pH for separation was calculated to be 
(pK. -log 2) based on the theoretical resolution 
equation in CE. The effects of applied voltage and 
capillary length were also investigated. Optimisation 
of pH in the separation of the methylpyridines was 
studied by Wren (3). who predicted that the maxi
mum charge difference between two species could be 
calculated by taking the average of their pK. values. 
The relationship between the calculated charge on an 
analyte and its electrophoretic mobility was investi
gated as well as the relationship with electroosmotic 
mobility. Separation of the methylpyridines was 
improved by the use of a cationic surfactant to 
suppress electroosmotic flow. 

Friedl and Kenndler investig.ted resolution as a 
function of the pH of the buffer for multivalent ions. 

0021-9673/96/SJ5.00 CO 1996 E1sevier Science BY. All righls reserved 
SSDI0021·9673(95)01078·5 
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including the benzenecarboxylic acids [4 J. It wa, 
detennined that resolution depended on twO tenns. 
the ratio of the electrophoretic mobilities and an 
efficiency term. Based on the pK, values and the 
actual mobilities the resolution was calculated across 
the pH range and compared with experimental data. 
The effect of experimental parameters on the sepa
ration of p- and m-aminobenzoic acids was investi
gated by Nielen (5). The pH was varied between 4.0 
and 6.0 and the optimum resolution was found to be 
close to the pK. values of the analytes. Because these 
analytes have two pK. values, a reversal in migration 
order was obseIVed at low pH with co-migration at 
pH 4.2. The effect of the partial charge on the 
otigration rates has also been used to determine 
ionisation constant at low solute concentrations (6). 
By studying the change in electrophoretic mobility 
across the pH range, pK. values between 2.55 and 
5.26 were deteentined to within 0.03 pH units for 
analyte concentrations less than lOO /-LM. 

Separations due to differences in the shape of 
closely related analytes have been observed by 
several workers. The separation of cis-retinoic acid 
and trans-retinoic acid was investigated by Chad
wick and Hsieh (7) and Korman and co-workers 
investigated the separation of codeine and its syn
thesis by-products (8). A series of mono
alkylpyridines was investigated by Rowe and co
workers and molecular deseriptors were used to 
explain the separation (9). A mixture of (Z) and (E) 
pentenylpyridines has been investigated by CE and 
NMR and quantified by the two techniques (10). 

In this study, the resolution of a complex mixture 
of the six dimethylpyridine isomers has been ·studied 
by capill:rry electrophoresis. The mobilities of the 
fully charged analytes were determined at low pH 
and these values, together with the partial charge 
calculated from their ionisation constants by using 
the Henderson-Hasselbalch equation, were used to 
predict the mobility of each isomer across a wide pH 
range. These predictions were then compared with 
the experimentally determined resolution. 

2_ Experimenllil 

2.1, Chemicals 

Distilled water was purified to 18 MO using an 

Elga Maxima water purification system. The di
methylpyridines (DMP), benzamide and hydroxy
propylmethykellulose (Average M.N. 86000. 
HPMC) were obtained from Aldrich Chemical 
(Gillingham, UK). Sodium dihydrogen phosphate, 
citric acid and onhophosphoric acid were obtained 
from BDH (Poole, UK). Lithium hydroxide was 
obtained from Fisons Scientific Apparatus (Lough
borough, UK). 

2.2. Apparatus 

The capillary electrophoresis was carried out on a 
PlACE 2050 system (Beckman Instruments, High 
Wycombe, UK), using a fused-silica capillary (Beck
man) with an internal diameter of 75 /-Lm, a length 
from inlet to detector of 50 cm and a total length of 
57 cm. The capillary was Ibermostatted to 25°C. The 
electropherograms were recorded at 254 nm using a 
5 Hz collection rate. An IBM 433/DX microcom
puter with System Gold Personal Chromatograph 
(Beckman) software was used for data collection. 

Buffer pH values were measured using a combina
tion pH electrode fitted to a radiometer Copenhagen 
PHM 64 research pH meter. 

2.3. Methods 

A lithium phosphate buffer was prepared by 
making up a 40 mM solution of onhophosphoric acid 
and adjusting the pH to 2.5 with I M lithium 
hydroxide. A sodium phosphate buffer was prepared 
by making a 50 mM solution of sodium dihydrogen 
phosphate and adjusting Ibe pH to 6.5 with I M 
hydrogen chloride. Lithium citrate buffer systems 
were prepared by making up a 40 mM citrate 
solution and adjusting to the required pH with I M 
lithium hydroxide. 

The dimethylpyridines were used as received. 
Stock solutions of I mg ml-' were made up in 
de-ionised water and samples for injection were 
prepared each day by taking 50 ml of the DMP stock 
solution and diluting it in 4.4 rnl of de-ionised water. 
Samples were loaded onto the CE column by using a 
2 s pressure injection and were separated using a 
voltage of 15 kY. 

Electrophoretic mobilities 1-', of the analytes were 
determined using the equation: 
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Fig. I. Separation of the dimethylpyridines (DMP) al pH 2.5 with differenl buffers and temperatures: (a) 25"<: 40 mM lithium phosphate 
buffer. b, IS"C. 40 mM lithium phosphate buffer. 0.1 t;t. w/w hydroxypropylmelhytcelJulose. Compounds: I, 3A-OM!>; 2. 3.S-DMP; 3, 
2,3·DMP; 4, 2,S·DMP; 5, 2.4-DMP; 6, 2,6-DMP. 
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Tablc: I 
Electrophoretic mobilities of the fully charged dimethylpyridines at pH 2.5 and their repon.ed pK. values 

Compound 

3,4-Dimethylpyridine 
3,5-Dimethylpyridine 
2,3-Dimethylpyridine 
2,5-Dimethylpyridine 
2.4-Dimethylpyridi.ne 
2,6-Dimethylpyridine 

3.5 

3 

2.5 

2 

1.5 

0.5 

o 

Electrophoretic mobility 
(cm' V-I S-I) 

3.349·10-· 
3.285'10-' 
3.236'10-· 
3.236'10-' 
3.196'10-' 
3.168'10-' 

2.5 3.5 4.5 

Literature pK. 
values [Ill 

6.52 
6.25 
6.60 
6.47 
6.72 
6.77 

5.5 

pH 

6.5 

- 1,4-DIMEIHYU"Y1UD1N 

-0-- 1j:.olMEIHYU"Y1UD1N 

--0-- l)-DINEIlfYLPYUDINE 

7.5 8.5 9.5 

325 

Fig. 2. Variation in predicted mobility of the dimethylpyridinc!'; wilh pH bas~J On the mobi1ilie~; al pH 2.5 and the partial charge on the 
analytc calculated from the buffer pH. 
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Fig. 3. Electropherograms showing the change in migration order of the dimethylpyridines at different buffer pH values. Compounds: 1, 
3.4·DMP; 2. 3.5·DMP; 3. 2.3·DMP; 4. 2.5·DMP; S. 2.4·DMP; 6, 2.6·DMP. 

4) and the mobility order follows the predicted 
separation (Fig. 2). The mobilities for each isomer 
were calculated and were compared with the pre
dicted values for the partial charge and electro· 

phoretic mobility (Table 2). As can be seen the 
relative order of migration was predicted correctly 
hut the absolute values of the electrophoretic mobili· 
ty were all smaller than the predicted values with 
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Fig. 4. Separation of the dimethylpyridines at pH 6.5. Buffer. 50 mA.[ lithium phosphate buffer. 25°C. Compounds: 1, 3,4·DMP; 2, 3.5-DMP; 
3. 2.3·0M?; 4. 2.5·0M?; 5, 2A-OM?; 6, 2,6·0M? 

differences between 7% and 30%, with an average 
deviation of 15%. These differences are probably 
caused because the pH of the background electrolyte 
was slightly higher than the intended value. As can 
be seen in Fig. 2, at pH 6.5 the mobilities are very 
sensitive to pH and would change markedly with 
only a small discrepancy in the actual value corn· 
pared to the nominal value. 

4. Conclusions 

The six isomeric dimethylpyridines have been 
separated by free· zone capillary electrophoresis. The 

Table 2 

order of elution changed with pH of the buffer and it 
was demonstrated that the relative order of elution 
and the electrophoretic mobilities over a range of pH 
could be predicted from the separation of the fully 
charged species and the calculated partial charges 
based on their pK. values and the pH of the buffer. 
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Experimental and calculated mobilities and predicted partial charge on the dimethylpyridines at pH 6.5 

Compound Experiment.al mobility Predicted mobility Calculated 
(cm l V· I 5- 1) (cm: V-I S-I) partial charge 

2.6-Di methyl pyridi ne 1.947·tO·' 2.06'10" 0.65t 
2,4-Di methy Ipyridi ne 1.848·1O-~ 1.99·IO-~ 0.624 
2.3-Dimethyl pyridi ne 1.630·1O-~ 1.80'10" 0.557 
3,4-D i meth ylpyrid ine 1.-I64·IO-~ 1.71·1O-~ 0.5t2 
2,5· Di methyl pyridi ne 1.386·IO-~ 1.56· 10" 0.483 
3,5-Dimethy I pyridi ne O.912·1O-~ 1.18·IO-~ 0.360 
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