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MOBILE PHASE MODIFIER EFFECTS AND
ELECTROCHEMICAL DETECTION

IN SUPERCRITICAL FLUID CHROMATOGRAPHY

The role of mobile phase modifiers in supercritical fluid chromatography (SFC)
and their effect on the separation process were investigated. A study of the influence
of temperature and density on chromatographic behaviour in supercritical carbon
dioxide and four modified carbon Jdioxide mobile phases demonstrates the importance
of both density and mobile phase composition in controlling retention characteristcs.
The information gained from these studies was used to develop methodology for the
separation and detection of a series of phenothiazinone compounds and an assay for L-
615,919, 4-cl:ioro-3H-phenothiazin-3-one, in plasma. The development of an analytcal
method for the analysis of sorbitan trioleate in pharmaceutical formulations
demonstrates a unique application of SFC with flame 1onmzaton detection (FID) that is
not possible by other chromatographic techniques

The feasibility of an electrochemucal detection system for SFC has been
demonstrated. The design and construction of an electrochemical detector with a

platinum ultramicro working electrode and factors influencing its performance are

described.



LES EFFETS D’UN MODIFICATEUR DE LA PHASE SUPERCRITIQUE
ET DETECTION ELECTROCHIMIQUE EN
CHROMATOGRAPHIE EN PHASE SUPERCRITIQUE

Le role du modificateur de la phase supercritique dans la chromatographie en
phase supercritique (CPS) et ses effets sur le processus de la séparation
chromatographique ont été investigés. Une étude de I’influence de la température et de
la densité sur le comportement chromatographique démontre 'importance de la densité
et de la composition de la phase supercritique pour le contréle de la rétention.
L’information obtenu de cettes études a été utilisé pour le dévelopement d’une
méthodologie pour la séparation et la détection d’une serie de composé de
phénothiazinone et une méthode analytique pour L615,919, 4-chloro-3H-phénothizzin-
3-one, dans plasma. Le dévelopement d’une méthode pour l'analyse de sorbitan
trioléate dans les formulations pharmaceutiques démontre une application unique de la
CPS pour la détection par ionisation de flamme qui n’est pas possible avec les autres
techniques chromatograrhiques.

La possibilité d’utilisé la détection électrochimique pour la chromatographie en
phase supercritique a été démontrée. La conception et la construction d’un détecteur
électrochimique qui utilise une micro-électrode de platine et les facteurs qui

influencent sa performance sont décrits.
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Chapter 1

Supercritical Mobile Phases in Chromatographic Separations

1.1  Introduction

Supercritical fluid chromatography (SFC) has recently received increased
attention as a complimentary technique to both high performance liquid
chromatography (HPLC) and gas chromatography (GC). Supercritical fluid
chromatography is essentially modified gas chromatography, where the mobile phase is
a highly compressed gas operated at or above its critical temperature and pressure,
where it exists as a supercritical fluid. The intrinsic properties of supercritical fluids
offer unique chromatographic advantages for the separation and detection of a wide
range of compounds. Above the critical ‘emperature, the vapour and liquid have the
same density and the fluid cannot be liquified by increasing the pressure. A
supercritical fluid is obtained from a liquid by increasing the temperature at constant
pressure (greater than the cniical pressure) or from a gas by increasing the pressure at
constant temperature (greater than the critical temperature). The phase diagram for
carbon dioxide (Figure 1.1) depicts the critical region as a shaded area with dashed
lines as the boundary since no phase change occurs. In the supercniical state the
physical properties of the fluid are intermediate between those of liquids and gases at
ambient conditions. Specifically, the density of a supercritical fluid approaches that of
a liquid, while its viscosity 1s comparable to that of a gas. The density of a
supercritical fluid, which can be easily controlled by a change 1n pressure, influences
the solubility and chromatographic retention of solutes. The low viscosity of a

supercnitical fluid leads to lower pressure drops across a chromatographic column for a

-1 -
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Figure 1.1 Phase diagram for carbon dioxide.

given flow rate. Low pressure drops result in more theoretical plates per metre and
improved efficiency. The diffusivity in a supercritical fluid is between that of a liquid
and a gas. Higher solute diffusion coefficients 1n supercritical fluids, as compared to
liquids, produce higher efficiencies for SFC systems than comparable HPLC system
[1]. Supercritical fluids can dissolve a variety of solutes, including high molecular
weight and non-volatile compounds and have unique chemical and physical properues

which make them useful as chromatographic mobile phases.

1.2 Dense gas chromatography

Supercritical fluid technology can be traced back to 1822 when the cnucal
phenomenon was first observed [2]. Baron Cagnaird de la Tour described the
disappearance of the vapour-liquid interface when pressurizing certain liquids and
recorded values for the critical temperature and pressure for these solvents. Hannay

and Hogarth [3] studied the solvent properues of carbonic acid 1n 1ts crincal state.
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They reasoned that in going from the liquid state to the critical state, a solution of
solvent and nonvolatile solid would precipitate the solid, since the ability to dissolve
solids is a propenty of liquids, not gases. Experiments with various solvents and solids
indicated that solids were soluble in gases under high pressure and there is no
discontinuity in passing from the liquid to the gaseous (critical) state. Measurements
of critical parameters of several fluids compared well with those recorded by Baron
Cagnaird de la Tour. Further investigations showed that the critical point of the fluid
is raised by the presence of a small quantity of dissolved salt [4]. The solvating
ability of supercritical fluids is due to 'me'ecular closeness’ achieved by the high
pressure as opposed to 'internal attraction’ as in liquids [3].

In 1958, Lovelock [5] proposed the use of solvents in their critical state as the
chromatographic mobile phases in order to extend the scope of gas chromatography to
include ionic compounds which are otherwise nonvolatile. However, it was Klesper,
Corwin and Turner [6] who first put "dense gas" chromatography to practice in 1962.
Halogenated methanes (freons) were used as mobile phases for the elution of nickel
porphyrin isomers. The authors suggested that the increased mobility observed with
increasing mobile phase pressure should permit the analysis of high molecular weight
compounds at lower temperatures.

Giddings [7,8] developed a theoretical basis for the effect of pressure
increase in gas chromatography. At very high pressures, gas and liquid
chromatography converge and the intermolecular forces become large enough to
induce migration of nonvolatile analytes. There is no theoretical limit to the size of
analytes that will migrate since, above the critical point, compression of the fluid can
yield any desired density. The author also mathematcally described the phenomena of
differential equilibrium shifts at high pressures. With increasing pressure, the
uitermolecular distances decrease to reduce the volume, while the molecular volumes
tend to increase. This can result 1n equilibrium shifts depending upon the nature of
the solute mobile phase interacnons and upon changes 1n the stationary phase structure
induced by the increased pressure. Since the solvent power of the mobile phase is a

function of pressure 1t can be quickly and precisely varied throughout a
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chromatographic run by mechanical means. The relatively low viscosity and high
diffusivity of dense gases theoretically leads to enhanced speeds of separation.
Giddings also suggested thar the solvent power of a dense gas depends on both its
‘physical effect’, as described by its pressure and temperature, and its "chemical effect’
described by its polarity, acid-base properties and hydrogen-bonding abilities. In a
subsequent paper [9] the authors developed mathemancal equations using the
Hildebrand solubility parameter to describe the magnitude of the solubility of solutes

in compressed gases from gas to liquid densities.

3 - 125 P12 ﬁi] (L1)
Pr
) = Hildebrand solubility parameter
P, = critical pressure
Pr = reduced critical density
P = reduced density of corresponding liquid

The physical effect is given by the (pg/pr) while the chemical effect is
described by 1.25 P.'2. To a first approximation, an elutropic series may be prepared
by including only the chemical effect term. As solute molecules become larger and
more complex, the magnitude of d must increase as the volatility of the solute
decreases.

Sie et al. [10,11] described a theoretical basis for the significance of
intermolecular forces between mobile phase molecules and solute molecules. Fluid-
liquid (FLC) [12] and fluid-solid (FSC) [13] chromatography were compared to
gas-liquid (GLC), liquid-liquid (LLC), and liquid-solid (L.SC) chromatography. At the
high pressures, solute volatility increases with decreased temperature due to the
increased intermolecular interactions at the greater density accompanying the lower
temperatures. The enhancement of volatility 1s more pronounced for heavier
substances, consequently the separation of members of a series 1s more difficult at
higher pressures. Selectivity between low and high molecular weight compounds

dominate at low pressures and eluton order is as in GLC. At higher pressures,



Figure 1.2 Pressure-density isotherms for carbon dioxide. Figure reproduced
from reference 9.

selectivity according to type predominates and elution is as would be for LLC.
Temperature change near the critical point has the greatest effect, where a small
change in temperature results in a large change in fluid density [Figure 1.2]. In FLC
the phase of the same or different polarity can be combined unlike in GLC where the
stanonary phases are limited by their thermal stability and in LL.C where the two
phases must be immuscible. With a polar stanonary liquid on a non-polar mobile fluid
the effects of volatlity and polarity tend to cancel each other and conditions are
favourable for the separation of different compound types. When both the stationary
liquid and the mobile phase are polar, the effects of solute volatility and polarity
reinforce each other such that a senies of analogs can be separated. With a
supeitritical mobile phase, as compared to a gaseous mobile phase, there is an
increased solubility of the analyte molecules 1n the mobile phase and retention on the
stationary phase is reduced because of the competition between analyte molecules and
mobile phase molecules for actve sites on the silica support.

Jentoft and Gouw [14] introduced programming techniques for the separation

of matenals with a large range of molecular weights. An increasing pressure program
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results in lower k’ values of solutes, making it ideally suited for the analysis of
mixtures with wide molecular weight ranges. Temperature programming is used in a
limited number of applications in SFC since capacity ratio (k') values of a solute can
increase, decrease or remain constant with increasing temperature.

Use of supercritical mobile phases with iow critical temperatures, such as
carbon dioxide, have many advantages. Jentoft and Gouw [15] proposed that the
lower operating temperatures permit (i) the analysis of thermally labile compounds, (ii)
the use of a stationary phase of limited thermal stability, and (iii) the possibility of
simple solvent elimination from collected samples. These authors also presented the
first paper on the separation of polyaromatic hydrocarbons (PAH) from automobile
exhaust by SFC with a supercritical carbon dioxide mobile phase [16]. Using a
polymer chemically bonded to porous microbeads as the stationary phase in a packed
column, the PAH’s were separated according to ring type. An octadecyl phase bonded
to porous silica particles separated the PAH’s according to molecular weight.

Novotny et al. [17] studied the effects of temperature and pressure in SFC on
model compounds in the vicinity of the critical point. A gradual decrease in k' with
increasing pressure was obtained at various temperatures. Plots of k’ as a function of
temperature show a maximum, the value of which is dependent on the mobile phase.
A change in stationary phase results in a change in the absolute values of the k’ but
the shape of the k' versus temperature curves remain the same. k’ values of solutes
can also be decreased by the addition of a second component (modifier) to the mobile
phase. The authors speculated that both pressure and inverse temperature
programming might be useful in SFC,

Klesper and Hartmann [18] reported a systematc study of the influence of
operating temperature, rate of linear pressure programming and mobale phase
composition on the separatnon of polystyrene oligomers. Better resolution was
observed for slower pressure programs, higher 1sothermal operating temperatures and
the addition of a methanol modifier to the supercritical n-pentane mobile phase. The
authors were the first to suggest that the methanol might be covering up active sites on

the silica support in the Porasil A packed column.
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1.3  Recent developments in supercritical fluid chromatography

Although tie future of SFC seemed promising, the rapid development of HPLC
during the same period overshadowed that of SFC. The lack of commercial SFC
instrumentation and practical problems encountered with using supercritical fluids also
contributed to the slow growth of the technique. Renewed interest in supercritical
fluid chromatography occurred in the sarly 1980°s. This was in part a result of: (i) the
introduction of capillary SFC in 1981; (ii) commercial availability of packed-column
instrumentation in 1982 and, (iii) the introduction of capillary instrumentation in
1985.

Novotny et al. [19] examined the potential advantages of capillary SFC over
both capillary GC and capillary LC. Capillary GC is restricted by the volatility and
thermal stability of the solutes. The lower diffusion coefficients in liquids as
compared to gases require very small diameter columns (10-30 microns) in capillary
LC, placing strict requirements on the instrumentation. Solute diffusion coefficients
are at least an order of magnitude greater in supercritical fluids than in liquids,
therefore larger diameter columns (50-100 microns) can be used. Much lower pressure
drops occur over capillary columns as compared to packed columns in SFC, thus
reducing negative density gradients along the length of the column. The authors later
described the instrumentation needed for open-tubular SFC with particular emphasis on
sample introduction and detection systems [20]. Methods and principles of SFC
were later published by Peaden and Lee [21], where the importance of mobile phase
density on solute retention as opposed to pressure was discussed. An equation was
presented predicting that the log k’ versus log of fluid density for a solute should be
linear.

During the same period an instrument company introduced a commercial
packed-column SFC system [22] and Gere et al. [23] discussed the merits of
small particle diameter columas packed with 3, 5 and 10 micron partcles, coated with
an octadecyisilane layer. Although some workers believed the small particles would
have deleterious effects on the pressure drop along the column, pressure differences

between the column 1nlet and outlet of 25% caused no observable changes in
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chromatographic performance. Essentially the theoretical plate height improved with
smaller diameter particle packings. Resolution per unit time was 5-10 times better in
SFC than in HPLC with the same columns. Gere [24] first reported on the need of
modifiers in supercritical mobile phases to elute some polar solutes. Log k’ of various
phthalates were measured as a function of weight percent of various modifiers
(hexane, THF, iso-propanol and methanol) in supercritical carbon dioxide. The effect
of each modifier was found to depend on its ability to form hydrogen bonds. The
rapid development of SFC from 1981 to the present has produced a growing body
of work on many aspects of the technique both from a theoretical standpoint and
instrumental point of view. Early instrumentation for packed column SFC provided
only one mode of operation, ignoring the advantages gained by pressure or density
programming. These instruments were aiso unable to interface with ionization
detectors. Consequently for the first half of 1980’s more work was carried out with
capillary SFC.

The technique of capillary SFC is highly suited to the analysis of complex
mixtures, since the increased permeability of capillary columns over packed columns
leads to high separation efficiencies. Density programming in SFC is most effective at
pressures near the critical pressure since small changes in pressure result in large
density changes. Large pressure drops along the length of the column which may
result in a rapid loss of resolution during the density programmung are not encountered
with capillary columns [25]. Many different programmung techniques have been
used including lincar pressure, linear density and asymptotic density [26]. Since
most solvent delivery systems provide for pressure control, density programming 1s
achieved by the use of algorithms to convert density into pressure.

Although the development of instrumentation was important, growth of SFC as
an analytical technique was due mainly to a better understanding of retention processes
through the development of thermodynamic models. Solute retention as a function of
pressure or density at constant temperature was first described by van Wasen and

Schneider [27] and is given by,
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me 9,
(Q’i’) S LU (1.2)
P J, RT
where k' = capacity ratio
R = gas constant
P = pressure
T = temperature
v o= solute partial molar volume in the mobile
phase at infinite dilution
W= solute partial molar volume in the
stationary phase at infinite dilution
K = isothermal compressibility of fluid solution
(1/V[aV/oP))

The partial molar volume of the solute in the mobile phase at infinite dilution

is a measure of the solvent-solute interactions and can be expressed as follows [28],

e KV, [_az_’) (1.3)
on,
v,
where K, = isothermal compressibility of the pure
solvent
v, = molar volume of pure solvent

Combining equations 1.2 and 1.3 yields an expression for the slope of solute

retention as a function of pressure at constant temperature;

#) |

K2V2( ) - vl' 1.4
o) . Ml o
c RT
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The solute retention dependence on density at constant temperature is given by,

CRC T
op )r oP ),\0p ),
where (0P/op), = the slope of pressure versus density

as described by an equation of state

The Peng-Robinson equation of state [29], a relatively simple two parameter
cubic equation, can be used to evaluate (i) the partial molar volume of solute in the
mobile phase; (ii) the isothermal compressibility of the fluid solution and the pure
solvent; and (iii) the pressure relationship on density at constant pressure. The Peng-

Robinson equation of state has the following form,

p - X a(T) (1.6)

V-b V(V+b) + b(V-b)

molar volume (M/p)
constants

where A\
a,b

The pressure is expressed as a function of the molar volume and two constants
(a) which is a measure of the intermolecular attraction force, and (b) which is related
to the size of the (spherical) molecules.

R2
a = a(T) x a(T,0) = 045724 P“ (1.7)

RT,

b = b(T,) - 0.07780 (1.8)

¢
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The term o(T,,®) is a function of the reduced temperature and the acentric factor (I0);

at the critical point it equals unity.

@« = [1 + x(-IPHp (1.9)

X is a constant characteristic of the solvent and is related to the acentric factor of the

solvent, by the following equation,

x = 037464 + 154226 @ - 026992 (1.10)

All the terms of equations 1.4 and 1.5, except for the partial molar volume of
the solute in the stationary phase (which can be estimated), can be evaluated as a

function of pressure or density at constant temperature.
If infinite dilution during retention in SFC is assumed, the solute distribution

coefficient (Kp) can be related to the Gibbs free energy of solute transfer from the

mobile phase to the stationary phase by [30],

AG =~ -RT InK, (1.11)

The thermodynamic relationship between the solute distribution coefficient and

the temperature is

AH AS
k. - -=22 . =22 (1.12)
b RT R
where AH = change in enthalpy of solute transfer

between the mobile and stationary phases
AS = change in entropy of solute transfer
between the mobile and stationary phases
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The solute distribution coefficient is related to the solute retention by the
following,

K, - =% - k’—VVi"- - K (113)

m s

where solute concentration in stationary phase
solute concentration in mobile phase
volume of mobile phase

volume of stationary phase

phase ratio

no

8

° <<

Substituting equation 1.13 into equation 1.12 gives an expression for the

capacity ratio in terms of entropy and enthalpy,

m - -AH _ AS .6 (1.14)

RT R

The slope of a plot of Ink’ against the inverse of temperature at constant

pressure is,

(alnﬁ’) _ -AH (LI5)

While the slope of Ink’ versus T' at constant density is calculated as follows,

aink')  _ (alnk’) ap\ . (amk (L16)
or' )] P Jp\or) Tt ),
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The effective enthalpy of solute transfer (AH;) between the mobile phase and

the stationary phase can be determined at constant density;

Snk ) _ 5 .+ AH - AH, (1.17)
or!
]
where ) = correction term containing a thermal
expansivity term and
(9lnk’/oP)(dlnk’/OT™),

In high pressure liquid chromatography, where pressure has a negligible effect
on solvent density, and in gas chromatography, where the pressure is held constant, &
is zero.

The effective enthalpy of solute transfer in SFC is obtained by determining
solute retention as a function of temperature at various densities. A plot of AH; as a
function of density for different stationary phases gives an indication of the solute
stationary phase interactions. A linear dependence, where the greatest solvation occurs
at higher density (less negative AH; values), is indicative of a partition-like
mechanism. An asymptotic curvature at higher densities is attributed to solvation or
swelling of the bonded phase particularly for capillary columns.

The equations developed above by Yonker and Smith [31] provide a simple
thermodynamic model permitting the study of the effects of macroscopic
thermodynamic parameters and their role in retention. The thermodynamic studies of
retention as a function cf temperature at constant density provides a method to study
SFC retention from gas-like to liquid-like densities, permitting comparison with GC

and HPLC, respectively.

1.4  Retention processes in binary mobile phases and electrochemical detection
in supercritical fluid chromatography.
The acceptance of SFC as an alternate analytical technique to GC and HPLC

lies in understanding the effects of the many variables that can be controlled and the
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development of applications that are unique to this technique. As indicated by the
increasing number of publications and conference proceedings [32], supercritical
fluid chromatography shows great potential as a separation technique. However, this
potential will only be realized through the further development of fundamental
theoretical approaches and the application of SFC to problems of analytical
importance. This work has concentrated on two main aspects of SFC: (i) the study of
retention processes with binary and tertiary mobile phases and (ii) the development of
an electrochemical detection (ECD) system.

The solvating power of common supercritical mobile phases can be
continuously varied and controlled by density programming. This approach has
obvious limitations and appropriate solvent strengths which provide reasonable
separations are not always available from a homogeneous mobile phase. The addition
of small quantities of organic solvents to the supercritical fluid alters retention
behaviour for many compounds. At the time this work was started, the exact role of
modifiers in the chromatographic process was unknown and therefore the first
experiments were designed to identify the role of modifiers and their effect on the
separation process (Chapter 3). The information gained from these studies was used to
develop methodology for the separation and detection of a seres of phenothiazinone
analogs and an assay method for one of the analogs in plasma (Chapter 4).

An important advantage of SFC lies 1n the analysis of compounds not
amenable to either GC or HPLC. The liquid-like solvanng abilities of supercritical
fluids and the simple task of interfacing with GC-like detection systems makes 1t
highly suited for the analysis of thermally labile, high molecular weight compounds.
In chapter 6, the analysis of sorbitan trioleate, a high molecular weight surfactant,
demonstrates a umque application of SFC that 1s not possible by other
chromatographic techniques.

A second aspect of this work was to determine the feasibility of
electrochemical detection for SFC. Electrochemical detection systems for HPLC have
become a valuable tool for trace organic analysis, mainly due to their selectivity and

high sensitivity. Electrochemical measurements in supercrnitical fluids have the



- 15 -

potential for improving these detection limits since diffusion coefficients are an order
of magnitude greater then those found in liquids. A two-electrode amperometric
detection system using a platinum ultramicroelectrode was designed and built and

factors influencing its performance discussed in Chapter 3.
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Chapter 2

Instrumentai Aspects of Supercritical Fluid Chromatography

and Experimental Procedures

2.1 Instrumental considerations

2.11 Solvent Delivery

Instrumentation for SFC is essentially borrowed from both GC and microbore HPLC
with slight modificatons (Figure 2.1). Supercritical fluids require strict control of the
pressure as opposed tc the flow rate, therefore pulseless fluid delivery systems are
essential. Syringe pumps are commonly used, some of which provide cooling of the
pump head for delive1y of liquid mobile phases. The pumping system must also allow
for pressure or density programming. Pressure is typically programmed from 1800-
6000 psi in either a linzar or asymptotic mode. Density programming 1s usually
achieved by relating th: mobile phase temperature and pressure to the density by the

use of computer algorithins.

2.1.2 Sample Introduction

Fixed volume injection valves originally designed for microbore HPLC make
effective injectors for SFC. For packed columns injection volumes are between 0.1
and 1.0 pl; capillary columns require injection volumes below 0.1 pl which is
achieved by installing a splitter between the injector and the column. Slight changes
in the column temperature can cause unwanted density gradients along the length of
the column, therefore precise temperature control is achieved with conventional gas

chromatograph ovens.
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Figure 2.1 Schematic of supercritical fluid chromatograph.




2.13 Column technology

The small diameter capillary columns (<100 micron i.d.) necessary to obtain
high efficiencies in reasonable analysis times for SFC place strict requirements on the
preparation of the columns and on instrumentation. The solvating power of many
supercritical fluids is sufficient to dissolve common stationary phases, therefore
extensive crosslinking is necessary to stabilize the surface [1]. Modification of
common stationary phase coating techniques have been reported in the literature
[2,3,4].

The low sample capacity of capillary columns places stringent requirements on
the sample introduction technique. For typical SFC capillary columns of 50 micron
i.d., injection volumes less than 100 nl are necessary. This has been achieved with
high pressure internal sample loop valve injectors, used 1n microbore HPLC, connected
to a flow splitting device [5]. The split ratios are determined by both the detection
device and the sample concentration. Both fused silica capillary columns and packed
columns are used in SFC, the choice is dependent on the analytical problem. Open
tubular columns are made of narrow fused silica tubing, in which a film of a
stationary phase is coated on the inside wall. The stationary phase is typically a
polymeric film which is immobilized by extensive cross-linking. The diameter of the
column affects the mobile phase flow through the column, the sample loadability, the
permissible injections and detection volumes and the pressure drop across the column
[6]. Capillary columns for SFC are of smailer internal diameter, typically 10-50 um,
than those used for GC due to the lower diffusion coefficients in supercritical fluids.
Greater efficiencies can be obtained with capillary columns since they can be made
very long producing a large number of theoretical plates. Low mobile phase flow
rates associated with capillary columns allow easy interfacing with both GC-type and
microbore HPLC-type detectors.

Microbore columns originally developed tor microbore LC are typically used
for packed-column SFC. The types of packing are simlar to those used for LC, while
the lengths and internal diameters of SFC packed columns are more limited due te

pressure drop considerations and upper flow limitations of some commonly used
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detectors. Particle diameters range between 5 and 20 um and column lengths are
between 10 and 25 cm. Typical reversed-phase materials containing long-chain
hydrocarbon groups (Cg or C,;) have been used as well as phases containing cyano,
amino or diol groups bonded to silica particles. Insufficient shielding of residual
silanol groups on the silica support favours strong interactions with polar solute
molecules resulting in broad tailing peaks. Two method can be used to minimize this
problem: (i) use of homogeneous polymer bonded stationary phases or, (ii) use of
modifiers in the mobile phase to compete with solute molecules for these active sites.
Packed columns have higher sample loading capacity, which can result in lower
detection limits. Higher flow rates lead to faster analyses and greater efficiency per

unit length. Packed columns have been used for all studies in this work.

2.14 Restrictors

Restrictors are used to (i) maintain the operating pressure throughout the
chromatographic system by providing a back pressure and (ii) reduce the system
pressure to atmospheric pressure in a smooth, rapid decompression step. Placement
and requirements of the restrictor differ according to the detection system used. For
LC-type detectors, where measurements are made in the supercritical state, the
restrictor is placed after the detector [7]. The restrictor is placed at the inlet of the
detection system when using GC-type detectors so that the eluent is decompressed to
atmospheric pressure and measurements are made in the gaseous state. Ideally the
restriction device for SFC should: (i) provide uniform flow; (ii) provide resistance to
plugging; (iii) provide variable flow rate capabilities; and (iv) allow for complete
transfer of labile or non-volatile solutes to the detector without pyrolysis or
precipitation of analyte particles. Although a variety of designs are available, the ideal
restrictor has yet to be developed. To avoid solute precipitation and erratic detector
response, the restrictor should be short and made of a heat conducting material. Fused
silica tubing is typically used.

There are various types of restrictors available (Figure 2.2). The integral type

restrictor is fabricated by sealing the tip of a fused silica capillary and polishing it
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Figure 2.2 Restrictor models for SFC. See text for description.
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until a smalil orifice giving the desired flow rate is obtained. Decompression occurs
only at this orifice, therefore mnimizing problems of precipitation and erratic response
of the detector. These restrictors are most commonly used for both capillary and
packed columns. Linear restrictors are lengths of narrow bore fused silica (5-10 um),
the length determines the flow rate. Since decompression occurs throughout the length
of the column, problems with spiking have been encountered. Ceramic frit restrictors
have a 2 cm frit at the end of narrow bore fused silica tubing; these work well with
open tubular columns but have problems with clogging when used with packed
columns. The most sturdy restrictors are the crimped-type made of platinum, but
reproducibility of the crimped orifice size is very low. Integral-type restrictors which

can be fabricated in the laboratory are reliable and were used for all experiments.

2.1.5 Mobile Phases

Table 2.1 Physical Properties of Certain Supercritical Fluids
. __ . - - ]

Fluid Critical Critical Critical

Temperature Pressure Density

(°C) (atm) (g ml)
CoO, 31.3 729 0.47
N,O 36.5 725 0.45
NH, 132.5 1125 0.24
n-C, 152.0 375 0.23
n-C; 196.6 333 0.23
SF; 45.5 37.1 0.74
Xe 16.6 584 1.10
CCLF, 111.8 40.7 0.56
CHF, 259 46.9 0.52
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Typical mobile phases include carbon dioxide, nitrous oxide, ammonia, sulphur
hexafluoride, and chlorofluorocarbons (Table 2.1). To analyze thermally labile
substrates an eluent is chosen with a low critical temperature. To a first
approximation the value of the critical pressure is 2 measure of solvent strength,
therefore high critical pressures are preferred, although practical considerations place
limitations on this value. Supercritical carbon dioxide is most commonly used as a
mobile phase in SFC because of its low critical temperature (31.8°C) and high cntical
pressure (72.2 atm). Carbon dioxide is also non-toxic, non-explosive, inexpensive and
has a minimal background response in flame-based and spectroscopic detection

systems. The most obvious disadvantage of supercritical carbon dioxide is its low

polarity.

2.16 Programming Methods

The most evident advantage of SFC over both GC and LC is the variety of
methods available to control solute retention. SFC offers both temperature
programming (as in GC) and mobile phase composition programming (as in LC) plus
density programming. The ability to alter solvent strength with density is a primary
advantage of SFC over other chromatographic techniques. Dual control of temperature
and pressure is used to influence mobile phase density. Generally capacity ratios
decrease exponentially with an increase in density, indicating greater solvation at the
higher density. In developing a method for the separation of a number of species a

density gradient is used to optimize resolution.

2.1.7 Mobile phase modifiers

For some polar compounds the range in solvent strength offered by density
programmaing of the mobile phase may not be adequate to elute the compound or
provide reasonable separation. Addition of a second component (modifier) to the

mobile phase can greatly extend the power of density programming.
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2.1.8 Detection Strategies

Both LC-type and GC-type detectors have been used for SFC. Fluorescence
and ultraviolet absorption detection systems for SFC use high pressure cell able to
withstand pressures up to 6000 psi. These are most commonly used for packed
column SFC with modified supercritical mobile phases. Some flow cell configurations
for capillary SFC use on column detection, where the polyimide coating is removed
from the end of the column which is then placed in the light path of a UV detector.

Flame-ionization detection is most popular with capillary SFC; the higher flow
rates associated with packed-columns poses some problems with keeping the flame lit
and maintaining ionization efficiency. Flame ionization detection (FID) and nitrogen
phosphorous thermionic detection (NPD) have been used in SFC by decompressing the
fluid at the detector inlet [8].

Fourier Transform Infrared spectrometers (FT-IR) have been utilized for
measurements in both the supercritical state, using small volume, high pressure cells,
and after fluid decompression, using solvent evaporation/deposition techniques.

Interfacing SFC and mass spectrometers has proven to be a simpler task than
interfacing HPL.C-MS systems because of the reduced amount of solvents. The low
flow rates associated with capillary SFC permit the entire effluent to be accommodated
by exising GC-MS pumping systems. The major problems are the placement of the
restrictor and heating of the capillary interface. Typically temperature regulated
interfaces are used which place the restrictor at the end of a nozzle directed into the
ion source region [9,10]. Both thermospray and solvent elimination techniques

have also been used for packed column SFC.

2.2 Experimental procedures

2.2.1 Instrumental
A model 5890 gas chromatograph (Hewlett-Packard, Palo Alto, CA) was
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equipped with a Microgradient System Syringe Pump (Applied Biosystems Inc., Santa
Clara, CA) to pressurize and pump the supercritical fluid mobile phase. Samples
were introduced onto the column via a Rheodyne injection valve with a 0.5 or 1.0 ul
sample totor. Separations were performed on a Rexchrom 300A C-18, 5 um, 100 X
2.1 mm ID column (Chromatographic Sciences Company, St. Laurent, Québec,
Canada). Fused silica integral restrictors, constructed in- house, maintained the
supercritical conditions. Retention times, peak heights and areas and peak widths at
half height were recorded by a Hewlett-Packard 3390 integrator. Unless otherwise

stated this chromatographic system was used for all experiments in this work.

222 The role of modifiers in chromatographic separations.
Results from the investigation of the role of several modifiers (formic acid,
dichloromethane, and acetonitrile) in supercritical mobile phases are discussed in

chapter 3.

2221 Chromatographic system

A Kratos model 773 UV-Absorbance detector (Applied Biosystems Inc., Santa
Clara, CA, USA) set at 250 nm served as the detection system. A 1.0 pul loop was
used for the Rheodyne injection valve.

2222 Chemicals

Isobutyl benzene, phenyl acetic acid, anthracene, anthraquinone and pyrene
were obtained from Aldrich (Milwaukee, Wisconsin, USA) and used as recetved.
Dichloromethane and formic acid were obtained from BDH (Toronto, Ontario,
Canada). The acetonitrile-doped and simple supercritical carbon dioxide were obtained
from Scott Specialty Gases (Plumsteadville, Pennsylvania, USA). Other modified

phases were prepared in-house according to the following technique.
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2.22.3 Technique to modify supercritical mobile phases

A glass vacuum manifold constructed from stock components (see Figure 2.3)
was connected via a trap immersed in liquid nitrogen to a laboratory vacuum pump
and the system was evacuated. A known amount of modifier was poured into a clean
aluminum gas cylinder which was then immersed in liquid nitrogen for a sufficient
time to allow the modifier to freeze. The target cylinder is then connected to the
manifold and the system evacuated again. The supply cylinder containing SFC grade
CO, was connected to the manifold and the rate of gas flow from the supply cylinder
to the target cylinder was controlled with a fine control regulator. Throughout the
filling process the vacuum was monitored with a mercury manometer. The length of
time necessary to fill the cylinder was dependent not only on the flow rate of the gas
but the rate at which it freezes, requiring 1ts weight to be determuned at regular
intervals, 25-30 minutes for a final weight of 300 grams. Care must be taken not to
overfill the cylinder. It should be allowed to reach room temperature under ambient
conditions before use. Although exactly predetermined modifier/gas ratios are difficult
to attain, the final concentrations are readily calculated. The method described

provided a useful in-house technique for making binary and tertiary mobile phases.

2224 Isothermal studies

Isobutyl benzene, phenyl acetic acid, anthracene, anthraquinone and pyrene
were dissolved in dichloromethane at a concentration of 100 pg/ml and were injected
(1.0 pl) under conditions of constant temperature and changing density. Four
injecnons were averaged for each density setung (0.5 -0.9 g/ml). The process was
repeated for each change in temperature (40 -100°C) and each mobile phase. The
operating pressure to obtain the desired density for a given temperature was calculated

using a computer algorithm. For details see Appendix A.

2225 Isodense studies
Isobutyl benzene, phenyl acetic acid, anthracene, anthraquinone and pyrene

were dissolved in dichloromethane at a concentration of 100 pg/ml and were injected
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(1.0 pl) under conditions of constant density and changing temperature. Four
injections were made for each a range of temperatures (40 -100°C) at a given density.
The process was repeated for densities between 0.5 - 0.9 g/ml and for each mobile
phase. For both the isothermal and isodense studies, the peak heights, peak widths at

half height and retention times were recorded as an average of four injections.

2.2.3 Analysis of phenothiazinones in plasma by packed column SFC,
The separation of a series of phenothiazinone analogs and an assay for one

analog in plasma are described in chapter 4.

2.23.1 Chromatographic system
A Kratos model 773 UV-Absorbance detector (Applied Biosystems Inc., Santa
Clara, CA, USA) set at 250 nm served as the detection system. A 1.0 pl loop was

used for the Rheodyne injection valve.

2.2.3.2 Chemicals
Dichloromethane and acetonitrile were obtained from BDH (Toronto, Ontario,

Canada). The acetonitrile-doped and simple supercritical carbon dioxide were obtained
from Scott Specialty Gases (Plumsteadville, Pennsylvama, USA). Phenothiazinone
analogs were synthesized by the medicinal chemistry group at Merck Frosst Centre for

Therapeutic Research.

2.2.3.3 Calibration curve

A stock solution of L615,919 (4-chloro-3H-phenothiazin-3-one) was prepared
by dissolving 10 mg of the drug in 10 ml of dichloromethane. A stock solution of the
internal standard 1L649,927 (benzo(a)-phenothiazin-3-one) was also prepared with a
concentration of 1 mg/ml. Ten standard solutions were prepared with a concentration
range between 2 and 900 pg/ml each containing 100 pl of the internal standard for a
final concentration of 0.1 mg/ml. A calibration curve was obtained by plotting the

average peak height rato of five injections of each standard solution against the
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concentration.

2234 Preparation of dosing solution
A 20 mg/ml suspension was prepared by grinding the drug to a fine powder
using a mortar and pestle. A 1% Methocel solution was added to the powdered drug

and ground to obtain a homogeneous suspension.

223.5 Dosing regime

Rats ranging from 300 to 400 g weight were used for these studies. The
animals were fasted overnight before the study and fed six hours after dosing. Water
was allowed ad libitum. On the day of the study, the animals were weighed and
dosed 150 mg of drug per | kg weight of the rodent orally via gastric intubauon.
Under ether anaesthesia, serial blood samples were withdrawn from the jugular vein of
the animal at various times. Plasma samples were separated by centrifugation and

stored at -20°C until analysis.

2.2.3.6 Plasma samples

To each 400 ul sample of plasma 50 pl of 0.1 mg/ml solution of 1.649,927
(internal standard) and 200 pl of 0.1 N HCl was added. The mixture was agitated on
a vortex mixer for two minutes. Ethyl acetate (] ml) was added and the mixture was
again vortexed for four minutes and then centrifuged for 15 minute at 12000 rpm.
The ethyl acetate layer was collected and evaporated to dryness under a stream of
nitrogen. The aqueous layer was extracted a second ume with 1 ml ot ethyl acetate.
The organic layer was combined with the first evaporated extract and evaporated to
dryness. Each sample was redissolved in 50 Wl of dichloromethane and 1.0 pul was

injected on column.

2.23.7 Cyclic voltammetry of phenothiazinones
The phenothiazinone compounds (1 mg/ml) were dissolved in acetonitrile

containing 0.1M tetrabutyl ammonium tetrafluoroborate (TBA TFB) 25 the supporting
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electrolyte. A platinum ultramicroelectrode served as the working electrode, a
silver/silver chloride electrode as the reference and a platinum wire as the auxiliary
electrode. All scans were recorded at 100 mV/sec. Cyclic voltammograms were
recorded with a BAS CV 27 voltammograph (BioAnalytical Systems, West Lafayette,
Indiana, USA) and a HP7090A plotter (Hewlett-Packard, Palo Alto, CA, USA).

2.24 An electrochemical detection system for SFC

The design and performance of an electrochemical detection system for SFC is

described in chapter 5.

2.24.1 Chemicals
Ferrocene and tetrabutylammonium tetrafluoroborate (Aldrich, Milwaukee,

Wisconsin, USA) were used as received. The acetonitrile and tetrabutylammonium
tetrafluoroborate/acetonitrile-doped supercritical carbon dioxide were obtained from
Scoit Specialty Gases (Plumsteadville, Pennsylvania, USA). The solubility of the salt

in the carbon dioxide/acetonitrile mixture was verified before shipping.

2.24.2 Electrochemical Cell

An ultramicroelectrode made from 10-Um diameter platinum wire sealed in
narrow-bore glass capillary was obtained from BioAnalytical Systems Inc. (West
Lafayette, Indiana, USA). The glass capillary was of narrower diameter (3.2 m) than
those commercially available. The electrode body was filled with epoxy resin to
provide mechanical support. Two centimetres of the elecrode body were ground to
accommodate the cell compartment and to provide a rough surface for sealing. The
preliminary design uses a high pressure stainless steel tee-union as the electrochemical
cell (Figure 2.4). The inlet and outlet ports are 1/16 inch diameter with a 1/8 inch
diameter third port for the working electrode. The column eluent enters the cell
through a fused silica capillary threaded into the swagelok union pzsitioned directly

above the working electrode 1n a wall-jet geometry. The restrictor, placed through the
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side arm, is well removed from the working electrode to avoid decompression near the
electrode which may cause precipitation of either the analyte or electrolyte modifier
[11]. Graphite ferrules were used to swage all components. The cell body served as

the quasi-reference electrode.
Cyclic voltammograms were recorded with a BAS CV 27 voltammograph and

an HP7090A plotter. For the hydrodynamic studies, the potential was controlled by a
BAS amperometric detector LC-4 and the current was recorded on a HP3390
integrator. The cell was housed in a BAS Faraday cage.

2.25 Determination of sorbitan trioleate in metered-dose inhalers by
SFC.

A method for the analysis of sorbitan trioleate in aerosol formulations has been

developed and is described in chapter 6.

2.25.1 Chromatographic system
Eluents were monitored with a flame-ionization detector set at 350°C. All

experiments were run at constant pressure (2400 psi) and temperature (40°C).
Solvents were all HPLC grade and were used as received. Sorbitan trioleate was

obtaned from ATLAS Chemicals (lot #A17297).

2.25.2 Sample preparation

Each aerosol canister was immersed in liquid nitrogen for twenty minutes to
liquefy the contents. The canister was opened with a pipe cutter and the contents
poured into a beaker. After all the propellant evaporates, the dry residue was vortexed
with a known quantity of dichloromethane to dissolve the sorbitan trioleate. The
sample was then centnifuged at 12000 rpm for 15 nunutes and the supernatant filtered
through a 0.45 pum filter prior to injection. A calibration curve was prepared by
dissolving appropriate amounts of sorbitan trioleate and an internal standard (pyrene

0.2 mg/ml) in dichloromethane.
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Chapter 3

The Role of Madifiers in Chromatographic Separations

3.1 Introduction

A key feature of SFC is that a chromatographic separation can be optimized for
a given stationary phase by varying temperature, as in GC, mobile phase composition,
as in HPLC, plus the additional option of varying pressure and density. Since the
solvent strength of a supercritical fluid is closely related to its density, pressure or
density gradients can be used in the development of a separation [1]. The solubility
parameter of the supercritical mobile phase is influenced both by its critical
temperature and the operating density. To solubilize a solute, the solubility parameters
of the solute and the solvent should be nearly equal. To a first approximation, the
value of the critical pressure is a measure of a supercritical fluid’s solvent strength,
but practical limitations of presently available instrumentation do not permit the use of
fluids with high critical pressures. Increasing the density of the supercritical mobile
phase also increases the solubility parameter and consequently affects the solutes.
Enhancing the solvent strength by increasing density is limited by both practical
constraints of the solvent delivery system and the low compressibility of the fluid as it
reaches liquid-like densities {2].

Supercritical carbon dioxide is the most commonly used SFC mobile phase due
to its low critical temperature and moderate critical pressure, which permits the elution
of thermally labile compounds while operating within practical pressure limits of
current instrumentation. Carbon dioxide 1s non-toxic, inexpensive, non-flammable and
has minimal response in flame ionization detectors. Under typical SFC operating

conditions (40-120°C, 1200-5500 psi) supercritical carbon dioxide’s solvent strength,

.35 -
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as measured by the Hildebrand solubility parameter, overlaps those of several common
organic solvents such as hexane, pentane, dichloromethane, toluene, THF and
isopropyl alcohol [3]. This suggests that migration in supercritical CO, will occur if
the compound is soluble in any of these organic solvents. A problem occurs because
of the limited solvating ability of supercritical carbon dioxide for many polar
substrates. Increased solvent strength can be achieved by the addition of organic
solvents, in which the solute is soluble, to the supercritical CO, mobile phase.
Addition of a polar modifier typically results in decreased capacity ratios as compared
to the single component mobile phase. Retention in a chromatographic process is
controlled by several interactions: (i) the solubility of the solute 1n the mobile phase,
as determined by the solute-solvent interactions; (ii) the affinity of the solute for the
stationary phase; and (iii) interaction of the mobile phase molecules with the statdonary
phase. With bonded stationary phases interactions can occur with both the bonded
phase and the support material, typically silica. To influence retention the modifier
must alter one or more of the above mentioned mechanisms.

The successful development of SFC requires a more complete understanding of
fluid properties, their dependence on physical parameters, temperature, density and
composition, and their influence on retention behaviour. When this work was started
there was no clear understanding or consensus by those working in the area as to the
exact role of mobile phase modifiers. It was suspected that mobile phases could be
tailored for a specific application but little information was available on which to base
the selection of a mobile phase composition for a given applicaticn. Although
thermodynamic models existed to describe retention and selectivity they were unable
to account for stationary phase interacticns and were not useful for predictive purposes
in developing a separation strategy for a given series of compounds. Therefore a
systematic study of the i.'fluence of temperature, density and mobuile phase
composition on chromatographic parameters for several compounds on a reversed
phase column was undertaken. The practical problem in delivering mixed supercritical
phases was overcome by adopting a common technique for subdividing gases to

modify commercially available supercritical fluids. This permutted the study of the
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influence of density and temperature on model compounds in binary and tertiary eluent
mixtures and helped define the importance and role of modifiers generally.

3.2 Exp<rimental
For experimental details see section 2.2.2.1 - 2.2.2.4 in chapter 2.

3.3 Results and Discussion
Several investigators [4,5,6] have suggested possible roles for modifiers in

supercritical mobile phases. Polar additives can act as surfactants decreasing the
interfacial tension between the mobile and stationary phases. They can also provide
competition between solute and mobile phase molecules for active sites on the
chromatographic column. Co-solvent molecules may interact with functional groups
on the solutes and/or increase the fluid’s dielectric constant, introduce hydrogen
bonding capabilities, and alter mass transfer characteristics and solvent viscosity. The
addition of a less volatile solvent has the added effect of increasing the critical

temperature and pressure of the mobile phase and thus the density or solvating power

of the fluid [7].

3.3.1 Chromatographic parameters

Solute affinity for the mobile and stationary phases in SFC is dependent on the
composition of each, as well as on the mobile phase density and temperature. Initial
studies were designed to investigate the influence of density and temperature on the
chromatographic behaviour of a set of model compounds for a given mobile phase and
stationary phase.

The chromatographic parameters investigated included peak width at half
height, capacity ratio, effective plate number, selectivity and resolution. The capacity

factor (k’) 1s the ratio of the number of moles of solute in the stationary phase over
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the number of moles in the mobile phase and is related to the retention time of the

solute according to the following equation,

S’
¥ - R0 (3.1)
f
where t = retention time of an unretained species
tg = retention time of species of interest

The separation factor or selectivity () is the ratio of capacity factors for two

adjacent peaks,

a = ;kZ. (3.2)
ky
where k) =  capacity ratio of earlier eluting analyte
k, = capacity ratio of adjacent analyte

Selectivity is varied by changing the composition of the mobile and/or
stationary phase. Both selectivity and capacity factor are a measure of the peak
position.

Column efficiency (N) is the relative ability of a given column to provide

narrow bands of solute.

t 2
N - 554 (—5.) (3.3)

where t,s = peak width at half height

The value of N is constant for different solutes for a given column, mobile
phase, temperature and linear velocity. Therefore an increase 1n retention time results
in an increased peak width. The separation efficiency is controlled by changing the
column length or the solvent velocity.

The resolution 1s a measure of the relative resolution achieved for a given

sample mixture. The resolution between two adjacent peaks 1s equal to the distance
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between the two peak centres divided by the average peak width. Resolution can be

expressed in terms of experimental parameters such as k’, N and o

SUTREI T R

1 +k

Both the separation efficiency and the resolution are a measure of the peak
distortion developed throughout the length of the column.

The availability of solubility data for various organic solvents in supercritical
carbon dioxide, provides a means for preparing homogeneous binary and tertiary
mobile phases. Packed columns designed for HPLC are routinely used for SFC. C-18
bonded phase packed columns have shown versatility for the separation of a large

variety of compounds in HPL.C and seemed an appropriate candidate for SFC.
3.3.2 Isothermal and isodense studies

3.3.2.1 Supercritical carbon dioxide mobile phase

A series of model compounds (iso-butyl benzene, phenyl acetic acid,
anthraquinone, anthracene and pyrene) was selected to demonstrate substituent and
molecular size effects under various conditions. Chromatograms were obtained for
four injections of the test mixture at each temperature and density (see appendix B for
table of data). Chromatographic parame.ers were plotted under conditions of constant
density as a function of temperature. Generally capacity ratios and peak widths
decreased in a non-linear fashion with increasing temperature at constant density
(Figure 3.1). The shape of the k’ versus temperature curve for the individual
compounds remained the same for each density studied, but the values of the capacity
ranos decreased with increasing density. The greatest change in capacity ratio was
obtained for pyrene, the largest molecule of the muxture, indicating that 1ts solubility in
the mobile phase is increased at the higher temperature. A plot of In(k’) as a funcuon

of temperature shows a linear dependence for each solute (Figure 3.2a). The
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dependence of efficiency on temperature shows a maximum at 70°C for anthraquinone,
anthracene, and pyrene, while the smaller compounds have a maximum value at 50°C;
this is true for all densities investigated (Figure 3.2b). Selectivity between
anthraquinone and amhracene remains constant for the temperature range studied,
while selectivity for anthracene and pyrene decreases slightly with increasing
temperature (Figure 3.3a). The greatest change occurs for the resolution between
anthracene and pyrene, which decreases rapidly with increasing temperature. This is a
direct result of the large retention time change for pyrene with temperature (Figure
3.3b).

At constant temperature, capacity ratios decrease with micreasing density mwch
more rapidly, than at constant density with increasing temperature. Again the curve 1s
asymptotic, and the shape dependent on the analyte at each temperature (Figure 3.4b).
The capacity ratio values are higher at the lower temperature. Resolution between
anthracene and anthraquinone, which differ in polarity, remains constant, while the
resolution between anthracene and pyrene decreases rapidly with increasing density
(Figure 3.5b). This suggests that the effect of density is greater on the larger
molecule, due to its increased solubility in the mobile phase.

At constant temperature, changes in density greatly influences the
chromatographic separation. The control density exerts on retention behaviour 1s best
seen by companng chromatograms obtained for the test mixture at constant
temperature and different densities. A decrease 1n analysis imes by a factor of ten
was obtained by increasing the density from 0.5 to 0.7 g/ml (Figure 3.6). However,
the increased speed of analysis 1s at the cost of resolution. The smaller molecules are
better resolved at the lower densities, while the larger solutes, anthraquinone, pyrene
and anthracene, have better peak shape at intermediate densities. In order to separate

such a muixture a density gradient must be used.

3322 Critical parameters 1n binary and tertiary mobile phases
Binary mobile phases are being used in SFC due to the ability of the second

component to chemucally alter the properuies of the mobile phase. Problems occur
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when using modifiers in supercritical mobile phases due to the non-linear relationship
between the critical parameters of a binary mixture of eluents and the eluent
composition. Critical parameters for mixed phases have not been experimentally
determined, therefore the critical temperature and pressure are estimated on a
theoretical basis using equations of state. The Peng-Robinson equation of state was
chosen for the calculation of critical parameters and for the determination of pressure
and density values since: (i) it is a simple two-parameter cubic equation with solvable
roots and (ii) it is commonly used, therefore providing a means for comparison with
other data in the literature.” Generally semi-empirical equations of state express
pressure as the sum of a repulsion pressure (term I) and an attraction pressure (term

II). The Peng-Robinson equation of state has modified the attractive pressure term of

the van der Waals equation (term II).

_ RT _ a(D
V-b  W(V+b) + &V-b) 3.5)
I n

Other equations of state have been developed [8,9] but most require solution
by numerical methods. The density of a supercritical fluid changes rapidly near the
critical point and therefore an equation of state with more parameters would best
describe the change in uensity with pressure and temperature. However, since most of
the following studies were conducted at conditions well above the critical point, the
Peng-Robinson equation of state provided a good estimate of the critical parameters.

The density of the binary and tertiary fluids was determined by addition

parameters as descnibed by the Peng-Robinson equation.

a - };JE XA, (3.6)
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12 12
a, = (1-38pa"a (3.7)

b - Y xh (3.8)

i

The two constants for the equation were calculated for each component of the
mobile phase and were added according to the mixing rules describe by Peng and
Robinson before being used in the equation of state. A computer program was
written to calculated the density and critical parameters of vanous mixtures of organic
solvents with carbon dioxide (see Appendix A for a listing of the program). For a
given temperature and density, the Peng-Robinson equation gave the operating

pressure for the particular mobile phase.

3.3.2.3 Formic acid modified carbon dioxide

Coverage of the silica support on common HPLC bonded-phase columns is
usually less than 30%, leaving many silanol groups bare. Peak tailing of polar solutes
may occur as a result of adsorption of the solute onto bare sites on the silica support.
In HPLC trifluoroacetic, phosphoric or formic acid is typically added to the mobile
phase to compete with the solute molecules for the bare silica sites. This produces a
more uniform stationary phase surface, therefore considerably reducing peak taling. It
was hoped that similar effects could be achieved by the addition of formic acid to
supercritical CO, mobile phase. At the time of .hese studies only single component
mobile phases were available commercially, therefore the binary and tertary phase

were prepared in the laboratory by adapting a technique commonly used for

Formic acid was chosen because of its solubility in supercntical carbon dioxide
and its compaubility with both FID and UV absorption detection. Addition of the
formic acid (0.25%) initially decreased retention times for all the compounds.

Capacity ratio curves for anthraquinone, anthracene, and pyrene decrease
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asymptotically with temperature at constant density (Figure 3.7), the shape of the
curves are similar to those obtained with simple CO,, while the k’ values are lower for
the same density in the formic acid modified phase. Selectivity and resolution curves
(Figure 3.8) for anthraquinone/anthracene and anthracene/pyrene are very similar
indicating that the resolution of these compounds in this system is governed by its
selectivity. Resolution of two compounds takes into account the capacity ratios of
each solute, the selectivity ratio and efficiency and therefore a plot of these individual
components would indicate the predominate factor.

Capacity ratios and peak widths for isobutyl benzene remained constant for
increasing density, suggesting no change in solute-solvent interaction (Figure 3.9). At
constant temperature both the capacity ratios and peak widths decrease in a non-linear
fashion with increasing density, indicating that the increase in density increases the
solubility of the solutes in the mobile phase as well as the solute-stationary phase
intcraction. Efficiency for anthraquinone, anthracene and pyrene reach maxima at 0.8
g/ml (Figure 3.10b). Selectivity and resolution for anthraquinone/anthracene reach
minima at a density of 0.8 g/ml (Figure 3.11). Selectivity of anthracene over pyrene
steadily increases with density, while the resolution between the two increases only
slightly.

The amount of formic acid in the mobile phase was then increased to 1.26
mole%. Plots of capacity ratio as a function of temperature at constant density have
similar shapes to those recorded for the lower formic acid concentration, but the
values of k’ at lower temperatures for pyrene are slightly higher (Figure 3.12a).
Efficiency for anthraquinone, anthracene and pyrene reach a maximum at 50°C and a
minimum at 80°C (Figure 3.12b). Selectivity for anthraquinone and anthracene is
constant for the temperature range investigated, while the anthracene/pyrene selectivity
decreases slightly with increasing temperature (Figure 3.13). The resolution of both
pairs is influenced by both the selectivity and capacity ratios.

At constant temperature the peak width curves are simular to the capacity ratio
curves, indicating higher solvation of each solute with increasing density (Figure 3.14).

Selectivity for anthraquinone/anthracene increases with density and the resolution
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between the two is constant (Figure 3.15). Both the selecuvity and resolution for the
anthracene/pyrene pair decrease with increasing density. Addition of an increased
amount of formic acid essentially has little effect on the chromatographic propernes of
the solutes.

Since the addition of formic acid decreased both the peak width and capacity
factor, it must modify both the stationary phase surface and at least to some extent
increase the solubility of the solutes 1n the mobile phase. Increasing the formic acid

content had little effect on retention, indicating its modifying abulity 1s limited.

3.3.24 Dichloromethane/formuc acid modified carbon dioxide

A third component was added to the formuc acid (0.16 mole %) modified
mobile phase 1n order to asses its influence on capacity ratno. Dichloromethane, a
solvent in which all the solutes are soluble, was added at a concentranon of 0.87 mole
% in order to increase the solubility of the compounds in the mobile phase and
because of its low response 1n both FID and UV detection systems and 1ts intrinsic
solubility in supercritical carbon dioxide. Dichloromethane was added 1n an attempt to
decrease solute retention times while the formic acid covered up the active sites on the
silica support. However, since a decrease 1n capacity ratios causes peak widths to
decrease, it is not possible to disunguish between the two mechamsms

Capacity ranos decreased with an increase 1n density, 1n a similar pattern to
that obtained with the three previous mobile phases (Figure 3.16a); hutle change
occurred at increasing temperature (Figure 3.16b). For anthraquinone/anthracene both
the selectivity and resolution increased with density.  Selectivity and resolution for

aiithiacene/pyrene both decreased with increasing densuty (Figure 3.17)

3.3.25 Acetonitnle modified carbon dioxide
Finally the effects of acetonitrile modifiers on the chromatographic

performance of the test mixture were investigated. This was carried out for two
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reasons: (i) since acetonitrle increases the polarity of the mobile phase, it extends the
range of supercnitical CO, making 1t useful for the separation of phenothiazinones (see
chapter 4), a senies of relatively polar compounds; and (1) the feasibihity of an
electrochemical deteciion system for SFC was also under mnvestigation and
acetonitrile/tetrabutyl ammonium salt modified carbon dioxide provided the necessary
conductivity to the mobile phase.

Peak widths decreased for anthraquinone, anthracene and pyrene with
increasing temperature at constant density. Little change was obtained 1n capacity
ratios for the three compounds with increasing temperature (Figure 3.18).
Temperature also had a minimal effect on resolution and selectivity for the three
solutes (Figure 3.19). At constant temperature both peak widths and capacity ratios
decreased at higher densities (Figure 3.20). Selecuvity increased for
anthraquinone/anthracene pair with increasing mobile phase density, but remained
constant for anthracene/pyrene pair (Figure 3.21a). Resolution between anthracene and

pyrene decreased rapidly with increasing density (Figure 3.21b).

3.33 Modifier effects.

3.3.3.1 Effects on retention times

The results of the previous investigation indicate that mobile phase density 15
the main factor controlling retention. Under 1sobaric conditions, temperature has a
minimal effect on retenton parameters. Hence comparisons of modifier effects should
be made at equivalent densities under 150thermal conditions. The capacity rauos for
anthraquinone (Figure 3.22a), anthracene (Figure 3 23a) and pyrene (Figure 3.24a) are
plotted as a function of density at a constant temperature of 60°C for simple carbon
dioxide and three modified CO, mobile phases. Capacity ratios were highest for the
three compounds 1n the supercritical carbon dioxide mobile phase The order of
decrease 1n k’ values was dependent on the solute For anthraqumnone, the next

highest values were obtained for 0.25 mole% formic acid/CO, muxture and the lowest
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values for the 1.26 mole% formic acid/carbon dioxide mobile phase. The
dichloromethane actually decreases the polarity of the mobile phase as compared to
the phase with higher formic acid content, therefore decreasing the solubility of the
polar anthraquinone molecule. Anthracene 1s retained least 1n the
dichloromethane/formic acid/carbon dioxide mobile phase at lower densities, while
capacity ratios are equivalent to those in the 1.26% formic acid/CO, mobile phase at
higher densities. Capacity ranos for pyrene are stmlar for both CH,Cl,/CHO,H/CO,
and CHO,H/CO,.

Capacity ratio values were compared at equivalent densites ( 0.7 g/ml) as a
funcnon of temperature for the five mobile phases. Anthraguinone (Figure 3.22b),
anthracene (Figure 3.23b) and pyrene (Figure 3.24b) showed decreases in k’ values
with increasing temperature, indicating greater solvation of the solutes at higher
temperatures. Only slight changes were obtained with the acetommle modified CO,,
suggesting that the k’ is affected more by enhancement of solubility by this modifier
than temperature. k’ values for the dichloromethane/formic acid/ carbon dioxide
mobile phase showed only a small decrease with increasing temperature. At constant
density much greater changes 1n k’ values were obtained for small changes in density.
At 60°C only two densities were 1nvestgated for the acetonitrile/carbon dioxide mobile
phase.

In this study plate height comparison could not be carned out. since a change
in density and/or temperature results in changing linear velocities. Informanon on
peak shape and symmetry is included in plate height and plate number measurements.
Peak distortion dunng the length of time a substrate migrates through the column 1s
dependent on the linear velocity of the eluent. Chromatograms of the test mixture are
compared at equivalent densiues of 07 g/ml and a temperature ~* 60°C (Figure 3.25).
Additton of the modifier has decreased the analysis times, especially for the larger
compounds, tor each type of modifier. Although dichloromethane was added to the
formic acid modified CO, to increase the solubility of the compounds in the mobile
phase, 1t had litde etfect on retention umes. Peak shape ot some compounds change

nouceably; a greater response and sharper peak was obtained for pyrene and a
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decreased response for anthracene was recorded. The addition of acetomtrile modifier
to the carbon dioxide resulted in better resolution between anthracene and

anthraquinone and increased response for the pyrene, anthracene and anthraquinone,

indicating greater solubility of these compounds in this mobile phase.

33.3.2 Effects on enthalpy of transfer between mobile and stationary phases
At constant pressure, the dependence of capacity ratios on temperature can be

calculated by the van’t Hoff equation,

/
(ilng_) S-V: 3.9)
oT™" )p R
where AH = enthalpy for the transition of a solute

between the mobile and statonary phases.

At constant density, the slope of the plot of In(k’) as a function of the inverse
temperature is equal to the effective enthalpy of solute transfer between the mobile

phase and stationary phase, according to the following equation,

(3.10)

T

[alnk’
T

)-6+AH-AH
p

Plots of In(k’) as a function of the inverse of temperature (van’t Hoff plots) are
linear. The slope of these plots represents the transition enthalpy. Figures 3.26 - 328
are representative for anthraquinone’ enthalpy values are summarized in Table 31 A
linear dependence ot enthalpy with density, where the greatest solvauon occurs at
higher densities (less negauve values) 1s 1indicanve ot a parution-hike mechanism.
Non-linear behaviour 1s attributed to solvation or swelling of the bonded phase by the

mobile phase. Enthalpy values have been plotied for anthraquinone (Figure 3.29),
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Table 3.1 Linear regression of van’t Hoff plots
Compound Anthraquinone Anthracene Pyrene

Mobile phase p  Slope r Slope r Slope
Co, 05 -1074 0.9060 -10.17 09347 -10.85 0.9258
0.6 -10.99 0.9865 -10.83  0.9896 -11.54 09912
07 -9.09 09929 -9.13  0.9960 971 0.9964
08 -7.63 09777 -7.80 09914 -8.51  0.9988
09 -728 09938 -7.38  0.9996 192 0.9982
CHOH (0.25%) 0.5 -10.63 0.9979 -10.63 0.9978 -10.61  0.9978
06 -9.79 0.9985 -9.31 0.9968 -9.90 0.9964
in 07 -894 0.9995 -8.55 0.9998 9.17  0.9582
0.8 -9.16 0.9999 -8.30 0.5998 -1.77 - 0.9692
Co, 09 -695 0.9806 -7.67  1.0000 -7.86  0.9958
CHO,H (1.26%) 0.5 -10.06 0.9864 -9.83  0.9849 -10.31  0.9878
0.6 -846 09932 -8.71  0.9992 -9.12 0.9988
in 0.7 -9.09 09966 -8.80 0.9982 9.15  0.9978
08 -8.61 0.9982 -8.40 0.9991 -8.48  0.9996
Co, 09 -897 0.9997 -8.02  1.0000 -875  0.9996
CH,Cl, (0.87%) 0.5 -13.75 09760 -12.23 09876 -13.03  0.9860
CHO,H (0.16%) 0.6 -9.61 0.9542 -7.70  0.9914 941 0.9740
in 0.7 -8.83 0.9388 -7.65 0.9586 -1.76  0.9506
CO, 08 -6.84 0.9752 -6.83 09645 -6.85  0.9655
09 -5.68 0.9423 -5.71 09569 -591  0.9803
CH,CN (0.8%) 0.6 -9.75 09926 -9.53  0.9942 -9.86  0.9962
in 07 -406 09196 -4.21  0.9454 -444  0.9561
CO, 08 -258 0.9997 -2.63 09996 -290  0.9519

#
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anthracene (Figure 3.30) and pyrene (Figure 3.31) as a function of density for each
mobile phase investigated. All relationships were linear indicating no solvation of the
C-18 bonded phase or the silica support. Enthalpy values become more negative as
the density decreases, ultimately approaching the enthalpy values typical for GC. Beth
formic acid modified phases and the carbon dioxide mobile phase have the lowest
enthalpy values which change very little with increasing density. For these mobile
phases a change in density is not great enough to significantly change the solvent
strength of the mobile phase. Dichloromethane/formic acid modified carbon dioxide
gives higher enthalpy values at higher densities, while very low values are obtaimned at
low densities. Acetonitrile modified carbon dioxide reaches less negauve enthalpy
values rapidly and has the smallest values for all the mobile phase compositions
evaluated. This suggests that the greatest enhancement of the solvating power of the
mobile phase for these compounds is obtained with the acetonitrile modifier.

The impact of the co-solvent on the retention mechanism in SFC can be also
described in terms of the change in enthalpy for solute transfer between the mobile
and stationary phases as a function of mobile phase composition (Figure 3.32).
Enthalpy values show only small decreases for two concentranons of formic acid
modified CO, and formic acid/dichloromethane modified carbon dioxide. A dramatic
decrease in enthalpy is achieved with acetonitrile modifier, indicating greater solvating
ability of this mobile phase.

Recently other investigauons into the role of modifiers [10], density [11],
'tempcrature [12], pressure [13], linear velocity [14] 1n retention behaviour have
been published. Some researchers [15] have reported a maximum in their plots of
k’ and resolution as a function of temperature or density, while our studizs do not.
These studies were conducted from subcrnitical to supercritical conditions and maxima
were obtained at approximately critical conditons. If data from this study are
compared to the studies n the literature conducted under supercritical conditions then

similar trends are observed.
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3.4 Conclusion

A model for the dependence of chromatographic parameters (k’, N, a, R) on
temperature, density pressure, linear velocity and mobile phase composition requires
instrumer.tation capable of varying one physical parameter independent of all others.
At present this is not possible; studies of changing temperature under constant density
conditions results in non-linear pressure changes and changes in density at constant
temperature varies the linear velocity of the mobile phase. These studies on the
retention behaviour as a function of physical parameters for a given chromatographic
system provide a means to determine initial conditions for a particular application.
Changes in retention are best understood in terms of changes in density for a particular
mobile phase, where the capacity ratio decreases non-linearly with increasing density.
At higher densities, the linear velocity also increases causing the solute to elute faster
from the column, decreasing analysis times. An increase in temperature leads to a
decrease in density with the resulting increase in retention. At constant density
retention is only slightly affected by temperature.

The mobile phase modifier can aiter the chromatographic process by increasing
the solubility of the solutes in the mobile phase and by modifying the stationary phase.
Although formic acid was added to supercritical carbon dioxide to cover up the active
sites on the silica support, the decrease in both the peak widths and capacity ratios
indicate both a modification of the stationary phase surface and the propertes of the
mobile phase. Dichloromethane modifier slightly increased the solvation of the solutes
in the mobile phase. Acetonitrile doped carbon dioxide greatly improved peak shape
for later eluting species and decreased analysis times. The less negative enthalpy
values for the acetonitrile modified CO, demonstrates the greater solvating ability for

this modifier.
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Chapter 4

Analysis of Phenothiazinones in Plasma by Packed Column SFC

4.1 Introduction

Leukotrienes are believed to play an important pathophysiological role in the
allergic broncoconstriction of asthma. Under normal physiological conditions
leukotrienes and prostaglandins behave as chemical mediators in maintaining
homeostasis in their micro-environment. When conditions become so hostile that
normal homeostasis cannot be achieved, then full inflammatory response occurs.
Arachidonic acid, stored in membrane-bound phospholipids, is then released by
phospholipases. Enzymatic conversion of arachidonic acid then proceeds through one
of several routes {Figure 4.1). The cyclo-oxygenase pathway produces prostaglandins,
prostacyclin and thromboxanes. The formation of leukotrienes is initiated by 5-
lipoxygenase and dehydrase producing leukotriene A,, an epoxide intermediate.
Hydrolysis of LTA, results in the formadon of leukotriene B,. Leukotriene C,, formed

by the incorporation of glutathione in LTA,, undergoes further conversion to form

leukotriene D, and leukotriene E,.

Leukotriene C, and D, are peptido-lipid conjugates which collectively account
for the biological activity known as the slow reacting substance of anaphylaxis. They
have potent smooth muscle contracting activity and high structural affinity for specific
receptor sites. In addition these leukotrienes promote mucous production, decrease
mucocilliary clearance, modulate vascular permeability changes, are potent
inflammatory agents 1n human skin, and may be mvolved in the induction of non-

specific bronchial hyperactivity. The sulphidopeptide leukotrienes, LTC, and LTD,,
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are thought to be important mediators of human bronchial asthma and allergic
diseases. They are also potent vasoconstrictors for both coronary and cerebral
circulation, hence have important cardiovascular implications.

Leukotrienc B, is a hydroxyeicosatetraenoic acid which has a high affinity,
structurally specific receptor sites on the neutrophil cell surface. Interaction with these
receptor sites leads to induction of neutrophil cell functions including chemotaxis,
chemokinesis and aggregation. In addition a subpopulation of both helper and
suppressor T-cells have receptor sites for leukotriene B,, interaction with which results
in an overall immunosuppressive effect. Injection of leukotriene B, into animal
models or man results in induction of leucocyte accumulation, vascular permeability
changes and modulation of pain responses suggesting that this leuxotrene is an
important mediator of inflammauon.

Potential 5-lipoxygenase inhibitors are chosen according to the following
criteria. (i) To compete with arachidonic acid for the 5-lipoxygenase enzyme, the
inhibitor must have structural similarity with the substrate. In particular, the inhibitor
should possess a moiety bearing significant lipophilic and 7 character, mimicking
aractudonic acid; (ii) The generally accepted mechanism of lipoxygenation of faity
acids suggests an electron transfer from a skipped diene (1,4 Z,Z diene) followed by
proton abstraction and the trapping of the resulting radical by oxygen to give nse to a
hydroperoxy derivative. To funcnonally mimic the substrate of the enzyme, chemical
entities known to favour an electron transfer process must be incorporated in the
design of the inhibitor [1].

Studies using aromanc tricyclic derivatives in the alteration of the biological
activities of prostanoids [2], combined with their lipophilic and  character, led to the
study of tricyclic compounds with a heterocyclic ning, which could potentially permit a
facilitated electron transfer. Using these concepts it was found that phenothiazines and
therr oxidized form, phenothiazinones, were selective inhibitors of the 5-lipoxygenase
enzyme. One denvative of phenothiazinone class of compounds 1L.651,392 (4-bromo-
2.7-dimethoxy-3H-phenothiazin-3-one) [1] has shown potency as an oral drug for

inhibiting leukotriene-mediated allergic responses. Such a compound may prove
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useful in elucidating the role of 5-lipoxygenase products in biological and pathological
processes both in vitro and in vivo. The separation and detection of plasma levels of
these phenothiazinone compounds (Figure 4.2) are important in their development as
drug therapy.

Information from the studies conducted 1n the previous chapter was used to
develop a separation strategy for a series of phenothiazinone compounds. The
behaviour of these compounds was investigated under changing conditions of
temperature, density and mobile phase composition. An assay for 4-chloro-3H-
rhenothiazin-3-one (L615,919) in plasma is described. The electrochemucal activity of
these compounds was also 1nvestigated as potenual candidates for electrochemical

detecton in SFC.

4.2 Experimental conditions

For experimental details see sections 2.2.3.1 - 2.2.3.7 in chapter two.

4.3 Results and Discussion

4.3.1 Retention behaviour 1n supercritical carbon dioxide.

The behaviour of one analog, 4-bromo-2,7-dimethoxy- 3H-phenothiazin-3-one
(L651,392) was studied under various chromatographic conditions. Initial experiments
were conducted on a C-18 bonded phase column witn supercritical carbon dioxide as
the mobile phase. At a temperature of 40°C and pressures below 3500 psi (d = 0.85-
0.90 g/ml) compound L651,392 does not elute within a run time of 15 minutes. At
3500 psi, the analyte elutes as a very broad peak at k' = 12.7, and upon increasing to
4500 ps1 the front end of the peak begins to sharpen and retention decreases, k' =
7.11. Chromatograms obtained at increasing temperatures (60, 80 , & 100°C) and
constant pressure (4500 psi) showed sharpening of the front end ot the analyte peak

and a slight reduction in retention time. Improvements in peak taling were not
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observed. Retenuon of 1.651,392 is most likely due to more than one mechanism. At
higher temperatures the solubility of the compound increases resulting in a sharper
peak front. Tailing of L.651,392 is probably due to interaction between one or more
substituents on the molecule with active sites on the silica support. Two expeniments
were carried out to elucidate the retention mechamism. (i) A study of the behaviour of
similar molecules with various substituents revealed the participating groun and (ii)
the use of a modifier to cover-up the active sites minimized interaction with the
stanonary phase, resulting in less peak tailing. A series of phenothiazinone
compounds were chromatographed at 4500 psi and 80 °C (Figures 4.3 and 4.4). The
peak shape and elution order of the series is very much dependent on the substituent
groups on the molecules. L615,919 (4-chloro-3H-phenothiazin-3-one) elutes as a
sharp peak at k’= 1.06, it 1s the least retained of the sernies. 1.649,991 (1-methyl-2-
propylsulfide-phenothiazin-3-one) also elutes as sharp peak at k' = 1.44, 1t has a
slightly increased retention due to the large substituents as compared to L615,919.
1.653,849 (7-methoxy-4-amino-phenothiazin-3-one) shows some tailing and increased
retention, suggesting that the methoxy group may interact with active sites on the
chromatographic support. 1649,927 (benzo(a)-phenothiazin-5-one) elutes with
increased retention indicating that the large benzene ring retards its mobility and the
lack of peak tailing is supported by the lack of polar groups to interact with active
sites on column. The two methoxy groups on L.651,392 results in slightly longer
retention and a substantial increase in tailing. L653,086 (4-nitro-2,7-dimethoxy-3H-
phenothiazin-3-one) which is similar in structure to L651,392 with its bromine
replaced by a nitro groﬁp, is retained for a very long time resulting in an extremely
broad peak. This compound is not very soluble in dichloromethane, therefore its
solubility 1n carbon dioxide may be not great enough to remove the compound from
the stationary phase.

In order to obtain separation of a mixture of the first four compounds with
reasonable resolution and an improved peak shape for the individual compounds a
density or temperature gradient was necessary. Determining the actual values for such

a gradient requires some knowledge of the principal mechanism of retention, therefore
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their behaviour was studied under various conditions of temperature, density and

mobile phase composition.

4.3.2 Effect of modifiers on retention characteristics.

Chromatographic behaviour is governed by the interaction of the analyte with
(i) the bonded stationary phase, including active sites on the chromatographic support;
(ii) the mobile phase, including its solubility in the mobile phase or; (iii) the volatility
of the species of interest; or (iv) some combination of these effects. As was shown in
Chapter 3, modifiers, in the form of organic solvents, in the supercritical mobile phase
can alter the stationary phase by covering up active sites, or by altering the solvent
strength of the mobile phase. The choice and concentration of the modifier determines
its effect. Formuc acid (0.25 mole%) was added to the supercritical carbon dioxide
mobile phase in order to cover up active sites on the stanonary phase. Four analogs
L615,919, L649,991, L653,849, and L649,927 were each injected at 100 ng/pl under
conditions of constant density and varying ternperatures for supercritical carbon
dioxide with 0.25% formic acid mobile phase. Retention times, peak widths and
heights were recorded for the average of four injections. Addition of the formic acid
modifier reduced capacity ratto values for all compounds as compared to the values
obtained with simple supercritical carbon dioxide mobile phase. At a density of 0.9
g/ml, chromatograms were obtained between 60 - 80°C, higher temperatures required
very large pressures not feasible with current instrumentation. Capacity ratios for the
four analogs increased from 60 to 70°C and decreased at 80°C to values below those
recorded at 60°C (Figure 4.5b). The decreased capacity ranos at 80°C are a result of
increased solubility of the analytes at the higher temperawre. Peak widths generally
increase proportionally with retention time, therefore a plot of peak widths at half
height versus temperature should have a sirmular pattern to that of capacity rato plots
(Figure 4.5a). Although L649,991 1s retained slightly longer than L615,919, its peak
widths are smaller, suggesung that the lower polanty of the former minimizes 1ts
interaction with the siica support and its increase in retention 1s governed by its

increased interaction with the bonded phase. The same compounds were investigated
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at a lower density (0.7 g/ml) and higher temperatures of 8C to 100°C. Although the
density and consequently the solvent strength is decreased the compounds eluted with
similar capacity ratio values as those recorded at the higher density (Figure 4.6a). This
suggests that the solubility of the analytes is greater at higher temperatures. At 100°C,
the capacity ratio decreases considerably suggesting that the increase solubility of the
analytes at higher temperatures contributes to the retention mechanism at this
temperature. The plots of peak width at half height as a function of temperature
reflect the change in capacity ratio (Figure 4.6b).

As with the study of the model compounds in Chapter 3, a further increase in
formic acid content resulted in little change in capacity factors, indicating that the
original concentration was sufficient to decrease the interaction of the analytes with
active sites but a further increase in concentration had no influence on the mobile
phase interactions. A third component, dichloromethane, was added to the mobile
phase in an attempt to increase the solubility of the phenothiazinone compounds in this
phase. It had no visible effects on retention times but did show some differences in
peak shape. In Figure 4.7, chromatograms of three compounds of the series are
compared at equivalent densities and temperatures for the formic acid and the formic
acid/dichloromethane modified supercritical carbon dioxide phases. L615,919, the
phenothiazinone with a chlorine substituent, showed an increased peak height and
better peak shape in the tertiary mobile phase. Peak height and peak tailing improved
more for L.653,849, the compound with the one methoxy substituent, upon the addition
of dichloromethane to the mobile phase. No difference was observed for 1.649,927,
the phenothiazinone with the large aromatic substituent 1n binary and tertiary mobile
phases. This suggests that the addition of dichloromethane increased the solubility of
the more polar compounds in the mobile phase with the improvemnent decreasing as

the molecule becomes less polar.

433 Separation of phenothiazinone analogs.
Separation of a mixture of the phenothiazinone compounds with reasonable

resolution and improved peak shape necessitates the addition of a madifier to the
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mobile phase and the use of a density gradient. The phenothiazinone analogs are not
soluble in aqueous solvents therefore highly polar modifiers cannot be used. An
increased solvation power is required to elute the larger, more polar analogs with
minimal peak tailing. Acetonitrile is a suitable choice since the phenothiazinone
compounds are soluble in this medium and it increases the solvent strength of the
mobile phase. The effect of increasing acetonitrile content on retention times, peak
widths, resolution, and efficiency at two temperatures was investigated. A solution
containing L615,919, L649,991, L649,927, and L651,392 at 100 ng/ul was injected in
a mobile phase of varying acetonitrile concentration under conditions of a constant
pressure gradient and constant temperature. Capacity ratios for each of the compounds
decreased, in a non-linear fashion, with increasing acetonitrile concentration (Figure
4.8a). Peak widths decreased slightly for three of the compounds with acetonitrile
concentration, but decreased rapidly for L651,392 from 0.4 to 1.2 mole% (Figure
4.8b). This suggests a reduced interaction with the bonded phase. Increasing the
modifier content in the mobile phase increases the solvent strength of the mobile
phase, thus increasing the solubility of the analytes. This results in faster analysis
times and sharper peaks, but reduced resolution. A much sharper decrease in
resolution is observed between 1.649,927 and L651,392 since the capacity ratios of the
latter decreases more rapidly than that for the former (Figure 4.9). Resolution between
L615,919 and L649,991 remains constant since their retention times are affected in the
same manner with increasing modifier concentration. Figure 4.10 demonstrates the
loss of resolution with increasing modifier concentration in the mobile phase, peaks 3
and 4 are not resolved at the higher acetonitrile concentration. Similar studies were
carried out at a higher temperature of 80°C. Capacity ratios are generally greater at
the higher temperature (Figure 4.11a). Although capacity ratio values decrease with
the amount of acetonitnle, little change is observed above a concentration of 1.2
mole%. The higher temperature decreases the density of the mobile phase, but is not
high enough for volatility effects to be observed on the retention mechanism. Peak
widths decrease slowly with increasing modifier concentration for three of the

analytes; values are similar to those obtained at 40°C (Figure 4.11b). For L651,392
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peak widths improve at a more rapid rate and actual values are smaller than those
recorded at the lower temperature. At 80°C, the increased solubility of L651,392 in

the mobile phase therefore reducing the retention time and decreasing peak width.

4.34 Assay for L615,919 in plasma.

An optimum set of operating conditions was obtained from these results. After
an initial one minute isobaric period, a density gradient ramping from 0.72 g/ml to
0.91 g/ml at a rate of 0.021g/ml at 40°C was used to separate four analogs of this
series. Figure 4.12a was obtained for a 1 pl injection of 100 ng of each analog
dissolved in acetonitrile. A comparison of this chromatogram with that obtained for
the same pressure gradient in simple supercritical carbon dioxide mobile phase clearly
demonstrates the need for the modifier (Figure 4.12b). These conditions were then
used as a starting point in the development of a method for the analysis of one of the
analogs, 4-chloro-3H-phenothiazin-3-one, in plasma.

The drug was initially administered at a dose of 150 mg/kg p.o. as a
suspension in 1% Methocel. An internal standard (1.649,927) was used for all
measurements. Chromatograms of the drug and internal standard as a standard
solution and in plasma are represented in Figure 4.13. A calibration curve for peak
height ratio of L615,919/L.649,927 was linear between 2 and 900 ng injected on
column, with a * value of 0.9988 (Figure 4.14a). A plot of the low concentration
range, 2 to 100 ng, was also linear at r* = 0.9972 (Figure 4.14b).

Plasma levels increased up to 2.7 pg/ml at 2 hours following the oral
admunistration, followed by a slow increase to 5.19 ug/ml at 24 hours (Figure 4.15).
All points on the plasma profile were obtained with %RSD’s between 0.8 and 3.2 %.

A second study was conducted with time points up to 29 hours in an attempt to
determine the elimination profile for this drug. Since studies were conducted on
dafferent weeks, different restrictors were used resulting 1n changes in linear velocity.
It was, therefore, necessary to prepare calibration curves for each study. A calibration
curve was prepared between | and 100 ng with r* = 0.9971 (Figure 4.16). Again a

simular plasma prefile was obtained (Figure 4.17). The final study was then conducted
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by administering the drug at 150 mg/kg in three rats simultaneously (Figures 4.18).
Studies of plasma levels of another analog, L651,392 have shown that at the high dose
of 150 mg/kg, maximum peak levels were reached at 30 minutes and maintained after
24 hours. At lower doses of 20 mg/kg, plasma level drop after 5 hours and the drug
is completely eliminated by 24 hours. Due to the low bioavailibility of these

compounds detection limits are consistently a problem.

4.3.5 Electrochemical investigation

The high sensitivity achieved with HPLC/ECD prompted the investigation of
SFC/ECD as a viable alternate for this class of compounds. The electrochemical
activity of some of the phenothiazine analogs were investigated. Cyclic
voltammograms of the phenothiazinone derivatives were obtained in acetonitrile with
0.1M TBA TFB as the supporting electrolyte. A platinum microdisc electrode served
as the working electrode, a silver/silver chloride electrode as the reference and a
platinum wire as the auxiliary electrode. All voltammograms were obtained for 1
mg/ml concentrations of the analyte. For L615,919 a reversible oxidation is obtained
with a half wave potential of 0.4 volts (Figure 4.19a). 1649,991 undergoes a first
oxidation at E,, = 0.16 volts, which does not reach a steady state response as a second
oxidation occurs at E,, = 0.38 volts (Figure 4.19b). On the reverse scan a reduction is
obtained at E,, = -0.29 volts. Two well resolved, sigmoidal-shaped red-ox waves are
recorded at E,,, = 0.38 and 0.91 volts for L653,849 (Figure 4.20a). The cyclic
voltammogram for L651,392 has one oxidation at E,,, = 0.32 volts (Figure 4.20b).

44  Conclusions

The mle of physical parameters (temperature, density and mobile phase
composition) on the retention behaviour of four phenothiazinone analogs has been
investigated. Results obtained demonstrate the need for both an orgamic modifier
(acetonitrile) in the carbon dioxide mobile phase and a density gradient for the elution

of each analog with reasonable retention times and resolution. An assay for




-

Concentration (ug/inl)

- 110 -

n = 3 rodents

6 00
5.00 —
100 -
500 - | N i TTT
ot —+—N
C s
m 1
2.00 -1-
!
100 =
|
O OO‘ | i | L . ]
0 6 12 18 24 30 36

Figure 4.18

Time (hr)

Plasma profile for three rodents in a simultaneous study.




- 111 -

/

[0 0.5 0.0

Potennial (voits)

/
/
5 nA
//
//

1.0 0.3 04

Potennal (volts)
Figure 4.19 Cyclic voltammogram of (a) L615.919 and (b) L649,927 in

CH,CN/0.1M TBA TFB. Pt-wire auxiliary and Ag/AgCl reference
electrodes and platnum ultramicroelectrode as the working
electrode.




- 112 -

I 0.7 0.0
Potennal (voits)
S nA
0.0
0 a.5
Potennal (voits)
Figure 4.20 Cyclic voltammogram of (a) L653,849 and (b) L651,392 in

CH,CN/0.1M TBA TFB. Pt-wire auxiliary and Ag/AgCl reference
clectrodes and platinum ultramicroelectrode  as the working
electrode.



- 113 -
determining the plasma profile of L615,919 in rodents was developed. The

electrochemical activity of these phenothiazinones were also investigated. The low
oxidation potentials of these compounds make them suitable for measurement with

amperometric detectors.
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Chapter §

An Electrochemical Detection System for Supercritical Fluia Chromatography

5.1  Introduction

Electrochemical detection in liquid chromatography is a highly sensitive and
selective technique for the ar alysis of a wide range of biologically important
compounds. The possibility of extending electrochemical detection to supercritical
fluid chromatography would greatly broaden the range and scope of analyses currently
being carried out by this technique. Electrochemical measurements in supercritical
media have, at least in principle, the potential for improving detection limits, since
diffusion coefficients in supercritical fluids are approximately an order of magnitude
greater than those found in liquids. This advantage, until recendy, has been offset by
the highly resistive nature of supercritical fluids. The recent development of
ultramicroelectrodes with their inherently low residual ohmic effects and reduced
requirement for added supporting electrolyte make them ideal candidates for electrodes
in supercritical fluid chromatography electrochemical detection systems.

Voltammetric behaviour changes dramancally as the size of the electrode
decreases from millimeter to micrometer dimensions. Wightman first reported on the
unique properties of these electrodes and the size advantage of microelectrodes for
direct measurements of neurotransmitter concentration inside the mammalian brain
[1]. Steady-state current responses are obtained at microvoltammetric electrodes and
the small currents produced are virtually non-destructive of the species of interest.
Other advantages include reduced 1R drop, increased mass transport to and from the
electrode surface, and rapid response times.

Microelectrodes have been constructed from various matenals including carbon,
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gold, platinum, and mercury deposited on any of these three substrates. The most
widely used geometry is disk-shaped with a diameter of 10 um, but other geometries

include micro-ring, thin-ring, hemisphere, line cylinder, and disk array (Table 5.1).

Table 5.1 Microelectrode Geometries

Geometry Radius Width

disk 0.3-50 um

micro-ring 1-50 pm 0.01-0.7 um
thin-ring > 1 mm 0.01-0.7 um
hemisphere 2-7 pm

line 0.005-100 um
cylinder 5-12.5 pm 1> 100 um
disk array 0.375-5 um

Although there are many techniques for fabrication of microelectrodes the most
common method for disk and cylindrical electrodes uses small wires of the substrate
(carbon, platinum, or gold) of diameters between 5 and 20 um. A glass capillary is
pulled around the wire and then heated to seal it. For cylindrical electrodes the wire
protrudes from the glass capillary, while for a disk electrode the glass is cut and
polished exposing on'v the cross-sectional area of the wire.

Engstrom and co-workers [2] positioned 10 um diameter microelectrodes
within the diffusion layer of conventional electrodes. Movement of the microelectrode
with a micro-positioning device permitted spatial resolution of the electrochemically
generated concentrations in three dimensions within the diffusion layer at the
macroelectrode surface. The diffusion profile measured with 2 pum resolution
perpendicular to the macroelectrode surface agreed well with the theoretical profile.

Dispersion in flow injection analysis was measured with microvoltammetric electrodes
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by Kristensen, Wilson and Wightman [3]. The results obtained demonstrated that the
primary source of dispersion was due to the tubing, while the finite volume of the
channel-type detector contributed negligibly to the observed response. This technique
has also been used to observe less defined flow situations such as turbulent flow or

secondary dispersion effects.

5.1.1 Diffusion characteristics

Microvoltammetric electrodes perform differently from conventional electrodes.
One striking difference is the sigmoidal-shaped cyclic voltammogram obtained at
microelectrodes as opposed to the peak-shaped voltammograms at macroelectrodes.
The current during electrolysis is proportional to the flux of molecules at the electrode
surface. Initially, the flux at the electrode surface is due primanly to planar diffusion
of the electroactive species to the electrode. The current, which 1s proportional to the
electrode area, decreases with time since the rate at which the species reaches the
electrode surface decreases (Figure 5.1). The rae of electrolysis exceeds the rate of
diffusion resulting in a peak shaped voltammogram (Figure 5.2). When the diffusion
layer thickness approaches the radius of the electrode, the diffusion layer boundary
will grow into a hemispherical shape. At this point non-planar or convergent diffusion
predominates (Figure 5.3). As the volume of the diffusion layer increases, more of the ‘
bulk solution contributes to the flux at the electrode which 1n-turn counteracts the
increase in diffusion time. The rate of mass transport of the analyte to the electrode \
surface equals the rate of electrolysis and a steady-state current proportional to the
radius of the electrode is obtained. The sigmoidal-shaped voltammograms reflect the
steady-state character of the redox process at these electrodes. Thus diffusion
processes thet occur at an ultramicroelectrode can be equated with processes that occur

at spherical electrodes.
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S.1.1.1 Diffusion to a spherical electrode.

In chronoamperometry, the potential is stepped from a value where electrolysis
does not occur to a value where an oxidation or reduction takes place and where the
current is limited only by diffusion of the analyte to the electrode surface. A
chronoamperometric experiment at a spherical electrode with radius r, will be
considered first.

Working in spherical coordinates, the boundary conditions for reduction of

species O are,

lim C(rg) - C* Bulk Concentration 5.1
r- o
C(r,0) - C* whenr > r, 5.2
Crot) = 0 when t > 0 5.3

The concentration gradient at the electrode surface can be expressed in terms of

the Faradaic current (i),

i = nFAD (———ac(’ ")) 5.4
or
where n = number of electrons

F = Faraday constant
A = electrode area (cm?)
D = diffusion coefficient (cm?/sec)

From Ficks's second law,

oy | pFcan 5.5
ot ar?
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Solution of this second order differential equation with the boundary conditions
established above, gives the following complimentary error function for the
concentration profile (4],

Cirp) - C ‘[l - -29-) erfe ( i ro) 5.6
r (4Dr)'?

For large electrodes, where r, approaches infinity, the equation for the

concentration profile at a large planar electrode is given by:

cry - C erf[r - '0] 57
(4Dp)'?

At long times, the expression becomes

Clrt~ =) = C* [1 ; ﬁ) 58
r

By plotting C/C" as a function of r - r, (the distance from the electrode
surface), equation 5.7 predicts that the concentration profile will keep extending into
the solution as a function of time. At small spherical electrodes the growth of the
diffusion layer is initially simular to that observed at larze planar electrodes (as
described by equation 5.7), but at longer times the growth rate decreases considerably ,
as predicted by equation 5.8.

The current at a spherical electrode is obtained by differentiating equation 5.6

with respect to the radius and integrating over the area of the electrode.
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i-nFADC'( 1 +-1-]

(xDy'" 1 59
I )/
where A = dnr,” for a sphere

= 27r,° for a hemisphere

At short times, term I is significant and the current at a spherical electrode is
governed by planar diffusion. However, at long times term I becomes insignificant
and term IT predominates resulting in a steady-state (or time-independent) current
response. To determine the point at which the steady-state response predominates, the
expression for the current at a spherical electrode can be divided by the current at a

planar electrode, as described by the Cottrell equation.

nFADC*
ipm - ————"'—1 5 .10
(me)'?

o, @DO" 5.11

The relative amount of the time-independent contribution to the total current
can be determined from the dimensionless parameter, Dt/r)>. For a 10% contribution
from the steady-tate term, Dt/r;* should have a value of 3.2x10°. For aqueous
solutions, where D = 1x10® cm?/sec and a typical ultramicroelectrode diameter radius
of 5x10% a 10% contribution corresponds to a time of 0.08 msec. Therefore at
spherical ultramicroelectrodes, some effect of non-planar diffusion is seen at
reasonably short times. Shain and Martin (3] used a hanging mercury drop electrode
to experimentally verify the response described by equation 5.9. At large values of
Dvr,?, namely small radii and long times, the limiting current under diffusion

controlled conditions will be independent of the potential excitation. In other words,
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for cyclic voltammetric experiments at slow scan rates, the current beyond the
oxidation (or reduction) potential of the analyte will be constant and given by the

second term of equation 5.9.

i, - arpFDC" 5.12

where a = 4r for a sphere
= 2n for a hemisphere

Under these steady-state conditions a reverse wave is not observed since the
electrolysis product has time to leave the diffusion layer. The resuiting
voltammograms are sigmoidal in shape. For the same experiment at faster scan rates,
with small values for Dtr,2, the voltammograms resemble those observed at planar
electrodes, peak-shaped. This has been experimentally verified for the reduction of
Ru(NH,),** in aqueous medium at a hemispherical mercury electrode [6].

5.1.1.2 Shape of voltammogram at a spherical electrode.
The shape of a voltammogram can be easily evaluated under steady-state
conditions. Consider the following reversible reaction,
O +ne - R
Under steady-state conditions, the derivative of the concentration with respect

to time is zero and therefore, equation 5.4 can be evaluated linearly,

Ca - Co("o) 5.13

i - nFAD
3

This is the same equation used in the Nernst diffusion layer concept for
hydrodynamic voltammetry {7]. The Nemst or stagnant diffusion layer thickness is
given by 8. The concentration of O at the electrode 1s a function of the applied

potential and is given by the Nernst equation.
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Lo _ nF } 5.14
i Ay

where E” = formal reduction potential
E,, = applied potential

When the applied potential becomes more negative than the formal potential,
all the O getting to the surface is promptly reduced, decreasing its concentration at the
electrode surface to zero. The limiting current under this steady state condition is
given by equation 5.12. Substituting this in equation 5.13 and with Cy(r,) = 0, then

i DG DC* 5.15

nFA ] To

By assuming that the diffusion coefficient of O is equivalent to that of R, the
concentration of R at the electrode surface is equal to the bulk concentration of O
minus its concentration at the electrode surface, Cg(ry) = Co'- Co(r,). According to

equation 5.14,

Co(ro)
Calro) - - . 5.16
M - ED
exp e Car
Therefore, solving for C,(r,) gives the following,
. Colry
Colrd = Co - ° 5.17

F
o (7. B = £°)
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Co

Colry =

app

5.18
l+exp(—-—;-FT—'(E -E"))

The value of & has been found to be equal to ihe electrode radius (equation
5.15) and substituting equation 5.18 for the value of Cy(r,) into equation 5.13, gives an

expression for the voltammetric curve at a spherical electrode under steady-state

conditions;
_ nFADC,,
Po- nF o 5.19
r, il + - — ~ E
o[t e (- 7 & - )
5.1.1.3 Diffusion to a disc electrode.

Although there are many ultramicroelectrode geometries, the most easily
fabricated electrode is a microdisc. In cyclic voltammetry at conventional electrodes,
the current produced is proportional to the flux of analyte molecules to the electrode
surface, this flux is controlled by planar diffusion. The diffusion-limited current, in
response to a potential step under conditions of semi-infinite linear diffusion, is
described by the Cottrell equation (equation 5.10).

The current decreases with time since the length of time required for the
species to diffuse to the electrode surface increases as the diffuse layer thickness
grows, resulting in rapid depletion of the analyte. This leads to the conventional peak-
shaped voltammogram. When the diffusion layer thickness approaches the radius of
the electrode it continues to grow in a hemusphenical shape. At this point a radial

component contributes to the flux at the electrode surface. Deviations from the
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Cottrell equation, due to this additional quasi-spherical component, are obtained for
disc electrodes of small size and for long analysis umes. This increased flux has been
referred to as 'edge effects’; with construction of smaller electrodes these effects have
become more pronounced. For small electrodes this increased flux to the surface
counteracts the increase in time for a molecule to diffuse to the electrode surface and
therefore a steady-state current response is achieved. At macroelectrodes the
diffusion layer thickness that must be obtained is quite large requiring a long time to
grow and because of its size it can be disturbed by convection of analyte solution. At
microelectrodes the diffusion layer thickness that must be realised in order to obtain
contribution from the radial diffusion is much smaller and therefore established much

faster. Soos and Lingane [8] modified the Cottrell equation to quantify this effect:

i - nFADC{—1_ . &
(xDOV?  mlfr 5.20
Saito [9] first derived an expression for the diffusion limited steady-state
current at a disc of radius r,.
i, = 4nFDC'r, 5.21

By substituting this into equation 5.20, the value of b is to equal to 4/x'?
which agrees with the analytical solutnon by Oldham [10] and a simulated response
by Heinze {11]. The diffu..ion-limited current at a finite disc electrode is identical
to that of a sphere of radius mry/4 [12] or a hermsphere nr/2. Oldham [10] first
noted that miucrodiscs and microhemispheres of equal superficial diameters give
idenncal steady-state voltammograms under reversible conditions. Treating the
microdisc electrode as though it were a sphere of radius nry/4, the equations developed
for sphencal electrodes can be applied. The current, in response to a potental step for
a diffusion controlled process at a microelectrode or a spherical electrode, 1s made up

of two components, a transient one proportional to the electrode area which is time
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dependent, and a steady-state term proportional to the electrode radius.

4nFD'C*r?
i« —— T | anFDC"r, 5.22
(re)?

At low scan rates (large t) and electrodes of small radii, the first term becomes
insignificant and the second term, corresponding to a steady-state response,
predominates resulting in sigmoidal-shaped voltammograms. Unlike spherical
electrodes, the current density at microdisc electrodes is not uniform but more
concentrated on the edges. Therefore, derivation of expressions for diffusion processes
at a disc is more complicated.

The expected current can be predicted by analytical solutions as well as digital
simulation procedures [13,14]. Aoki and Osteryoung [13] have described a two-
part solution for a chronoamperometric experiment at a finite disc. The current is

expressed as a function of a dimensionless time variable, T = 4Du/ry’,

i = 4nFADC'fr) 5.23

At short times the solution takes the following form,

. n ¥ T Int
R R
At long times,
2 -
lim fr) - 1+ 4 . 9 n 5.25

t- oo 7312 323
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Shoup and Szabo [14] have proposed a simpler form for this function, which is

accurate to 0.6% for all times.

fx) = 07854 + °~8f:2 . 0.2146(exp (- °-7832)] 5.26

T T2

The chronoamperometric expressions described above were verified by
applying them to the oxidation of ferrocyanide in 0.5M K,SO, at a gold disc electrode
of radius 1.34x10%m [15]. It has been shown experimentally that for fast scan
rates (small values of Dt/ry?), cyclic voltammograms at microdisc electrodes are peak-
shaped, indicating the predominance of planar diffusion {16]. At slow scan rates
(large value for Duyr,?), sigmoidal-shaped voltammograms are obtained. Howell and
Wightman {17] obtained sigmoidal-shaped voltammograms for ferrocene in
acetonitrile at a gold microvoltammetric disc electrode (radius = 6.5x10° cm) for a 0.1

volt sec scan rate and a conventional peak-shaped curve at a scan rate of 10 V-sec™.

5.1.14 Shape of voltammogram at a disc electrode

As with spherical electrodes, the shape of the voltammogram under steady-state
conditions at a microdisc can be derived using the Nernst diffusion layer concept
(equation 35.13).

By combining equation 5.21 and equation 5.26, the Nernst diffusion layer
thickness for a disc electrode 1s given by 8 = mry/4, thus,

i = 4nFDr, [Cg-C(ry)] 5.27
The concentration of O at the electrode surface is a function only of the

applied potennal under steady-state conditions. Consequently, the expression for

Colry) is similar to that previously developed for spherical electrodes.




Co
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Therefore, the forward scan of the voltammetric curve at a microdisc electrode,

under steady-state conditions, is described by the following expression;

, 4nFDC,, r,
b WF o 5.29
1 +e - — - E
xp( 2 .,,))

Again, this is identical to that obtained for the spherical electrode case, if
Tone = 4T4,/T. Since the products formed at the electrode rapidly diffuse away from
the diffusion layer and the mass transport of O to the electrode is time-independent,
the current on the reverse scan is identical to that on the forward scan. As shown
above there are similarities between the current observed at microdisc and at spherical
electrodes and this presents an approximate way to obtain solutions for the more

complicated geometry [18].

5.1.2 Ohmic drop at ultramicroelectrodes.

Ohmic drop, caused by current through the uncompensated solution resistance,
reduces the potential at the electrode-solution interface. In practice, voltammetry with
macroelectrodes in highly resistive soluttons results 1n non-linear change in potential
with time. The current through the electrolyte solution actually generates a potential
that opposes the applied potential. With conventional electrodes the ohmic drop
generated is subtracted from the applied potential differcnce between the working and
reference electrode by the use of a three-electrode potentiostat. However, this method
t0 minimze distortion from iR drop requires accurate and reproducible placement of
the reference electrode tip relative to the working electrode. Other techniques to

reduce ohmic drop such as semi-integral analysis {19] or denivative methods [20]
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are often difficult to implement. Severe ohmic drop has precluded voltammetric
measurements in highly resistive media such as supercritical fluids until the advent of
microelectrodes.
The total resistance for a working microdisc electrode with a large reference

electrode placed an infinite distance away is given by the following [21]:

R - B2 5.30
4ro

where p = conductivity of the electrolyte

Although the cell resistance increases as the radius of the microelectrode is
made smaller, the resistance per unit area of the electrode surface is low and becomes
lower with decreasing radius. As will be shown later, the capacitative current is
directly proportional to the electrode area and the resistance is inversely proportional
to the electrode radius, therefore ohmic drop caused by charging current and by
Faradaic current decreases with decreasing electrode area. For some voltammetric
processes the observed ohmic drop at microdisc electrodes of small diameter is
actually less than that predicted by combining the equations for resistance and
Faradaic current [22]. This may be due to a change 1n the conductance at the
electrode surface. As electrolysis occurs a charged species is produced which is at its
highest concentration in the diffusion layer, thus generating a less resistive medium in
this region. The reduced iR drop at uitramicroelectrodes allows measurements to be
obtained 1n solutions ¢l highly resistive nature not previously explored. Howell and
Wightman [17] obtained undistorted voltammograms for ferrocene in acetonitrile with
low concentrations of supporting electrolyte (0.01M TBAP) utilizing a two-electrode
cell. If the current is maintained at a low value, as with microelectrodes, the potential
of the working electrode can be controlled in a two-electrode cell by passing the
current between the working electrcie and a reference electrode of much larger area
(21]. Studies have been performed with microelectrodes in other resistive media.

Bond, Fleischmann and Robinson [23] were the first to report on the voltammetry of
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ferrocene at the liquid-glass transition temperature of acetoniwile. Electrochemical
measurements have been made in chlorobenzene, benzene, tetrahydrofuran, and 1,2-
dimethoxyethane [24,25]. Ghoroghchian et al. [26] demonstrated that
microelectrodes can be used as sensitive electrochemical detectors or sensors in the
gas phasc. In their system, the charge required for the double layer is supplied from
the free carrier charge at the surface of an insulator in contact with the working
microelectrode. Undistorted voltammograms for ferrocene have been achieved in
supercritical carbon dioxide with added water and tetrahexylammonium
hexafluorophosphate [27]. By eliminating the supporting electrolyte, Cassidy and
co-workers [28] have extended the positive potential limit of acetomtrile from 2.4
volts to 4.3 volts, and were able to observe the oxidation of methane and other short-
chain alkanes. Electrochemical measurements can be used to predict the feasibality of
homogeneous electron-transfer reactions. With conventional electrodes these
measurements have been restricted to conductive solutions which often are different
from the medium in which the homogeneous reaction takes place. Microele ~odes
can now be used to determine thermodynamic and kinetic parameters for
heterogeneous electron-transfer reactions in the highly resistive media of the

homogeneous reactions.

513 Cell time constant.

The cell time constant (RC) of an electrochemical cell determines the
maximum rate of potential change. The capacitative nature of the impedance of an
electrochemical cell with macroelectrodes precludes rapid changes in potential. The
interest in fast electrochemical measurements stems from the desire to determine rapid
heterogeneous or homogeneous reaction rates. The double layer capacitance (C) is
directly proportional to the area of the electrode surface. The solution resistance (R),
as shown previously, is inversely proportional to the radius, therefore the RC ume
constant is directly proportional to the radius of the microdisc. With reduced ohmic
drop and the small cell time constant at microelectrodes, voltammetric measurements

can be made in the sub-mucrosecond domain. As the electrode 1s made smaller, faster
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scan rates may be used while still retaining the sigmoidal shape. At very fast scan
rates with microelectrodes, current is primarily due to planar diffusion and the
electrode response can be treated as a conventional electrode. A decrease in electrode
radius allows faster scan rates to be used before non-planar diffusion becomes
insignificant.

Robinson and co-workers (29,30] first demonstrated that the reduced
values of resistance and capacitance at microelectrodes lower the time constant of the
cell and therefore are useful in spectroelectrochemical measurements. At these very
fast time scales planar diffusion predominates at the microelectrodes and therefore
current is uniformly distributed across the electrode surface. Although background
subtraction is necessary, voltammograms with useful electrochemical information can
be obtained at scan rates greater than 100 000 volts sec’ with microdisc electrodes
[31,32]. Fast scan cyclic voltammetry has been used to detect and characterize
transient species generated electrochemically. Howell and Wightman (25] studied the
doubly charged cation of diphenylanthracene which is only stable on a microsecond
time scale in acetonitrile. Ultrafast cyclic voltammetry with microelectrodes has been
used for the study of a fast chemical step in an electrode reaction {33]. Structural
changes similar to the thermochromic conversion of bianthrone were induced by
electrochemical reduction of bianthrone and the rate constant for conversion
determined. Andrieux and co-workers {34] have shown that the use of fast scan
cyclic voltammetry at microelectrodes allows kinetic characterization of
electrochemically generated intermediates having lifetimes in the microsecond range.
Double potential step chronoamperometry has been used to accurately determine the
rate constant for the dimerization of the radical obtained from the reduction of 1-
methyl-4-tert-butyl pyridinium cation [35]. The low capacitative charging current
and low ohmic drop at microelectrodes permits rapid measurement of Faradaic current
after an initial potential step. Fast scan cyclic voltammetry can also be used to
determine the standard oxidation potential for an electrochemical oxidation generating
a chemically reactive species. With macroelectrodes, upon reversing the potential

sweep no reverse wave is present because of the follow-up chemical reaction. By
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increasing the scan rate, the ensuing chemical reaction can be out run and a reverse

wave observed. A scan rate of 10 000 volts sec’! with microelectrodes allows direct

electrochemical observation of species with half-lives of 1.0 psec {25].

5.1.4 Capacitative current at ultramicroelectrodes

In the absence of electrolysis, a two-electrode electrochemical cell behaves
similar to a resistor-capacitor series network. The electrolyte solution has a finite
resistance, while the working electrode behaves as a capacitor. Charge cannot cross
the solution-electrode interface unless electrolysis is taking place and consequently, a
capacizance (C) arises from the order of the ions in the double layer. Upon application
of a potential step AE, current will flow as the capacitor is charged or discharged.
With no electroactive species in solution, this current is equal to the charging current

and is given by [36];

AE (-t 5.31
R \RC

The current produced as a result of the oxidation or reduction of an
electroactive species in solution is actually a combination of the Faradaic current,
given by the equations described previously, and the charging current. Information
about the species undergoing electrolysis is contained in the Faradaic portion of the
current, therefore most favourable electroanalytical techriques are those that minimize
the effect of charging currents. Large capacitative currents have also preciuded
electrochemical measurements under a variety of condiuons. Most common
techniques that discriminate against capacitative current use pulsed waveforms. Upon
application of a potential step, the capacitative current will decay exponenually with
time, while Faradaic current decay is inversely proportional to the square-root of time.
In pulsed methods, the charging current is allowed to decay before measurements are
made. For long times at ultramicroelectrodes the Faradaic current rapidly converges to

a steady-state value as the charging current continues to fall. As shown previously,
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the RC time constant at microvoltammetric electrodes is small, and combined with
long analysis times, the capacitative current at these electrodes is also reduced.
Consequently, ultramicroelectrodes are better suited for pulsea voltammetric
techniques. On the reverse step of a pulse a small amount of Faradaic current is
produced since the product of electrolysis rapidly diffuses away from the diffusion
layer. Thus, the current produced on the reverse step can be subtracted from the
current measured at the pulse to obtain only the Faradaic current response. Ewing et
al. [37] and Ponchon et al. [38] used normal pulse voltammetry for the in vivo
determination of dopamine in the rat neostratium. The pulsed waveform minimizes
electrode response deterioration caused by filming of the electrode surface by

electrogenerated products.

5.15 Small size advantages of ultramicroelectrodes

The most obvious advantage of microelectrodes is their small size. Ponchon
and co-workers [38] were first to use carbon fibre electrodes in vivo to study the
release of dopamine in the rat neostratium. Microvoltammetric electrodes can be used
to provide reproducible results in an extremely complex medium such as the
mammalian brain. Nerve terminals have diameters in the 1 um range, therefore
microelectrodes are necessary in order not to destroy the region where measurements
are being made. The electrode must be implanted in the brain and monitored for a
minimum of 8 hours for most experiments; this does not permit any electrode
resurfacing 1n the interim. Ewing, Dayton, and Wightman [37] have demonstrated that
stable voltammograms can be obtained with ultramicroelectrodes using pulse potential
waveform. Voltammograms of dopamine are sigmoidal, but dihydroxylphenylacetate,
a major dopamine metabolite, and ascorbic acid both give drawn out voltammograms
due to their slow rate of charge transfer at carbon fibre electrodes [39]. Although
these three compounds have very similar formal potentials, the difference in charge
transfer rates make the carbon fibre electrode more sensitive to dopamine. In the
presence of ascorbic acid, the oxidauon of dopamine is followed by the catalytic

regeneraton of the reductant. At microelectrodes the product of the oxidation will

e
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diffuse a distance, given by (Dt)'?, greater than the radius from the microelectrode; the

regenerated dopamine is far removed from the electrode surface and therefore a
minimal catalytic contribution to the current is observed. The increased rate of mass
transport due to non-planar diffusion eliminates the need for forced convection during
the preconcentration stage of stripping analysis, thus minimizing a source of error. A
static solution gives higher precision and the lower iR drop elimnates the need for
high concentrations of supporting electrolyte, which interferes with the Faradaic
current. Baranski and Quon [40] described the use of anodic stripping voltammetry
with ultramicro mercury electrodes for cadmium and lead in 5.0 pl volumes. Very
sharp peaks are obtain for anodic stripping analysis at ultramicroelectrodes since the

analyte concentrated at the electrode is completely stripped during the scan.

5.1.6 Steady state current response.

Reactions following an initial electron transfer (ECE mechanism) are less
apparent at microvoltammetric electrodes because of the steady-state nature of the
current. The product formed during the chemical reaction following the initial
electron transfer can diffuse away from the electrode surface. Since the diffusion
layer thickness is considerably reduced at ultramicroelectrodes, the product is not
available to undergo the second electron transfer at the electrode. This has been
demonstrated experimentally for the intra-cyclization of dopamine-o-quinone, an ECE
reaction [41]. The pseudo first order and second order rate constants for the
catalytic regeneration of ferrocyanide following 1ts oxidation in the presence of
amidopyrine (EC’' mechanism) have been determinea by plotting steady-state currents
as a function of electrode radius [42]. In the same paper, a rate constant for the
dissociation reaction near the diffusion limit for the reduction of protons 1n a solution
of acetic acid /CE mechanism) has been determined from the linear dependence of the
inverse of the current density on electrode radius. Similarly, steady-state
measurements at microelectrodes have been used to obtain kineuc data for ECE and

DISP 1 (first order disproportionation reaction) type reactions [43].
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5.1.7 Ultramicroelectrodes in hydrodynamic systems.

Amperometric detection in liquid chromatography and flow injectior analysis is
capable of detecting nanomolar concentrations of electroactive species [44].

Variations in the path of the solvent flow due to incomplete wetting of the electrode
surface and fluctuations in the applied potential are two major sources of noise. Since
both these sources are proportional to the electrode area (A) and the Faradaic current
in a channel electrode is proportional to A**, Weber and Purdy [45] have proposed

a reduction in electrode area to reduce noise levels. Fluctuations in flow rate lead to a
changes in the size of the stagnant layer. At macroelectrodes the diffusion layer
thickness is determined by the thickness of the stagnant layer, therefore a change in
flow rate results in a change in the current response of the electrode {46]. Under
steady-state conditions, the small diffusion layer at an ultramicroelectrode is much
smaller than the stagnant layer next to the electrode surface in a flow stream.

Changes in flow rate do not effect the diffusion layer at these electrodes.

As a result of their small size, small currents are produced at
microvoltammetric electrodes. To increase the magnitude of the curent, an array of
microdisc electrodes has been employed, where the total current is equal to the sum of
the individual currents. Caudill and co-workers [47], using an array of 100 5 um
carbon disc electrodes as a detection system for liquid chromatography, have found a
significant increase in the signal-to-noise ratio as well as a flow rate independent
response. Since ultramicroelectrodes can be easily used in resistive media, they are
particularly suited for normal phase chromatography where non-polar mobile phases
are used. The abulity to use ultramicroelectrodes at low electrolyte concenirations with
high analytical sensitivity provides new areas for electrochemical detection for both
high performance liquid chromatography and flow injection analysis. Bixler and
Bond [48] used 5 um carbon and 50 um platinum microdisc electrodes in a wall-jet
electrochermucal cell for a flow injection system with micromolar conceutrations of
supporting electrolyte. Good sensiuvity has been obtained for the detection of four
catecholamines, after separanon by an LC system, at a platinum thin ring electrode in

the absence of a supporung electrolyte [49]. Caudill and co-workers {50}
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combined rapid scanning pulse voltammetry with a microelectrode array channel-type
detector for use with flow injection analysis and high performance liquid
chromatography. The background corrected voltammograms obtained in the flowing
stream were characteristic of the particular analyte and therefore used to identify each
eluting peak.

High separation efficiencies can be achieved with open-tubular capillary
column liquid chromatography. Jorgenson and co-workers [51,52] have
successfully used carbon-fibre cylindrical electrodes as chromatographic detectors with

open tubular capillary columns.

518 Electrochemical measurements in supercritical fluids.

Recently Bard et al., using macroelectrodes, have investigated electrochemical
processes in polar supercritical fluids including ammonia (53], water (54], and
acetonitrile [55]. The high critical temperatures of both acetonitrile and water and
the highly corrosive nature of ammonia make them inappropnate as mobile phases for
SFC at this time. Supercritical carbon dioxide, a non-polar solvent, is the most
commonly used mobile phase for SFC because of its moderate critical pressure and
temperature. However, electrochemical measurements 1n supercritical carbon dioxide
using conventional electrodes are difficult at best due to the non-conductive, non polar
nature of the media. Philips et al. [27] first demonstrated that voltammewy with
surface modified microelectrodes is possible 1n near-crincal carbon dioxide with small
amounts of supporung electrolyte.

A two-electrode amperometric detector design using a platinum microelectrode
working electrode based on the wall-jet principle has been developed. The
electrochemical cell has been investgated as a detection system for SFC and the

factors inflvencing its performance are discussed.

5.2 Experimental
For details on experimental procedures see secuons 2.2.4.1. - 2.2.4.2 in

chapter 2.
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5.3 Results and Discussion

53.1 High pressure conditions.

Operation of an electrochemical detector in a flowing stream of supercritical
media places strict requirements on both the electrode system and the cell. The
electrochemical cell must be placed before fluid decompression in order to make
measurements while the mobile phase is in the supercritical state. This means that

under conventional SFC operating conditions the detector must withstand pressures up

to 5000 psi.

532 Flow rate dependency.

The current response of amperometric detectors employing conventional
electrodes in laminar flow streams is proportional to 1/3 power of the flow rate
[56]. In liquid chromatographic systems where analyses are conducted under
conditions of constant flow, this does not present a problem. However in SFC,
pressure or density are controlled as opposed to flow; this results in varying flow rates
throughout the chromatographic run. This precludes the use of conventional sized
electrodes in SFC detectors. Under steady-state conditions, the small diffusion layer at
an ultramicroelectrode is well within the stagnant layer next to the electrode surface in
a flowing stream. Changes in flow rate will affect only the stagnant layer and leave
the diffusion layer undisturbed at micro-amperometric detectors.

These unigue properties of mucroelectrodes overcome some of the difficulties
presented by electrochemucal deterrminations in a supercnitical flowing system and they

were therefore investigated further.

533 Design of electrochemucal cell.
The preliminary design employs a high pressure stainless steel tee-union as the
electrochemucal cell (Figure 5.5). Two ports are 1/16" diameter where fused silica

tubing is swaged and the third port 1s 1/8" diameter for the working electrode. All
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components are swaged into the cell using graphite ferrules. The small currents at
microelectrodes permit the use of two-electrode systems with the cell body acting as a
quasi-reference electrode. A platinum wire (10 um) sealed in soft glass functions as
the working microdisc electrode (Figure 5.6). About two centimetres of the electrode
body was ground such that it slides easily into the cell compartment and provides a
rough surface for swaging. A new ferrule was necessary for the electrode port each
time the cell was disassembled. The restrictor 1s placed through the sidearm such that
decompression is well removed from the working electrode. Re-sealing the electrode
with the same ferrule causes failure of the fitting upon pressunzation. The column
eluent enters the cell through a fused silica capillary threaded into the swagelok union
positioned directly above the working electrode 1n a wall-jet geometry. This is so
since decompression near the electrode may cause preciprtation of either analyte or the
electrolyte modifier causing fouling of the electrode surface. This problem with

decompression has been noted in other cell designs [57].

5.34 Characterization of electrochemical cell.

Voltammetric data obtained in resistive media cannot be directly compared to
that obtained in conventional solutions. For this reason initial cell charactenzations
were carried out using ferrocene since (i) this redox couple has been widely used in
the characterizaton of electrochemical systems, thus providing means for comparison
and (ii) ferrocene is soiuble 1n supercritical carbon dioxide {58]. The voltammetric
behaviour of ferrocene was examined in all cases with a plaunum microvoltammetric
working electrode 1n both a three- and two-electroge system. Cyclic voltammograms
of ferrocene in acetomtrile and supporting electrolyte were carned out using the 10-pum
platinum working electrode in a conventional three-electrode mode. The cychc
voltammogram shown in Figure 5.7 was recorded for 5mM solution of ferrocene 1n
acetonitrile with 0.01 M tetrabutylammonium tetrafluoroborate as the supporung
electrolyte. A sigmoidal shaped voltammogram charactensuc of ultramicroelectrodes
was obtained with a half-wave potential of 0.42 volts vs Ag/AgCl reference electrode.

This established the performance of the electrode under normal operaung conditions.
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Figure 5.5  High pressure electrochemical cell.
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The platinurn working electrode was then incorporated into the flow cell, the flow cell
was then filled with the same ferrocene/acetonitrile/supporung electrolyte mixture and
a cyclic voltammogram carried out under static conditions using a two-electrode mode,
where the cell body is used as a quasi-reference electrode. This established the
performance of the working electrode in the cell operating in the two-electrode mode.
As can be seen in Figure 5.8 the cyclic voltammogram has retained 1ts characteristic
sigmoidal shape but the half-wave potential has shifted negatively by 140 millivolts.
This is due to the lack of a true reference electrode.

The electrode performance was then evaluated under more realistic operating
conditions, though sdll in the static mode. A solution of
ferrocene/acetonitrile/supporting electrolyte (50 ul) was placed 1n the cell, the system
was then sealed and pressurised with carbon dioxide from a syringe pump to 2000 psi
at 40°C. Again the sigmoidal shape of the cyclic voltammogram is maintained but the
half-wave potential shifted more negatvely by about 220 milhvoits (Figure 5.9),
again due to the lack of a true reference electrode. This established the performance
of the detector using carbon dioxide/acetomitnle/supporting electrolyte mixtures under

supercritical but static conditions.

5.3.5 Hydrodynamic performance of cell.

The next evaluation was to establish the performance of the elecorochemucal
cell in a flowing stream under normal operating conditions. Due to interference from
injection solvents and turbulence generated by the injection process it was necessary to
develop a chromatographic procedure so that the ferrocene signal is well removed
from the void volume signals. Separanons were achieved on a reversed phase column
at 40°C using a vanety of mobile phases from simple carbon dioxide to mixtures of
carbon dioxide/acetonitnle/tetrabutylammonium tetrafluoroborate. An ultraviolet
absorbance detector was positoned before the electrochemucal detector, providing a
dual-detecnon system (Figure 5.10). Ferrocene/acetonitnle solutions were then
injected onto the column and the detector response monitored under a vanety of

operating conditions. No faradaic response was obtained from the electrochemical




- 142 -

Mﬂ}:ury Epoxy

[

hs

Platinum Wire Glass Capillary

Copper Rod
(10 um) (0.125 inch diameter)

2 inches

PLATINUM MICROELECTRODE

Figure 5.6  Platinum Microelectrode.

1.0 0.5 .10

Potenual (voits)

Figure 5.7 Cyclic voitammogram of ferrocene (SmM) in CH,CN/0.IM TBA
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- 143 -

10 nA
- 210mv

360mv

1.2 0.1
Potennal (volts)

Figure 5.8 Cyclic voltammogram of ferrocene (SmM) in CH,CN/0.IM TBA
TFB in electrochemical cell. Stainless steel quasi-reference
electrode.
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Figure 5.9  Cyclic voltammogram of ferrocene (5 mM) in CH,CN/0.1M TBA TFB in
electrochemucal cell pressurized to 2000 pst with CO,. Stainless steel
quasi-reference electrode.
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detector at applied potentials up to 1.2 volts with simple carbon dioxide mobile
phases. Acetoritrile modifier was then added to the carbon dioxide up to 1.6 mole%,
at 0.4 mole% intervals. Again no faradaic response was detected at applied potentials
ranging from 0.0 to 1.2 volts. Although the positive potential limut of this medium
has not been determined, low noise backgrounds were recorded at applied potentals as
high as 1.4 volts.
Tetrabutylammonium tetrafluoroborate (TBA TFB) at 0.05 mole% was then
added to the acetonitrile modified supercritical carbon dioxide and a faradaic response
was observed from the electrochemical detector. Figure 5.11 and Figure 5.12
represent chromatograms obtained for a 1-pl injection of acetonitrile and ferrocene in
acetonitrile (10 pg/ml), respecuvely, with 1.6 mole% acetonitrle and 0.05 mole%
TBA TFB modified supercritical carbon dioxide mobile phase under isobaric
conditions at 2200 psi and 40°C. The addition of the electrolyte has either increased
the conductivity of the mobile phase or, as predicted by Niehaus et al. {59}, the
electrolyte has formed a conducting layer on the electrode surfaces. The latter 1s
unlikely as in situ formation of a conducting layer would tend to give irreproducible
current responses, at least initially, and this was not observed. The high solubility of
TBA TFB in acetonitrile and the low concentration of the electrolyte in the mobile 1
phase also precludes the precipitation of the salt at the electrode surface.
Formal redox potential tables or potentials obtained from cyclic (
voltammograms obtained under static conditions are insufficient for determining the
optimal operating potential for detecting the same species 1n a flowing stream. This 1s ‘
due to the increased 1R drop in these systems. The optimum operating potential for
the detecton of ferrocene was established by injecung 10 pg of ferrocene on column
and measuring the current response at applied potennials between 0.0 and 1.1 volts.
The reduced capacitative currents at microelectrodes led to rapid equilibration after
changes in the applied potential. Unlike liquid chromatographic systems,
chromatograms were recorded within fifteen munutes of a change 1n applied potential.
A hydrodynamic voltammogram (Figure 3.13) plotted for ferrocene in this system

shows an optimal applied potenual of 0.9 volts. Beyond this potential there 15 a drop
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Figure 5.11 Response of electrochemical detector for the solvent (acetonitrile) injected
on column. Applied potential set at 0.8 volts. Isobaric at 2200 psi and
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Figure 5.12 Response of electrochemical detector for 10 pg of ferrocene injected on
column. Applied potential set at 0.8 volts. Isobaric at 2200 psi and 40°C.
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Figure 5.13 Hydrodynamic voltammogram for ferrocene, average of three injections.
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in the current response that may be due to the effects of increased iR drop at higher
applied potentials. The relative standard deviations are less than 5% indicating good
reproducibility for this electrochemical detection system.

Although the preliminary electrochemical cell has functioned well, some
problems were encountered. The hairlike thickness of the platinum fibre and the
fragility of the glass capillary require specialized equipment, such as
micromanipulators and microbunsen burners, for fabrication of the microelectrode.
While attempting to construct the electrodes in-house, it became apparent that a
perfect seal between the glass body and the platinum fibre is essential. The high
pressure encountered in an SFC system tend to push the wire out of the glass capillary
sleeve causing fluid build-up around and behind the fibre which eventually shatters the
glass. An attempt was made to enhance the seal by using non-conducting epoxy, but
supercritical carbon dioxide 1s able to dissolve the epoxy. These problem were
overcome by using slightly modified comrnercially available microelectrodes from
BioAnalytical Systems. Eventually after a period of use, hairline cracks were
observed on the giass surrounding the electrode, resulting in erratic response.
Although it is necessary :0 add an electrolyte 1) the mobile phase for detection,
anticipated problems of precipitation of the tetraalkylammonium salt at the restrictor
were not encountered.

The results reported above have shown the feasibility of developing an
electrochemucal detection strategy for SFC. According to two recent reports [58,60],
voltammetry in supercritical carbon dioxide is possible only with a thin film of
conducting phase, either in the form of an 10n-exchange polymer or a molten salt
layer, on both the surfaces of the working and quasi-reference electrodes. We have
demonstrated that this conducting phase is not necessary and that electroactive species
can be detected at a bare platinum microdisc working ¢lectrode of an SFC/ECD

system.
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54  Conclusion

The application of an electrochemical detection strategy in supercritical fluid
chromatography would extend both the sensitivity and selectivity of the technique.
The advantages of incieased diffusion coefficients in supercnitical fluids and low
ohmic drop, fast RC time constants and flow-rate independent response at
microelectrodes has led to the design and use of an electrochemical cell in an SFC
method. The cell design is simple and inexpensive; the cell casing is a commercially
available stainless steel tee-union and the working electrode 1s a slightly modified
commercial microdisc platinum electrode. The cell can be easily disassembled for
cleaning while maintaining high pressures when the ports are swaged. Potential 1s
controlled with a simple three-electrode potentiostat by shorting the reference and
auxiliary electrode leads. The current produced was recorded with a chromatographic
integrator with no modificadon. The conductuvity of the supercritical mobile phase
was increased with the addition of tetrabutylammonium tetrafluoroborate (0.05 mole%)
in acetonitrile; the electrolyte had no detnmental effect on the chromatographic
behaviour. A hydrodynamic voltammogram plotted for ferrocene in this system shows
an optimal applied potential of 0.9 volts. The relanve standard deviaton calculated
for three replicate 1njections at cach applied potential 1s less than 5% indicaung good
reproductbility for this electrochemical detection system. Further modification and
complete charactenizanon of the cell 1s required 1n order to develop a method for the
separation and detection of the electroactive phenothiazinone compounds invesugated

in the previous chapter.
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Chapter 6

Determination of Sorbitan Trioleate in Metered-dose Inhalers

by Supercritical Fluid Chromatography

6.1  Introduction

Supercritical fluid chromatography can be interfaced with both specific and
universal detection systems. Although GC techniques can provide universal detection,
the solutes must be thermally stable and have an appreciable volaulity for migraton.
HPLC is suitable for the analysis of thermally labile, non-volatile solutes, but common
LC detection systems require that the analyte have a chromophore. By combining the
elution power of liquid-like densities, low cnitical temperature mobile phases and
universal detection systems, SFC is capable of analyzing many compounds not
amenable to either GC or HPLC techniques. The analysis of sorbitan trioleate, a high
molecular weight, thermally labile surfactant by supercnuical fluid chromatography
with flame-ionization detection was carried out to demonstrate the unique capabilities
of this technique.

Metered-dose inhalers are compact, pressurized aerosol dispensers specially
designed for the oral inhalation delivery of multiple doses of a finely dispersed drug to
the lung. Metered-dose inhalers typically dischirge several hundred accurately
metered shots, each with a drug concentranon between 50 ug and 5 mg, generally
delivered in a metered liquid volume between 25 and 100 pl as a finely atomzed
spray. The basic metered-dose inhaler consists of five essential components 1.
container (aluminum); 2. metening valve; 3. propellant; 4 actuater and, 5 drug in
suspension form (Figure 6.1). The metenng valve 1s the most cntical component in

terms of design and manufactunng quality, since 1t must accurately meter many
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Figure 6.1  Schemauc of a metered-dose inhaler.
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successive doses of a liquid formulation while maintaining a proper vapour seal during
the lifetime of the aerosol product. The drug 1s usually present in a suspension
formulation because of the greater chemical stabulity and lower impactional deposition
of droplets in the thioat. The particle size of the drug powder is cniical in
determining the pulmonary deposition, suspension stability and metering valve
function. The propellant is a blend of approved liquefied gas chlorofluorocarbons,
capable of producing an aerosol cloud of suitably fine drug particles. The liquefied
gas propellants must also maintain a steady vapour pressure during emptying in order
to give uniform particle dispersion during the use of the whole contents. Excipients
used in the propellant blend are typically surfactants which presumably reduce the
flash breakup and volatlity of the droplets, resulting in greater delivery efficiency.
The concentratnon of the surfactant does not atfect the concentration of the drug
released per dose, but does influence the aerosol flumes (Figure 6.2). The addition of
increasing amounts of sorbitan trioleate, a surfactant, to the propellant blend causes a
progressive increase 1n the persistence of the flumes. This 1s a direct result of the
reduced rate of volatilization and reduced flash break up of the droplets. There are
considerable constraints on selection of surfactants which are toxacologically
satisfactory for inhalation use.

Sorbitan esters are nonionic surface active agents used in the preparation of
various pharmaceutical formulations and as additives 1n foods, beverages, drugs,
textiles, and plastucs. Sorbitan trioleate (SPAN 85®) (Figure 6.3), a parnal ester of
oleic acid denived from sorbitol, is commonly used in many drug products. It 1s used
in metered-dose 1nhalers to keep the drug dispersed 1n the propellant and to lubricate
the actuator valve. SPAN 85 1s presently used 1n .he preparation of an in-house
aerosol formulation, up to approximately 5% by weight. There has been some concern
as to the possible toxicity by inhalauon of sorbitan trioleate. Published oral and
dermal toxicity studies label sorbitan trioleate as relauvely non-toxic by oral
admumstranon and causes shght irntanon when admimstered topically [1,2].

However, good product design dictates that the amount of sorbitan trioleate used be

compatble with achieving opumum pertormance charactenistics and be within the
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Figure 6.3  Structure of sorbitan tnoleate.

industry-accepted quantities. Although listed as an ingredient in several commercially
available aerosol formulatons, the level in each dose 1s not reported. Consequently an
assay procedure for the measurement of sorbitan trioleate in four marketed aerosol

preparations and an experimental formulation was developed.

6.2 Experimental

For experimental details see sections 2.2.5.1 - 2.2.5.2 in chapter 2.

6.3 Results and Discussion

6.3.1 Restrictor placement
When supercrniucal carbon dioxide 1s used as the mobile phase, flame-iomzation
detection can be readaly interfaced to SFC to provide a detecnon method with

universal and sensitive response charactenstics. The low cnucal emperature of
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carbon dioxide also permits the analysis of thermally labile compounds. The effluent
from the column is introduced into the flame ionization detector after it has expanded
to ambient pressure. High flow rates, typical for packed columns, causes cooling
which can result in decreased ionization efficiency in the flame or it can extinguish it
entirely. This is a result of a large Joule-Thompson cooling effect which occurs due
to the adiabatic expansion of the supercritical fluid mobile phase {3]. FID spiking is
controlled by postponing decompression as long as possible (this allows less time for
nucleation) while heating the mobile phase at the restrictor outlet where the cooling
effect of the expanding fluid is greatest {3]. When using packed columns, the end of
the restrictor 1s placed about 1 to 2 cm below the FID jet (Figure 6.4), permitting
higher flows to be introduced into the flame while keeping the flame stable during
pressure or density programmung. For a given set of chromatographic parameters the
effect of the restrictor tip position for two flow rates was investigated. Using a
reversed column (250 X 1.0 mm) at 60°C, supercritical carbon dioxide mobile phase, a
pressure program from 1800 psi to 2800 psi at 65 psi per minute, and the flame
iomization detector set at 350°C, a test solution of tetradecane, pentadecane and
hexadecane (0.03% w/w) in hexane was injected for various restrictor positions. The
restrictor outlet gas flow rate was measured using a flow-meter with the restrictor tip
flush with the jet head (heated to 350°C) and a carbon dioxide inlet pressure of 1800
psi. Ata gas flow rate of 30 ml per minute, the restrictor must be placed at least 0.5
cm away to keep the flame ht.

Four 1njecuons of the standard solution were averaged for each set of
condiuons, the data collected have been summarized in Table 6.1. The peak to peak
noise 1n the base line was determuned by multiplying the noise level measured from
the chromatogram by the range setting on the gas chromatogram and dividing by the
attenuation setting on the integrator. The noise level was measured at a constant
mobile phase pressure of 1800 psi. Peak areas generally decreased at the higher flow
rate, as would be expected for a mass sensiive detector. Peak areas are smaller for
the later eluting peaks as the restrictor up 1s placed further from the jet head. The

later eluting peaks were chromatographed at higher pressures, tndicaung that the
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Table 6.1 Effect of Restrictor Position
g - " ]
Position Background Signal Noise,, Peak Area RSD%
(cm) (pA) (pA)
Flow rate = 17 ml/min
0.5 48 1.74 441832500 4.49
12508725 7.75
1540950  9.90
1670625 9.44
1.0 57 3.48 383920000 2.70
9740620 4.84
1229340  8.86
1454700 5.12
1.5 54 1.84 382825000 0.67
9347540  6.97
1159050 2.86
1223000 2.21
2.0 44 2.56 381700000 1.35
8645000 943
949360 8.36
977375 3.97
Flow rate = 30 mi/min
0.5 62 1.04 481293333 295
8610833  4.95
1156867 6.86
1200487  9.10
1.0 48 2.80 353298000 0.82
6387880  2.93
939680 5.55
1113290 5.34
1.5 56 1.74 355985000 1.46
6591733 2.50
957333 1.03
1024300  0.95
2.0 52 3.48 353506667 0.55
6541977 3.27
832371 6.03
923053 1.93
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position of the restrictor is more critical at the higher densities (i.e. higher flow rates).
The restrictor should, therefore, be placed as close to the jet head as possible without
extinguishing the flame. For the all experiments a 30 ml/min restrictor was placed 0.5

cm from the flame jet head.

6.3.2 Chromatographic separation

The separation of sorbitan trioleate was achieved on a C,; column with
supercritical carbon dioxide mobile phase at comparatively low temperature and
pressure. The capacity ratio for the surfactant decreased with increasing pressure at
constant temperature, suggesting that the retention mechanism is governed by the
analyte solubility in the supercritical fluid phase. Under 1sobanc and isothermal
conditions, sorbitan trioleate elutes as one major and two minor components (Figure
6.5). The larger peak with a capacity ratio of 1.7 was used to quantitate sorbitan
trioleate. For both standards and samples, four injections were averaged and pyrene (2
mg/ml) was used as the internal standard for all solutions. A calibration curve was
prepared by injecting serial dilutions of a stock solution (16.4 mg/ml) of sorbitan
trioleate in dichloromethane. A linear response was obtained for a plot of peak height

ratio between 0.5 - 16 ug injected on column (Figure 6.6).

6.33 Concentration of SPAN 85 in each formulation

Five canisters of each product were analyzed. RSD values for retention times
were less than 0.5 % and peak height rattos measurements had RSD’s between 1.0 and
2.0 %. The amount per dose was calculated by dividing the total weight of sorbitan
trioleate per canister by the label claim number of bursts (Table 6.2). The sorbitan
trioleate is well separated from other components of all the formulanons tested.
Figures 6.7 to 6.11 are representative chromatograms for each of the four marketed
aerosols and the in-house formulation. The in-house formulation 1s designed to deliver
120 ug of sorbitan trioleate per dose which agrees well with the amount found, 123

pg/burst. The detection limit calculated as three umes the peak-to-peak baseline noise
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Table 6.2 SPAN 85 in Drug Products.

Product Amount per Dose =~ RSD%

Experimental 123 ug 14
Duo-Medihaler® 214 ug 1.6
Medihaler ISO® 267 ug 1.7
Medihaler EPI® 160 pg 1.2
Alupent® 212 ug 1.8

was 50 ng per injected volume. This method is currently being used to determine

sorbitan tnoleate droplet size and distribution in metered-dose inhaler plumes.

64  Conclusion
An assay has been developed for the determination of sorbitan trioleate in

metered-dose inhalers. Analysis by conventional GC or HPLC methods is not possible
because of SPAN 85’s thermal instability and lack of a chromophore. Supercritical
fluid chromatography with flame-1ionization detection was to separate and detect
sorbitan trioleate in aerosol formulations. This method is being used to study effects

of surfactant concentration on the formulation performance.
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Contributions to Original Knowledge

In this work the following contributions to onginal knowledge are claimed.

The importance of the influence of density on chromatographic behaviour in
simple supercritical carbon dioxide and modified carbon dioxide mobile phases
was demonstrated.

A technique to subdivide gases was modified for the preparation of mixed
supercritical mobile phases.

It was demonstrated that certain mobile phase modifiers alter the
chromatographic process by increasing the solubility of the solutes in the
mobile phase and/or by modifying the stationary phase surface.

The information gained from mobile phase modifier studies was used to
develop methodology for the separation and detecnon of a senies of
phenothiazinone compounds.

A simple and rapid assay for L-615,919 in plasma was developed.

The determination of sorbitan trioleate 1n metered-dose inhalers by supercntical
fluid chromatography with flame-ionization detection was achieved.

An electrochemical detector incorporating a platinum ultramicro working
electrode and a high pressure stainless steel cell was designed and constructed.

The feasibility of this electrochemical system as a detector for SFC was
demonstrated.




- 170 -
Appendix A

Pascai Program to Calculate Operating Pressure

Program Pressure;

{Program to calculate pressure at a given density and temperature for
pure and for modified supercritical carbon dioxide, using the Peng-Robinson
Equation of state. }

const
r = 0.082054;
TC = 304.2,
PC =72.8;
WC = 0.225;
KC = 0.70798;
MC = 44.02;

var
G, CHOICE, T, D : INTEGER;
X1, XJ, PA, V, TA, KA, Z : REAL;
AT, BT, MA, MW, VP, W, A], AJ, AC, PRESS : REAL;
L, J, K, PRES, Z1, LL, LINE : INTEGER,;
RESULT : ARRAY[1..63,1..4] CF INTEGER,
HIGH : BOOLEAN;

PROCEDURE VPRESSURE(A,B,T: REAL; VAR VP :PEAL);
{Calculates the vapour pressure of each component of mixture}
VAR
T7, LP : REAL;
BEGIN
T7 := 0.7*T - 273.15;
LP := A - (B/T7 + 230));
VP := EXP(LP*2.3026)/760;
END; ({VPRESSURE}
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PROCEDURE ACENTRIC(VP,P :REAL: VAR W :REAL);
{Calculates the acentric factor for each component}
VAR
PR : REAL;
BEGIN
PR := VP/P;
W :=-LN(PR)/2.3026 - 1;
END; ({ACENTRIC])

PROCEDURE AITERM(CT,CP,K,TT :REAL; VAR Al: REAL);

{Determines constant (a) in Peng-Robinson Equation of State}
VAR

TR, L ,M : REAL;
BEGIN
TR := TT/CT;
L := SQR(1 + K*(1 - SQRT(TR)));
M := (0.45724 * SQR(R) * SQR(CT))/CP;
Al ;=L *M;
END; {AITERM}
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PROCEDURE PENG(VAR PRESS : REAL),
VAR
D, T : INTEGER;
A, B : REAL;

BEGIN
D := 500;
I:=1;
WRITELN(LST);
WRITELN(LST,” TEMPERATURE ’, ' DENSITY °’,’PRESSURE °’,’'Z );
WRITELN(LST);
WHILE D <= 900 DO
BEGIN
T :=313;
WHILE T <= 373 DO
BEGIN
MW = XI*MC + XJ*MA;
AITERM(TC,PC,KC,T, Al);
AC = Al
IF XJ > 0 THEN
BEGIN
AITERM(TA,PA,KA,T, Al);
AJ = Al
END;
A = XI*XI*AC + XJ*XJ*AJ;
B := XI*0.0778*R*TC/PC;
PRESS := (R¥*T/MMW/D - B)) - (A/(((MW/D)*(MW/D+B) +
B*(MW/D-B)));
Z .= PRESS*(MV//D)/(R*T),
PRESS := INT(PRESS * 14.696);
PRES := ROUND(PRESS);
Z1 :=ROUND(Z*1000);
RESULTIL!] .= D;
RESULTI[L2} := T,
RESULT(L3] := PRES;
RESULTI[L4] := Z1;
T:=T + 10;
[=1+1;
END;
D :=D + 50;
END;
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WHILE I <= 63 DO
BEGIN

HIGH := FALSE;

IF RESULT(],3) >5500 THEN HIGH := TRUE;

IF HIGH = FALSE THEN
WRITELN(LST,RESULTJI,2]-273:8,
RESULT(L,1}/1000:15:2, RESULT(I,3}:13,
RESULT(I,4]/1000:13:3);

[:=1+7
LL:=1LL +1;
IF (LL >=73) and (I <= 63) THEN
BEGIN
writeln(lst);
WRITELN(LST);
WRITELN(LST,’TEMPERATURE’,’DENSITY', 'PRESSURE’,’Z);
WRITELN(LST);
LL =4
END;
END;
WRITELN(LST);
LL :=LL + [;
K:=K+1;
END;

END; {PENG]}
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BEGIN
{Generates a screen menu for selection of mobile phase mixtures)
ClrScr;
GOTOXY(5,10);
WRITELNCMOBILE PHASES’);
WRITELN(’ 1. CARBON DIOXIDE’);
WRITELN(’ 2. ACETONITRILE");
WRITELN(’ 3. METHANOL);
WRITELN( 4. DICHLOROMETHANE’);
WRITELN(’ 5. FORMIC ACID’);
WRITELN(’ 6. QUIT");
WRITELN;
WRITELN;
WRITELN;
WRITE(CSELECT MOBILE PHASE (1-6). ’); READLN(CHOICE);
WRITELN;
WRITELN;
CASE CHOICE OF
1: BEGIN (CARBON DIOXIDE}
WRITELN(LST);
WRITELN(LST, 'SUPERCRITICAL CARBON DIOXIDE’);
XJ =0
XI:=1-XI;
PENG(PRESS);
END;

2: BEGIN {ACETONITRILE}
WRITECENTER MOLE FRACTION OF MODIFIER: ');
READLN(XJ);
writeln(LST);
WRITELN(LST, XJ*100:5:2,’MOLE% ACETONITRILE IN
CARBON DIOXIDE");

:=1; .
XI:=1-XIJ;
TA := 547.85;
PA =477,
AT :=7.12578;
BT := 1322.74;
MA = 41.06;

VPRESSURE(AT,BT.TA, VP);
ACENTRIC(VP,PA, W);
KA :=0.37464 + 1.54226%W - 0.26992*SQR(W);
PENG(PRESS);

END:
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3: BEGIN {METHANOL)
WRITECENTER MOLE FRACTION OF MODIFIER: )
READLN(XD),
WRITELN(LST, XJ*100:5:2,"” MOLE% METHANOL IN
CARBON DIOXIDE’);

XI :=1- XJ;
TA :=512.6;
PA :=78.2;
AT := 8.23608;
BT := 1580.6;
MA := 32.04;

VPRESSURE(AT,BT,TA, VP);
ACENTRIC(VP,PA, W);
KA :=0.37464 + 1.54226*W - 0.26992*SQR(W);
PENG(PRESS),

END;

4: BEGIN {DICHLOROMETHANE)
WRITECENTER MOLE FRACTION OF MODIFIER: ’);
READLN(XJ);
WRITELN(LST, X3*100:5:2,” MOLE%
DICHL.OROMETHANE IN CARBON DIOXIDE’);

XI:=1-XJ;
TA :=510.2;
PA = 60;

AT := 691821,
BT := 1090.1;
MA := 8493,

VPRESSURE(AT,BT,TA, VP);
ACENTRIC(VP,PA, W),
KA :=0.37464 + 1.54226%*W - 0.26992*SQR(W);
PENG(PRESS);

END;

5: BEGIN {FORMIC ACID)

WRITE CENTER MOLE FRAC1ION OF MODIFIER: "),

READLN (X));
WRITELN(LST. XJ*100:5:2," MOLE% FCRMIC ACID IN
CARBON DIOXIDE);

Xl:=1-XJ

TA := 487.0;

PA := 59.2,




- 176 -
AT :=17.15563;
BT := 1413.9;
MA := 60.05;

VPRESSURE(AT,BT,TA, VP);
ACENTRIC (VP, PA, W);
KA := 037464 + 1.54226*W - 0.26992*SQR(W);

PENG(PRESS);
END;
6: END; {QUIT};

END.

END.
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Appendix B

Retention Data for Modifiers Studies in Chapter 3,

Mobile Phase: Supercritical carbon dioxide

Compound Temp Density to tr Wiuth
1sobutyl benzene 40 0.7 1.77 222 0.141
isobutyl benzene 40 0.8 1.43 1.62 0.1
1sobutyl beniene 40 0.9 1.04 1.14 0.064
phenyl aceuc acid 40 0.7 1.77 3.28 0.303
phenyl aceuc acid 40 0.8 1.43 2.01 0.186
phenyl acenc acid 40 0.9 1.04 1.27 0.096
anthraquinone 40 0.7 L.77 5.25 0.297
anthragunone 40 0.8 1.43 2.49 0.127
anthraquinone 40 09 1.04 1.4 0.074
anthracene 40 0.7 1.77 6.78 0.33
anthracene 40 0.8 1.43 3.21 0.149
anthracene 40 09 1.04 1.81 0.084
pyrene 40 0.7 1.77 1439 0.766
pyrene 40 0.8 1.43 5.62 0.249
pyrene 40 09 1.04 2.76 0.112
1sobutyl benzene 50 0.6 1.48 2.16 0.162
1sobutyi benzene 50 0.7 1.35 1.61 0.095
isobutyl benzene 50 0.8 1.11 1.23 0.101
1sobutyl benzene 50 09 0.82 0.82 0.091
phenyl acenc acid 50 0.6 1.48 3.56 0.571
phenyl acenc acid 30 0.7 1.35 2 0115
phenyi aceac acid 50 08 111 1.41 0.151
phenyi acenc acid 30 09 0.82 0.95 0.065
anthraquinone 50 0.6 1.48 8.48 0.502
anthraguinone 50 0.7 1.35 ain 0.177
anthraguinone 50 0.8 1.11 1.76 0.113
anthraguinone 30 0.9 0.82 1.08 0.056

inthracene 30 0.6 1.48 996 0.565




Compound

anthracene
anthracene
anthracene

pyrene
pyrene
pyrene
pyrene

isobutyl benzene
isobutyl benzene
1sobutyl benzene
1sobutyl benzene

phenyi aceac acid
phenyl acenc acid
phenyl acetic acad
phenyl acenc acid

anthraquinone
anthragquinone
anthraguinone
anthraquinone

anthracene
anthracene
anthracene
anthracene

pyrene
pyrene
pyrene
pyrene

isooutyi benzene

Temp Densaity

23388 338 2333 2333 238383

0.7
0.8
0.9

0.6
0.7
0.8
0.9

0.6
0.7
0.8
0.9

0.6
0.7
0.8
09

0.6
0.7
0.8
0.9

0.6
0.7
0.8
0.9

0.6
0.7
0.8
0.9
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1.35
1.11
0.82

1.48
1.35
1.11
0.82

1.22
1.1

091
0.69

1.22

1.1
091
0.69

r

3.89
218
1.3

23.32
7.42
3.49
1.85

+4.57

1.32
0.87

3.35
2.64
1.59
102

11.33
461
2.38

1.36

..66

Width

0.201
0.117
0.056

1.24
0.365
0.164
0.075

0.265
0.103
0.054
0.047

0.261
0.233
0.104
0.091

0.266
0.131
0.07
0.06

0.294
0.139
0.071
0.057

0.532

0.22
101
1.065

0.1




Compound

1sobutyl benzene
isobutyl benzene
isobutyl benzene
isobutyl benzene

rhenyl aceuc acid
phenyl aceuc acid
phenyl acetc acid
phenyl aceac acid
phenyl acenc acid

anthraguinone
anthraquinone
anthraqunone
anthraquinone
anthragquinone

anthracene
anthracene
anthracene
anthracene
anthracene

pyrene
pyrene
pyrene
pyrene
pyrene

1soburyl benzene
1sobutyl benzene
:sobutvl benzene
1sobutyl benzene

~nenvi acenc acid
onenvl acenc acid

Temp

70
70
70
70

70
70
70
70

70
70
70
70
70

70
70
70
70
70

80
30
80
30

30
30

Density

0.6
0.7
0.8
0.9

0.5
0.6
0.7
0.8
0.9

0.5
0.6
0.7
0.8
0.9

0.5
0.6
0.7
0.8
0.9

0.5
0.6
0.7
0.8
0.9

0.5
0.6
0.7
0.8

0.5
0.6
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1.04
0.93
0.78
0.58

1.08
1.04
0.93
0.78
0.58

1.08
1.04
0.93
0.78
0.58

1.08
1.04
0.93
0.78
0.58

1.08
1.04
0.93
0.78
0.58

0.95

0.9
0.81
0.66

0.95
0.9

r

1.59
1.04
0.86
0.58

2.62
1.79
1.18
0.86
0.58

8.36
3.02
1.63
1.06
0.58

8.36
3.48
1.92
1.24
0.81

20.15
6.76
3.09
1.73
1.04

1.33
1.08
081
0.66

.28

Width

0.136
0.072
0.067
0.049

048
0.165
0.115

0.09
0.051

0.74
0.161
0.083

0.07
0.042

0.74
0.176
0.089
0.068
0.678

0.92
0.311
0.137

0.08
0.077

0.079
0.098
0089
0.058

0277
1.103



Compound

phenyi acenc acid
phenyl acetic acid

anthraquinone
anthraquinone
anthraquinone
anthraquinone

anthracene
anthracene
anthracene
anthracene

pyrene
pyrene
pyrene
pyrene

1soburyl benzene
1soburyl benzene
1sobutyl benzene
isobutyl benzene

phenyl aceunc acid
phenyi aceuc acid
phenyl aceuac acid
phenyl aceac acid

anthraguinone
anthraquinone

anthraquinone

dnmraquinone

Anthracene
anuracene
inthracene

Temp

80
80

80
30
80
80

80
80
80
80

80
80
80
80

90
90
90
90

90
80
20

Density

0.7
0.8

0.5
0.6
0.7
0.8

0.5
0.6
0.7
0.8

0.5
0.6
0.7
0.8

0.5
0.6
0.7
0.8

0.5
0.6
0.7
0.8

0.5
0.6
0.7
0.8

0.5
N6
07
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to

0.81
0.66

0.95

0.9
0.81
0.66

0.95

0.9
0.81
0.66

0.95

0.9
0.81
0.66

0.87
0.8
0.7

0.58

0.87
0.8
0.7

0.58

0.87
0.8
0.7

038

0.87
0.8
0.7

5.24

25
1.49
1.01

11.48
445
2.24
1.32

1.2
0.92
0.76
0.58

1.56
101
0.76
0.58

142
1.65
1.04
0.73

442
.84

LT

Width

0.097
0.088

0.244
0.144
0.094

0.08

1.273

0.15
0.093
0.083

0.568
0.212

0.12
0.084

0.118
0.076
0.065
0.054

0.252
0.063
0.065
0.054

0278
0.1
.101
1.058
027
0.1
2067




Compound

anthracene

pyrene
pyrene
pyrene
pyrene

1sobucyl benzene
1sobutyl benzene
1sobutyl benzene

phenyl acenc acid
phenyl aceac acid
phenyl aceac acid

anthraquinone

anthraquinone
anthraquinone

inthracene
anthracene
anthracene

pyrene
pyrene
pyrene

Temp Density
90 0.8
90 0.5
9% 0.6
90 0.7
90 0.8

100 0.5
100 0.6
100 0.7
100 05
100 0.6
100 0.7
100 0.5
100 0.6
100 0.7
100 05
100 0.6
100 0.7
100 0.5
100 0.6
100 0.7
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0.58

0.87
0.8
0.7

0.58

0.77
0.71
0.63

0.77
0.71
0.63

0.77
0.71
0.63

0.77
0.71
0.63

0.77
0.71
0.63

v

0.81

9.61
3.03
1.65
1.03

0.96
0.71
0.63

1.12
0.79
0.63

247
1.32
0.88

2.59
1.45
0.97

4.87
2.25

1.3

Width

0.057

0.474
0.135
0.076
0.059

0.12
0.083
0.067

0.153
0.08
0.06

0.22
0.102
0.065
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Mobile phase: 0.25 mole% formic acid in supercritical carbon dioxide

Compound Temp Density Height Width
isobutyl benzene 40.00 0.70 25986 0.158
anthraquinone 40.00 0.70 32141 0.242 1.48
0.80 54884 0.118 0.67
0.90 65226 0.076 0.34
anthracene 0.70 71706 0.251 1.96
0.80 63132 0.125 1.
0.50 141500 0.078 0.60
pyrene 0.70 22943 0.411 364
0.80 45222 0.188 237
0.90 64746 0.094 1.38
isobutyl benzene 50.00 0.60 41106 0.263 0.29
0.70 67977 0.193 0.13
0.80
0.60 77543 0.719 220
anthraquinone 0.70 37914 0.230 t12
0.80 06724 N.148 .51
0.90 60696 3075 .20
anthracene 0.60 77543 0.719 357
0.70 172897 0.227 146
0.80 124864 1).165 0.77
0.90 115669 0.076 .48
pyrene 0.60 3140 0.451 917
0.70 63769 0.513 2.6l
0.80 36726 1243 7
.90 s5122 1093 04
| .sooutyi benzene ~0.00 1.50 ~1989 1216 09
1220

S
oo

N 60 36549



-2,

Compound Temp

anthraquinone

anthracene

pyrene

:sobutyl benzene 70.00

anthraquinone

anthracene

Dyrene

- 183 -

Density
0.70

0.50
0.60
0.70
0.80
090

0.50
0.60
0.70
0.80
0.90

0.60
0.70
0.80
0.90

0.50
0.60
0.70

0.50
0.60
0.70
0.80

0.50
0.60
0.70
.80

0.50
.60
.70

Height
73801

65215
55867
97562
58266
162528

65215
117547
192387
121911
317859

40893
75584
51540
154972

29560
34194
62045

55442
41359
68315
87819

35442
86451
128511
156368

9118
31077
33090

Width

0.181

1.181
0.360
0.177
0.076
0.088

1.180
0.437
0.201
0.086
0.085

0.349
0.328
0.115
0.093

0.270
0.174
0.142

0.790
0252
0.149
0.104

0.786
0.302
0.159
1.103

. 380
13530

0228

- ot

k’

0.10

7.35
2.24
0.83
0.40
0.22

7.35
2.41
1.10
0.61
0.39

5.81
1.89
091
0.84

0.38
0.16
0.07

1.94
1.85
0.64
0.31




Compound Temp

isobutyl benzene 80.00

anthraguinone

anthracene

pyrene

1sooutyl benzene 90.00

anthraqunone

anthracene

pyrene
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Density

0.80

0.50
0.60
0.70

0.50
0.60
0.70
0.80

0.50
0.60
0.70
0.80

0.50
0.60
0.70
0.80

0.50
0.60

0.50
0.60
0.70

0.50
0.60
1.70

050
.60
0.70

Height

76716

31273
39627
25986

79033
£1008
70470
89888

79033
104984
142075
170551

17533
40480
66559
87079

35678
44739

101970
60284
74064

101970
120442
140927

25690
$1099
“4434

Width

0.121

0.211
0.141
0.158

0.610
0.180
0.109
0.091

0.483
0.219
0.125
0.091

0.890
0.363
0.164
0.098

0.175
0.116

0.343
0.136
0.050

0.343
.165
7104

1619
1260
).125

1.02

342
1.17
0.51
0.25

342
1.37
0.69
0.39

8.37
3.08
1.46
0.81

0.22

0.09

2.49
0.91
0.41




Compound Temp
1sobutyl benzene 100.00
anthraquinone

anthracene

pyrene
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Density

0.50

0.50
0.60
0.70

0.50
0.60
0.70

0.50
0.60
0.70

Heigint

45937

117464
65791
75553

117464
128341
171939

31731
56487
77358

Width

0.177

0.260
0.117
0.076

0.260
0.134
0.092

0.409
0.178
0.101

k!

0.17

1.92
0.72
0.33

192
0.85
0.44

4.33
1.79
0.89
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g

Mobile phase: 1.26 mole% formic acid in supercritical carbon dioxide

Compound

1sobutyl benzene

phenyl acenc acid

anthraquinone

anthracene

pyrene

1sobutyl benzene

phenyl aceac acid

anthraquinone

anthracene

pyrene

Temp Density

0.7
0.8

0.7

0.7
0.8
0.9

0.7
0.8
0.9

0.7
0.8
0.9

0.6
0.7

0.6
0.7

0.6
0.7
0.8
0.9

0.6
0.7
0.8
0.9

n.6
0.7
.8

- 186 -

2.02
1.56

2.01
1.57
1.13

2.01
1.57
1.13

2.01
1.57
1.13

1.99

1.7
1.37
1.17

1.99

1.7
1.37
117

4.47
2.38
1.44

5.63
297
1.76

10.92
+4.85
=56

6.29
313

1.9
1.42

R
3186
2.29

. 68

585
H 74
247

Height

39845
49235

23406

45655
75370
92785

48832
84439
113448

28113
58451
84415

32776
395089

15823
~5376

33086
35939
31393
103392

12612
45722
~9086
.05083

20346
14522
T1263

Width

0.194
0.152

0.25

0.267
0.122

0078

0.307
0.141
0.084

0.547
0.22

0.109

0.249
0143

.23
0.147

1.363
1) 165
0.101
1).088

1418
0.19
DRUS!
) 084

1654
) 209
1156




-

Compound

1sobutyl benzene

phenylaceac acid

anthraquinone

anthracene

pyrene

1sobutyl benzene

phenylacenc acid

anthraquinone

nthracene

Temp Density

70

-0

0.9

0.6

0.6

0.6
0.7
0.8
0.9

0.6
0.7
0.8
0.9

0.6
0.7
0.8
0.9

0.5
0.6

0.5
0.6

0.5
0.6
0.7
0.8

05
0.6
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1.91

1.91

1.91
1.68
1.4

1.91
1.68
1.4

1.91
1.68

2.07
1.98

2.07
1.98
.96

1.8

2.07
1.98

5.01
278
1.84
1.15

5.86
331
2.16
i.33

11.39
5.37
3.06
1.75

10.11
146
2.99
=25

"0.61

d2

Height

96783

37973

21305

13888
74278
94260
105318

42513
68124
93180
108958

26376
55978
85795
98448

44798
45118

25971
27116

21527
38094
35689

2326

23978
313917

Width

0.102

0.203

0.207

0.313
0.152
0.106
0.077

0.358
0.169
0.112
0.078

0.581
0.257

0.14
0.087

0.204
0.186

0.387
0.228

0.602
0.27
018

0.141

.58
.322



Compound

pyrene

1sobutyl benzene

phenyiaceac acid

anthragunone

anthracene

pyrene

1sobutyl benzene

pnenviacenc acid

Temp Density

70

80

80

80

80

30

90

20

0.7
08

0.5
0.6
0.7
0.8

0.5
0.6

0.5
0.6

0.5
0.6
0.7
0.8

05
0.6
0.7
0.8

0.5
0.7
0.7
0.8

0.5

0.6

0.5
0.6
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1.96
1.8

2.07
1.98
1.96

1.8

245
232
212
1.58

245
232

1.58

tr

3.48
2.58

25.18
9.35
5.31
EX: )

1.77
148

219
1.6

Height

75892
102887

12058
37984
65907
93625

38786
44289

13437
28719

36317
62370
92292
115036

35142
57382
35913
108702

18497
13374
75365
96223

18306
37678

26116
41389

Width

0.199
0.148

1.311
0.529
0270
0.168

0.415
0.194

0.343
0.226

0.549

0.28
0.183
0.119

0.612
0.333
0.209
0.127

1.131
0.524
0.263
0.137

).116

0.103

0.213
014




Compound

anthraquinone

anthracene

pyrene

1sobutyl benzene

phenylacenc acid

anthraquanone

anthracene

pyrene

Temp Density
90 0.5
0.6

0.7

90 0.5
0.6

0.7

90 0.5
0.6

0.7

100 0.5
100 0.5
100 0.5
0.6

0.7

100 0.5
0.6

0.7

100 0.5
0.6

0.7
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o

1.46
1.37
1.22

1.46
1.37
1.22

1.46
1.37
1.22

1.41

1.41

1.41
1.32
1.24

1.41
1.32
1.24

1.41
1.32
1.24

o

4.49
2.39
1.62

474
2.66
1.81

3.97
413
243

1.64

1.94

3.63
2.18
1.57

182
233
.73

6.76
3.41

222

Height

30862
86085
107001

49003
71486
90032

32102
65852
95549

53529
30991

63083
101259
112183

60613
34186
90920

41027
66855
160892

Width

0.238
0.136
0.097

0.298
0.156
0.102

0.508
0.219
0.117

0.163

0.21

0.187
0.122
0.087

0.241
0.136
0.096

0.398
0.176
0.108
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Mobile phase: J.87 mole% dichloromethane/0.16 mole% formic acid in CO,

Compound Temp Density o T Height  Width
1sobutyl benzene 40 0.8 195 208 31736 0.254
anthraquinone 10 0.8 195 293 79347 0.158
anthraquinone 40 09 134 169 100498 0.101
anthracene 140 0.8 195 354 28938 0.182
anthracene 10 09 134 201 36846 0.138
pyrene 40 0.8 195 364 38006 0279
pyrene 40 0.9 134 284 78855 0.124
1sobutyi benzene 50 0.7 234 255 45958 0.165

50 0.8 185 196 64869 0.18
phenyi aceuc acid 50 0.7 234 274 33073 0.195
anthraquinone 50 0.7 234 408 67915 0.244
anthraquinone 50 08 185 254 94471 0.137
anthraqunone 30 09 133 1.62 100835 0.089
anthracene 50 07 234 485 22582 0.27
anthracene 30 0.8 185 299 33761 0.145
anthracene 0 09 133 188 25432 0.086
pyrene 30 0.7 234 303 45370 0415
pyrene 30 0.8 185 437 70234 0.215
pyrene 30 0.9 1.33 251 97954 0.11
:sobutyl benzene 60 0.6 225 269 33643 0.256

60 0.7 200 218 49039 ).145
phenyiacenc acia 60 0.6 .25 226 3312 1499

50 07 201 235 13524 91¥9

inmragquinone 60 06 125 nd6  AI63 )443




Btre gy

Compound

anthraquinone
anthraquiniore
anthraquinone

anthracene
anthracene
anthracene
anthracene

pyrene
pyrene
pyrene
pyrene

1sobutyl benzene
phenylaceuc acid
anthraquinone
anthraqunone
anthraguinone
anthracene
anthracene
inthracene
pyrene

pyrene
vyrene

1soputvi benzene

onenviacenc acid

Temp

2838 33383 338

30
30

30
S0
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Denstty

0.7
0.8
0.9

0.6
0.7
0.8
0.9

0.6
0.7
0.8
0.9

0.6

0.5

0.6
07
0.8

0.6
0.7
0.8

0.6
0.7
0.8

0.5

0.6

0.5
0.6

to

2.01

1.12

1.89

1.89

1.89
1.64
1.34

1.89
1.64
1.34

1.89
1.64
1.34

1.7

1.61

1.7

1.61

r Heght

3.48
2.24
1.35

6.46
3.96
2.55
1.54

13.55
6.39
3.68

-

216

2.55

1.84
2.69
1.75

4.84
3.02
1.96

9.82
47
2.68

76749
94902
106770

36163
23326
23713
31435

26234
54682
78689
104092

46512
26275
47101
86306
107871
47101
25000
27226
33619

64638
90412

26812

1

n
iy
t

11948
27840

Width

0.249
0.146
0.087

0.443
0.323

0.18
0.115

0.805
0.342
0.174
0.092

0.197

0.253

0.362
0.185
0.109

0.362
0.23
0.169

0.538
0.242
0.129

0213

0.153

0.187
0.189




-y

Compound

anthraquanone
anthraquinone
anthraquinone
anthraquanone

anthracene
anthracene
anthracene
anthracene

pyrene
pyrene
pyrene
pyrene

1sobutyl benzene

phenylacenc acid

anthraquinone
anthraquinone
anthraquinone

anthracene
anthracene
anthracene

pyrene

oyrene
pyrene

.sooutyl benzene

Temp

80
80
80
80

80
80
80
80

80
80
80
80

90
%0

90
90

%
90
90

90
90
a0

90
Q0
90

Density

0.5
0.6
0.7
0.8

0.5
0.6
0.7
0.8

0.5
0.6
0.7
0.8

0.5
0.6

0.5
0.6

0.5
0.6
0.7

0.5
0.6
0.7

0.5

0.6
0.7

95

1.7
1.61
1.41
1.15

1.7
1.61
1.41
1.15

1.7
1.61
1.41
1.15

1.46
1.37

1.46
1.37

1.46
1.37

1.22

1.46
1.37

1.22
1.46
1.37

1.22

41

tr  Height

7.62
3.53
2.11
1.42

7.62
3353
233
1.58

16.17
6.57
3.39
2.03

1.77
1.48

149
2.39
.62

474
2.66
1.81

34317
61320
95311
105509

34317
60320
23235
33120

18312
44850
76360
97771

48306
57678

=6116
41389

30862
36085
107001

49003
71486
90032

32102
15852
25549

Width

0.55
0.266
0.116
0.088

0.55
0.266
0.155
0.107

0.957
0.365
0.167
0.094

0.216
0.103

0.213
14

0.238
0.136
0.097

) 298
0.156
1,102

0.508

n219
0117

).163




Compound

phenylacenc acid

anthraquinone
anthraquinone
anthraquinone

anthracene
anthracene
anthracene

pyrene
pyrene
pyrene

Temp

100

100
100
100

100
100
100

100
100
100
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Density

0.5

0.5
0.6
0.7

0.5
0.6
0.7

0.5
0.6
0.7

to

1.41

1.41
1.32
1.24

1.41
1.32
1.24

1.41
1.32
1.24

r Height

1.94

3.63
2.18
1.57

3.82
2.33
1.73

6.76
3.41
2.22

30991

63083
101259
112183

60613
84186
90920

41027
66855
100892

Width

0.21

0.187
0.122
0.087

0.241
0.136
0.096

0.398
0.176
0.108
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Mobile phase: 0.80 mole% acetonitrile in supercritical carbon dioxide

Compound

anthraquinone
anthraquinone
anthraquinone

anthracene
anthracene
anthracene

pyrene
pyrene
pyrene

anthraqunone
anthraquinone
anthraquinone

anthracene
anthracene
anthracene

pyrene
pyrene
pyrene

anthraquinone
anthraquinone

Anthracene
anthracene

pyrene
pyrene

lnthraguinone

Temp Densuty
40 0.7
40 0.8
40 0.9
40 0.7
40 0.8
40 0.9
40 0.7
10 0.8
40 0.9
50 0.7
50 0.8
50 0.9
50 0.7
50 0.8
30 0.9
30 0.7
50 0.8
50 0.9
60 0.7
60 0.8
60 0.7
60 0.8
0 0.7
60 0.8
"0 0.6

1.07
0.78
0.57

1.07
0.78
0.57

1.07
0.78
0.57

0.81
0.65
0.51

0.81
0.65
0.51

0.81

0.65
0.51

0.65

0.53

0.65
0.53

0.65
0.53

0.64

1.87
1.06
0.69

2.41
1.32
0.84

43
2.07
1.18

1.29
0.91
0.61

1.6
1.13
0.74

2.65
1.79
1.03

1.17

0.73

1.42
0.87

2.45
.28

area

669037
479302
272017

1188200
846582
443513

279880

194875
101927

391815
465720

927440
870340

266440
167772

181395
251675

341662
139495

208623
96116

49153

width

0.149
0.095
0.073

0.166
0.101
0.074

0.267
0.126
0.078

0.098
0.102
0.051

0.099
0.101
0.052

0144
.12
0.074

1.091

0.054

1) 096
1).057

D152

1) 062

_,
—
(9]
98}



Compound
anthraquinone

anthracene
anthracene

pyrene
pyrene

anthraquinone
anthraguinone

anthracene
anthracene

pyrene
pyrene

anthraguinone

anthracene

pyrene

anthraqunone

anthracene

pyrene

Temp Density
70 0.7
70 0.6
70 0.7
70 0.6
70 0.7
80 0.6
80 0.7
80 0.6
80 0.7
80 0.6
80 0.7
50 0.6
0 0.6
90 0.6
100 0.6
100 0.6
100 0.6
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o

0.56

0.64
0.56

0.64
0.56
0.58

0.5

0.58
0.5

0.58

0.5

0.51

0.51

0.51

0.47

047

0.47

0.91

1.97
1.08

3.79
1.72
1.26

0.75

1.43
0.86

2.53
1.28

0.99

1.82

0.81

0.89

1.38

area

429330

888710
695120

215930

161945

503992

894920

209728

433242

730315

169427

width

0.07

0.14
0.073

0.24
0.097
0.099
0.056

0.102
0.058

0.155

0.068

0.075

0.075

0.097

0.069

0.07

0.082




