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ABSTRACT

This work consists of various studies of a “unified” theory of chromatography.

Typically, liquid chromatography and gas chromatography are considered two separate

techniques.  In liquid chromatography, retention is controlled by the composition of the

mobile phase, while in gas chromatography, retention is controlled by the temperature of

the carrier gas.  However, when the mobile phase variables of temperature, composition,

and pressure are all considered, one observes that it is possible to traverse the entire phase

space from gas to liquid without undergoing a phase transition.  This is done by going

through the supercritical fluid region.  In this work, supercritical fluid chromatography

was used as a “bridge” between gas and liquid chromatography.  

Using mobile phases of either neat carbon dioxide, or CO2 mixed with an organic

modifier, the entire phase space can be examined by setting appropriate pressure,

temperature, and composition values.  Retention and selectivity are examined as

functions of mobile phase composition, temperature, and density.  Continuous trends as

the phase space is traversed suggest a unified description of chromatography.  In

addition, work was performed examining the effect of temperature and stationary phase

chemistry on the phase ratio and gradient reequilibration volume in reversed-phase

chromatography.  After a solvent gradient is run, it takes a significant amount of time to

reequilibrate the column to the initial mobile phase composition before the next run is

performed. It was found that for some stationary phases, temperature has a significant

influence on gradient reequilibration time, while for others there is little or no

temperature dependence.

Shape selectivity in the context of unified chromatography was examined.  Shape

selectivity refers to the ability of a chromatographic system to separate shape isomers.

Using CO2/acetonitrile mobile phases, Shape selectivity trends as a function of mobile

phase composition, as the mobile phase goes from supercritical fluid to subcritical fluid
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to enhanced fluid to liquid, are examined.  Changes in selectivity as the mobile phase

traverses the phase diagram were continuous, suggesting that the mechanism for shape

selectivity was the same, regardless of the “type” of chromatography being performed.  A

study of the effect of mobile phase density on shape selectivity was performed, using neat

carbon dioxide as the mobile phase.  As density is decreased, shape selectivity increases.

This is due to the an increase in stationary phase interactions as the mobile phase density

is reduced.

Methylene selectivity in supercritical fluid chromatography was studied.

Methylene selectivity is a measure of the hydrophobic selectivity of a chromatographic

system; its value is indicative of the thermodynamics of retention of a methylene group.

By measuring methylene selectivity as a function of mobile phase density at a given

temperature and extrapolating to a mobile phase density of zero, the stationary phase

contribution to methylene selectivity can be determined.  These experiments were

performed at a variety of temperatures, with both C18 and C30 stationary phases.  It was

found that, in the temperature range of 75° to 150° C, the enthalpy of transfer of a

methylene group from the mobile phase to the stationary phase was proportional to the

length of the stationary phase alkyl chain.  This supported a partition mechanism for

retention of non-polar solutes in supercritical fluid chromatography.

In addition to examining CO2/organic mobile phases, work was performed using

superheated water as a mobile phase for reversed-phase separations.  Superheated water

is water heated to between 100° and 225° C, but pressurized to maintain the liquid state.

The dielectric constant of water decreases from around 80 at 25° C to around 35 at 200°

C.  This is similar to the change in dielectric constant as organic modifier is added to

water at room temperature.  Thermodynamic analysis of retention with pure-water mobile

phases are both ambient and superheated temperature revealed that retention at ambient

temperature with a pure water mobile phase was entropically driven, but at superheated

temperature retention was enthalpically driven.  This change in thermodynamic signature

was attributed to the change in the hydrogen bond structure as temperature is raised.  At

superheated temperatures, the hydrogen bond structure of water is nearly completely

disrupted.  This thermodynamic shift is similar to what is observed at room temperature

as organic modifier is added to a mobile phase.
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An investigation of the effect of temperature on the phase ratio and gradient

reequilibration volume in reversed-phase chromatography was performed.  In performing

thermodynamic analysis in reversed-phase chromatography, it is often assumed that the

phase ratio does not vary with temperature.  However, this may not always be the case,

and if that assumption is erroneously made, it can cause error in van’t Hoff analysis.  In

this work, the effect of a change in phase ratio on van’t Hoff analysis is described, and a

phase-ratio-independent measure of retention enthalpy is explored.  A second study

examined the effect of temperature on gradient reequilibration volume in reversed phase

chromatography.  Experiments were performed on both traditional C18 stationary phases,

and on newer polar embedded group stationary phases.  Polar embedded group phases are

designed to be more robust in highly aqueous environments.  It was found that, for

stationary phases with polar-embedded groups, gradient reequilibration volume did not

change much with temperature.  However, for normal C18 stationary phases, the gradient

reequilibration time was more than cut in half at 60° C as compared to 15° C.  This

suggests that the two types of phases are solvated differently, and that on normal C18

phases, the amount of solvation is strongly a function of temperature.  These findings

have both practical and theoretical importance.  Any method to reduce reequilibration

time would be beneficial in industry.  Reequilibration time is “wasted time” that is, the

time spent reequilibrating a stationary phase is time not spent performing an analysis.

Reducing this time would make gradient chromatography more cost-effective.  From a

theoretical standpoint, my results suggest significant differences in the way that normal

vs. polar embedded group stationary phases are solvated.  The solvation structure of the

stationary phase influences both retention and selectivity, and is important in examining

the thermodynamics of retention in chromatography.

My doctoral work contributed to the understanding of retention and selectivity in

chromatography.  By utilizing a “unified” approach to chromatography, the entire phase

space is opened up for use in method development.  Utilizing temperature, pressure, and

composition variables, chromatographers should find the best combination for their

separation, regardless of its position in the phase diagram.
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CHAPTER 1 

 

INTRODUCTION TO SUPERCRITICAL FLUIDS AND UNIFIED 

CHROMATOGRAPHY 

 

Chromatography as an Analytical Technique 

 

 Chemical separations are necessary for most real-world analyses.  Many analytes, 

particularly those of biological or environmental origin, are far too complex for direct 

analysis.  Because of this, chemical separations are used to isolate (or at least, attempt to 

isolate!) the analyte of interest so that accurate quantitative or qualitative analyses can be 

performed. 

 Chromatography refers to the family of separation techniques in which separation 

occurs due to differential partitioning between a stationary and mobile phase.  Most 

common of these are column techniques, in which the stationary phase is held in place in 

a column, through which the mobile phase and analyte are passed, typically via pressure-

induced flow.  There are a variety of different “chromatographies” available to the 

analyst, each of which is best-suited for a particular type of analysis, the most common 

forms being gas chromatography and liquid chromatography.  The designation gas and 

liquid refers to the physical state of the mobile phase. 

 In chromatography, solutes are separated by the difference in time spent in the 

stationary phase.  Different solutes will interact with the stationary phase to different 

extents, and as a result the time it takes for a solute to migrate the length of the column is 

different for different solutes.  The retention process in chromatography is often modeled 

as a partitioning or adsorption mechanism [1-4], with the stationary and mobile phases 

acting as discrete entities.  This can be envisioned as a continuous series of solvent 
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extractions.  The fundamental parameter that determines how long a solute spends in the 

stationary phase is its distribution coefficient between the two phases: 

 

m

s

C

C
K =       (1.1) 

 

where K is the distribution coefficient, Cs is the concentration in the stationary phase, and 

Cm is the concentration in the mobile phase.  The measurable quantity that describes 

retention is the retention factor: 

 

mm

ss

m

s

VC
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n

n
k

⋅
⋅

=='      (1.2) 

 

where k’ is the retention factor, ns and nm are the amount of solute in the stationary and 

mobile phase, respectively, and Vs and Vm are the volumes of the stationary and mobile 

phases.  From equations 1.1 and 1.2, it is obvious that the distribution coefficient and 

retention factor are related through the phase ratio: 

 

m

s

V

V
=Φ       (1.3) 

 

 As its name implies, a gas is used as the mobile phase in gas chromatography.  

Ideally, the mobile phase in GC has no chemical interaction with the analyte, rather, it 

serves only to transport the analyte through the analytical column.  Although it is 

probable that this ideal limit is not always the case, to a very good approximation analyte-

mobile phase interactions in GC can usually be disregarded.  The enthalpy of solution of 

the analyte in the GC stationary phase determines retention and selectivity.  The primary 

limitation of GC is that analytes must be volatile below around 400° C in order to be 

analyzed.  While this technique works well for low-boiling-point solutes such as 

hydrocarbons, in reality only about 15% of known organic compounds are volatile 

enough to be analyzed by gas chromatography [5]. 



 3 

Gas chromatography can be performed with either a packed column or an open-

tubular capillary column.  Capillary columns provide much higher efficiency and speed 

of analysis, and are the most commonly used.  Typical GC stationary phases are non-

polar liquids coated on the inside of the capillary.  These stationary phases provide 

separation based on solute volatility.  Generally, solutes with lower boiling points will 

elute first, followed by solutes with higher boiling points.  Alternatively, stationary 

phases with embedded functional groups can be used in GC.  With these phases, retention 

is due to a combination of solute volatility and interaction with the stationary phase 

functional group.  Mobile phases in GC are typically inert gases.  Helium is the most 

commonly used, although hydrogen is sometimes used.  Lower molecular weight gases 

such as hydrogen and helium are preferred over heavier gasses such as carbon dioxide or 

nitrogen, because the diffusion coefficients of solutes in lower molecular weight gasses 

are larger, providing more efficient separation [5]. 

In gas chromatography, temperature is used to control retention.  Because 

retention is based on solute volatility, retention time can be decreased by increasing 

temperature.  Often, temperature programming is used in order to elute compounds with a 

wide range of boiling points.  In GC, the pressure at the column outlet is not regulated 

(except in the case of coupling to mass spectrometry detection).  Additionally, the 

composition of the mobile phase is selected for kinetic reasons; the mobile phase in GC 

does not have any chemical interaction with the solute.  Of the three state variables of 

pressure, temperature, and composition, temperature is the only one used to manipulate 

retention in gas chromatography [5]. 

In liquid chromatography, the situation is different.  LC is the preferred method 

for the separation of non-volatile analytes.  While a much larger set of compounds can be 

separated by LC as compared to GC, GC has the advantage of increased efficiency and 

peak capacity, as well as more facile detection.  Retention and selectivity in LC are 

properties of both the stationary and mobile phases.  Upon transfer of a solute molecule 

from the mobile phase to the stationary phase, the chemical potential in both phases 

changes; it is the sum of these changes that is the change in free energy of the system.  

The exact mechanism of retention in liquid chromatography has been the subject of study 
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for many years, and is still a debated topic.  Both partition and adsorption mechanisms 

have been proposed [1-7]. 

 Stationary phases for liquid chromatography typically consist of either a solid 

surface, such as bare silica, or a bonded phase, which is a ligand covalently bonded to a 

solid support.  The most common solid support for LC stationary phases is 

micropartiulate, porous silica, with particle diameters of 3 to 10 µm.  A wide variety of 

non-polar or polar bonded phases are available [5].  Theoretically, any liquid could be 

used as a mobile phases in LC, as long as it does not react with the stationary phase or 

sample.  In general, it is useful to use a mobile phase with a different polarity than the 

stationary phase.  This maximizes the change in chemical potential upon transfer of 

solute from one phase to the other.   

Liquid chromatography is described as either “normal-phase” or “reversed-

phase.”  The two definitions depend on the relative polarity of the two phases.  In normal-

phase liquid chromatography, the stationary phase is polar, while the mobile phase is 

non-polar.  Typical normal-phase stationary phases are bare silica, or silica bonded with a 

polar functional group.  Normal-phase mobile phases are nonpolar liquids, such a 

aliphatic hydrocarbons or alcohols.  In reversed-phase chromatography, the opposite is 

the case.  Stationary phases are nonpolar, while mobile phases are polar.  The most 

common reversed-phase stationary phase is an alkyl ligand, such as C8 or C18, bonded to 

a silica support.  Other non-polar bonded phases are available, such as phenyl or 

alkylcyano.  The most common mobile phases for reversed-phase chromatography are 

mixtures of water and a polar organic modifier such as methanol or acetonitrile.  For 

ionizable solutes, buffer solutions are used in place of pure water, in order to control the 

charge during separation.  Reversed-phase chromatography is the most widely used 

separation technique for non-volatile solutes [5].  In this work, reversed-phase stationary 

phases will be used. 

In liquid chromatography, mobile phase composition is used to control retention.  

Retention can be decreased by using a stronger mobile phase, that is, one that is more 

similar in polarity to the stationary phase.  Solvent gradients are often used in liquid 

chromatography to separate compounds with a variety of polarities.  This is analogous to 
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the use of temperature programming in gas chromatography.  Temperature and pressure 

are not typically used as a variables in LC. 

In both LC and GC, only one of the three state variables of temperature, pressure, 

and composition is used to control retention.  This limits the mobile phases that can be 

used.  If temperature, pressure, and composition are all used, the properties of the mobile 

phase can be more finely tuned for a given separation. 

 

Supercritical Fluids 

 

 In supercritical fluid chromatography (SFC), a supercritical fluid is used as the 

mobile phase.  Before developing this idea further, precise definitions of the states of 

matter that will be discussed are appropriate.  In this work, a “liquid” refers to an 

incompressible fluid, or a fluid whose compressibility is small enough to be considered 

negligible, such as water or methanol at room temperature and pressure.  A “gas” refers 

to a fluid with no solvating power, and which is highly compressible, such as nitrogen at 

Figure 1.1.  A representative phase diagram, with the supercritical fluid region labeled.  From
ref. 10.
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room temperature and pressure.  “Fluid” will be used to encompass both liquids and 

gases, as well as subcritical and supercritical fluids.  A supercritical fluid is a substance 

that has been heated above its critical temperature, and pressurized above its critical 

pressure.  This is illustrated by the phase diagram in Figure 1.1.  The critical point is 

located at the end of the liquid-vapor boiling line, and is the pressure-temperature 

coordinate that defines the critical temperature and pressure.  It is important to point out 

that, for a given substance, no phase transition occurs as a substance goes from gas to 

supercritical fluid.  Likewise, no phase transition occurs when a substance goes from a 

liquid to a supercritical fluid.  A supercritical fluid is not a state of matter, like a solid or 

liquid, because matter does not go through a phase transition to become supercritical.  

The term supercritical only refers to a position in the phase diagram.  Because no phase 

transition occurs when going between a liquid and supercritical fluid, or between a 

supercritical fluid and gas, it is possible to traverse the entire phase space between liquid 

and gas without going through a phase transition.  This is the basis of the mobile phase 

approach to unified chromatography [8-10], which will be developed later. 

 Supercritical fluid have properties that are intermediate between liquids and 

gases.  The densities, viscosities, and diffusion coefficients of solutes in supercritical 

fluids fall between those found in liquids and gasses.  Comparisons of these values are 

shown in Table 1.1  The most noticeable, and important feature of supercritical fluids is 

that they have a high isothermal compressibility, like a gas, but have the solvating power 

of a liquid, particularly at higher density.  As shown, typical supercritical fluids have 

densities ranging from 0.1 to 1.0 g/mL.  The critical temperatures, pressures, and 

densities at the critical point for a variety of substances are shown in Table 1.2.   The 

density of a supercritical fluid can be controlled by manipulation of temperature and 

pressure.  This has the effect of changing the solvating power of the fluid.  For example, 

Table 1.1.  Comparison of properties of gases, supercritical fluids, and liquids [11].

Density, g/mL Diff. Coeff., cm
2
/s Viscosity, g/cm-s

Gas .001 0.1 0.0001

Supercritical Fluid 0.1 to 1.0 0.001 0.001 to 0.0001

Liquid 1.0 0.00001 0.01
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carbon dioxide has a density of 0.47 g/mL at its critical point.  Upon isothermal 

compression to 400 bar, the density increases to 0.96 g/mL.  Similar trends hold for other 

fluids; for the first five listed in Table 1.2, isothermally increasing the pressure from the 

critical pressure to 400 bar has the effect of increasing the density by a factor of two to 

three [12]. 

 Supercritical fluids have found many uses in chemistry, primarily due to their 

easily tunable physical properties [15].  Because the density of supercritical fluids can be 

easily manipulated, they are attractive for use as reaction media.  Supercritical fluids are 

able to solvate solutes in the same manner as liquids, but offer improved reaction kinetics 

due to the increased diffusion coefficients of solutes as compared to liquids.  There are 

numerous reports in the literature of using supercritical carbon dioxide as a reaction 

solvent [16-19].  An interesting application of supercritical fluid technology is in the use 

of supercritical water oxidation of waste products [20-22]. 

 Another common use of supercritical fluids is as an extraction medium [12, 23-

25].  Supercritical fluids have several advantages over condensed liquids in extraction.  

Because of the low viscosity of supercritical fluids, they are able to easily permeate 

sample matrices that may be difficult for liquids.  In addition, the increased diffusion 

coefficients of solutes in supercritical fluids speeds up the extraction process.  An added 

benefit is that sample reconstitution after extraction with a supercritical fluid is usually 

Table 1.2.  Critical parameters of some chromatographically-relevant substances [12-14].

Substance Critical Temp, °C Critical Press., Bar Critical Dens., g/mL

CO2 31.0 72.9 0.47

NH3 132.4 111.3 0.24

Xe 16.6 57.6 1.10

SF6 45.5 37.1 0.74

N2O 36.5 71.1 0.45

H2O 374.0 217.7 0.30

CH3OH 240.0 79.5 0.27

CH3CN 274.7 48.3 N/A
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straightforward and easy.  By reducing the pressure, the carbon dioxide will boil off 

leaving behind a concentrated extract. 

 

Supercritical Fluid Chromatography 

 

 Because supercritical fluids have properties intermediate of those of gases and 

liquids, SFC is generally considered to be an intermediate technique between LC and GC.  

However, the complex nature of supercritical fluids has made research into the 

fundamentals of SFC quite challenging.  This lack of a fundamental understanding of the 

retention and separation process in SFC has limited its use as compared to other 

separation techniques. 

 The first reported use of supercritical fluid chromatography was in 1962 by 

Klesper and co-workers [26], for the separation of a mixture of nickel porphryns.  Since 

that time, SFC using both open tubular and packed columns has been developed.  Open 

tubular columns (OTSFC) are similar to GC columns, however, many times a bonded 

polymer rather than a liquid is used as the stationary phase [27, 28]. The biggest 

limitation of open tubular columns in SFC is that the column must have an extremely 

small inner diameter, usually less than 50 µm as compared to ~250 µm in OTGC, 

otherwise mass transfer effects will lead to serious band broadening.  This is due to the 

lower diffusion coefficients for solute molecules in supercritical fluids as compared to 

gases.  In the recent literature, OTSFC is becoming less and less common,  most current 

research deals with the use of packed columns [29, 30]. 

 The packed columns typically used in SFC are identical to packed columns used 

in HPLC [5, 31].  In a normal-phase type separation, bare silica can be used, as well as 

various polar to semi-polar bonded phases such as cyano or phenyl.  In addition, alkyl 

bonded phases such as octyl (C8) or octadecyl (C18, ODS) phases [31] may be used for 

reversed phase type separations when used in conjunction with a polar organic modifier.  

Previous work in our group has focused on determining the retention mechanism of 

solutes on ODS columns with CO2-organic mobile phases.  It was shown that retention is 

due to both adsorption on free silanols and partitioning into the chemically bonded phase 

[32].  The partitioning mechanism observed is characteristic of a reversed-phase system. 
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 The most common mobile phase used for SFC is carbon dioxide mixed with a 

polar organic modifier such as methanol or acetonitrile.  CO2 is a good candidate for use 

in SFC for a variety of reasons.  It has easily attainable critical parameters (Tc = 31°C, Pc 

= 71 atm), it is relatively non-toxic and non reactive, and is commercially available in 

high purity.  With packed columns, CO2 is typically mixed with a modifier.  This has the 

effect of both changing the composition and density [33] of the mobile phase.  In 

addition, adsorbed modifier can affect the properties of the stationary phase.  It has been 

shown that methanol adsorbs on the residual silanols of the stationary phase, masking 

them from analytes [34]. Of course, there are some disadvantages involved with the use 

of CO2 mobile phases.  The biggest of these is the solvent strength of CO2.  Polar solutes 

are relatively insoluble in supercritical carbon dioxide, and therefore, cannot be 

chromatographed efficiently with CO2 mobile phases.  This problem has been addressed 

through the use of other supercritical compounds as mobile phases [35, 36]. 

 In SFC, all three state variables of pressure, temperature, and composition are 

manipulated.  In practice, a wide range of mobile phase densities—density is a function 

of these three variables—are available to the chromatographer.  It has been theoretically 

predicted that, at a given temperature and pressure, mobile phase density is the more 

accurate descriptor of mobile phase strength [37-39].  This has been verified 

experimentally [40-41].  Thermodynamic analysis of retention at constant density 

resulted in liner van’t Hoff behavior, which suggests that the retention mechanism was 

constant over the temperature range studied.  van’t Hoff analysis under constant pressure 

(in which the density of the mobile phase is allowed to vary) produced non-linear van’t 

Hoff plots [42], which are much more ambiguous. 

 The use of a supercritical fluid rather than a liquid or gas as a mobile phase has 

several chromatographic advantages.  Many of these result from the reduced viscosity of 

a supercritical fluid.  The first of these advantages is an increase in the diffusion 

coefficients of solute molecules in the mobile phase.  In addition, the lower viscosity 

allows for faster mobile phase velocities as compared to liquids.  These two factors lead 

to better optimum plate heights and faster optimum linear velocities.   A recent study by 

Zou and co-workers examined the effect of different modifiers on efficiency in SFC [32, 

43].  When compared to gases, supercritical fluids have the advantage of easily tunable 
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solvent strength, even at low temperatures.  This allows for the analysis of thermally 

labile molecules not possible with GC.  Another advantage to using supercritical CO2 

rather than organic liquids as a mobile phase is the (relatively) environmentally friendly 

nature of CO2 when compared to other solvents such as acetonitrile or tetrahydrofuran.   

 One significant issue, particularly with research into the fundamentals of SFC, 

arises from the high isothermal compressibility of supercritical fluids.  A pressure drop 

across the column is required to produce flow, resulting in a density gradient along the 

length of the column.  The solvent strength of a supercritical fluid is density-dependent, 

thus the retention factor is not constant over the length of the column [44].  This 

disallows the use of traditional analysis, such as van’t Hoff plots, to calculate 

thermodynamic parameters in SFC, although some authors continue to use that approach.  

A somewhat related problem arises from adsorption of mobile phase components onto the 

stationary phase [45, 46].  This has the effect of changing the phase ratio, as well as the 

partition coefficient of a solute between the two phases.  In addition to changing the 

phase ratio, adsorbed mobile phase can act as a stationary phase itself [47], particularly if 

the composition of the adsorbed mobile phase differs from the bulk mobile phase. 

The instrumentation used for packed-column SFC is similar to that used for 

traditional liquid chromatography, with a few modifications.  The most obvious is the 

addition of pressure control to the system.  This is done by adding a backpressure 

regulator downstream from the detector.  A pressure transducer is located at this position 

also.  This is not a fixed restrictor; but a variable pressure regulator that is able to 

maintain a pressure set by the user, typically within an accuracy of no more than 1 bar.  A 

second modification is that the pump used with the more-volatile mobile phase 

component is operated as a chilled pump.  This allows a supercritical fluid to be pumped 

as a liquid, and aids in proper volumetric pumping.  The third modification is the addition 

of a column oven for temperature control.  A layout of a typical packed-column SFC 

instrument is shown in Figure 1.2. 

 There have been many studies, both of a fundamental and applied nature, of 

chromatographies outside the definition of traditional LC, GC, and SFC.  Lee’s group has 

done work with solvating gas chromatography [48].  In this region, gases begin to deviate 

from ideal behavior and solvate the solute molecules.  This is in contrast with gas 
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chromatography, where the mobile phase serves only as a carrier gas and has no solvating 

effect on the analyte.  A second region of the phase diagram that is under study is the 

enhanced fluidity region.  An enhanced fluid is a liquid to which a viscosity reducing 

agent, typically liquefied or supercritical carbon dioxide, in the amount of 5 to 30 percent 

by volume, is added.  The resulting conditions are intermediate between LC and SFC, 

allowing for faster, more efficient separations than LC without the polarity problems of 

SFC.  Olesik’s group has pioneered the used of enhanced fluids in chromatography [49-

51].  Our group has also studied enhanced fluids for use in capillary 

electrochromatography [52], however, the observed electroosmotic flow velocities were 

well below the optimum linear velocity of similar pressure driven systems.  Another 

region of the phase diagram is the subcritical fluid range.  This is where the critical 

pressure is exceeded but the critical temperature is not.  Subcritical fluids are similar to 

enhanced fluids, however, in subcritical fluids the more volatile mobile phase component 

is predominate, while in enhanced fluids the less volatile component is predominate. 

 

Unified Chromatography 

 
Let us return to a discussion of a single component phase diagram, and examine 

where chromatographic techniques are located in that phase diagram.  For a single 

Figure 1.2.  A block diagram of a supercritical fluid chromatograph.  From ref. 10.
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component, composition is fixed, so the two relevant state variables are temperature and 

pressure.  Take, for example, the representative phase diagram shown in Figure 1.3, for a 

hypothetical gas chromatography mobile phase.  Since temperature is the variable used to 

control retention and selectivity in GC, we can state that gas chromatography occurs 

along the temperature axis of the single-component phase diagram.  We can examine the 

phase space of the mobile phase that is encountered during the chromatography 

experiment by connecting the points on the phase diagram that represent the temperature 

and pressure coordinates of the column inlet and outlet.  When setting up a 

chromatography experiment one needs to be careful that the mobile phase does not 

change phase on-column, so it is obvious that knowledge of the phase behavior of the 

mobile phase is important. 

 The situation is much more complicated when binary mixtures are used as mobile 

phases.  Not only does the chromatographer need to ensure that a phase transition does 

Temperature

Pressure

Gas

Liquid

Solid

2

2'

1

1'

Figure 1.3.  A phase diagram with two hypothetical GC experiments diagrammed.  Line 1-1’
represents a column inlet-outlet pressure/temperature combination that will result in a phase
transition on-column, and should be avoided in practice.  Line 2-2’ shows inlet and outlet T
and P which will not result in a phase transition, and is acceptable.
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not occur on-column, but care also must be taken so that phase separation of the mobile 

phase components does not occur.  In this case, a three-dimensional phase diagram must 

be considered—one that has axes for temperature, pressure, and composition.  An 

example of a binary-mixture phase diagram is shown in Figure 1.4. 

 We will discuss so-called “Type 1” mixtures, which are mixtures of two 

substances that are mutually miscible at all concentrations as liquids.  Examples of Type 

1 mixtures are methanol and water, or methanol and liquid carbon dioxide.  In the 

concept of unified chromatography, however, the mobile phase state is not restricted to 

liquid, so there are possible pressure-temperature-composition (P-T-X) coordinates at 

which phase separation will occur even for mobile phase components that form a Type 1 

mixture.  At each composition the mixture has a mixture critical point.  The set of 

mixture critical points spans the composition axis, and is referred to as the critical locus.  

At pressure and temperature coordinates below the mixture critical temperature, phase 

separation may occur depending on the composition.  In a binary mixture phase diagram, 

the set of P-T-X coordinates where phase separation occurs is represented by a volume 

(in the phase diagram) where chromatography should not be performed.  Conversely, the 

Figure 1.4.  An example of a binary mixture phase diagram.  From ref. 10.
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volume of the phase diagram outside of this phase separation region is available for use 

for chromatography.  This entire volume of phase space can be traversed, without a phase 

transition or phase separation, as long as the phase separation volume is not entered. 

 It should be clear that knowledge of position in the binary phase diagram is 

important for selecting mobile phase conditions.  Unfortunately, complete P-T-X phase 

diagrams are difficult to accurately construct, and few if any are available.  However, it is 

often the case that the entire phase diagram is not needed.  A simple method for 

determining the pressure-temperature projection of the P-T-X phase diagram has been 

developed [9, 53, 54].  A hypothetical pressure-temperature projection for a two-

component mixture is shown in Figure 1.5.  The area above the projection of the critical 

locus is available for use in chromatography—no phase separation of the mobile phase 

will occur as long as the projection line is not crossed.  Phase separation may occur at 

pressure-temperature coordinates below the projection line, depending on the 

composition.  This technique may be extended to pressure or temperature gradients.  As 

long as the set of pressure-temperature coordinates utilized during the chromatography 

experiment does not cross the projection line, no phase separation will occur.  These 

pressure-temperature projections have been developed for a number of different organic 

modifiers in carbon dioxide [9, 53, 54]. 

Figure 1.5.  An example of a pressure-temperature projection.  The solid lines represent the
boiling lines for components a and b; the dashed line is the projection of the critical locus in
the P-T plane.  From ref. 10.
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 The selection of chromatographic parameters such as temperature and pressure is 

not limited to conditions that result in a supercritical mobile phase.  The only restriction 

is that one should choose a temperature and pressure such that a phase transition (or 

phase separation, for binary mobile phases) does not take place in the column.  It should 

be noted that separations have been performed when a phase transition occurs [48], and 

one is required in some cases, such as with retention gap injection in OTSFC [55]. 

 When looked at from the perspective of the phase diagram, the distinction of 

various chromatographic techniques is blurred [8-10].  Several “types” of 

chromatography can be located in the phase diagram.  These include subcritical fluid 

chromatography, enhanced fluidity chromatography, supercritical fluid chromatography, 

and solvating gas (or hyperbaric) chromatography (see Figure 1.6).  The “common” 

techniques of liquid and gas chromatography emerge as limiting behaviors of a more 

general “unified” chromatography.  Liquid chromatography is practiced only along the 

SFC

Hyperbaric

EFC

SubFC

Figure 1.6.  The position of various “chromatographies” in the binary phase diagram.  The
shaded area represents the region where phase separation occurs, which is unsuitable for use
as a mobile phase.  From ref. 10.
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composition axis, while gas chromatography is located along the temperature axis.  It 

should be noted that if one takes a path through the supercritical region, no phase 

transitions are encountered as one goes from gas chromatography to liquid 

chromatography.  This implies that “naming” techniques is somewhat misleading; and 

that considering all chromatographic techniques as one with the variables of pressure, 

temperature, and composition is a more correct approach.  This is the basis of 

“Chromatography from the Mobile Phase Perspective” as proposed by Chester [8-10].  

Liquid and gas chromatographies are limiting behaviors, and they are “bridged” by 

supercritical fluid chromatography.  This is illustrated in Figure 1.7. 

 This idea of “unified chromatography” was first proposed by J. C. Giddings over 

25 years ago.  Several workers (in addition to Chester) have developed either theoretical 

models or instrumental designs for unified chromatography.  Ishii and Takeuchi proposed 

“Unified Fluid Chromatography,” [56] which they took as the practice of GC, SFC, and 

LC on the same instrument.  Tong and co-workers [57] also developed an instrumental 

Figure 1.7.  A phase diagram for “Unified Chromatography.”  The entire phase space, except
where phase separation occurs, is available for use as a mobile phase.  From ref. 10.
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design for a unified chromatograph. Martire and co-workers have developed a lattice 

fluid model of retention [3, 37-39] which is applicable to gas, supercritical fluid, and 

liquid chromatographies. 

 This work examines this concept of unified chromatography.  Experiments will be 

conducted that examine chromatographic retention and selectivity across the section of 

the binary phase diagram.  A variety of “non-traditional” mobile phases are examined, 

including neat carbon dioxide, CO2-organic mixtures at temperatures, pressures, and 

compositions spanning the entire phase diagram, and neat water heated to between 125° 

and 200° C, pressurized to maintain the liquid state.  The first set of experiments, detailed 

in Chapter 2, examines shape selectivity from the perspective of unified chromatography.  

Mobile phases that span the phase diagram from solvating gas to liquid are examined and 

compared for the separation of shape isomers.  Chapter 3 discusses methylene selectivity 

with both neat CO2 and CO2-organic mobile phases.  Selectivity is examined as a 

function of mobile phase composition and density, and a phase-ratio-independent 

thermodynamic measurement of the stationary phase contribution to selectivity is 

performed.  Chapter 4 discusses the use of superheated water as a mobile phase.  At 

elevated temperature, but with enough backpressure applied to prevent boiling, water can 

be used as an efficient eluent for reversed-phase chromatography.  The thermodynamics 

of retention with pure water at ambient and superheated temperature are compared to 

retention thermodynamics with the water-organic mobile phases typically used in 

reversed-phase LC.  Finally, Chapter 5 examines the effect of the phase ratio on van’t 

Hoff analysis, and how changes in temperature and phase solvation can impart non-

linearity to van’t Hoff plots.  While these experiments were performed under traditional 

reversed-phase LC conditions, they have implications for any thermodynamic analysis of 

the retention process in chromatography. 
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CHAPTER 2 

 

SHAPE SELECTIVITY IN THE CONTEXT OF UNIFIED CHROMATOGRAPHY 

 

Shape Selectivity 

 

Introduction 

The separation of shape isomers is a challenging problem in chromatography.  

Such isomers generally have identical octanol-water partition coefficients, molecular 

weights, and hydrocarbonaceous surface areas, as such, resolution of shape isomers must 

be from shape recognition, an entropic process, rather than from differences in a bulk 

partition coefficient.  In order to separate shape isomers, a chromatographic system that 

has some form of shape discrimination capability must be utilized.  Currently, the most 

popular method for separating shape isomers is reversed-phase liquid chromatography 

with a polymeric (e.g., prepared with di- or tri- chlorosilane) octadecyl (ODS) stationary 

phase [58]. 

In general, it is believed that shape selectivity arises from interactions in the 

stationary phase.  It has been theoretically predicted [39, 59] and experimentally shown 

[60, 61] that at least one of the two phases in partition chromatography must be 

somewhat ordered for shape selectivity to be observed.  Silica-bonded alkyl ligands have 

been shown to act more as an anisotropic interphase, rather than as a bulk liquid phase, in 

RPLC [1, 2].  This is due to the fact that one end of the ligand is fixed to the silica surface 

while the other is free to move.  Thus, an entropy gradient is established along the alkyl 

ligand.  This ordering of the stationary phase ligands is thought to be the origin of 

chromatographic shape selectivity.  It has been shown that the more ordered the 

stationary phase, the higher degree of shape selectivity is seen chromatographically [58].  

In general, polymeric stationary phases, which are formed from polyfunctional silanes in 
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the presence of water, show greater shape selectivity than monomeric phases (e.g., those 

formed with monofunctional silanes under anhydrous conditions).  There are two reasons 

why polymeric phases are more shape selective: first, polymeric stationary phases usually 

have higher carbon loads than monomeric phases, and second, the polymer network is 

more ordered than the corresponding monomeric phase.  Thus, the alkyl chains in a 

polymeric phase are closer together, and ligand-ligand cooperativity increases the order 

of the phase. 

To a first approximation, the nature of the mobile phase should not have a great 

effect on shape selectivity.  There is no intrinsic order in the mobile phase, as it is a bulk 

fluid.  However, mobile phase variables such as composition and temperature can have 

an effect on the conformation of the stationary phase.  It is thought that stationary phase 

chains change their conformation in response to the surrounding mobile phase [3].  This 

change in the order of the alkyl ligands changes the shape selectivity of the system.  

Shape selectivity trends with hydroorganic mobile phases seem to correlate with these 

theories:  it has been shown [62] that mobile phases with a higher organic content (and 

thus more fully extended and ordered stationary phase ligands) have better shape 

selectivity than mobile phases that are water rich. 

There are two perspectives by which shape selectivity can be studied.  These are 

how molecular shape directly affects retention and selectivity, i.e., correlation of the 

retention factor k’ (or it’s natural log) with a numeric descriptor of molecular shape, and 

selectivity trends seen as a chromatographic variable, such as temperature, stationary 

phase type, or mobile phase composition is systematically changed.  To date, nearly all 

work with shape selectivity has been in reversed-phase liquid chromatography with 

hydroorganic mobile phases and octadecyl stationary phases.  Most initial work was 

focused on prediction of retention of shape isomers using descriptors of molecular shape.  

One of these is the length to breadth ratio (L/B), which was first introduced by Janini and 

co-workers [63].  A slightly different definition of L/B ratio was introduced by Wise and 

co-workers [64].  This definition of L/B ratio resulted in better correlation with 

chromatographic retention than the Janini definition.   This correlation of retention with 

solute length gave rise to the empirical “slot model” for retention [65].  In summary, this 

model states that retention is due to penetration of solutes between alkyl chains, and long, 
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narrow molecules (high L/B ratio) “fit” better than square shaped or bulky ones (low L/B 

ratio), and are thus retained more.  This idea was presented more formally in Dill’s lattice 

model for retention [1, 2]. 

A second molecular descriptor for shape selectivity was presented by Yan and 

Martire [59].  This descriptor, termed Amin, is the minimum area of a side of a box 

enclosing the molecule.  In general, smaller values of Amin correspond to more “rod-like” 

molecules (as opposed to “block like,” which have larger values of Amin).  A linear 

relation between ln k’ and Amin was observed, with smaller values of Amin resulting in 

larger retention values [60]. 

A third molecular descriptor that affects shape selectivity is the planarity of the 

solute molecule.  A value referred to as the “dihedral angle of distortion” was identified 

by Garrigues et al. [66].  This value is a numeric descriptor related to the non-planarity of 

a molecule.  Planar molecules have a dihedral angle of 0°, while non-planar molecules 

have non-zero values.  This descriptor has been shown to be particularly useful for 

describing the retention of substituted isomers. 

As stated, a second method for investigating shape selectivity is the examination 

of selectivity trends as a chromatographic variable is changed.  There are several 

variables that have been shown to be influential in the shape recognition ability of a 

chromatographic system, and chromatographic tests are often used to assess shape 

selectivity.  The most common is SRM 869a, developed by Sander and Wise at the 

National Institute of Standards and Technology (NIST) [67].  In this test, the selectivity 

of the tetrabenzonaphthalene / benzo[a]pyrene pair (abbreviated as αTBN/BaP) is used as a 

numeric value for shape selectivity.  Lower values are taken to indicate better shape 

recognition.  In general, values of less than 1.0 are seen for polymeric columns, while 

monomeric columns yield values over 1.7.  It should be noted that the word “selectivity” 

is not used in the usual sense, where values of less than 1.0 are not allowed.  The elution 

order of TBN and BaP reverses based on the bonding chemistry of the stationary phase 

used, so it is possible that “selectivity” values—αTBN/BaP—can be less than one.  Values 

of αTBN/BaP have been shown to correlate well with the ability (or inability) to separate 

more complex mixtures of PAH’s. 
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A second test commonly used to evaluate shape selectivity is the selectivity of the 

triphenylene / o-terphenyl pair [68].  Although the two are not isomers, they do have the 

same L/B ratio.  The primary difference in these two molecules is their planarity:  

triphenylene is planar while o-terphenyl is not.  Based on the empirical slot model, the 

non-planar molecule should elute first because it is more difficult for it to “fit” in 

between the alkyl chains of the bonded phase.  Thermodynamically, a larger cavity must 

be opened in the stationary phase chains for the non-planar compound, and this is 

entropically expensive, again arguing the non-planar molecule should elute first.  

Generally, the selectivity between the two molecules is enhanced when a polymeric 

stationary phase is used, as the average chain density is much greater than for a 

monomeric phase.  The statistical mechanical theories [1-3, 59] predict that it is the 

anisotropy of the grafted chains that gives rise to shape selectivity among solute 

molecules.  In brief, molecules that can most effectively align with the grafted chains, 

normal to the interface, are those that are most effectively retained.  It costs more free 

energy to insert each solute substructure that lies parallel to the interface than each 

substructure that aligns with the chains normal to the interface; hence the shape 

selectivity.  In agreement with this prediction, Lochmüller et al. have shown that 

molecules are retained in the order rods > disks > flexible chains [69]. 

The primary variable that has been studied with respect to shape selectivity is the 

morphology of the stationary phase.  There are several stationary phase variables that can 

be examined:  the bonding chemistry (monomeric vs. polymeric), the bonding density, 

and the alkyl chain length.  As has been alluded to, stationary phases prepared with 

polymeric bonding chemistry exhibit enhanced shape selectivity.  It is generally believed 

that these phases are more ordered and rigid than monomeric phases, and this is the origin 

of the enhanced shape selectivity.  In addition to bonding chemistry, the bonding density 

of the stationary phase has been shown to have an effect on shape selectivity.  In general, 

columns with a higher bonding density have better shape recognition characteristics than 

columns with lower bonding density.  This is thought to be from stationary phase 

ordering induced from cooperativity between the alkyl ligands in higher bonding density 

phases.  This effect was predicted theoretically by Dill [1] and confirmed experimentally 

by Sentell and Dorsey [70].  The length of the bonded alkyl ligand has also been shown 
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to have an effect on shape selectivity.  In general, longer alkyl chains have greater shape 

selectivity than shorter ligands [71]. 

It has been theoretically predicted that an increase in the solvation of the 

stationary phase should increase the order of the phase [72].  In theory, alkyl ligands that 

are well solvated will be in a more extended conformation, and thus more ordered.  As a 

result of this increase in order of the phase, the shape selectivity should also increase.  

The effect of stationary phase solvation on shape selectivity has been investigated by 

Cole and Dorsey [73].  In their study, n-hexanol was added to the mobile phase to 

increase solvation of the stationary phase.  It was believed that addition of hexanol would 

increase the order of the stationary phase, leading to enhanced shape selectivity.  

However, only slight changes in shape selectivity, as measured by SRM 869a and various 

isomer pairs, were observed.  The magnitude of these changes was not nearly as great as 

expected.  It should be noted that selectivity enhancements for certain solutes were seen, 

most notably for estrogen diasteromers.  However, this trend was attributed to changes in 

solvent selectivity due to the introduction of hexanol to the mobile phase, and not due to 

changes in the conformation of the stationary phase. 

 Temperature has been shown to have a significant effect on shape selectivity.  

Sander and Wise studied the effect of temperature on shape selectivity for both 

monomeric and polymeric columns, using SRM 869a [74].  They demonstrated that the 

shape selectivity characteristics of a given phase can be dramatically altered by changing 

the temperature—in fact, monomeric phases can be made to “act polymeric” at low 

temperature, and polymeric phases can be made to “act monomeric” at high temperature.  

Temperature effects on shape selectivity have also been studied by Sentell and Henderson 

[75].  They evaluated shape selectivity with both SRM 869a and various isomer pairs on 

both low and high bonding density monomeric columns.  They also observed enhanced 

shape selectivity at lower temperatures, particularly on the higher bonding density 

column. 

To date most investigations into shape selectivity have involved alkyl-bonded 

stationary phases with hydroorganic mobile phases.  There have only been limited 

investigations of shape selectivity in supercritical fluid chromatography (SFC).  Several 

publications by Jinno and co-workers have addressed planarity recognition characteristics 
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in SFC systems.  Their work has focused primarily on selectivity differences between 

sub- and supercritical mobile phases, and between different types of stationary phases 

[76, 77].  Williams and co-workers [78] have also studied shape selectivity trends in 

supercritical fluid chromatography, with mobile phases consisting of up to 30% 

acetonitrile in carbon dioxide.  They compared selectivity on monomeric vs. polymeric 

columns, and looked at the effect of temperature, pressure, and amount of organic 

modifier in the mobile phase.  Their conclusions were drawn from results using SRM 

869a as a test mixture, as well as more complex mixtures of PAH’s.  As in RPLC, the use 

of a polymeric stationary phase led to increased shape selectivity as compared to 

monomeric phases.  With respect to mobile phase conditions, they observed that shape 

selectivity decreased with increasing temperature, as in RPLC.  Pressure did not seem to 

have much of an effect on selectivity.  In addition, based on SRM 869a selectivity values, 

they concluded that addition of organic modifier increases the shape selectivity of the 

chromatographic system. 

This investigation examines shape selectivity trends with mobile phases that are 

mixtures of acetonitrile and carbon dioxide [79].  Unlike previous works, the composition 

of the mobile phase is varied over the entire possible concentration range, that is, from 

neat carbon dioxide to neat acetonitrile.  This range of mobile phases encompasses the 

techniques of supercritical fluid chromatography, subcritical fluid chromatography, 

enhanced fluidity chromatography, and liquid chromatography.  It should be noted that 

this transition from SFC to LC is continuous, and encompasses nearly the entire mobile 

phase range for unified chromatography [8].  For comparison to previous work, SRM 

869a is used as a test mixture.  In addition, the planarity recognition characteristics of 

these chromatographic systems are examined by the selectivity of the triphenylene / o-

terphenyl pair.  Shape selectivity based on length-to-breadth ratio is evaluated based on 

the selectivity seen with molecular mass 228 PAH’s.  At the temperatures and pressures 

utilized in this study, the mobile phases do not undergo any phase transitions as the 

composition is changed.  For this reason, it is expected that the selectivity trends seen as 

the mobile phase goes from supercritical fluid to subcritical fluid to enhanced fluid to 

liquid will be continuous. 
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Experimental 

SFC grade carbon dioxide was obtained from Air Products (Allentown, PA, 

USA).  HPLC grade acetonitrile was obtained from Fisher (Pittsburgh, PA, USA).  Test 

solutes included benz[a]anthracene (BaA), benzo[c]phenanthrene (BcP), naphthacene 

(Nap), chrysene (Chr), triphenylene (Tri), o-terphenyl (o-Ter), and NIST SRM (Standard 

Reference Material) 869a, which consists of benzo[a]pyrene (BaP), phenantho[3,4-

c]phenanthrene (PhPh), and 1,2:3,4:5,6:7,8-tetrabenzonaphthalene (TBN).  The test 

solutes were purchased from a variety of different suppliers.  All test solutes were 

dissolved in acetonitrile.   Molecular structures of the SRM 869a test solutes are given in 

Figure 2.1. 

All experiments were performed on a Hewlett-Packard (Palo Alto, CA, USA) 

model G1205A Supercritical Fluid Chromatograph.  Sample injection was with a 

Rheodyne (Rohnert Park, CA, USA) model 7410 injector with a 200 nL sample volume.  

Analyte detection was with a Hewlett-Packard model 1050 diode array detector.  The 

detection wavelength was 254 nm.  The flow rate for all experiments was 1.0 mL/min at 

the pump head.  System backpressure was maintained at 200 bar for all experiments with 

mixed mobile phases, and was set to an appropriate pressure to regulate mobile phase 

outlet density when neat CO2 was used as the mobile phase.  Mobile phases consisted of 

either neat carbon dioxide, or various volume fractions of acetonitrile in carbon dioxide, 

Figure 2.1.  Test solute used in the shape selectivity experiments.  From ref. 67. 
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from 10% to 100% acetonitrile.  The column temperature was also varied between 30°C 

and 80°C at each mobile phase composition with mixed mobile phases, and was set at 

100° C when neat CO2 was used.  Stationary phases used were a monomeric Ultrasphere 

C18 phase, (5 µm particle diameter, 80 Å pores)  (Beckman, Fullerton, CA, USA) and a 

home-made polymeric C18 phase, (3 µm particle diameter, 200 Å pores), kindly provided 

by Dr. Lane Sander of NIST.  Both columns were 150 x 4.6 mm in size.  Column void 

times were taken from an injection of pure acetonitrile, except in the case of 100% 

acetonitrile mobile phase, where an injection of pure methanol was used. 

 

Results and Discussion 

The first set of experiments was performed on a monomeric C18 column.  Shape 

selectivity was evaluated three ways:  by using SRM 869a, by examining the selectivity 

of the triphenylene / o-terphenyl pair (planarity selectivity), and by examining the 

chrysene / benz[a]anthracene pair (L/B selectivity).  The SRM 869a and planarity 

experiments were performed at 30°, 40°, 60°, and 80° C, while the L/B selectivity 

experiments were performed at 30°, 40°, and 60° C.  The mobile phase was varied 

between 10/90 acetonitrile / CO2 to 100% acetonitrile at each temperature. 

In general, mobile phases containing higher concentrations of acetonitrile appear 

to be stronger eluents than mobile phases consisting primarily of carbon dioxide, at least 

with respect to retention of PAH’s on ODS columns.  It should be noted, though, that 

over the entire composition range all of the test solutes eluted with retention factors less 

than 10.  Retention factors for the five- and six-ringed PAH’s (the compounds in SRM 

869a) varied from 0.90 (BaP with 100% acetonitrile mobile phase) to 9.9 (TBN with  

10% acetonitrile / 90% CO2 mobile phase). 

The results for the SRM 869a experiments are shown in Figure 2.2.  In general, 

the value of αTBN/BaP decreases with an increase in the amount of acetonitrile in the 

mobile phase.  This should be indicative of an increase in shape selectivity as the organic 

content of the mobile phase increases.  At first, this did not seem surprising, as this is the 

same trend seen in reversed-phase LC with acetonitrile/water mobile phases.  It is 

interesting to note that for mobile phases with over 40% acetonitrile there is no 

significant change in the observed αTBN/BaP value. 
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The effect of temperature on shape selectivity with these mobile phases is 

somewhat interesting (see Figure 2.3).  With mobile phases containing a large percentage 

of acetonitrile, there does not appear to be much significant change in shape selectivity as 

the temperature is varied from 30° to 80° C.  However, at lower modifier concentrations, 

there is a significant change in αTBN/BaP as the temperature is changed.  The direction of 

the change is not surprising—as temperature increases, αTBN/BaP increases, just as it does 

in RPLC.  What is interesting is the temperature range studied:  in RPLC, temperature 

effects on shape selectivity are observed between 0° and 40° C.  Not much change is seen 

above 40° C.  However, when SFC mobile phases are used—that is, mobile phases with 

less than 30% modifier—changes are seen at higher temperature values.  When the 

mobile phases being used are considered, the results are not as surprising as they may 

seem.  The density of an SFC mobile phase can change significantly with temperature, 

and this change in density changes the solvating power of the fluid.  Changes in the 

properties of a CO2-acetonitrile mixture with temperature are most noticeable at low 

modifier concentrations, and this accounts for the changes seen in shape selectivity at low 

modifier concentration. 

The results of the planarity selectivity (triphenylene / o-terphenyl) experiments 

are shown in Figure 2.4.  As with SRM 869a, the selectivity values level off at higher 

modifier concentrations—in this case, above 50% acetonitrile.  However, the planarity 

experiments show that selectivity actually decreases as modifier is added—contradictory 

to what is inferred from the SRM 869a results.  The best planarity selectivity occurs at 

low modifier concentrations, and planarity selectivity decreases as modifier is added to 

the mobile phase.  This trend is seen at all temperatures studied.  There are two possible 

explanations for this behavior.  First, as previously stated, as the modifier amount in the 

mobile phase decreases, the mobile phase density decreases, making it a weaker eluent.  

The observed selectivity increase may simply be due to the fact that the mobile phase is 

weaker when lower modifier amounts are used.  A second explanation is that the 

stationary phase properties change as modifier concentration changes.  It has been shown 

[45, 46] that significant amounts of carbon dioxide adsorb onto ODS stationary phases in 

SFC.  This adsorption often exceeds monolayer coverage.  Since carbon dioxide is an 

extremely non-polar solvent, it is expected to solvate the alkyl ligands well.  This 
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solvation should increase the order of the bonded phase and lead to enhanced shape 

selectivity at lower modifier values. 

Shape selectivity trends were further explored by examining the selectivity 

between chrysene and benz[a]anthracene.  These two solutes are four-ringed PAH 

isomers of similar hydrophobicity but different L/B ratio.  Thus, selectivity based on L/B 

ratio can be observed.  Further, this pair is particularly difficult to separate in RPLC.  The 

results of the L/B selectivity experiments are shown in Figure 2.5.  As with the planarity 

selectivity experiment, lower modifier concentrations seem to produce the best shape 

selectivity.  There is a noticeable trend downward as modifier content in the mobile phase 

increases.  As in RPLC, this pair proved to be rather difficult to separate, with 

selectivities below 1.1.  However, when modifier concentrations below 10% were 

employed, resolution of this pair on a monomeric column was possible.  In fact, at 3% 

acetonitrile, and with a flow rate of 3.0 mL/min, this pair was nearly baseline resolved in 

under 3 minutes.  As previously stated, this pair is generally unresolvable by RPLC on 

monomeric stationary phases, so this separation represents a selectivity that is unique to 

SFC. 

The results of separating SRM 869a on a polymeric ODS column are shown in 

Figure 2.6.  As expected, the values for αTBN/BaP are all lower than 1, indicating 

selectivity characteristic of a polymeric stationary phase.  Similar trends in selectivity 

were seen at each temperature studied as the mobile phase composition was varied.  

Between 10% and 40% acetonitrile in the mobile phase, the value of αTBN/BaP decreased, 

as was seen with the monomeric column.  However, between 40% and 100% acetonitrile, 

the value of αTBN/BaP increased.  This is in contrast to the “leveling off” seen in αTBN/BaP 

values in the mobile phase range with the monomeric column.  It is interesting to note 

that this increase was most significant at higher temperatures:  at 60° C, αTBN/BaP values 

ranged from 0.86 to 1.00, or a range of 0.14 selectivity units, while at 30° C the range 

was 0.63 to 0.68, or 0.05 selectivity units.  At 40° C, the other temperature studied, the 

value of αTBN/BaP varied over a range of 0.09 selectivity units.  This seems to indicate that 

changing the mobile phase composition has more of an effect on shape selectivity at 

higher temperatures than at lower ones.  This result is not necessarily surprising, because 
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at higher temperatures the properties of the acetonitrile-carbon dioxide mixture are more 

sensitive to changes in mobile phase variables. 

The results for the planarity selectivity experiments on the polymeric column are 

shown in Figure 2.7.  In general, the planarity selectivity trends seen on the polymeric 

column are similar to trends seen with a monomeric stationary phase.  In both cases, 

lower amounts of acetonitrile in the mobile phase produce better planarity selectivity.  

The most noticeable difference between the two columns is in the actual selectivity 

values—the planarity selectivity observed on the polymeric column is approximately 

twice that seen on the monomeric column. 

The origins of the enhanced selectivity seen at lower modifier concentrations 

merit comment. It is interesting to note that the increased selectivity is nearly entirely a 

result of the increase in retention of triphenylene (see Figure 2.8).  The retention of o-

terphenyl exhibits very little change as the mobile phase is changed, while the retention 

of triphenylene increases nearly four-fold.  This suggests that the non-planar, and 

flexible, o-terphenyl is insensitive to changes in stationary phase morphology while the 

rigid, planar molecule triphenylene is sensitive to these changes. 

Chrysene and benz[a]anthracene were also separated on the polymeric column in 

order to observe L/B selectivity changes as a function of mobile phase modifier 

concentration.  The results are shown in Figure 2.9.  As with the monomeric column, the 

highest selectivity between Chr and BaA was observed at the lowest modifier 

concentration.  In addition, as expected, at a given modifier concentration, lower 

temperatures resulted in improved selectivity.  It is interesting to compare the actual 

retention of the L/B isomers (shown in Figure 2.10) to the retention of the planarity 

selectivity pair.  In contrast to the retention trends seen with triphenylene and o-

terphenyl, both chrysene and benz[a]anthracene exhibit similar changes in retention as 

the mobile phase changes. 

The selectivity trends observed with respect to stationary phase bonding 

chemistry are not unexpected.  In general, polymeric bonding chemistry yields phases 

with enhanced shape selectivity in supercritical fluid chromatography as compared to 

monomeric phases.  This is the same trend as is seen in reversed phase LC with 

hydroorganic mobile phases.  In addition, the trends seen as temperature is varied are 
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similar to what would be expected from LC experiments, with lower temperatures 

providing better shape selectivity.  However, the trends seen as mobile phase composition 

are varied are not as clear.  Based on the results of SRM 869a experiments, shape 

selectivity should increase as the organic content of the mobile phase increases.  

However, the results of the planarity and L/B selectivity experiments suggest that this is 

not the case.  For both triphenylene/o-terphenyl and chrysene/benz[a]anthracene, 

selectivity actually decreases as the organic content of the mobile phase increases. 

A possible explanation of this result is based on the solvation of the stationary 

phase.  As has been previously stated, an increase in solvation of the stationary phase 

should lead to an increase in the order of the bonded alkyl chains [72], thereby increasing 

shape selectivity.  In RPLC, this increased solvation can be achieved by either increasing 

the organic content of the mobile phase, or by adding additives (such as longer-chain 

alcohols) to the mobile phase.  The aqueous part of the mobile phase, in RPLC, does not 

solvate the stationary phase chains to any great extent.  However, in SFC, both 
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Figure 2.10 Retention of L/B ratio isomers on a polymeric column.
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components of the mobile phase have the ability to solvate the stationary phase, as 

compressed (subcritical or supercritical) carbon dioxide is an extremely non-polar 

solvent.  In fact, it has been shown that carbon dioxide can easily exceed monolayer 

coverage on ODS, particularly when the temperature and pressure are close to the critical 

point [45].  The amount of adsorbed CO2 has been shown to be an order of magnitude 

higher than adsorbed organic modifier [46].  One can then conclude that low-modifier 

content SFC mobile phases solvate stationary phase ligands very well—particularly at 

temperatures near CO2’s critical temperature.  This solvation of the stationary phase 

could be the origin of the enhanced shape selectivity seen at lower mobile phase organic 

content. 

In order to examine the effect of mobile phase density on shape selectivity, 

experiments were carried out using neat CO2 as a mobile phase.  PAH isomers of 

molecular mass 228 (4-ring isomers) with differing L/B ratio, but similar hydrophobicity, 

(see Figure 2.11) were chromatographed, and the dependence of k’ (or ln k’) on L/B ratio 

was examined at different mobile phase densities, on both the monomeric and polymeric 

Benzo[c]phenanthrene (BcP)              Benz[a]anthracene (BaA) 
L/B = 1.22                                            L/B = 1.58 
Log K ow  = 5.70                                     Log K ow  = 5.79 

Chrysene (Chr)                                     Naphthacene (Nap) 
L/B = 1.72                                             L/B = 1.89 
Log K ow  = 5.73                                     Log K ow  = 5.90 

Figure 2.11 MW 228 PAH isomers [80, 81]. 
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columns.  Since increasing the mobile phase density in SFC is approximately equivalent 

to increasing the solvent strength by adding organic modifier in RPLC [38], these 

experiments should yield insight into the effect of both mobile phase density and solvent 

strength on shape selectivity.  

A numeric description of shape selectivity on the basis of L/B ratio was 

determined by plotting ln k’ of each solute (at a given mobile phase density) against the 

L/B ratio for that solute.  These experiments were carried out at a temperature of 100° C, 

and the mobile phase outlet density was regulated by applying an appropriate 

backpressure at the column outlet.  It should be noted that although pressure is the 

variable set in the experiment, density is the true independent variable.  It has been shown 

that temperature and density are the natural variables for description of retention in SFC 

[38], and that is why density is taken as an independent variable instead of pressure.  The 

slope of the ln k’ vs. L/B ratio plot was taken as the natural log of the “Length-to-

Breadth” selectivity for a given density and stationary phase chemistry.  This method is 

similar to finding homologous series selectivity values, but as L/B selectivity is not a 

discrete molecular unit these values cannot be used in a thermodynamic-type analysis as 

is commonly done with homologous series selectivity.  However, the values are 

indicative, at least empirically, of the chromatographic system’s ability to separate 

isomeric solutes on the basis of L/B ratio. 

The results of the L/B selectivity experiments are shown in Figures 2.12 and 2.13 

for the monomeric and polymeric columns, respectively.  As expected, a linear 

relationship exists between ln k’ and L/B ratio, on both the monomeric and polymeric 

columns.  This is the same trend as is seen in reversed-phase LC with hydroorganic 

mobile phases.  Since similar results are seen between SFC and RPLC, that is, with 

similar stationary phases but different mobile phases, it can be concluded that the 

mechanism for shape selectivity definitely is due to interactions in the stationary phase. 

The value of the slope of the plots of ln k’ vs. L/B ratio also merit comment.  

These values are shown in Table 2.1.  It is interesting to look at both the trends seen as 

mobile phase density is changed, as well as the differences in slope between the two 

columns at common mobile phase densities.  On both columns, as the mobile phase 

density increased, the slopes of the ln k’ vs. L/B ratio lines decreased.  This indicates that 
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as the strength of the mobile phase is increased, the selectivity decreases, as one would 

expect.  Stronger mobile phases reduce the interaction of solutes with the stationary 

phase, and since shape selectivity is a stationary phase phenomenon, it is reasonable to 

conclude that an increase in solvent strength decreases shape selectivity.  This is 

somewhat different from the result seen as solvent strength is increased in RPLC, where 

an increase in shape selectivity is seen as organic modifier is added to the mobile phase 

(i.e., as the mobile phase strength is increased). 

A brief comment is also necessary on the comparison of the ln k’ vs. L/B ratio 

slopes between the monomeric and polymeric columns at common outlet densities.  The 

slope seen for the regression on the polymeric column is considerably larger than that 

seen on the monomeric column at the same mobile phase density.  This reflects the 

enhanced shape selectivity seen with polymeric stationary phases, and underscores the 

idea that shape selective interactions arise in the stationary phase. 

 

Conclusions 

 As was expected, the shape selectivity trends seen as the composition of the 

mobile phase was varied were continuous.  There were not “breaks” as the mobile phase 

went from supercritical to subcritical to liquid.  Also, as expected, the shape selectivity 

characteristics of the two types of bonded phases studied (monomeric and polymeric) 

were similar with carbon dioxide-acetonitrile mobile phases to what is observed in 

reversed phase LC with hydroorganic mobile phases.  Of most interest were the 

Table 2.1 Slope of ln k’ vs L/B ratio lines on monomeric and polymeric columns.

CO2 Density, g/mL Monomeric Slope Polymeric Slope

0.40 - 0.76

0.45 - 0.74

0.50 0.36 0.72

0.55 0.33 0.71

0.60 0.31 0.71

0.65 0.29 -
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selectivity trends seen as the composition of the mobile phase was varied.  As the amount 

of organic modifier in the mobile phase increased, the shape selectivity decreased—

contradictory to what is seen with hydroorganic mobile phases.  This could to be due to 

the enhanced solvation of the stationary phase by carbon dioxide as compared to 

acetonitrile.  The effect of solute L/B ratio on shape selectivity was also investigated by 

utilizing neat carbon dioxide as the mobile phase, and examining the selectivity trends as 

the density of the carbon dioxide mobile phase was changed.  The highest degree of 

shape selectivity was seen at lower mobile phase densities, which indicated that shape 

selectivity arises from interactions in the stationary phase. 

 

 

Phenyl Selectivity 

 

Introduction 

In addition to shape selectivity, phenyl selectivity has been examined. This 

selectivity can be taken as another measure of shape selectivity. Phenyl selectivity is 

measured by chromatographing a homologous phenyl series, and plotting the log of 

retention vs. the number of phenyl rings in the solute.  Such a plot should be linear, and 

the slope is the log of the phenyl selectivity of the chromatographic system.  Sentell and 

Dorsey [70] examined phenyl selectivity as a function of bonding density and mobile 

phase composition in their study of the Dill lattice model of retention in reversed-phase 

chromatography [1, 2].  They demonstrated that, as the bonding density increased, the 

phenyl selectivity increased.  This contrasts to methylene selectivity, which is a measure 

of hydrophobicity rather than shape selectivity, and is fairly constant across different 

bonding density stationary phases [70].  They found that changes in phenyl selectivity 

with bonding density were most dramatic in stationary phases that were not well solvated, 

while in well solvated phases, the increase in selectivity was much smaller. 

In our work, two different phenyl series have been studied:  a “constrained” 

series, consisting of benzene, naphthalene, anthracene, and naphthacene, and an 

“unconstrained” series, consisting of benzene, biphenyl, and p-terphenyl.  These solutes 

are illustrated in Figure 2.14.  Both series were studied in order to examine the effect of 
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molecular rigidity on phenyl selectivity (which could be extended to shape selectivity).  

Because the benzene rings of the unconstrained series are connected only by sigma 

(single) bonds, they are more-or-less free to rotate with respect to each other.  On the 

other hand, the fused structure of the constrained series prevents the rings from rotating 

with respect to one another.  The effects of both stationary phase bonding density and 

mobile phase composition on phenyl selectivity have been examined. 

 

Experimental 

SFC grade carbon dioxide was obtained from Air Products (Allentown, PA, 

USA).  HPLC grade methanol was obtained from Fisher (Pittsburgh, PA, USA).  Test 

solutes included benzene, naphthalene, anthracene, naphthacene, biphenyl, and p-

terphenyl, from various suppliers.  All test solutions were made up in methanol. 

Constrained                                              Unconstrained

Figure 2.14 Phenyl selectivity solutes.
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 All experiments were performed on a Hewlett-Packard (Palo Alto, CA, USA) 

model G1205A Supercritical Fluid Chromatograph.  Sample injection was with a 

Rheodyne (Rohnert Park, CA, USA) model 7410 injector with a 200 nL sample volume.  

Analyte detection was with a Hewlett-Packard model 1050 diode array detector.  The 

detection wavelength was 254 nm.  The flow rate for all experiments was 1.0 mL/min at 

the pump head.  System backpressure was maintained at 200 bar for all experiments with 

mixed mobile phases, and was set to an appropriate pressure to regulate mobile phase 

outlet density when neat CO2 was used as the mobile phase.  Mobile phases consisted of 

either neat carbon dioxide, or various volume fractions of methanol in carbon dioxide, 

from 20% to 80% methanol.  The column temperature was varied between 30°C and 

80°C at each mobile phase composition with mixed mobile phases, and between 40° C 

and 110° C when neat CO2 was used.  Stationary phases used were a monomeric 

Spherisorb C18 phase, (5 µm particle diameter, 80 Å pores, with column dimensions of 

150 x 4.6 mm) (PhaseSep, Queensferry, UK) and a variety of home-made monomeric C18 

phases, of various bonding densities ranging from 1.77 to 3.50 µmol/m2, without 

endcapping.  These phases were prepared in-house by former group member Jessica 

Wysocki, using the silyation reaction with methylene chloride solvent and 4-

dimethylaminopyridine (4-DMAP) as base catalyst [82].  The base silica is Microporasil, 

6-10 µm particle size, 125 Å pore diameter, from Waters.    The home-made columns 

were 100 x 4.6 mm in size.  Bonding densities for the home-made stationary phases were 

determined by the method of Sentell and Dorsey [83].  The column void time was 

measured by injection of pure acetonitrile. 

 

Results and Discussion 

The first set of experiments dealing with phenyl selectivity examined the effect of 

mobile phase density.  These experiments were similar to those performed in the shape 

selectivity section.  The constrained phenyl series was chromatographed using neat CO2 

as the mobile phase, and the results examined as a function of mobile phase density.  

These experiments were carried out at a variety of temperatures between 313 and 383 K 

(40°C to 110°C).  The measured phenyl selectivities are shown in Table 2.2.  Two trends 

can be observed.  First, at a constant temperature, as the outlet density decreases the 
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phenyl selectivity increases.  As before, this is indicative of the increasing role of the 

stationary phase in the separation as the mobile phase is weakened.  This trend is seen 

across the board, for the entire temperature range.  Phenyl selectivity as a function of 

temperature, at a constant mobile phase outlet density, was also examined.  For higher-

density mobile phases, the results are straightforward.  As the temperature increases, the 

phenyl selectivity decreases. This is in agreement with the results on shape selectivity 

from the previous section.  However, at lower outlet densities, the results are not as clear.  

When the outlet density is set to 0.45 g/mL, the phenyl selectivity goes through a 

maximum at around 333 K.  At 0.50 g/mL, the phenyl selectivity shows very little change 

with temperature, at least over the first half of the temperature range studied.  This differs 

from the results with higher density mobile phases, and in general, contradicts the notion 

that shape (or by extension, phenyl) selectivity decreases as temperature is increased.  

One possible explanation for this behavior could be the solvation of the stationary phase.  

At lower outlet densities, the density profile of the mobile phase in the column is 

“steeper”; that is, there is a larger density gradient of the mobile phase along the length of 

the column as compared to when the mobile phase outlet density is higher.  These density 

gradients could cause a spatial “solvation gradient” of the stationary phase along the 

length of the column, which could be the cause of the abnormal selectivity. 

Table 2.2 Phenyl Selectivity, using neat CO2 as the mobile phase, at various mobile phase
temperatures and densities.

0.70 g/mL 0.65 g/mL 0.60 g/mL 0.55 g/mL 0.50 g/mL 0.45 g/mL

313 K 5.16 5.15 5.26 5.42 5.60 5.73

323 K 4.66 4.93 5.16 5.38 5.56 5.63

333 K 4.37 4.63 4.92 5.21 5.56 6.02

343 K 4.05 4.41 4.67 5.05 5.47 5.99

353 K 3.83 4.08 4.45 4.86 5.25 5.83

363 K 3.64 3.93 4.26 4.56 5.03 5.56

373 K 3.44 3.69 3.98 4.34 4.80 5.30

383 K - 3.57 3.79 4.14 4.56 5.06
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Phenyl selectivity with mixed mobile phases was also examined.  Mobile phases 

of CO2 with between 20 and 80% methanol were used.  In addition, a set of 5 different 

columns of varying bonding density were examined.  All of these experiments were 

carried out at a temperature of 40° C.  The effect of bonding density on phenyl selectivity 

is shown in Figure 2.15 and 2.16.  (Note: In the figures, not every mobile phase 

composition/bonding density combination is shown, for clarity.  The data presented is 

representative of the entire data set.)  For the constrained solutes, as the bonding density 

increased, the phenyl selectivity increased.  The same trend was not observed with the 

unconstrained solutes.  This result was not all that surprising, as unconstrained solutes 

have the ability to bend or flex into cavities in the stationary phase, while the constrained 

solutes are rigid. 

The modifier concentration of the mobile phase also has an effect on phenyl 

selectivity, particularly at lower bonding densities.  Phenyl selectivity as a function of 

methanol volume percent in the mobile phase is shown in Figure 2.17 and 2.18 for the 

unconstrained and constrained solutes, respectively.  Similar trends are seen for both sets 

of solutes.  On the lower bonding density stationary phases (1.77 and 2.67 µmol / m2), a 

general trend to lower phenyl selectivity at higher methanol content in the mobile phase 

is observed.  However, this trend is not seen on the higher (3.50 µmol / m2) bonding 

density phase.  One possible explanation for this behavior has to do with the 

conformation of the stationary phase as the mobile phase composition changes.  At lower 

bonding densities (less than about 3.0 µmol / m2) the chains of the stationary phase are 

far enough apart so that interactions between the chains are minimal.  At these lower 

bonding densities, more mobile phase is able to solvate the stationary phase, and so 

changes in the mobile phase could results in changes in the stationary phase.  At higher 

bonding densities, interactions between the chains start to become important.  The 

stationary phase changes conformation less with mobile phase composition, as compared 

to lower density phases.  Because shape, or phenyl, selectivity is sensitive to stationary 

phase conformation, phases that change conformation (lower density) will exhibit 

changes in phenyl selectivity, while more rigid phases (higher density) will not. 

It is particularly interesting to compare the two phenyl selectivities (that is, 

constrained vs. unconstrained) at a given set of conditions (mobile phase composition and 
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Figure 2.15 Phenyl selectivity as a function of bonding density at four different mobile phase
compositions, using the unconstrained phenyl series.
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Figure 2.16 Phenyl selectivity as a function of bonding density at four different mobile phase
compositions, using the constrained phenyl series.
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Figure 2.17 Phenyl selectivity as a function of mobile phase composition on three different
bonding density stationary phases, using the unconstrained phenyl series.
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Figure 2.18 Phenyl selectivity as a function of mobile phase composition on three different
bonding density stationary phases, using the constrained phenyl series.
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bonding density).  Because the solutes in the constrained series are rigid, they are more 

susceptible to the shape selectivity characteristics of the chromatographic system.  Put 

another way, in a chromatographic system exhibiting a high degree of shape selectivity, 

phenyl selectivity as assessed by the constrained solute series should be greater than that 

measured by the unconstrained solute series.  The additional phenyl selectivity arises 

from the shape selectivity of the chromatographic system. 

The ratio of constrained to unconstrained phenyl selectivity is shown in Table 2.3.  

In this table, values of less than 1.00 represent a set of conditions (bonding density and 

mobile phase composition) where the unconstrained selectivity is greater than the 

constrained selectivity—or conditions where the shape selectivity is low.  Conversely, 

selectivity values greater than 1.00 occur when the chromatographic system is exhibiting 

greater shape selectivity.  The effect of bonding density on phenyl (or shape) selectivity 

can be seen.  With the lowest bonding density phase (1.77 µmol/ m2), all selectivity 

values are less than 1.00, indicating that the system has little or no shape selectivity.  As 

the bonding density increases, values greater than 1.00 begin to appear, and at the highest 

bonding density (3.50 µmol / m2) all selectivity ratio values are greater than 1.00, which 

reflect the enhanced phenyl / shape selectivity of the phase. 

 A final set of phenyl selectivity experiments examined the effect of temperature 

on selectivity.  These experiments utilized the commercial Spherisorb column, rather than 

Table 2.3 Ratio of constrained to unconstrained phenyl selectivity with various bonding density
stationary phases and mobile phase compositions.

Bonding Density, µmol / m
2

Mobile Phase 1.77 2.34 2.67 3.33 3.50

80% MeOH 0.9497 0.9146 0.9295 0.9408 1.0153

70% MeOH 0.9487 0.9254 0.9569 0.9480 1.0301

60% MeOH 0.9622 0.9529 0.9760 0.9614 1.0454

50% MeOH 0.9410 1.0158 1.0009 0.9685 1.0513

40% MeOH 0.9537 0.9789 0.9919 1.0182 1.0561

30% MeOH 0.9801 0.9976 0.9932 1.0434 1.0516

20% MeOH 0.9877 0.9810 0.9944 1.0492 1.0974
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the home-made columns used in the previous section.  The results are displayed in Figure 

2.19.  With mobile phases containing a larger amount of methanol, the phenyl selectivity 

decreases with temperature, as would be expected.  However, the case is different with 

mobile phases containing less organic modifier.  With the 20% methanol mobile phase, 

the phenyl selectivity seems to be more-or-less independent of temperature.  This 

difference could be due to compressibility of the mobile phase.  SFC mobile phases 

containing low amounts of modifier are much more compressible than those containing 

higher amounts (i.e., enhanced fluids).  In addition, the density of these mobile phases 

changes more with temperature as compared to mobile phases with higher amounts of 

organic modifier.  This could be the origin of the selectivity differences observed.  At low 

modifier concentration, as the temperature is raised the mobile phase density decreases, 

resulting in a weaker mobile phase.  This offsets the increase in solvent strength due to 

the increase in temperature.  The end result is that phenyl selectivity does not change 

much as a function of temperature when the mobile phase density changes appreciably 

with temperature.  Conversely, if the mobile phase density is relatively constant with 

temperature, increasing the temperature will decrease the phenyl selectivity. 
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Figure 2.19  Effect of temperature on phenyl selectivity using a monomeric column
(Spherisorb ODS) and a variety of mobile phase compositions.
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Conclusions 

 Phenyl selectivity can be used as a measure of shape selectivity with carbon 

dioxide-methanol mobile phases.  As in traditional reversed-phase chromatography, 

stationary phases with higher bonding densities exhibit higher phenyl selectivity.  This is 

due to the enhanced shape selectivity of high bonding density phases.  When pure CO2 is 

used as a mobile phase, a wide variety of phenyl selectivities can be achieved, depending 

on the mobile phase density and temperature.  In some cases, as in reversed-phase 

chromatography, an increase in temperature tends to decrease phenyl selectivity.  

However, this is not always the case, particularly when the mobile phase is compressible.  

When compressible mobile phases are used—either by using only a small amount of 

modifier, or by setting the mobile phase density near CO2’s critical density of 0.47 g/mL, 

the effect of temperature on phenyl selectivity can be offset by changes in the solvent 

strength of the mobile phase. 

 The conformation of the stationary phase plays a central role in determining the 

phenyl selectivity of a chromatographic system, as well as how the phenyl selectivity 

changes as a chromatographic variable is changed.  When the stationary phase is either 

dense or well solvated—changes in mobile phase composition do not seem to affect the 

phenyl selectivity to a large extent.  This is seen most clearly in the case of the 3.50 

µmol/m2 stationary phase, with which the phenyl selectivity seems to be independent of 

mobile phase composition.  This contrasts with lower bonding density phases, where the 

phenyl selectivity decreases with mobile phase organic modifier content. 

 The rigidity of the phenyl series used to determine phenyl selectivity has an effect 

on the measurement.  By comparing constrained phenyl selectivity to unconstrained 

phenyl selectivity, the contribution of solute rigidity to selectivity can be examined.  It 

was observed that solute rigidity only begins to contribute to phenyl selectivity with high 

bonding density stationary phases, which agrees with the observation that shape 

selectivity increases as the bonding density of the stationary phase increases.  
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CHAPTER 3 

 

METHYLENE SELECTIVITY WITH CARBON DIOXIDE-ORGANIC MOBILE 

PHASES 

 

 

Introduction 

 

 Methylene selectivity is commonly used in the study of chromatographic retention 

mechanisms.  Methylene selectivity refers to the difference in retention of two solutes 

that differ structurally by one methylene (-CH2-) unit.  Thermodynamically, selectivity is 

related to the difference in the free energy of retention for a pair of solutes: 

 

αln)( RTG −=°∆∆      (3.1) 

 

where ∆G° is the free energy of the transfer of a solute from the mobile to the stationary 

phase, R is the gas constant, T is the temperature, and α is the selectivity. 

 Selectivity values can be used to compare different chromatographic systems, and 

are particularly useful for examining changes in retention thermodynamics as a function 

of one of the phases (stationary or mobile).  The molar free energy of the transfer event is 

the sum of the chemical potential changes in each of the phases upon transfer of a solute 

from one phase to the other [84].  Therefore, differences in selectivity as a function of a 

given chromatographic variable are indicative of changes in the thermodynamics of 

retention for that variable.  For example, if selectivities are measured on a given 

stationary phase with a variety of different mobile phases, the thermodynamic changes in 

the stationary phase will “cancel out” leaving the thermodynamic changes in the mobile 
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phase to be examined.  Conversely, if  the same mobile phase is used on a variety of 

different stationary phases, the stationary phase contribution to retention can be assessed. 

 The use of selectivity is most helpful in that it eliminates the need to know the 

phase ratio (that is, the volume of the stationary phase divided by the volume of the 

mobile phase) of the column.  When determining retention thermodynamics from 

retention measurements, the phase ratio is required, because the measured retention factor 

is the product of the distribution coefficient and the phase ratio: 

 

Φ= Kk '       (3.2) 

 

where k’ is the measured retention factor, K is the distribution coefficient for the solute 

between the stationary phase and the mobile phase, and Φ is the phase ratio.  Recalling 

the relationship between the free energy and distribution coefficient: 

 

KRTG ln−=∆      (3.3) 

 

the free energy of retention can be written: 

 

)ln'(ln Φ−−=∆ kRTG     (3.4) 

 

Unfortunately, phase ratios are usually not known, and there is not even agreement on 

what constitutes the volume of each phase.  The use of selectivity, rather than retention, 

gets around this problem, and allows for calculation of retention thermodynamics without 

explicit knowledge of the phase ratio [70, 85]. 

 Many workers have used methylene selectivity in the study of retention 

mechanisms.  Several reports examining methylene selectivity as a function of the alkyl 

chain length of the stationary phase have been presented [86-90].  An initial work by 

Melander and Horvath [86] suggested that the length of the stationary phase chain did not 

have an influence on methylene selectivity.  However, there are other reports that 

contradict this notion.  The work of Lochmüller and Wilder [87] is notable in that it is 

one of the earliest works to suggest a partitioning mechanism for retention of non-polar 
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solutes in reversed-phase chromatography, in contrast to the adsorption model.  They 

observed a systematic increase in methylene selectivity as the chain length of the 

stationary phase increased.  The most significant increases were seen at shorter chain 

lengths, between 2 and 10 methylene units.  Methylene selectivity “leveled off” at longer 

stationary phase chain lengths, and approached the value observed for liquid-liquid 

extraction.  A similar work was performed by Krstulovic and co-workers [88].  They 

chromatographed a variety of methylene series on stationary phases with chain lengths 

ranging from 1 to 18 methylene units.  A systematic increase in methylene selectivity 

with stationary phase chain length was observed.  This idea was strengthened by the work 

of Tchapla and co-workers [89].  They measured the selectivity between adjacent pairs of 

methylene homologs, and observed that a break in methylene selectivity occurred at a 

solute length equal to approximately the chain length of the stationary phase.  They 

attributed this discontinuity to a partitioning mechanism for retention.  In their model, 

non-polar solutes partition lengthwise into the stationary phase.  Once the solute length 

exceeds the depth of the stationary phase, one end of the solute molecule is forced to 

“stick out” into the mobile phase while the other end is embedded in the stationary phase.  

The break in methylene selectivity as a function of solute length was attributed to this 

“partial partitioning” of long solutes.   

 Tan and Carr used methylene selectivity to determine the free energy of transfer 

of a methylene group under a variety of chromatographic conditions [90].  This included 

examining the effect of stationary phase chain length on the free energy of transfer.  They 

found that, as the chain length increased, the free energy approached that observed for 

bulk-phase water-hexadecane partitioning.  From these observations, they concluded that, 

as the length of the alkyl chain increased, the retention mechanism became more 

partition-like. 

 The effect of stationary phase bonding density on methylene selectivity has also 

been examined.  In their study of the Dill lattice model of retention [1, 2], Sentell and 

Dorsey examined methylene selectivity on a variety of different bonding density columns 

[70], ranging from 1.74 to 4.07 µmol / m2.  They observed methylene selectivity to be 

more-or-less constant over the range of bonding densities.  They attributed this result to 

the solvophobic origin of methylene selectivity, which should be unaffected by the 
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increased chain ordering seen in higher-density phases.  Similar results were observed by 

Akapo and Simpson [91].  They prepared several stationary phases with different carbon 

loads.  Among other things, they observed more-or-less constant methylene selectivity as 

a function of stationary phase carbon content.  However, a recent study by Rimmer and 

co-workers [92] revealed a dependence of methylene selectivity on bonding density.  

Their work, however, included not only monomeric bonded phases, but surface and 

solution polymerized phases.  Because the polymerized phases have a much greater 

bonding density than their monomeric counterparts, a larger ranges of bonding densities 

was examined in the Rimmer study. 

 The role of temperature in reversed-phase separations has also been studied by 

examining methylene selectivity.  Using a van’t Hoff analysis, Tchapla and co-workers 

[93] found that transfer enthalpy and entropy for various members of a homologous 

series have a discontinuity at a solute length equal to the chain length of the stationary 

phase.  This corroborated previous work by the same group [89].  Linear van’t Hoff plots 

were observed over the temperature range studied (25°-60° C).  The van’t Hoff plots for 

solutes shorter than the chains of the stationary phase had a common convergence point.  

The van’t Hoff plots for longer solutes also converged, but at a different point than the 

shorter solutes.  This allowed for the calculation of a compensation temperature for each 

of the two groups of solutes.  They examined a variety of different homologous 

methylene series, and these trends were observed for all groups of solutes. 

 Sentell and co-workers directly examined the effect of temperature on methylene 

selectivity [94].  They found that, as temperature is decreased, methylene selectivity 

increased.  They also examined phenyl selectivity as a function of temperature, using 

both constrained and unconstrained phenyl series (similar to the work detailed in Chapter 

2).  It was shown that temperature has the biggest effect on unconstrained phenyl 

selectivity, followed by constrained phenyl selectivity, then by methylene selectivity.  

This is similar to the effect that changes in bonded phase extension have on selectivity [3, 

69].  Based on their observations and on previous theoretical studies, they concluded that 

selectivity changes as a function of temperature were due to changes in stationary phase 

conformation. 
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 Methylene selectivity has also been used in the study of supercritical fluid 

chromatography.  Smith and Sanagi [95] used an alkyl aryl ketone series to define a 

retention index in their study of retention and selectivity in SFC, using a C18 stationary 

phase.  They used this retention scale to examine changes in selectivity as a function of 

mobile phase composition.  Similar work by Smith and Briggs [96] examined retention of 

several homologous series as a function of temperature and pressure on octadecyl, amino, 

cyano, and poly(styrene-divinylbenzene) stationary phases.  Their work demonstrated the 

importance of the stationary phase in SFC.  Previous authors had suggested that retention 

in SFC should be controlled by solubility of analytes in the mobile phase, however, this 

work showed that stationary phase interactions also were significant for determining 

retention. 

 Hagege and co-workers [97] used a thermodynamic analysis of methylene 

selectivity to compare retention on alkyl (C11) and cyanoalkyl (C10CN) stationary phases.  

They concluded that, for neat CO2 mobile phases, retention of three different methylene 

homologous series was controlled by hydrophobic interactions.  Specifically, the CN 

group of the cyanoalkyl phase did not induce any specific interactions.  Wang and co-

workers [98] also employed methylene selectivity in a thermodynamic study of SFC.  

They derived a linear relationship between the logarithm of the retention factor and 

homolog number, and found that log k’ vs. n plots at different temperatures had a 

common intersection point. They were able to use the common intersection point coupled 

with retention values for one member of a homologous series to predict retention of other 

members of the series. 

 Blackwell and Stringham [99] examined the effect of mobile phase composition 

on methylene group selectivity.  Their work focused on mobile phases near the mixture 

critical point, where slight changes in temperature and pressure would have the greatest 

effect on the mobile phase.  They examined the effect of a variety of modifiers on 

methylene selectivity, including methanol, acetonitrile, and 1,1,1,2-tetrafluoroethane.  

For all the modifiers they examined, the addition of modifier initially reduced methylene 

selectivity.  However, at high modifier values, methylene selectivity increased again.  

They also investigated the effect of temperature on methylene selectivity, and found that, 

for all modifiers, lower temperature resulted in better methylene selectivity.  The effect of 
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mobile phase composition, temperature, and pressure on methylene selectivity in 

subcritical fluid chromatography has also been examined in a series of papers by Gurdale, 

Lesellier, and Tchapla [100-102].  They found that, using acetonitrile as modifier at a 

given temperature and pressure, methylene selectivity consistently decreased as the 

amount of modifier in the mobile phase increased.  The situation was different for 

methanol, however.  As the amount of methanol in the mobile phase increased, 

methylene selectivity went through a maximum at around 20% methanol.  This suggested 

that the two modifiers solvate the stationary phase in different ways.  In addition, they 

found that methylene selectivity was enhanced at lower temperature, and that pressure 

can be used to modify mobile phase polarity.  They further reduced their data into a form 

of elutropic strength scale for subcritical fluid chromatography mobile phases, with a 

temperature, pressure, and composition coordinate defining each mobile phase. These 

results were compared with results to elutropic strengths for neat organic modifiers. 

 Nearly all of the work on methylene selectivity in SFC to date has employed 

mobile phases that are mixtures of carbon dioxide and an organic modifier in low 

concentration—that is, below about 40% by volume of the mobile phase.  This work 

extends methylene selectivity studies across the entire possible composition axis, from 

neat carbon dioxide to neat organic modifier.  In this way, the mobile phase goes from 

supercritical fluid to subcritical fluid to enhanced fluid to liquid.  This work is the first 

investigation of methylene selectivity in the context of unified chromatography. 

 This work also rigorously examines the use of neat carbon dioxide as a mobile 

phase for SFC with alkyl stationary phases.  The thermodynamic contribution of the 

stationary phase to retention and selectivity is examined in the context of unified 

chromatography.  The effect of stationary phase chain length on methylene selectivity in 

SFC will be examined. 

 

Experimental 

 

 All methylene selectivity experiments were performed on a Hewlett Packard 

G1205A Supercritical Fluid Chromatograph, as in Chapter 2.  The flow rate was set 1.0 

mL/min. Mobile phases consisted of either neat, SFC-grade CO2, or mixtures of CO2 with 
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methanol.  Outlet pressure was varied to achieve desired mobile phase densities when 

neat CO2 was used as the mobile phase.  Backpressure was set at 200 bar for all mixed 

mobile phase experiments.  Analyte detection was with a Hewlett-Packard model 1050 

diode array detector, operating in single wavelength mode at 254 nm.  Alkylbenzenes, 

from toluene to hexylbenzene, were used as test solutes.  All test solutions were made up 

in methanol.  A 200 nL injection volume was used in order to avoid problems from the 

sample solvent flooding the inlet to the column.  An injection of acetonitrile or methylene 

chloride was used to determine the column void time. 

 Three different stationary phases were used in the study of methylene selectivity 

with neat CO2 mobile phases.  These included Beckman Ultrasphere C8 and C18 (150 x 

4.6 mm), as well as a home-made C30 (25 x 4.6 mm) stationary phase, kindly provided by 

Lane C. Sander of the National Institute of Standards and Technology.  For the 

experiments with mixed mobile phases, the Beckman Ultrasphere C18 was used. 

 For computationally solving the BWR equation of state [103] for carbon dioxide 

density, the “Solver” module in Microsoft Excel 97 was used. 

  

Results and Discussion 

 

The first part of the investigation of methylene selectivity in SFC served to 

examine the thermodynamic changes in the stationary phase associated with the retention 

of a methylene group.  The determination of thermodynamic values related to the 

retention process in chromatography is important in the study of retention mechanisms.  

Specifically, the values of the change in Gibbs free energy (∆G), enthalpy (∆H) and 

entropy (∆S) have been used by many researchers in their descriptions of the retention 

process at the molecular level.  In liquid chromatography, these values are typically 

determined from the retention factor, k’, and its variation with temperature.  Retention 

factors are calculated directly from chromatographic data: 
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where Vr is the retention volume of the compound of interest and V0 is the void volume of 

the column.  If the volumetric flow rate is held constant, retention times tr and void times 

to can be used in place of retention and void volumes.  An alternative representation of 

the retention factor relates it to the thermodynamic partition coefficient via the phase 

ratio (see eqn. 3.2).  Combining equations 3.2 and 3.5 allows for an experimental 

determination of the partition coefficient.  This is the starting point for determination of 

retention thermodynamics in chromatography. 

 There are two methods for determining the changes in enthalpy and entropy 

which result from the transfer of a solute molecule from the mobile phase to the 

stationary phase.  Perhaps the most common method is utilization of the van’t Hoff 

relationship: 
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Combining equations 3.2 and 3.6 results in the form of the van’t Hoff equation 

commonly used for analyzing chromatographic data: 
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From this equation, it should be obvious that a plot of ln k’ vs. 1/T should be linear if the 

change in enthalpy is not temperature dependent, and if the phase ratio is constant with 

respect to temperature.  The slope of such a plot can be used to determine ∆H of the 

solute transfer event, and the intercept can be used to determine ∆S if the volume phase 

ratio is known.  Typically, linear van’t Hoff plots are taken to mean that the retention 

mechanism does not change over the temperature range studied.  It should be noted that 

there have been instances reported of non-linear van’t Hoff behavior [104-107].  A 

change in the slope of a van’t Hoff plot is taken to describe a change in retention 

mechanism—either a change in the actual retention process, or change in the 

thermodynamics of the process.  This is one of the supporting arguments for a “phase 
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transition” of alkyl bonded phases.  Work with C18 phases has shown breaks in van’t Hoff 

plots sometimes occur at a temperature near that of the melting point of neat octadecane, 

suggesting that the stationary phase alkyl chains are “melting” from a more ordered semi-

crystalline state to a less ordered liquid-like state [75].  

 A second method to determine thermodynamic values related to temperature is to 

collect data over the temperature range studied, find the Gibbs free energy change (from 

equation 3.3) and then use the relationship between the Gibbs free energy, the enthalpy, 

and entropy: 

 

∆G = ∆H – T∆S     (3.8) 

 

A function can be fit to a plot of ∆G vs. T, and it’s first derivative is –∆S.  Once ∆G and 

∆S are known, ∆H can be easily calculated from equation 3.8.  However, in practice, 

most workers use the van’t Hoff approach, since fewer data points are necessary to 

perform the analysis. 

 Both of the aforementioned methods of analysis result in thermodynamic values 

representative of the transfer event of a solute molecule from the mobile phase to the 

stationary phase.  No differentiation is made between energy changes in each separate 

phase.  Although overall transfer energy values are useful, an examination of each 

phase’s contribution to the overall transfer event is important in determining which phase 

controls retention and selectivity.  Thus, deconvolution of the transfer energies into 

mobile and stationary phase components (hereafter noted with subscripts m and s, i.e. 

∆Hm for change in enthalpy in the mobile phase) is important in the elucidation of 

retention mechanism.  An elegant presentation of this sort was recently put forth by 

Ranatunga and Carr [84], in which they broke the transfer process down into two steps: 

partitioning between a bulk mobile phase and a gas phase, and partitioning between a gas 

phase and a bulk stationary phase.  Bulk hexadecane was used as a model for a stationary 

phase.  While their experiments effectively deconvoluted the energetics in the two 

phases, and are thermodynamically correct, the use of hexadecane as a substitute for a 

bonded alkyl stationary phase is questionable.  Alkyl bonded phases are not bulk fluids, 

rather they are best characterized as interphases, [1, 2] with a “disorder gradient” that 



 57 

occurs along the length of the alkyl chain.  This may result in differences in 

thermodynamic values of hexadecane as compared to alkyl bonded phases, particularly as 

far as entropy is concerned. 

Previous theoretical work by Martire and co-workers [38, 108] suggests that, at a 

given temperature, a quadratic relationship exists between retention in SFC and mobile 

phase reduced density. Fitting a second order polynomial to ln k’ vs. mobile phase 

reduced density (that is, the density divided by the critical density) yields an equation, 

which, when evaluated at a hypothetical mobile phase density of zero, gives the 

stationary phase contribution to retention.  By extension, examining selectivity as a 

function of mobile phase density and extrapolating to a mobile phase density value of 

zero would yield the stationary phase contribution to selectivity. 

At first, the application of Martire’s retention equation to bonded phases may 

seem questionable, because it was derived for isotropic stationary phases (and tested 

using SE-54, a typical isotropic stationary phase, consisting of dimethylpolysiloxane).  

Application to chromatography with bonded phases may seem questionable due to the 

obvious order imparted to the alkyl chains as a result of their being bonded to the silica 

support surface.  However, the mobile phase terms in Martire’s equation do not have any 

stationary phase contribution.  Therefore, the first and second order coefficients should be 

independent of stationary phase morphology.  The zero-order coefficient (which 

corresponds to the stationary phase contribution to retention/selectivity) can be found 

experimentally, as will be done here.  Computational calculation of stationary phase 

contributions (using equation 82 from reference 38) would probably lead to error due to 

the anisotropic nature of the bonded phase.  However, the values determined from 

extrapolation of experimental data to zero density should be correct. 

Martire’s retention equation has four associated caveats:  (a) retention due to 

adsorption must be negligible, (b) the phase ratio should be constant, (c) the two phases 

should be mutually immiscible, and (d) the stationary phase contribution to retention 

should be independent of mobile phase density [38, 108].  In this work, alkylbenzenes are 

utilized as test solutes.  Numerous studies by various workers indicate that these solutes 

do partition into the stationary phase, rather than adsorb onto it [70, 84, 89] so therefore 

we can assume that retention is due to partitioning rather than adsorption.  Since we are 



 58 

examining selectivity, rather than retention, the phase ratio restriction does not apply 

since selectivity is independent of the phase ratio [70, 85].  Caveats (c) and (d) are of 

more concern, since it is known that, in SFC (and, more generally, in chromatography 

with bonded ODS phases), mobile phase components can absorb onto/into the stationary 

phase [45, 46].  However, it has been shown that, at least for cross-linked SE-54 phases, 

which absorb a significant amount of CO2, the increase in retention due to this absorption 

is negligible, and is in fact counteracted by a reduction in retention due to applied 

pressure [38, 108].  Further, these caveats apply primarily to the theoretical evaluation of 

k’ (and K), not necessarily to elucidation of these values from chromatographic data.  

Although all the restrictions associated with using Martire’s equation are not necessarily 

satisfied, the approach of determining K from an extrapolation of selectivity vs. density 

data should be valid, even if the explicit theoretical form of K is not completely correct. 

 Taking the methylene selectivity as the partition coefficient of a methylene unit, 

one can then use Martire’s retention equation to determine the stationary phase 

contribution to methylene selectivity in a chromatographic system.  Experimental 

methylene selectivity data can be fitted to a quadratic function in density, and yield a y-

intercept (ρ = 0) value that indicates the stationary phase contribution to methylene 

selectivity.  In addition, if data is obtained over a range of temperatures, van’t Hoff 

analysis can be used to determine stationary phase thermodynamic quantities.  As 

previously stated, determination of these values is important in evaluating retention 

mechanisms. 

 One obviously important consideration with this analysis has to do with the 

density of the mobile phase.  Since the mobile phase is a supercritical fluid, its density is 

strongly a function of temperature and pressure.  In SFC with packed columns, a mobile 

phase density gradient exists along the length of the column due to the pressure drop 

required to produce flow [109].  In the SFC experiment, the mobile phase density at the 

column outlet is usually set.  However, the density of mobile phase that the solute 

experiences as it travels through the column is a function of position in the column.  In 

practice, an average density can be used to characterize the mobile phase.  Although the 

arithmetic average (the average of the inlet and outlet densities) can be used, error can 

result, especially with temperatures and pressures near the critical point, because of non-
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linearity of the density distribution function.  It has been shown that the temporal average 

density (the mobile phase density averaged over its time spent in the column) can be used 

to represent a  hypothetical zero pressure drop system.  This method is sensitive to the 

mobile phase density distribution, and reduces errors in the region of the critical point 

when used in conjunction with an accurate equation of state for the mobile phase [110, 

111]. 

 Determination of thermodynamic quantities in SFC has resisted treatment because 

of the complex nature of the supercritical fluid mobile phase as compared to 

incompressible liquids (LC) or ideal gasses (GC).  There are two caveats to 

thermodynamic experimentation in SFC:  the previously mentioned density (and thus, 

solvent strength) gradient which exists along the length of the column, and the variation 

of mobile phase uptake by the stationary phase as pressure and temperature are changed.  

The analysis performed here avoids these problem by utilization of a temporal average 

density to get around the problem of the density gradient, and the use of selectivity rather 

than retention in order to eliminate phase ratios from the calculations.  Although this 

treatment of experimental selectivity data only yields information on interactions in the 

stationary phase, it will be useful in exploring the interactions that govern retention and 

selectivity.  It should be noted that this experimentation is not limited to supercritical 

fluid chromatography, but rather utilizes supercritical fluid chromatography to study 

chromatography in general. 

A brief comment is necessary on the applicability of this analysis as compared to 

other methods of determining stationary phase interaction energies.  There are two 

methods (in addition to the density = 0 extrapolation used here) that are utilized to 

determine stationary phase interactions.  These are hexadecane-gas phase partitioning and 

gas chromatography.  (In GC the mobile phase is an inert, ideal gas that has no 

interaction with the analyte.  All retention and selectivity are the result of interactions in 

the stationary phase.)  This method has an advantage over hexadecane-gas partitioning in 

that the stationary phase used is an actual alkyl bonded silica, rather than a bulk alkane.  

When compared to GC, density = 0 regression has the advantage of being used with a 

wide variety of compounds.  Although the experiments presented here utilize 

alkylbenzenes, which are amicable to GC, other homologous series (such as a phenyl 
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series) resist GC analysis because of their high boiling points.  These molecules require a 

dense mobile phase in order to be eluted efficiently, and this method of analysis should 

be applicable to these type of molecules. 

Experimentally, the procedure for evaluating the stationary phase contribution to 

methylene selectivity is straightforward.  A homologous series is chromatographed at a 

given temperature, the column inlet and outlet pressures are measured, and the temporal 

average density of the mobile phase is calculated.  Previous work by Martire gives the 

fundamental relationships necessary to determine the temporal average density [110].  

The first step is to calculate the density of the mobile phase at the column inlet and outlet.  

For a neat CO2 mobile phase, the Jacobsen-Stewart modification of the BWR (Benedict-

Webb-Rubin) equation of state [103] is used to generate density data.  This equation of 

state is explicit in pressure, but given a pressure and temperature can be solved for 

density: 
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where Ni is a coefficient and Xi is a function of density and temperature. Tabulated values 

for Ni and the relationships for determining Xi for carbon dioxide are given in reference 

111.  Given a pressure value (either set for the outlet pressure, or measured for the inlet 

pressure by the SFC instrument) and temperature, the density of the mobile phase can be 

determined.  Four density vs. pressure isotherms are shown in figure 3.1.  Isotherms 

closer to CO2’s critical temperature (304 K) have a large degree of non-linearity, while at 

higher temperatures the isotherms are more linear.  For this study, mobile phase densities 

were converted to reduced densities by dividing by the critical density of CO2. 

 Once the inlet and outlet densities have been determined, the temporal average 

density can be determined.  The equation for reduced outlet density is [110, 111]: 
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where Dt(ρR) is the temporal distribution function.  This temporal distribution function 

can be calculated from the reduced viscosity ηR and isothermal pressure-density 

derivative: 
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Martire and co-workers [111] numerically evaluated the “core” of this function as a 7th 

order polynomial at a variety of temperatures; the coefficients are tabulated in reference 

111.  These values were used for the calculation of temporal average density for this 

work. 

 For all cases, plots of ln k’ for the alkylbenzene series vs. carbon number are 

linear.  An example of one of these plots is shown in figure 3.2.  Each data point 

represents the average of triplicate measurements for a given solute.  The slope of this 

plot is the methylene selectivity for the given set of chromatographic conditions 
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(temperature, mobile phase density, and stationary phase).  At a given temperature, 

selectivity measurements were made at a variety of mobile phase densities.  These 

selectivity values were fitted to a second order polynomial.  The fit was very good, with 

r2 values typically over 0.99.  An example of a mobile phase density extrapolation plot is 

shown in Figure 3.3. 

 Methylene selectivity as a function of mobile phase density at a given temperature 

was also examined.  Because it was extremely difficult to set experimental parameters to 

a given temporal average density, the extrapolation functions for a given temperature 

were used to calculate methylene selectivity at a set mobile phase density.  These values 

are given in Table 3.1 for the C18 stationary phase. 

 Mobile phase density extrapolations were performed at a variety of different 

temperatures between 50° and 147°C.  Since the extrapolated, zero-density value is a 

measure of the stationary phase contribution to selectivity, this contribution could be 

evaluated as a function of temperature.  A plot of the stationary phase contribution to 

methylene selectivity as a function of temperature on the C18 stationary phase is shown in  
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Figure 3.2  Methylene selectivity plot for the C18 column, at 100° C, with a 
mobile phase temporal average density of 0.618 g/mL. 
 



 63 

Density 50° C 60° C 75° C 100° C 107° C 127° C 147° C 

1.50 0.199 0.184 0.167 0.136 0.119 0.130 0.095 
1.25 0.247 0.230 0.216 0.184 0.171 0.153 0.129 
1.00 0.304 0.293 0.287 0.252 0.240 0.205 0.184 
0.75 0.367 0.372 0.382 0.338 0.326 0.286 0.259 
0.50 0.438 0.467 0.499 0.443 0.429 0.397 0.354 
0.25 0.517 0.578 0.639 0.567 0.550 0.537 0.469 
0.10 0.567 0.653 0.734 0.650 0.631 0.635 0.548 
0.00 0.603 0.706 0.802 0.709 0.688 0.707 0.605 

 

 

Figure 3.4.  It appears that there is a maximum in the stationary phase contribution to 

selectivity at around 75° C.  This is counterintuitive; normally selectivity is thought to 

decrease monotonically with an increase in temperature.  However, since this plot only 

represents the stationary phase contribution to selectivity, the situation may be different.  

It is possible that there could be two “competing interactions” that are affecting 

methylene selectivity—the solubility of the analyte in the stationary phase, and the vapor 

pressure, or volatility, of the analyte.  At low temperature, it is reasonable to assume that 

stationary phase solubility could be more important, while at high temperature, analyte 

volatility could become dominant.  As temperature is increased over the 50°-75°C range, 

the analyte molecules’ solubility in the stationary phase increases.  This causes an 

increase in methylene selectivity.  However, at higher temperatures, between 75° and 

147° C, analyte volatility becomes dominate, resulting in decreased methylene 

selectivity, similar to what is typically observed in gas chromatography. 

 Similar results were observed when the C30 stationary phase was used.  Again, a 

maximum in the stationary phase contribution to methylene selectivity was observed 

around 75° C.  A plot of stationary phase methylene selectivity vs. temperature for the 

C30 stationary phase is shown in Figure 3.5. 

 Using a van’t Hoff approach, thermodynamic analysis was performed on the data 

from the high temperature region on both the C18 and C30 stationary phases.  The results 

are quite interesting.  The stationary phase contribution to the retention of a methylene 

group (another way of stating methylene selectivity) on the C18 column has an enthalpy 

change of  –3.29 kJ/mol.  For the C30 stationary phase, the enthalpy change is –5.82 

Table 3.1  Methylene Selectivity values as a function of temperature and mobile phase 
reduced temporal average density. 
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kJ/mol.  It is interesting to note that the ratio of the transfer enthalpies on these two 

stationary phases (1.77) is about the same as the ratio of the number of methylene groups 

in the stationary phase alkyl chains (1.67).  This strongly suggests that a partition 

mechanism is at work, at least for non-polar solutes. 

 In order to further test the hypothesis of the relationship between stationary phase 

chain length and transfer enthalpy of a methylene group, similar experiments were 

performed on a C8 stationary phase.  In contrast to the results obtained on the C18 and C30 

phases, no trends in stationary phase methylene selectivity as a function of temperature 

were observed.  A plot of stationary phase methylene selectivity vs. temperature is shown 

in Figure 3.6.  While the interesting trend of increasing selectivity with temperature at 

low temperature is present, the selectivity maximum at 75° C and decreasing selectivity 

with temperature above 75° C is not observed.  This prevented thermodynamic analysis 

of the selectivity results on the C8 stationary phase. 
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Figure 3.4  Stationary phase methylene selectivity as a function of temperature on 
a C18 stationary phase. 
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The breakdown of the methylene selectivity model on the short-chain stationary 

phase is not all that surprising.  Extrapolation of selectivity as a function of density is 

based on the presence of two isotropic phases.  It is possible that the C8 phase is too 

anisotropic for the model to work, and so for bonded phases, it is necessary for long alkyl 

chains to be used for the stationary phase in order to model selectivity as a function of 

mobile phase density with a quadratic function. 

 Further work examined methylene selectivity with mixed mobile phases.  While 

many previous workers have examined the effect of mobile phase modifier concentration 

on methylene selectivity [95-102], none have examined the entire composition range 

from neat carbon dioxide to neat modifier.  These experiments span a large number of 

“chromatographies,” from supercritical to subcritical to enhanced fluid to liquid. 

 A plot of methylene selectivity vs. modifier content is shown in Figure 3.7.  Three 

different temperatures were examined:  30°, 50°, and 70° C.  The results obtained were 
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Figure 3.6.  Stationary phase methylene selectivity as a function of temperature on a 
C8 stationary phase. 
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similar to those seen by Gurdale and co-workers [100-102].  Both the methylene 

selectivity trends as functions of mobile phase composition and temperature merit 

comment.  Initially, when neat CO2 is the mobile phase, the highest methylene selectivity 

is observed at high temperature.  This is in contrast to methylene selectivity results in 

reversed-phase chromatography, where the highest methylene selectivity is seen at low 

temperature.  However, upon addition of methanol to the mobile phase, the methylene 

selectivity decreases.  This trend is seen at all three temperatures studied.  This was not 

surprising; in reversed-phase chromatography with C18 phases, methylene selectivity 

decreases with an increase in organic content of the mobile phase.  This trend holds up to 

around 20% methanol in the mobile phase, at which time the methylene selectivity begins 

to increase again.  Selectivity continues to increase as the amount of organic modifier is 

increased, up to about 70% methanol.  When the concentration of methanol in the mobile 

phase is about 70%, methylene selectivity appears to level off. 

 Let us take a close look at methylene selectivity at low modifier content.  At 0% 

methanol (neat CO2), the highest methylene selectivity is at the highest temperature.  This 
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contradicts what is usually seen in reversed-phase chromatography.  However, when the 

density of the mobile phase is considered, the results are not that surprising.  The lowest 

density mobile phase will be the one at the highest temperature (assuming pressure is 

held constant).  If density is taken as the mobile phase strength variable, at 0% methanol 

the highest methylene selectivity is seen with the weakest mobile phase.    As the density 

is increased due to a decrease in temperature, the selectivity decreases. 

 Things change as modifier is added to the mobile phase.  At 10% methanol in the 

mobile phase, all three temperatures exhibited the same methylene selectivity.  This 

selectivity was, however, lower than the value at 0% methanol for a given temperature.  

Addition of organic modifier to carbon dioxide increases the density of the mobile phase, 

making it stronger.  This causes the methylene selectivity to decrease.  At 20% methanol, 

the normal reversed-phase trend of higher methylene selectivity at lower temperature 

appears.  It is interesting to note that the largest change in methylene selectivity with 

organic modifier content occurs with the hottest mobile phases.  Cooler mobile phases 

show much less change is selectivity as modifier is added.  This is due to the fact that 

addition of methanol changes the density of carbon dioxide at 70° C more that it changes 

the density of carbon dioxide at 30° C. 

 At intermediate to high modifier concentration of organic modifier, methylene 

selectivity actually increases as modifier is added.  This seems odd; in reversed-phase 

chromatography methylene selectivity decreases as organic modifier is added.  However, 

when the polarity of the mobile phase is considered, the results are not as surprising.  

Methylene selectivity is a hydrophobic selectivity; for a non-polar stationary phase 

methylene selectivity should increase as the reversed-phase strength of the mobile phase 

is decreased.  There are two ways to decrease reversed-phase solvent strength: increase 

the polarity of the mobile phase, or decrease the density of the mobile phase.  

Supercritical carbon dioxide is a non-polar solvent; it’s dielectric constant is similar to 

that of neat hexane.  So, addition of a polar organic modifier such as methanol actually 

increases the polarity of the mobile phase.  From this viewpoint, the change in methylene 

selectivity as a function of mobile phase composition is not surprising.  As methanol is 

added, the mobile phase becomes more polar, and the methylene selectivity increases. 
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Conclusions 

 

 Methylene selectivity has been used to investigate retention in supercritical fluid 

chromatography.  Mobile phases consisting of both neat CO2 and CO2 modified with 

methanol were examined.  Using neat CO2 mobile phases, extrapolation of selectivity as 

a function of mobile phase density to a theoretical mobile phase density of zero yielded 

the stationary phase contribution to methylene selectivity.  The Martire model for 

retention, which describes retention as a quadratic function of mobile phase density, was 

used for the extrapolations.  This model fit well for the data examined.  It was found that 

the stationary phase contribution to selectivity actually increased with temperature up to 

about 75° C, then decreased.  This suggests that there are at least two different 

interactions responsible for selectivity in the stationary phase.  For C18 and C30 phases, it 

was found, that at temperatures about 75° C, the change in enthalpy in the stationary 

phase upon retention of a methylene unit scaled approximately with the length of the 

stationary phase alkyl chain.  However, this relationship did not hold with the C8 phase.  

It is possible that the extrapolation model does not work for shorter-chain stationary 

phases, because it is predicated on a partition model for retention.  As the length of the 

stationary phase chain becomes shorter, retention becomes less and less partition like. 

 Selectivity trends with mixed mobile phases were also examined.  Methylene 

selectivity as a function of mobile phase composition does not change monotonically.  

When the first amount of methanol is added to the mobile phase, methylene selectivity 

decreases.  This is because, as methanol is added, the density, and thus strength of the 

mobile phase increases.  This trend holds up to about 20% methanol in the mobile phase.  

Above 20%, methylene selectivity increases as methanol is added to the mobile phase.  

This was surprising, and contrasts to what is seen in reversed-phase chromatography with 

hydroorganic mobile phases.  However, when the polarity of the mobile phase 

components is considered, the results are not as surprising.  As methanol is added, the 

mobile phase becomes more polar.  Methylene selectivity was observed to increase as the 

mobile phase became more polar.  This suggests that supercritical fluid chromatography 

with CO2/methanol mobile phases is a reversed-phase technique. 
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CHAPTER 4 

 

SUPERHEATED WATER CHROMATOGRAPHY 

 

Introduction 

 

Reversed-phase chromatography is the most widely-used liquid-phase separation 

technique.  In general, a reversed-phase system consists of a non-polar stationary phase, 

typically an alkyl ligand bonded to a silica surface, and a polar mobile phase.  The mobile 

phase is generally a mixture of water and an organic modifier such as methanol or 

acetonitrile.  Ideally, pure water could be used as a reversed-phase mobile phase.  

However, at room temperature, water is too weak of an eluent for all but the most polar 

of solutes.  For this reason, organic modifiers are used to increase the elution strength of 

the mobile phase.  

 There are two methods that can be used to decrease retention with pure water 

mobile phases.  Since the retention factor k’ is the product of the partition coefficient K 

and the volume phase ratio φ, retention can be reduced by reducing either K or φ.  

Separations using room temperature water as a mobile phase with chromatographic 

systems with a very low phase ratio have been reported [112].  This was accomplished by 

using a non-porous stationary phase, which greatly reduces the volume of the bonded 

stationary phase, and thus the phase ratio.   

A second approach to reduce k’ is to reduce K.  This can be done by increasing 

the temperature of the system.  Typically, in reversed-phase chromatography, the nature 

of the bonded phase and the composition of the mobile phase are the variables used to 

adjust retention.  However, it has been shown that retention can change with temperature 

by as much as 5% per degree C.  Initially, this fact was used to demonstrate the need for 
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keeping temperature constant for run-to-run reproducibility [113, 114].  Recently, 

however, temperature has been used as a variable in the separation process [115-117]. 

The use of superheated water, that is, water above 100°C but pressurized to 

maintain the liquid state, as a chromatographic mobile phase [118] was initially based on 

its use as an extraction medium, first reported by Hawthorne and co-workers [119]. They 

demonstrated quantitative extraction of PAH’s from soil using superheated water, and 

demonstrated the ability to tune the selectivity of the extraction by changing temperature 

and pressure. Further work by Yang and co-workers showed the ability of superheated 

water to extract PCB’s [120], as well as class-specific extractions of various organic 

compounds [121].  Bone and Smith demonstrated the use of superheated water as an 

eluent for removing solutes from solid phase extraction sorbents [122].  Many other 

groups have explored superheated water as an extraction medium, and a review on the 

use of superheated water extraction has recently been published [123]. 

As the temperature of liquid water is increased, its dielectric constant decreases 

[13, 118-123].  In the range used for superheated water chromatography, dielectric 

constant values for water are similar to those of the hydroorganic mixtures typically used 

as reversed-phase mobile phases.  A comparison of the dielectric constant of superheated 

water to water-acetonitrile mixtures at room temperature is shown in Figure 4.1.  In 

addition to the dielectric constant, other solvation parameters of water change 

significantly as temperature is increased.  Using the linear solvation energy relationship 

(LSER) described by Abraham [124], Pawlowski and Poole examined the solvatochromic 

properties of superheated water [125].  Their observations indicate that, at elevated 

temperature, water’s ability to hydrogen bond decreases.  They compared superheated 

water to the water-organic mixtures used in typical reversed-phase chromatography, and 

found that the two systems were complementary—that is, their solvatochromic properties 

are different.  As such, they concluded that superheated water chromatography should be 

used as a complement to, rather than a replacement of, traditional reversed-phase 

chromatography. Their rationale is based on changing chromatographic selectivity, 

certainly an important goal, but as we will show, other equally important distinctions 

exist. A second solvatochromic study of superheated water was carried out by Lu and co-

workers [126]. While they studied superheated water as a reaction medium, rather than as 
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a chromatographic mobile phase, their data is directly applicable to superheated water 

chromatography. Using Reichardt’s solvatochromic approach [127], they showed the 

ET(30) polarity value of water decreases with temperature, similar to the decrease seen as 

organic modifier is added to water at room temperature. In addition, they observed 

changes in the dipolarity/polarizability and hydrogen bond acidity of water as 

temperature is increased, which suggest that the polarity of water decreases as 

temperature is raised.  

To my knowledge, the first report on the use of superheated water as a 

chromatographic mobile phase is from Smith and Burgess [128].  They demonstrated the 

use of superheated water, up to 210 °C, as an alternative to methanol- or acetonitrile-

water mixtures. They separated a number of test solutes on a polystyrene-divinylbenzene 

column, and described the benefits of superheated water as a mobile phase in terms of 

solute detection and analysis cost.  In a separate report, they extended their study to the 
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use of C18 columns [129].  As expected, they found that the silica based columns suffered 

from degradation at high temperature.  Smith and co-workers have also published a 

review article [130] describing the theoretical and instrumental aspects of superheated 

water, as well as some applications.  A more recent publication details the use of buffers 

with superheated water [131].  Using the buffered superheated water chromatography 

system, they were able to determine the pKa values of a variety of sulfonamides at 

temperatures ranging from 60-150 °C.  The use of buffered superheated water as a mobile 

phase was also demonstrated by Teutenbuerg and co-workers [132], who investigated the 

pH dependence of retention for a variety of anticancer drugs. 

There are numerous chromatographic advantages that result from working at high 

temperature.  These include increases in speed and improvements in efficiency.  Yan and 

co-workers demonstrated both improvements in throughput and efficiency with high-

temperature chromatography [133].  Yang and co-workers also investigated 

improvements in efficiency at higher temperature with pure-water mobile phases [134].  

They observed a maximum of efficiency around 100-120 °C.  They did not, however, 

examine the effect of flow rate on efficiency at higher temperature.  All of their work was 

performed at a flow rate either 0.2 or 1.0 mL/min.  Because the optimum linear velocity 

increases with temperature [133], examining efficiency as a function of temperature 

without examining flow rate is flawed.  It is possible that observed efficiency may 

decrease at higher temperature, simply because the optimum mobile phase velocity has 

shifted. 

Yang and co-workers investigated the retention of phenols, anilines, and 

alkylbenzenes on a variety of stationary phases using superheated water as the mobile 

phase [135]. They compared the use of superheated water to similar separations at room 

temperature with hydroorganic mobile phases.  They found that at elevated temperatures, 

the use of a superheated water mobile phase resulted in retention comparable to using 40-

70% organic modifier. Stationary phases of poly(styrene-divinylbenzene), alumina, and 

C18 bonded silica were studied. The found that the alumina stationary phase was the least 

retentive, while the polymer phase was the most retentive. Yang and co-workers 

published another report examining elution from several different sorbents that could be 

used as stationary phases [136]. They compared glass beads, alumina, Florisil, C18-silica, 
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and a polymer resin.  They found that lower temperature superheated water could elute 

solutes from glass beads, Florisil, and alumina, while higher temperatures were required 

for C18-silica and the polymer resin.  They described retention on the different sorbents in 

terms of the different intermolecular interactions causing retention.  Another stationary 

phase comparison study was performed by Young and co-workers [137]. They examined 

a variety of different silica based stationary phases, and applied their study to subcritical 

water extraction. Wilson also published a comparison study of stationary phases for 

superheated water chromatography [138].  In this report, silica based, zirconia based, and 

polymer based stationary phases were studied.  The use of porous graphitic carbon was 

also examined.  This phase demonstrated a selectivity significantly different that the other 

phases studied. 

There are a variety of instrumental considerations that must be addressed when 

using superheated water as a chromatographic mobile phase [118].  One of the primary 

concerns is heating the mobile phase before it enters the analytical column.  If a 

significant temperature difference exists between the stationary phase and the incoming 

mobile phase, band broadening can result [133].  This problem is often addressed by 

adding a pre-heating coil or heat exchanger in front of the column.  A second issue that 

must be addressed is the volatility of the mobile phase.  Because the mobile phase will be 

above its atmospheric-pressure boiling point, backpressure must be added to the system 

to prevent the mobile phase from boiling on-column.  This is often achieved by placing a 

restrictor or pressure regulator downstream from the detector.  However, one must be 

careful and ensure that the detector flow cell is able to withstand the added pressure 

without being damaged. A typical layout of an instrument for superheated water 

chromatography, using standard 4.6 mm i.d. columns, is shown in Figure 4.2.  Of course, 

other instrumental configurations are possible, and may lead to more efficient 

chromatography.  The operator must be careful to ensure that the column is uniformly 

heated, otherwise band broadening due to radial thermal gradients in the stationary phase 

may result. The use of narrow-bore, or even capillary, columns will improve heat transfer 

into the stationary phase, and may increase chromatographic efficiency.  Additionally, if 

detection schemes that are not heat-sensitive could be developed, the need for post-

column mobile phase cooling could be eliminated.  For example, fiber-optic based 
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absorbance spectroscopy could be used for detection, rather than a traditional flow-cell 

setup. 

Another instrumental issue that must be addressed is the stability of the stationary 

phase at elevated temperature.  Silica based alkyl phases, in particular, are known to have 

stability problems at high temperature.  This problem has been investigated by He and 

Yang, who compared the thermal stability of a variety of different stationary phases 

[139].  They examined C8 and C18 silica phases, zirconia phases, and polymer-based 

phases.  Silica based phases were shown to be the least stable, with shorter alkyl chain 

length phases having slightly greater stability than longer chain phases. This was 

attributed to the higher surface bonding density of shorter chain phases. Polymer-based 

phases demonstrated the greatest stability under superheated water chromatography 

conditions.  Yarita and co-workers also examined the stability of polymer-based and 

silica-based phases [140] and again found the polymer-based phases to be more stable.  

They found that the C18 groups on the silica-based phases cleaved at high temperature. 

Zirconia phases have also been used for superheated water chromatography. Fields and 

co-workers demonstrated separation of steroids on a polymer-coated zirconia column 
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Figure 4.2 A block diagram of a superheated water chromatograph.
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[141]. They compared their results to room temperature separations with hydroorganic 

mobile phases on both zirconia and silica stationary phases, and found that a unique 

selectivity is obtained with the superheated water mobile phase—zirconia stationary 

phase system.  Kephart and Dasgupta also performed capillary-scale separations using 

zirconia stationary phases [142].  They packed polymer- and carbon-coated zirconia 

particles into fused silica capillaries, and carried out separations at elevated temperature. 

They found that, at high temperature, the fused silica capillary would fail due to silica 

dissolution. This problem was solved by placing a silica saturating column before the 

analytical column, which eliminated dissolution of the capillary. Their system was 

operated at temperatures up to 370 °C and at pressures up to 10,000 psi. 

The coupling of subcritical water extraction to superheated water chromatography 

has also been demonstrated. Tajuddin and Smith developed an on-line 

extraction/chromatography system [143] in which solutes were extracted with 

superheated water, collected onto a cold polystyrene-divinylbenzene trap, and 

sequentially released by raising the temperature.  Fractions were then separated on a 

polystyrene-divinylbenzene column with a superheated water mobile phase. A similar 

off-line coupling of extraction and chromatography was demonstrated by Lamm and 

Yang [144]. They examined the effect of solvent volume and temperature on solute 

recovery. Both of these systems have the advantage of eliminating the use of organic 

solvents for extraction. 

The use of a pure-water mobile phase allows for detection schemes not available 

with mixed mobile phases.  Most notable is the use of flame ionization detection (FID), 

which is a much more universal detector than the UV-Vis absorbance detection 

commonly used in HPLC. Several reports of the use of FID with superheated water 

chromatography have appeared in the literature. Miller and Hawthorne [145] described an 

instrumental setup for using FID with traditional HPLC columns. They used flow rates of 

up to only 0.2 ml/min to avoid swamping the detector. They demonstrated determination 

of ethanol in a variety of alcoholic beverages with their instrumentation. Ingelse and co-

workers [146] also described HPLC-FID instrumentation, and applied it to determination 

of mixtures of alcohols. They attempted to use buffered mobile phases with FID, but 

found that the addition of buffers to the mobile phase reduced the sensitivity of the FID. 
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Yang and co-workers [147] described an HPLC-FID system in which the eluent is split 

after exiting the column but before the detector. Their apparatus has the advantage of 

using much higher flow rates as compared to setups in which the mobile phase is not 

split. They were able to use flow rates of up to 1.24 mL/min without disrupting the FID. 

Hooijschuur and co-workers developed a FID interface for superheated water 

chromatography that uses an eluent-jet interface [148], which, when compared to a 

nebulization interface, showed a larger detector response. Wu and co-workers [149] also 

described instrumentation for FID with subcritical water mobile phases, however, their 

work employed capillary columns rather than traditional HPLC columns. In contrast to 

most other reports, they did not use a restrictor at the column outlet. Rather, they allowed 

the outlet to be at atmospheric pressure. The mobile phase was subcritical water (liquid) 

at the inlet, but steam (gas) at the outlet. This is often referred to as “solvating gas 

chromatography.”  

An interesting instrumental application of subcritical water chromatography is in 

its coupling to nuclear magnetic resonance spectroscopy. While coupling of traditional 

HPLC to NMR has been done in the past, this has the complication of interference in the 

NMR signal from the organic modifier in the mobile phase. When subcritical water 

chromatography is coupled to NMR, deuterated water is used as the mobile phase, so the 

only NMR signal is from the analyte. This technique, first described by Smith and co-

workers [150] has the advantage over SFC-NMR of being able to use a low-pressure 

HPLC-NMR probe.  In their instrumental setup, a pressure regulator is placed after a UV-

Vis detector but before the NMR probe.  The sample is cooled before entering the NMR 

probe, so there is no need for it to be pressurized. The same group [151] used subcritical 

water chromatography-NMR in the analysis of model drug compounds. They 

demonstrated that both one- and two-dimensional NMR spectra could be obtained 

without interference from the mobile phase. In addition, they coupled mass spectrometry 

detection to the HPLC-NMR setup by way of a flow splitter, so that both NMR and MS 

data could be obtained from the same separation. Saha and co-workers [152] examined a 

ginger extract using superheated water chromatography-NMR with a temperature 

gradient.  They were able to isolate and identify several compounds in the extract, and 

demonstrated the use of a temperature gradient in superheated water chromatography.  
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Smith and co-workers [153] also examined on-column deuterium exchange during 

subcritical water chromatography-NMR experiments. They found that the methyl groups 

on the pyrimidine ring of certain sulfonamides was selectivity deuterated when exposed 

to superheated heavy water. 

In addition to separation of mixtures for analytical purposes, the chromatography 

experiment can be used to determine the thermodynamics of the retention process.  The 

value of the pure-water retention factor, k’w,  has been shown to correlate well with the 

octanol-water partition coefficient.  This number is the “standard measure” of 

hydrophobicity for a solute, and is often taken as an indicator of real-world partitioning 

processes, such as bioavailability and environmental transport.  Ideally, a pure-water 

mobile phase could be used to determine an estimate for the octanol-water partition 

coefficient.  However, as previously stated, pure water mobile phases do not have the 

solvent strength to elute most solutes in a reasonable amount of time and with reasonable 

peak shape.  To get around this problem, workers typically measure retention factors 

using a variety of hydroorganic mobile phases, and extrapolate the log of the retention 

factor to a pure water mobile phase value.  Unfortunately, there is no commonly-accepted 

model to use for mobile phase extrapolations.  Plots of the logarithm of the retention 

factor vs. mobile phase composition are typically non-linear, particularly in the region of 

low organic content in the mobile phase, and the degree and direction of curvature are 

both solute and mobile phase dependent [154, 155]. 

Since the polarity of superheated water varies with temperature, and is similar to 

the values observed for the hydroorganic mixtures commonly used in RPLC, it seems 

reasonable to assume that extrapolation of temperature, rather than mobile phase 

composition, could be used to determine room-temperature pure-water retention data.  In 

this study, a variety of solutes were chromatographed using a variety of mobile phase 

compositions and temperatures, and comparisons of the extrapolation to a pure-water 

room-temperature retention factor are made.  In addition, van’t Hoff analysis is used to 

examine the enthalpy of retention with pure water mobile phases.   The retention 

thermodynamics of pure-water chromatography systems at both room and superheated 

temperature are compared to the thermodynamics of reversed-phase chromatography 

with hydroorganic mobile phases [156].   
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Experimental 

 

 Water was purified to a resistance of 18 MΩ/cm, using a Barnstead (Debuque, IA, 

USA) water purification system.  HPLC grade acetonitrile was obtained from Fisher 

(Pittsburgh, PA, USA).  Test solutes were diethyl phthalate, toluene, ethylbenzene, 4-

chlorotoluene, and 1,2-dichlorobenzene, obtained from Aldrich (Milwaukee, WI, USA).  

Deuterated water (D2O) was obtained from Cambridge Isotope Laboratories (Andover, 

MA) for use as a void time marker.  Silicone oil, for use in the oil heating bath, was also 

obtained from Fisher.  All test solutions were made up in HPLC grade acetonitrile.  

Mixed mobile phases were prepared by mixing measured volumes of water and 

acetonitrile. 

 All experiments were performed on a Shimadzu (Kyoto, Japan) HPLC system.  

This system consisted of a model LC-10ADvp pump, a DGU-14A degasser, a SIL-10A 

autosampler, a SPD-10Avp UV-Vis detector, and a SCL-10Avp system controller.  An 

injection volume of 7.5 µL was used.  Data were collected and analyzed using Shimadzu 

Class-VP software.  A 4.6 x 50 mm, ZirChrom-PBD (Anoka, MN, USA) column was 

used in this study.  The stationary phase consisted of 3 µm particle diameter, 300 Å pore 

diameter polybutadiene-coated zirconia. We initially attempted to use a silica based 

column for this study, but found (not entirely unexpectedly) that it degraded rapidly with 

superheated water conditions.  A Fisher Scientific model 9105 recirculating bath was 

used to regulate column temperature between 15° and 55° C.  The same recirculating bath 

was used to cool the mobile phase between the column and detector.  A silicon oil bath 

on a Corning (Acton, MA) model PC-320 hot plate was used to regulate column 

temperatures above 100° C.  Backpressure of approximately 35 bar (500 psi) was applied 

to the system by using a fixed restrictor at the detector outlet.  The restrictor was 

constructed of approximately 8 cm of 75 µm diameter fused silica capillary.  During 

superheated chromatography runs, a stainless steel preheating coil, 1.2 m in length and 

with an internal diameter of 0.25 mm, was placed in the oil bath between the injector and 

the column.  For all retention measurements, the extracolumn volume was determined by 

replacing the column with a union and measuring the elution time of D2O.  The 

extracolumn volume was subtracted from all observed measurements.   
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Results and Discussion 

 

 The original impetus for this work was to investigate whether or not temperature 

extrapolations could be used to estimate pure water retention factors at ambient (35° C) 

temperature, and if these extrapolations were more accurate than mobile phase 

composition extrapolations commonly used.  Because we were using a short, polymer-

coated zirconia stationary phase, which is not quite as retentive as ODS, we were able to 

measure room-temperature retention factors with pure water mobile phases to compare to 

extrapolated values.  This gave us the ability to assess the accuracy of each extrapolation.  

Mobile phase extrapolations were performed at 35°C for a composition range of 5%-50% 

acetonitrile in water, and temperature extrapolations (with a pure-water mobile phases) 

were made for a range of about 125-175 °C.   These extrapolations are shown in Figures 

4.3 and 4.4. These retention values were extrapolated to estimate a retention value with a 

pure water mobile phase at 35° C, and compared to the measured values.  None of these 

extrapolations were able to consistently and accurately predict retention.  The measured 

and extrapolated values are shown in Tables 4.1 (mobile phase extrapolation) and 4.2 

(temperature extrapolation). 

Neither a linear or quadratic extrapolation of retention as a function of 

temperature has a rigorous thermodynamic basis.  Both of these models were based on 

the empirical observation that the polarity of water decreases with an increase in 

temperature, much in the same way that the polarity of a hydroorganic mobile phase 

decreases in polarity with an increase in organic modifier content.  A more 

thermodynamically-sound model for partitioning as a function of temperature is the van’t 

Hoff equation: 
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where K is the partition coefficient of a solute between the two phases, ∆H° and ∆S° are 

the enthalpy and entropy change associated with the transfer of solute from one phase to 

another, R is the gas constant, and T is the temperature.  Since the chromatographic  
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Figure 4.3  Extrapolation of retention as a function of mobile phase composition for 4-chlorotoluene
and diethyl phthalate.  The results for the other solutes tested were similar.
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Figure 4.4 Extrapolation of retention as a function of temperature for 4-chlorotoluene and diethyl
phthalate.  The results for the other solutes tested were similar.
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retention factor k’ is related to K via the volume phase ratio φ, which is the volume of the 

stationary phase divided by the volume of the mobile phase: 

 

φKk ='      (4.2) 

 

the van’t Hoff equation can be applied to chromatographic retention: 
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Table 4.1 Results of extrapolation of retention as a function of mobile phase composition to a
pure-water value, and associated error.

Solute Measured

k’w

Linear

Extrapolation

to k’w

Linear Error Quadratic

Extrapolation

to k’w

Quadratic

Error

diethyl phthalate 17.5 13.7 21.9% 20.5 17.1%

1,2-dichlorobenzene 89.0 111.4 25.3% 135.9 52.7%

4-chlorotoluene 82.3 103.2 25.5% 120.0 45.8%

Ethylbenzene 50.2 66.4 32.4% 70.5 40.6%

Table 4.2 Results of extrapolation of retention as a function of temperature from superheated
temperatures to ambient, and associated error.

Solute Measured

k’w

Linear

Extrapolation

to k’w

Linear Error Quadratic

Extrapolation

to k’w

Quadratic

Error

diethyl phthalate 17.5 25.6 46.1% 14.3 -18.6%

1,2-dichlorobenzene 89.0 139.4 56.7% 110.0 23.6%

4-chlorotoluene 82.3 143.0 73.3% 173.9 111.3%

Ethylbenzene 50.2 97.1 93.7% 47.4 -5.6%

Toluene 17.3 30.3 75.3% 17.5 -0.1%
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Thus, if the enthalpy, entropy, and phase ratio remain constant over the temperature range 

studied, ln k’ should be a linear function of 1/T.  Alternatively, if the phase ratio is 

known, the enthalpy and entropy of solute transfer can be calculated from retention 

measurement over a range of temperatures.  Conversely, if a van’t Hoff plot is non-linear, 

that implies that either the thermodynamic values (enthalpy and entropy) and/or the phase 

ratio vary as a function of temperature [85]. 

 Figure 4.5 shows an extrapolation of ln k’ vs. 1/T to a value of 1/T corresponding 

to 35° C (303 K).  There is a significant amount of error in these extrapolations.  The 

results of the van’t Hoff extrapolations are shown in Table 4.3.  For all solutes, error in 

the extrapolated vs. measured values is at least 275%.  This strongly suggests that the 

thermodynamics of the retention process are changing between ambient and superheated 

water temperatures. 
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Van’t Hoff analysis was used to measure the thermodynamics of the retention 

process with pure water mobile phases at both ambient and superheated water 

temperatures.  A low-temperature van’t Hoff analysis was performed between 15° and 

55° C, and a high-temperature van’t Hoff analysis was performed between 125° and 175° 

C.  Both sets of data were independently fit to the van’t Hoff equation (equation 4.3.)  

Since the stationary phase volume of the column is unknown, we cannot calculate a phase 

ratio, so we are unable to calculate entropy values.  However, we can get enthalpy values 

from the slopes of the van’t Hoff plots.  These values are shown in Table 4.4.  A 

significant difference was observed between low temperature and high temperature 

enthalpies.  In addition, the enthalpy of transfer of a methylene group, which is measured 

using a van’t Hoff plot of the methylene selectivity, changes between the two different 

regions.  Since selectivity van’t Hoff plots are independent of phase ratio [70, 85] this 

suggests that the observed van’t Hoff plot curvature is due to changes in enthalpy, and 

not due to any possible changes in phase ratio.  In order for the van’t Hoff equation to 

hold as a model for extrapolation from superheated water temperature to 35°C, these 

enthalpies need to be constant.  Based on the significant difference in enthalpy between 

the low and high temperature regions, it became apparent that there is a significant 

difference in the thermodynamics of retention between the two temperature regions.  This 

precludes any extrapolation of superheated water retention data to room temperature. 

Table 4.3.  Extrapolation of retention as a function of temperature using a van’t Hoff model, and
associated error.

Solute Estimated k’w Actual k’w Error

diethyl phthalate 67.7 17.5 286%

1,2-dichlorobenzene 388.7 89.0 297%

4-chlorotoluene 396.9 82.3 399%

Ethylbenzene 250.3 50.2 337%

Toluene 68.5 17.3 382%
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These results are not as surprising as they may seem when the solvent 

characteristics of superheated water are examined.  Specifically, the hydrogen bond 

network in water is significantly changed with an increase in temperature [157, 158].  At 

extremely high temperatures, only monomeric water, that is, water with no hydrogen 

bonding is observed.  As temperature is decreased, the extent of hydrogen bonding 

increases, especially below 200° C [158].  This change in the hydrogen bond structure of 

water should significantly change the thermodynamics of solvation of non-polar solutes, 

with a concomitant change in observed retention thermodynamics. 

It may seem odd that the enthalpy of transfer (retention) at high temperature is 

more favorable than at low temperature, because retention is greater at low temperature.  

However, the thermodynamic quantity that governs retention is the free energy, which 

has an entropy component. Because of the change in the hydrogen-bond structure of 

water with temperature, the entropy change associated with retention changes with 

temperature.  At lower temperatures, where the mobile phase is hydrogen bonded, there is 

a favorable entropy change upon retention.  This is commonly referred to as the 

“hydrophobic effect” [159].  However, at high temperatures, where there is little or no 

hydrogen bonding, the entropy change would be expected to be much less.  As a result, 

although the enthalpy of retention is more favorable at high temperature, it is outweighed 

by the entropic contribution.  This has been observed before by Cole et al. [104].  They 

observed a change in enthalpy with temperature, with more favorable (more negative) 

Table 4.4 Enthalpies of transfer of several solutes as measured by van’t Hoff analysis, at
conventional temperature (15°-55° C) and at superheated temperature (125°-175° C).

Solute Low T ∆H°, kJ/mol High T ∆H°, kJ/mol

diethyl phthalate -10.7 -36.0

1,2-dichlorobenzene -5.7 -31.3

4-chlorotoluene -6.2 -36.3

Ethylbenzene -12.9 -39.3

Toluene -11.5 -39.1

-CH2 group -0.6 -5.0
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enthalpies at higher temperatures.  As the temperature decreased, the favorable entropy 

contribution increased, resulting in greater retention. 

A similar changes in retention thermodynamics is seen when mobile phase 

composition, rather than temperature, is varied.  In their study of the effect of temperature 

on retention in reversed-phase chromatography, Cole and Dorsey examined 

thermodynamic differences between hydrogen bonded and non-hydrogen-bonded mobile 

phases [160, 161].  It was shown that the thermodynamic signature was different 

depending on the hydrogen bonding of the mobile phase.  At a given temperature, in a 

strongly hydrogen bonded mobile phase (water or water/alcohol), retention was 

entropically driven.  However, as the hydrogen bond network is disrupted by the addition 

of a non-hydrogen-bonding organic modifier (in this case, acetonitrile), the retention 

becomes enthalpically driven.   Similar results were observed by Wysocki [162].  This 

work was a thorough examination of the thermodynamics of retention as a function of 

mobile phase composition.   As in the previous work of Cole and Dorsey, mobile phases 

with a high water content resulted in retention that was entropically driven.  As the 

organic content of the mobile phase increased, retention became enthalpically driven.  

These results can be correlated to our work using temperature as a variable.  As 

temperature is increased, the hydrogen bond network of water is disrupted, similar to 

what occurs when organic modifier is added to water at room temperature.  

Thermodynamically, as the hydrogen bond network is disrupted, either by an increase in 

temperature or an increase in the concentration of a non-hydrogen-bonding cosolvent, 

retention shifts from being entropically driven to enthalpically driven.  The decrease in 

the dielectric constant of water as a function of temperature [13, 119-123], as well as the 

shift in the ET(30) polarity value [126], also suggest a disruption of water’s hydrogen 

bond network at high temperature.  The similarity between an increase in temperature of 

pure water and a change in composition of a mobile phase at constant temperature, 

coupled with the interesting solvatochromic properties of superheated water [125], 

suggest that superheated water chromatography would be a useful addition to the library 

of chromatographic techniques. 
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Conclusions 

 

Based on these results, it is concluded that extrapolation of retention data as a 

function of temperature should not be used to predict retention at a lower temperature, 

unless there is sufficient reason to believe that the thermodynamics of retention are 

constant between the measured and projected temperature regions.  This does not appear 

to be the case when ambient (in the vicinity of 35° C) and superheated water (above 100° 

C) are used as the mobile phase.  There appear to be significant differences in retention 

thermodynamics between the superheated water region and temperatures closer to 

ambient.   The enthalpy of transfer from pure water to a non-polar stationary phase for 

small, non-polar solutes is much lower at ambient-temperatures than at elevated 

temperatures.  The change in thermodynamic values is most likely due to changes in the 

hydrogen bond network in the water solvent.  This changes the solvation structure around 

non-polar solutes, with a resultant change in retention thermodynamics.  The 

thermodynamic changes are similar to those observed when organic modifier is added to 

a mobile phase at room temperature.  Although superheated water is an interesting and 

potentially useful eluent for reversed-phase separations, retention with superheated water 

cannot be used to predict pure-water retention at room temperature because of the 

differences in retention thermodynamics at ambient and elevated temperature.  

Extrapolation of retention values as a function of temperature seem to have problems that 

are similar to extrapolation of retention as a function of mobile phase composition. 
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CHAPTER 5 

 

EFFECT OF TEMPERATURE ON THE COLUMN PHASE RATIO AND GRADIENT 

REEQUILIBRATION VOLUME IN REVERSED-PHASE LIQUID 

CHROMATOGRAPHY 

 

Effect of Temperature on the Phase Ratio 

 

Introduction 

Chromatographic retention is often used to calculate the partial molar enthalpy of 

transfer of a solute from the mobile phase to the stationary phase.  The transfer enthalpy 

can then be used to characterize or compare various stationary phases using a particular 

mobile phase.  Typically, the transfer enthalpy is obtained by invoking a form of the 

van’t Hoff equation, 
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where k’, ∆H
o, ∆S

o, R, T, and Φ are the retention factor for the solute, the standard partial 

molar enthalpy of transfer, the standard partial molar entropy of transfer, the gas constant, 

the absolute temperature, and the phase ratio (that is, the volume of the stationary phase, 

VS, divided by the volume of the mobile phase, VM), respectively [163, 164].  The 

procedure involves plotting ln k’ against 1/T (often called a van’t Hoff plot), then setting 

the slope equal to -∆H
o/R, and solving for ∆H

o.  If the plot is not a straight line, it is often 

presumed that ∆H
o varies with temperature; ∆H

o is then evaluated from the slope at any 

particular 1/T value.  This is valid if Φ is constant with respect to temperature. 
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Let us consider two questions regarding the interpretation of van’t Hoff plots:  If 

linearity is observed, does it imply that ∆H
o is constant with temperature (or does 

curvature imply that ∆H
o changes with temperature)?  Is the phase ratio constant and does 

it have any influence on the curvature or slope of a van’t Hoff plot? 

We will consider these questions using the general case of the distribution of a 

solute between two immiscible phases, each one an open system but together constituting 

a closed system [165].  Our process involves the transfer of solute from its standard state 

in the mobile phase to its standard state in the stationary phase.  Note that standard states 

must be defined at each temperature considered.  We will also assume that ∆H
o, ∆S

o, and 

Φ are temperature-dependent.  The slope of a van’t Hoff plot is given by the partial 

derivative of equation 5.1 with respect to 1/T: 
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If the slope equals –∆H
o/R as is widely assumed, then the last three terms on the right 

must sum to zero at all temperatures.  We will show that the slope does not equal –∆H
o/R 

when Φ is not constant with T.  We will also show how to make Φ -independent 

determinations of ∆H
o for molecular differences between two probe molecules. 

 

Theory 

A transfer of solute from the mobile phase to the stationary phase is associated 

with a reduction in the Gibbs energy of the mobile phase and an increase in the Gibbs 

energy of the stationary phase.  In each of the mobile and stationary phases, the change in 

Gibbs energy equals the chemical potential of the solute in that phase times the quantity 

of solute reduced or increased, respectively, for transfers of infinitesimally small amounts 

of solute at constant temperature and pressure.  The sum of the change in both phases is 

identical to the change in the total Gibbs energy for the overall system.  From the 

definition of the Gibbs energy [166, 167], we can substitute 
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ooo STHTG ∆−∆=∆      (5.3) 

 

where ∆G
o is the standard partial molar Gibbs energy of transfer of the solute (that is, the 

standard chemical potential for the stationary phase minus that for the mobile phase), into 

equation 5.1.  Then, taking the constant-pressure partial derivative of ln k’ with respect to 

1/T and applying the Gibbs-Helmholtz [166, 167] equation in the form 
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where P is pressure, we find for a van’t Hoff plot at constant pressure 
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Therefore, the terms containing the partial derivatives of enthalpy and entropy in 

equation 5.2 must sum to zero at constant pressure [166, 167].  This still leaves the partial 

derivative of the phase ratio with respect to 1/T, and this term will only be zero if the 

phase ratio is constant with respect to temperature. 

The restriction of constant pressure in equation 5.5 may be removed for many 

liquid and solid systems since pressure effects on Gibbs energy can be ignored as long as 

the phases involved are essentially incompressible.  Thus, equation 5.5 may be applied to 

high performance liquid chromatography (HPLC) over a range of pressure if the phases 

are not significantly compressible under the test conditions.  This is usually a reasonable 

assumption with typical HPLC conditions, but compression effects on retention can be 

demonstrated at pressures within the realm of HPLC [168].  Equation 5.5 may also be 

applied to open-tubular (ot) supercritical fluid chromatography (SFC) if the mobile phase 

is kept at a low reduced density (that is, using a high reduced temperature and low 

reduced pressure) so that the pressure drop from the column inlet to the outlet is 

insignificant compared to the average pressure.  However, significant pressure drops may 

result in otSFC at high reduced density [169] thereby introducing errors into the apparent 
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transfer enthalpy derived from equation 5.5.  Strictly, equation 5.5 may be applied to gas 

chromatography (GC) and to packed-column SFC only in the limit as the flow rate 

approaches zero so that the pressure is constant over the length of the column.  Both of 

these techniques have compressible mobile phases and significant pressure drops under 

normal operating conditions.  However, the error in applying equation 5.5 to GC without 

a pressure-drop correction will often be negligible compared to experimental 

uncertainties since the transfer enthalpy in GC is dominated by the enthalpy of solution of 

the solute in the stationary phase.  The errors that would be encountered in packed-

column SFC, where there is a significant pressure-dependent enthalpy of solution for 

solutes in the mobile phase, are not expected to be negligible. 

It is clear from equation 5.5 that whenever Φ is constant with temperature, the 

slope of a van’t Hoff plot equals –∆H
o/R, even if the plot is not linear.  Thus, ∆H

o can be 

evaluated from the slope at any temperature, even if the van’t Hoff plot is curved, as long 

as Φ is constant.  The converse is equally clear:  In a chromatographic experiment there 

will be no observable indication of the constancy of Φ since a curved plot could result 

from variation in either ∆H
o or Φ, and a linear plot could result from mutually 

compensating changes in both ∆H
o and Φ.  Therefore, a determination of ∆H

o from a 

van’t Hoff plot of a solute should only be trusted if there is good reason to believe that 

the phase ratio is constant, or else if the “thermodynamic phase ratio” (as actually 

accessed by the solute) is somehow independently measured and an appropriate 

correction is made. 

The definition of the stationary phase volume for bonded-phase columns is a 

subject of debate, with opinions ranging from the molecular volume of the bonded 

moieties [1, 2, 83] to the volume of a solvation layer or interphase perhaps containing 

some non-moving “mobile” phase molecules [170-175].  The concept of a “Gibbs 

Dividing Surface” has also been used to delineate the boundary between the stationary 

and mobile phases [171].  Yun et al. further described this concept in their 

thermodynamic study of chromatographic retention and adsorbed mobile phase 

components on the bonded-phase surface [172].  Kazakevich et al. studied excess 

adsorption isotherms of reversed-phase organic modifiers on reversed-phase packing 

surfaces and reported significant amounts of the strong mobile phase component 
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adsorbed onto collapsed stationary-phase chains on the packing surface [173].  Alvarez-

Zepeda and Martire also employed surface excess isotherm data to determine VM [174, 

175].  Their model defined VM as the volume-fraction-weighted average of the retention 

times of isotopically labeled mobile phase components.  Some parts of both the stationary 

phase and the mobile phase are inaccessible to some solutes, either because of steric 

effects or charge exclusion [170]. 

Evidence also exists for a “phase transition” of the bonded stationary phase chains 

at a temperature similar to the melting temperature of neat octadecane [75, 176, 177].  

These conclusions were based on differential scanning calorimetry (DSC) experiments 

[176] and on breaks or non-linearities in a van’t Hoff plot [75, 177].  However, 

spectroscopic studies seem to indicate that a gradual change in the stationary phase 

conformation, rather than an abrupt transition, actually occurs [178].  Theory also 

predicts the very gradual change [179]; since a phase transition is defined as a 

discontinuity in the physical state of a substance, one would expect that a discontinuity, 

rather than a bend or non-linearity, would be seen in a van’t Hoff plot if a phase transition 

were occurring. 

In reversed-phase HPLC with bonded stationary phases (RPLC), it is often 

assumed that the phase ratio is constant, more specifically that the stationary phase 

volume is constant.  Yet, there are numerous reports of bonded phase collapse, 

particularly for octadecylsilyl (ODS)-bonded-phase columns used with high 

concentrations of water in the mobile phase [3, 180], in contrast to the permanently 

collapsed chains described by Kazakevich et al. [173].  In addition, temperature can have 

an effect on stationary phase conformation [74, 178, 181-183].  Changes in these 

parameters can change the volume of the stationary phase, or perhaps more properly 

stated, the volume of the stationary phase accessible to solute molecules, which is the 

important thermodynamic quantity [170].  Therefore, the effective or thermodynamic 

phase ratio is difficult if not impossible to define in a physical sense, but reflects the 

behavior of individual solutes in the system.  Although we are unable to define what this 

phase ratio is, our point is that it is not necessarily constant as conditions are changed and 

different solutes are examined. 
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Cole et al. assumed the phase ratio of an ODS-bonded-phase column was 

constant, and calculated transfer enthalpy values for benzene from the slope of van’t Hoff 

plots using a mobile phase of 95% water and 5% 1-propanol [104].  Their method 

assumed a stationary phase volume equal to the molecular volume of the stationary phase 

alkyl chains, as calculated by the method of Sentell and Dorsey [83].  This assumes that 

the entire stationary phase chain is accessible to every solute molecule.  For illustration, 

let us interpret the same data differently, this time assuming that the transfer enthalpy is 

constant and that the phase ratio changes with temperature.  Figure 5.1 shows the relative 

phase ratio thus calculated as a function of temperature for a constant partial molar 

transfer enthalpy of –7.11 kJ/mol and a constant partial molar transfer entropy of 19.9 

J/mol-K.  (These enthalpy and entropy values are within the range of values calculated by 

Cole and Dorsey using this data set.)  The resulting relative phase ratio changes are of 

reasonable values, particularly if adsorbed mobile phase is part of the stationary phase; 

Alvarez-Zepeda and Martire showed changes around 30% in the ratio of the adsorbed 
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Figure 5.1.  Apparent phase ratio, relative to the value at –5°C, as a function of 1/T, derived
from data in reference 27.  In this representation, the values of the enthalpy and entropy of
transfer of benzene from the mobile phase to the stationary phase are held constant, at –7.11
kJ/mol and 19.9 J/mol-K respectively, and the phase ratio is allowed to vary.  This data
interpretation contrasts to that in reference 102, in which the phase ratio was assumed to be
constant and the enthalpy and entropy of transfer were assumed to change with temperature.
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solvent volume to the mobile phase volume with a temperature change from 35 to 55 °C 

[174].  However, there is no justification to believe, without further evidence, that either 

of the extreme assumptions we have discussed (constant stationary phase volume or 

constant transfer enthalpy) is correct.  For retention data to be generally useful for 

estimating transfer enthalpy, we need an estimation procedure that is independent of 

phase ratio. 

 

Transfer enthalpies of molecular differences 

Methylene selectivities have been calculated by numerous researchers as another 

means of characterizing solute transfer in chromatographic columns under specific 

mobile-phase—stationary-phase conditions [70, 89, 184-188].  This is accomplished by 

comparing the retention of two solutes differing structurally by one methylene unit, or by 

chromatographically analyzing a homologous methylene series and taking the slope of a 

plot of ln k’ vs. homolog number as the natural log of the methylene selectivity. 

Differences other than methylene selectivity have also been studied.  Lee and 

Cheong [189] performed experiments that used chromatographic selectivity to evaluate 

interactions between polar functional groups and mobile phases.  Sentell and Dorsey [70], 

in their study of Dill’s lattice model of retention [1, 2], examined two types of “phenyl” 

selectivity, especially as it relates to stationary phase bonding density.  Phenyl selectivity 

was taken as a measure of shape selectivity, and the results obtained were consistent with 

the Dill model for retention.  Carr and coworkers compared the partitioning influence of 

several different polar functional groups attached to benzene, using both chromatographic 

retention and partitioning in bulk solutions [190]. 

We propose expanding and applying this approach of examining chromatographic 

selectivity to any molecular difference between two probe solutes.  When compared to 

using single probes, this difference method has the advantage of being independent of 

phase ratio changes as long as the probes are similar enough to access the same phase 

volumes. 

For example, if ln k’ values for members of an oligomeric series follow a 

particular trend with respect to temperature, then the molecular unit representing the 

difference between adjacent series members should follow the same trend as a molecule 
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of structure similar to the molecular difference.  For oligomers, this molecular difference 

will resemble the monomer from which the series was built.  By writing equation 5.1 for 

each of two adjacent series members and taking the difference, we find 
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where α is the separation factor (also called the selectivity) between adjacent series 

members, and i is the degree of polymerization of the first oligomer of the pair.  By 

taking the partial derivative of equation 5.6 with respect to 1/T, or by applying equations 

5.2 and 5.4, as we did earlier, to the separate ln k’ expressions going into equation 5.6, 

we can deduce that the slope of a plot of ln α against 1/T is  
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where ∆H
o
d is the partial molar enthalpy of transfer added to oligomer i with the addition 

of one more unit to the oligomeric chain. 

Equation 5.7 is independent of the phase ratio because any temperature-dependent 

change in the phase ratio affects the k’ values for the individual probes by exactly the 

same factor at that particular temperature if both probes have access to the same 

stationary phase volume.  However, if the probes do not have access to the same 

stationary phase volume, then the partial derivatives of the phase ratio for each of the 

probes may not cancel and we may be left with some degree of phase-ratio dependence in 

the slope.  Equation 5.7 is not restricted to oligomers, but applies in general to any two 

probes with access to the same stationary phase volume.  We might want to consider 

∆H
o
d a virtual enthalpy since the molecular difference characterized by this method does 

not actually exist as a solute.   

If two such probes individually produce curved van’t Hoff plots, but if a linear ln 

α plot results over the same temperature range, this would suggest that there is a constant 

transfer enthalpy for their molecular difference.  If the molecular difference were similar 
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to the structure of the smaller probe, then the results would suggest that the van’t Hoff 

curvature, at least for the smaller probe, is caused by a changing thermodynamic phase 

ratio rather than by factors affecting the probe transfer enthalpy. 

 

Experimental 

All experiments were performed on a Gilson SF3 chromatography system (Gilson 

Inc., Middleton, WI, USA) operated in HPLC mode.  This instrument consists of a model 

308 primary pump, a model 306 slave pump, a model 811C dynamic mixer, a model 831 

column oven, a model 821 pressure regulator, a model 119 UV detector, and a model 234 

autosampler.  The pressure regulator was not used for these HPLC experiments; effluent 

from the detector was sent directly to the waste collector.  The autosampler was equipped 

with a Rheodyne (Rohnert Park, CA, USA) model 7010 injection valve with a 10-µL 

sample loop.  The analytical column was a Discovery C18 (Supelco, Bellefonte, PA, 

USA), 50 x 4.6 mm, with 5-µm particle diameter and 180-Å mean pore diameter.  Data 

collection was performed with Gilson’s Unipoint software.  For experiments above 

ambient temperature, the column was heated in the model 831 oven.  For subambient-

temperature experiments, the column was immersed in a model RTE-111 temperature 

controlled bath (Neslab, Newington, NH, USA). 

Water was purified using a Milli-Q water purification system (Millipore, Milford, 

MA, USA).  HPLC-grade methanol was obtained from EM Science (Gibbstown, NJ, 

USA).  Test solutes included benzene, biphenyl, toluene, propylparaben, and 

butylparaben from various sources.  All test solutes were dissolved in methanol. 

Chromatographic measurements were made over a variety of temperatures from –

5°C to 80°C with typical intervals of 10°C.  Retention factors were calculated from 

retention times, corrected for the extra-column volumes, using uracil as a void time 

marker.  Data were analyzed using Microsoft Excel 2000 (Microsoft, Redmond, WA, 

USA).  Benzene-biphenyl experiments were performed using a 40/60 v/v mixture of 

water and methanol as the mobile phase.  Benzene-toluene and propylparaben-

butylparaben experiments used 60/40 v/v water/methanol as the mobile phase. 
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Results and Discussion 

Our first set of experiments examined whether changes in the phase ratio could be 

the cause of curvature in the van’t Hoff plot of benzene.  Van’t Hoff plots for benzene, 

biphenyl, and their selectivity are shown in Figure 5.2.  Since the molecular difference 

between benzene and biphenyl is a phenylene group (an aromatic, C6H4 ring), which only 

differs from benzene in the loss of two hydrogen atoms, the phenylene selectivity should 

give a reasonable indication of benzene partitioning independent of phase ratio effects. 

There are at least two reports of linear van't Hoff behavior of benzene and 

substituted benzenes using bulk-phase octanol-water partitioning experiments [191, 192].  

However, the benzene and biphenyl plots in Figure 5.2 are clearly non-linear.    The 

apparent benzene transfer enthalpy calculated from the slope of the benzene plot, 

assuming constant phase ratio, ranges from approximately -12 kJ/mol at the high-

temperature end of the range to about +2 kJ/mol at the low-temperature end.  The 
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Figure 5.2.  van’t Hoff plots of benzene, biphenyl, and their difference, which is the phenylene
selectivity.  The phase-ratio-dependent plots of benzene and biphenyl are nonlinear, while the
phase-ratio-independent plot of phenylene selectivity is linear.  This suggests a phase-ratio
dependence in the van’t Hoff plots of benzene.  Experimental conditions:  40/60
water/methanol mobile phase, ODS stationary phase, at a flow rate of 1.00 mL/min.
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apparent transfer enthalpy of biphenyl ranges from about -20 to -5 kJ/mol.  In contrast, 

the difference between the biphenyl and benzene curves, that is the phenylene selectivity 

plot, is linear with a squared correlation coefficient (r2) exceeding 0.995.  Since, 

according to equation 5.7, this plot is presumably independent of phase ratio, the linearity 

suggests that the transfer enthalpy for phenylene is constant.  Calculating its value from 

the slope we get -8.61 kJ/mol.  Since the benzene retention van’t Hoff plot is influenced 

by the phase ratio, while the phenylene selectivity plot is not, it can be inferred that the 

non-linearity in the benzene retention plot is predominantly the result of changes in the 

phase ratio rather than changes in the transfer enthalpy. 

A similar experiment was performed using benzene and toluene as test solutes.  

Because these solutes differ by one methylene group, the selectivity between them should 

yield a phase-ratio-independent measure of the hydrophobic interactions affecting 

separation.  As in the previous experiment, the van’t Hoff plots of the individual solutes 
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Figure 5.3.  van’t Hoff plots of benzene, toluene, and their difference, which is the methylene
selectivity.  As in Figure 2, the phase-ratio-dependent plots of benzene and toluene are non-
linear, while the phase-ratio-independent methylene selectivity plot is linear.  Again, this
suggests a phase-ratio dependence in the van’t Hoff plots of benzene and possibly toluene.
Experimental conditions:  60/40 water/methanol mobile phase, ODS stationary phase, at a
flow rate of 1.00 mL/min.
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are curved.  These are shown in Figure 5.3.  The apparent transfer enthalpy for toluene, 

derived assuming a constant phase ratio, ranges between approximately -21 and 0 kJ/mol, 

and that of benzene is between approximately -17 and +0.4 kJ/mol.  (The mobile phase is 

lower in methanol, now 40%, but the previous benzene-biphenyl experiment used 60% 

methanol.  As we might expect, the apparent transfer enthalpy for benzene is somewhat 

higher in magnitude when the methanol content of the mobile phase is lowered.)  In 

contrast to the curved retention plots, the methylene selectivity plot was linear (r2 = 0.99) 

yielding a constant methylene transfer enthalpy of -2.48 kJ/mol over the temperature 

range examined.  As before, this suggests that the nonlinearities in the retention plots are 

predominantly the result of changes in the phase ratio with temperature, not a result of 

changes in the transfer enthalpy of either solute. 

R
2
 = 0.991

R
2
 = 0.961

R
2
 = 0.9928

0

1

2

3

4

5

0.0028 0.0030 0.0032 0.0034 0.0036 0.0038

1/T (1/K)

ln
 k

 o
r 

α

Propylparaben

Butylparaben

Selectivity

85                     56                          30                           10                        -10
                                                      T, °C

Figure 5.4.  van’t Hoff plots of propylparaben, butylparaben, and their difference, which is the
methylene selectivity.  In contrast to the non-polar solutes in Figures 2 and 3, these solutes,
as well as the methylene selectivity, exhibit linear van’t Hoff behavior.  This suggests that the
thermodynamic phase ratio seen by these solutes is constant over the entire temperature
range, and that the retention mechanism of these semi-polar solutes is different that that of the
non-polar solutes benzene, biphenyl, and toluene.  Experimental conditions are the same as
in Figure 5.3.
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Benzene, biphenyl, and toluene are low-polarity solutes that are thought to 

partition into the alkyl chains of the ODS phase [1, 193].  Different retention behavior 

may be expected of more polar solutes since the partitioning of solutes with hydrophilic 

functional groups from an aqueous-alcoholic mobile phase into the hydrophobic 

stationary phase will be influenced by polar interactions, particularly hydrogen bonding.  

The van’t Hoff plots for propyl- and butylparaben are both highly linear as shown in 

Figure 5.4.  Both solutes’ van’t Hoff plots have squared linear correlation coefficients 

exceeding 0.99 over the temperature range studied.  The apparent transfer enthalpy for 

propylparaben is -21.23 kJ/mol, and that for butylparaben is -23.57 kJ/mol.  The 

methylene selectivity is also linear and yields a methylene transfer enthalpy of -2.33 

kJ/mol. 

Ranatunga and Carr estimated transfer enthalpy of benzene between 

water/methanol and hexadecane (representing an octadecyl-bonded phase) using 

headspace GC in a thermodynamic cycle: the transfer free energy from water/methanol to 

gas, and from hexadecane to gas, were determined, and the transfer free energy from 

water/methanol to hexadecane was then obtained by difference [84].  They calculated an 

overall transfer enthalpy for benzene from 40/60 water/methanol to hexadecane of -6.9 

kJ/mol.  This compares with our value of -8.61 kJ/mol for phenylene using our method.  

They also calculated the transfer enthalpy of a methylene group from 60/40 

water/methanol to hexadecane of -2.78 kJ/mol, which compares to our values of -2.33 

and -2.48 kJ/mol.  Ranatunga and Carr justified using hexadecane to represent bonded 

octadecane based on the similarities of methylene selectivities for the two systems, so it 

is not surprising that the methylene enthalpies of the two methods more closely agree 

than do the benzene transfer enthalpy from their experiment and the phenylene transfer 

enthalpy from ours. 

One explanation commonly given for van’t Hoff curvature cites the hydrophobic 

effect [104], which states that solubility of a non-polar solute in a polar solvent should be 

at a minimum [194, 195], and thus the reversed-phase retention should be at a maximum 

[196], around 25°C.  This is the temperature where the formation of a solute cavity in the 

polar mobile phase is most entropically unfavorable [195].  Since the transfer entropy 

changes with temperature according to this explanation, the enthalpy must also change 
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since the two quantities are related through the constant-pressure heat capacity [166, 

167].  However, if the enthalpy were to change, this should also be reflected in phase-

ratio-independent measurements, such as selectivity van’t Hoff plots.  Our selectivity 

van’t Hoff plots (Figures 5.2, 5.3, and 5.4) suggest that the enthalpies of transfer for the 

phenylene and methylene functional groups are constant over the temperature range 

studied (-5 to +80 °C).  This further suggests that the curvature seen in the non-linear 

van’t Hoff plots in these examples is due to changes in the thermodynamic phase ratio, 

rather than to changes in the transfer enthalpy and entropy of the solutes.  It also suggests 

that benzene and toluene see a different part of the stationary phase than do propyl- and 

butylparaben. 

As demonstrated by Sentell and Dorsey [193], small, non-polar solutes are 

retained by partitioning into the alkyl chains of the stationary phase.  If the temperature is 

changed, the stationary phase alkyl chains may change conformation, and all the 

thermodynamic properties could change.  However, the retention mechanism may be 

different for more polar solutes such as the parabens in our example, or for the strongly 

retained but hexadecane-insoluble dye described by Carr et al. [190].  The preferred 

configuration of these solutes with the stationary phase may leave the hydrophilic 

functional groups available to interact with the mobile phase while the solute is retained.  

It appears that for non-polar solutes such as benzene, which more fully partition into the 

alkyl chains of the stationary phase, the thermodynamic phase ratio changes with 

temperature.  However, for a semi-polar solute like propylparaben, which may not fully 

partition into the stationary phase alkyl chains, the thermodynamic phase ratio does not 

change with temperature.  This model is consistent with the observations of Carr et al. 

[190] and with the model proposed by Tchapla and co-workers in their study of 

methylene selectivity [89], where they stated that retention is due to partitioning of the 

alkyl chain of a solute lengthwise into the stationary phase. 

Concern has been raised that this approach may fail if the solutes are so 

chemically similar that their ∆H
o values exhibit essentially the same behavior with 

respect to temperature.  For example, what if the two probes were not oligomers but were 

positional isomers?  Would the ∆H
o behavior of highly similar individual probes be 
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canceled in the derivation of equation 5.7 leaving it useless to interpret the van’t Hoff 

behavior?  What would the slope of ln α vs. 1/T mean in this situation? 

To answer this, let us consider several, specific circumstances under the 

requirement that the two probes have access to the same stationary phase volume:  1) 

How would equation 5.7 apply if two solutes were so similar that their ∆H
o and ∆S

o 

values were essentially identical to each other, respectively, at all temperatures?  In this 

case, whether the ∆H
o values change with temperature or are constant with temperature, 

we see from equation 5.6 that ln α would be zero at all temperatures, α would be unity at 

all temperatures, the solutes would coelute at all temperatures, and the slope of ln α vs. 

1/T (given by equation 5.7) would be zero at all temperatures.  2) How would equation 

5.7 apply if the ∆H
o values for the two solutes were different but change in a mutually 

similar fashion with respect to temperature so that their difference (∆H
o
d) is constant and 

nonzero?  In this case, the slope given by equation 5.7 would be constant and nonzero.  

This would indicate that the selectivity of the two solutes is constant with temperature.  3) 

How would equation 5.7 apply if the solute ∆H
o values were dissimilar with respect to 

temperature so that their difference were not constant with temperature?  In this case, the 

slope given by equation 5.7 would vary with temperature. 

Therefore, in some cases, the slope given by equation 5.7 may be zero, but it 

would be because the values of ∆H
o for the probes are equal, not because the ∆H

o 

dependence of the probes is removed in the derivation of equation 5.7.  It appears that 

this approach is valid for cases involving real molecular differences, such as a methylene 

or phenylene difference between two molecular probes.  By extension, this approach also 

appears valid for simple combinations of molecular differences, such as when the 

difference in two probes represents the relocation of a group to make a positional isomer, 

or when the difference between the probes is due to the complete replacement of one or 

more groups by molecularly dissimilar groups.  The approach seems valid regardless of 

the similarity or differences in the ∆H
o behavior of the probes as long as the requirement 

that the two probes effectively access the same stationary phase volume is met. 

We must keep in mind that there could be some additional steric artifacts in this 

approach since the molecular difference between two probes cannot necessarily access 
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the volumes that are unavailable to the probes themselves, but the molecular analog of 

the difference could be small enough to access some of these volumes.  Therefore, small-

pore stationary phases explored with two, large probes may not produce exactly the same 

results as a small molecule resembling the difference between the probes.  In addition, if 

the probes are close to the dimensions of the stationary phase pores, the larger probe may 

be excluded from more stationary-phase volume than the smaller probe.  Therefore, 

interpretation of the results of this method should be done cautiously until we gain more 

experience. 

 

Conclusions 

 RPLC is considerably more complex than the discrete, two-phase mechanism on 

which partition chromatography is commonly modeled.  The concept of a phase ratio is 

somewhat tenuous in RPLC, especially when it is compared to the phase ratio in liquid-

liquid extraction where the volume of the interphase between the two bulk phases is 

thermodynamically negligible.  However, in RPLC, one of the phases behaves almost 

entirely as an interphase.  This makes definition and determination of phase volumes 

difficult, particularly for the stationary phase. 

The molecular volume of the stationary phase ligands is often taken as the 

stationary phase volume, and it is usually assumed to be constant.  However, in the 

complex interphase where RPLC retention occurs, this approach may not be valid.  It 

appears that the accessible volume of stationary phase is solute dependent, and that parts 

of the stationary phase may change volume with temperature.  Conformation of the 

stationary phase, steric restrictions on solute diffusion into the pores of the stationary 

phase supporting material, and solute-dependent differences in interactions with the ODS 

chains can all contribute to different solutes “seeing” different phase ratios.  Determining 

stationary phase volume by a percent-carbon method, and the mobile phase volume by a 

gravimetric method, as is commonly done in HPLC studies, may not yield the proper 

thermodynamic values. 

 Chromatographic van’t Hoff plots must be interpreted carefully.  Enthalpy values, 

derived from the slopes of such plots without regard to effective or thermodynamic 

phase-ratio changes that may occur, should not be trusted, particularly if the plot is 
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curved (although the approach would be perfectly valid if the thermodynamic phase ratio 

was known as a function of temperature for the solutes under examination).  The 

molecular difference method is expected to give a reliable transfer enthalpy if the two 

probes used encounter the same thermodynamic phase ratio. 

 

 

Effect of Temperature on Gradient Reequilibration Volume 

 

Introduction 

 It is well known that the stationary phase in reversed-phase chromatography is 

solvated by the mobile phase, and that for binary mobile phases, the solvation layer can 

be enriched in strong solvent [197-206].  This solvation has been shown to have effects 

on stationary phase conformation [199-203].  By extension, if the solvation layer is taken 

to be part of the stationary phase, then the stationary phase volume and phase ratio 

change with mobile phase composition. 

 This is seen practically in the time it takes to reequilibrate a column after gradient 

elution chromatography is performed.  In gradient chromatography, the composition of 

the mobile phase is changed over the course of the run.  The run is started with a weak 

mobile phase, and the organic content (strength) of the mobile phase is increased as the 

run progresses.  This change is mobile phase composition changes the solvation, and 

perhaps conformation, of the stationary phase over the course of the run.  Obviously, in 

order for gradient chromatography to be reproducible, the stationary phase must be 

returned to its initial state before the next run is performed.  It is well-known that gradient 

reequilibration is a slow process.  Often it takes 10-15 column volumes of weak solvent 

to reequilibrate the stationary phase to the initial conditions [207, 208].  From a practical 

standpoint, a reduction in gradient reequilibration time would make chromatography 

more cost-effective—if reequilibration time could be reduced or eliminated, the number 

of runs in a given time could be increased. 

 Understanding the nature of stationary phase solvation would aid in devising 

methods for reducing reequilibration time.  This problem has been studied by Cole and 

Dorsey [209], who found that the addition of a constant volume of 1-propanol to both 
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components of a binary mobile phase significantly reduced gradient reequilibration time.  

In addition, they examined gradient reequilibration time as a function of stationary phase 

bonding density.  It was found that the maximum reequilibration time was for stationary 

phases with a bonding density of around 2.9 µmol / m2.  This is the same bonding density 

that should produce maximum retention in the partition model for chromatography 

presented by Dill [1, 2] and verified experimentally by Sentell and Dorsey [193].  Cole 

and Dorsey’s results demonstrate that solvation of the stationary phase is by a 

partitioning mechanism, that is, organic modifier is retained on the stationary phase in 

much the same way as a non-polar solute is retained. 

 Methods for reducing gradient reequilibration time were also investigated by 

Hemberger [210].  He found that short-chain surfactants could be used to significantly 

reduce or eliminate gradient reequilibration time.  In addition, it was found that the 

efficiency for some basic solutes was improved upon the addition of short-chain 

surfactant to the mobile phase.  Linear solvation energy relationships were developed for 

the chromatographic system both with and without added surfactant, and it was found 

that the LSER coefficients did not change when surfactant was added.  This suggests that 

the addition of surfactant to the mobile phase does not significantly change the selectivity 

of the chromatographic system. 

 One variable that has not been studied extensively with respect to gradient 

reequilibration time is temperature. Because at least some mobile phase is absorbed by a 

partition mechanism [209], and because partition coefficients are typically temperature-

dependent, it is reasonable to assume that the amount of the organic component of the 

mobile phase absorbed by the stationary phase changes with temperature.  If absorbed 

mobile phase is taken to be part of the stationary phase, then this represents a temperature 

dependent change in stationary phase volume and phase ratio. 

Previous work on gradient reequilibration has typically been performed using 

traditional C18 stationary phases.  Recently, a new generation of stationary phases, 

referred to as “polar-embedded group” phases, has appeared on the market.  In a polar 

embedded group phase, a hydrogen-bonding polar group is inserted into the alkyl ligand 

of the stationary phase, usually 2-4 carbons up from the silicon atom of the silane (see 

Figure 5.5).  These polar embedded groups are thought to hydrogen bond to each other, in 
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order to block basic analytes from interacting with residual silanols on the silica surface.    

These interactions with surface silanols are a major source of band broadening for basic 

analytes.  In addition, the hydrogen bonding of the stationary phase keeps the stationary 

phase from changing conformation in highly aqueous environment.  Aqueous mobile 

phases are better able to solvate polar embedded stationary phases than their non-polar-

embedded counterparts.  Because of the reduction in changes in stationary phase 

conformation, and because of the increased ability of the weak component of the mobile 

phase to solvate the stationary phase, there should be a reduction in gradient 

reequilibration time. 

 

Experimental 

The objectives of this set of experiments were twofold:  to examine the effect of 

stationary phase structure on gradient reequilibration volume, and to examine the effect 

of temperature on gradient reequilibration volume.  Five different columns were used in 

this study.  Two of these were traditional C18 phases:  a Waters Symmetry C18 and a 
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Figure 5.5.  Traditional and polar-embedded C18 phases.  The polar groups allow the 
stationary phase ligands to hydrogen bond, blocking basic analytes from surface silanols and 
maintaining phase structure in highly aqueous environments. 
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Supelco Discovery C18.  Two polar-embedded-group stationary phases were used:  a 

Waters SymmetryShield RP18, which uses a carbamate group as the polar embedded 

group, and a Supelco Discovery RP-Amide C16, which uses an amide group.  These two 

stationary phase are the polar-embedded group counterparts to the traditional C18 phases 

used.  In addition, a Waters XTerra RP18 column was used.  This is a polar-embedded 

group stationary phase which uses hybrid organic/inorganic particles as the stationary 

phase substrate.  All columns were 150 mm in length and 4.6 mm in inner diameter, with 

5 µm particle size. 

 For the gradient reequilibration experiments, an ABI/Kratos Spectroflow 400 

pump was used for solvent delivery.  Column temperature was maintained by use of a 

recirculating bath and column jacket.  A Rheodyne model 7010 6-port injection valve, 

with a 20 µL sample loop, was used.  The flow rate was 1.0 mL/min.  Detection was by 

UV absorbance at 254 nm.  The detector was interfaced to the data collection computer 

with a PE-Nelson model 970A interface.  Data collection was with Perkin-Elmer 

TotalChrom version 6.2.1. 

 Mobile phases consisted of either pure methanol or pure water.  The mobile phase 

was switched between the two by use of a t-valve.  The test solution was 1% acetone in 

water.  Gradient reequilibration experiments were carried out as follows:  first, the 

stationary phase was equilibrated with strong solvent (methanol) by pumping methanol 

through the column for approximately 20 minutes.  This simulated the end of a gradient 

run.  Data collection was started at time = 0 minutes.  At time = 1 minute, the mobile 

phase was switched from pure methanol to pure water.  At time = 4 minutes, and every 

minute thereafter for approximately 25 minutes, an injection of the test solution was 

made.  Due to the desorption of methanol from the stationary phase as it is reequilibrated, 

the retention time of acetone will increase until it reaches a constant value.  Once the 

retention time of acetone is constant, the stationary phase is considered to be 

reequilibrated.  For these experiments, constant retention was defined as the point at 

which retention did not increase by more than one second between two runs, unless the 

retention had already appeared to level off or decrease. 

 van’t Hoff analysis was performed on the Symmetry and SymmetryShield 

stationary phases to examine the effect of stationary phase structure on van’t Hoff plots.  
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These experiments were carried out on the Shimadzu HPLC system described in Chapter 

4.  Benzene and Toluene were used as test solutes.  The mobile phase was 60/40 

water/methanol.  The void time was estimated by pycnometry, with acetonitrile and 

chloroform as the solvents.  A temperature range of 5° to 65° C was examined. 

 

Results and Discussion 

 The first set of experiments examined the effect of stationary phase structure on 

gradient reequilibration time.  These experiments were all carried out at room  

temperature.  The results are shown in Figure 5.6  Several interesting trends are noticed.  

The first is that the reequilibration volume, which is the volume of water that had to be 

pumped through the column before the retention time of acetone became constant, was 

similar for all four stationary phases.  It was expected that the polar embedded group 

phases would have lower reequilibration volumes than their non-polar embedded group 

counterparts, but this did not appear to be the case.  All four stationary phases were 
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Figure 5.6  Results of gradient reequilibration experiments on  polar  embedded vs. non-polar
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reequilibrated after a reequilibration volume of 13 to 15 mL, which for these 15-cm 

columns is approximately 8 to 10 column volumes. 

 While the reequilibration volume did not appear to be influenced by stationary 

phase structure, it is interesting to note the effect of non-reequilibration on retention on 

these four columns.  The overall change in retention, that is, the difference in retention 

time of the first injection and the retention time after the stationary phase is 

reequilibrated, of acetone on the two polar embedded group stationary phases was much 

less than the change in retention on the two traditional phases.  Stated another way, the 

retention properties of the polar-embedded group stationary phases change much less 

when they are not equilibrated than their non-polar-embedded counterparts.  Practically, 

this is not significant, because it is always desirable to start a run only once the stationary 

phase is equilibrated.  However, it is interesting, in that it suggests the two types of 

phases are solvated differently, or at least to a different extent. 

 The second set of experiments examined the effect of temperature on 

reequilibration time on three of the stationary phases.  The Symmetry, SymmetryShield, 

and XTerra phases were used.  Gradient reequilibration experiments were performed as 

before, but this time the temperature was regulated.  Experiments were performed at 15°, 

30°, 45°, and 60° C.  The results of the gradient reequilibration experiments as a function 

of temperature are shown in Table 5.1. 

 On the Symmetry stationary phase, there appears to be a significant shift in 

gradient reequilibration volume as temperature is increased.  The results for the 

Symmetry column are displayed in Figure 5.7.  As the temperature was raised from 15° 

Table. 5.1.  Reequilibration volumes on the Symmetry, SymmetryShield, and XTerra stationary
phases as a function of temperature.

Symmetry SymmetryShield XTerra

15° C 16.5 mL 14.0 mL 13.5 mL

30° C 15.0 mL 12.5 mL 12.5 mL

45° C 11.0 mL 13.0 mL 13.0 mL

60° C 7.5 mL 11.5 mL 11.5 mL
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to 60° C, the reequilibration volume was nearly cut in half.  There are two possible 

mechanisms by which the gradient reequilibration volume would change as a function of 

temperature.  The first is that the amount of absorbed strong solvent (methanol) changes 

as a function of temperature, and is higher at lower temperatures.  This would require a 

larger reequilibration volume.  In addition, if absorbed mobile phase were considered to 

be part of the stationary phase, it would suggest that the phase ratio changes with 

temperature.  The second possibility is that the kinetics of desorption of strong solvent 

from the stationary phase are a function of temperature.  In this case, the absorbed 

volume does not change with temperature, but because of slower desorption at lower 

temperature the reequilibration volume is larger. 

 The situation is different on the two polar-embedded group stationary phases.  Let 

us first examine the results for the SymmetryShield stationary phase.  This phase is 

similar to the Symmetry phase discussed above, meaning it is prepared from the same 

base silica, but with a polar embedded group in the alkyl ligand of the stationary phase.  

The results from gradient reequilibration experiments on the SymmetryShield stationary 

phase are shown in Figure 5.8.  Several differences between the Symmetry and 

SymmetryShield are apparent.  The first, and most important, is that gradient 

reequilibration volume on the SymmetryShield is much less dependent on temperature as 

compared to the Symmetry stationary phase.  At all four temperatures, the reequilibration 

volume is approximately the same.  The significant reduction in reequilibration volume 

observed on the Symmetry phase is not seen with the SymmetryShield.  Because the only 

difference between these two phases is the presence of a polar embedded group, this must 

be the origin of the difference in stationary phase reequilibration volume.  The second 

noticeable difference between the Symmetry and SymmetryShield phases is that retention 

of the test solute, acetone, changes much less with temperature on the SymmetryShield 

phase than on the Symmetry phase.  This is most apparent at low temperature.  Retention 

volume on the Symmetry phase at 15° C ranges from an initial value of around 2.0 mL to 

a value of around 7.8 mL after the stationary phase is fully reequilibrated.  On the 

SymmetryShield phase, retention at 15° C ranges from an initial value of 2.2 mL to a 

value of 4.5 mL upon reequilibration.  Two conclusions can be drawn from this.  First, 

when the stationary phase is solvated with organic modifier, the retention characteristics 



 111 

of the both phases are similar.  This is reflected in the similar initial retention volumes.  
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Figure 5.7.  Gradient reequilibration experiments at four different temperatures on the
Symmetry stationary phase.
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Second, the traditional stationary phase changes more upon reequilibration with pure 

water.  This is not surprising, as polar-embedded-group phases are designed to be more 

tolerant of highly aqueous environments. 

Similar experiments were performed on an XTerra stationary phase.  This is also a 

polar-embedded-group phase, but the base particles are not traditional silica, but a 

different material designed to reduce the number of residual silanols on the surface.  The 

results from the gradient reequilibration experiments on the XTerra stationary phase are 

shown in Figure 5.9.  These results were striking in that, at all four temperatures, the 

gradient reequilibration plots were nearly collinear.  There is no temperature effect on 

gradient reequilibration of the XTerra stationary phase.  In addition, there is no 

temperature effect on the retention of acetone on this phase.  This sharply contrasts the 

results on the Symmetry stationary phase, where both reequilibration volume and 

retention volume of acetone change significantly with temperature.   The situation is 

more similar to what is observed on the SymmetryShield stationary phase.  Both polar 

embedded groups seem to exhibit little, if any, temperature dependence of reequilibration 

volume.  However, on the SymmetryShield phase, the retention volume of acetone does 

change somewhat with temperature, while on the XTerra phase the change in retention 

volume is negligible. 
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 In order to investigate the effect of stationary phase solvation on van’t Hoff plot 

linearity, van’t Hoff plots using the same solutes and mobile phase were prepared using 

the Symmetry and SymmetryShield stationary phases.  If the amount of absorbed mobile 

phase changes with temperature, it should impart curvature into a van’t Hoff plot.  

Conversely, if the amount of absorbed mobile phase constant with temperature, van’t 

Hoff plots should be linear.  The results of the van’t Hoff experiments are shown in 

Figures 5.10 and 5.11 for the Symmetry and SymmetryShield stationary phases, 

respectively.  As expected, the van’t Hoff plots for the polar-embedded-group stationary 

phase are more linear than those on the non-polar-embedded-group phase.   

 

Conclusions 

By combining the reequilibration, retention, and van’t Hoff behavior of these 

three phases, we can begin to get a picture of the reequilibration process.  On both polar-

embedded group stationary phases, the reequilibration volume is independent of 

temperature.  This suggests that both the volume of absorbed strong solvent and the rate 

at which it is desorbed from these phases are constant.  It follows that, on the non-polar 

embedded group stationary phase, changes in reequilibration volume are due to changes 

in the amount of absorbed strong solvent.  If the volume of absorbed mobile phase is 

included in the stationary phase volume, we can conclude that the volume of the 

stationary phase changes with temperature on traditional C18 stationary phases, but is 

constant with temperature on polar embedded group phases.  In addition, van’t Hoff plots 

for the same solute and mobile phase on polar-embedded vs. non-polar embedded group 

columns have different shapes.  The use of a polar embedded group phase for the van’t 

Hoff analysis of a non-polar solute resulted in a linear van’t Hoff plot, while the 

corresponding plot for a traditional stationary phase was curved.  This change may be due 

to differences in the temperature dependence of solvation for these two phases.  Both the 

reequilibration and van’t Hoff analysis suggest that the solvation of the stationary phase 

on polar-embedded group columns is not a function of temperature, while on the 

traditional stationary phases solvation changes with temperature.  For this reason, polar 

embedded group columns may be a better choice for thermodynamic analysis in RPLC. 
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