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Foreword 

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide 
a mechanism for publishing symposia quickly in book form. The pur
pose of the series is to publish timely, comprehensive books devel
oped from ACS sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored 
by other organizations when the topic is of keen interest to the chem
istry audience. 

Before agreeing to publish a book, the proposed table of contents 
is reviewed for appropriate and comprehensive coverage and for in
terest to the audience. Some papers may be excluded in order to better 
focus the book; others may be added to provide comprehensiveness. 
When appropriate, overview or introductory chapters are added. 
Drafts of chapters are peer-reviewed prior to final acceptance or re
jection, and manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review pa
pers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

ACS BOOKS DEPARTMENT 
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Preface 

We became interested in the concept of unified chromatography as we considered 
the evolution of chromatographic theory and the recent investigations of several 
researchers pushing chromatography out of the norms of conventional parameter 
space. What happens, we wondered, if researchers use various conventional tech
niques as their starting points and push the boundaries of these techniques toward 
each other? Will researchers find a true boundary separating the various practices 
they already know, or will the boundaries merge? If so, will one theory suffice 
to explain all of chromatography regardless of the fluid state of the mobile phase? 
Are there more general treatments of the role of temperature, pressure, surface 
effects, molecular interactions, and so on that might bridge (or separate) the 
conventional techniques? What ramifications would all this have on the evolution 
of chromatographic practice and instrumentation? What effect, if any, would it 
have on the manner in which critical parameters are chosen in our never-ending 
search for optimal separations? 

To address this issue we organized a symposium of researchers doing some 
unusual things with chromatography. We invited speakers working with high 
temperatures, high pressures, unusual fluids, and unconventional conditions, as 
well as others looking at intermolecular interactions and other theories. This 
book is a compilation of some of those presentations plus a few postsymposium 
additions. The symposium was held at the American Chemical Society (ACS) 
National Meeting in Boston, Massachusetts, in August 1998, and was sponsored 
by the ACS Division of Analytical Chemistry. We hope that you find both the 
subjects and the perspectives stimulating. 

Each of the papers in this volume was peer-reviewed by individuals who freely 
contributed their time and effort to ensure the quality of the final product. We 
particularly wish to thank these reviewerws as well as the authors for all their 
efforts. We also thank the members of the Division of Analytical Chemistry 
Executive Committee, and especially Henry N . Blount III, for their encourage
ment and support throughout this project. Finally, we wish to acknowledge the 
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generous contributions of the Rohm and Haas Company and the Procter and 
Gamble Company for providing financial support for the original symposium. 

J . F . PARCHER 
Chemistry Department 
University of Mississippi 
University, MS 38677 
chjfp@olemiss.edu 
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Chapter 1 

Unified Chromatography: What Is It? 
J. F. Parcher1 and T. L. Chester2 

1Chemistry Department, University of Mississippi, University, MS 38677 
2The Procter and Gamble Company, Miami Valley Laboratories, 

P.O. Box 538707, Cincinnati, OH 45253-8707 

In this chapter we explain why we are interested in this concept, give 
some of the history, introduce some of the topics to be treated in the 
subsequent chapters, and set the stage for much further consideration. 

Today we are at an extremely exciting point in the development and refinement of 
chromatography. Researchers are recognizing that some of the perceived limits of the 
past are not real. We are using gases as mobile phases but compressing them until 
they have liquid-like properties. We are condensing what are ordinarily gases into 
liquids and using them as mobile phases at subambient temperatures where ordinary 
liquids are frozen solid. We are using ordinary liquids above their normal boiling 
points but still keeping them in the liquid state by the application of pressure. We are 
finding ways of reducing mobile phase viscosity, increasing diffusion rates, increasing 
analysis speed, tuning selectivity, and explaining retention more comprehensively. 
And we are removing the barriers that artificially distinguish and limit essentially 
similar chromatography techniques, thus opening new understanding and even more 
new possibilities. This is all included in the concept we call unified chromatography. 

We are not sure how far the concept can be developed or what additional 
benefits may arise. In fact, the only thing we are really sure of is what unified 
chromatography is not. The antithesis of the concept of unified chromatography is the 
often accepted practice that the methods, instrumentation, and theories employed in 
any particular separation technique, for example gas chromatography, are completely 
unrelated to those used in other separation techniques like supercritical fluid 
chromatography, liquid chromatography, or electrophoresis. 

We organized the symposium, from which this book was derived, to bring 
together people working with different aspects of chromatography. We wanted these 
people to consider the underlying similarities of their work, test the strength of the 
traditional boundaries separating chromatography into individual techniques, and help 
catalyze even more new work and understanding. 

The concept of "One World of Chromatography" has been an intriguing, albeit 
somewhat ethereal, Holy Grail for chromatographers for decades. Different 
individuals have proposed the idea of a unified theory, others a single instrument, 

© 2000 American Chemical Society 
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2 

while yet another group has advocated a single technique that would encompass all of 
the technology currently available. 

Martire has been a major proponent of a unified approach to the theory of 
chromatography. He first used the words unified theory in the titles of a set of papers 
(2,2) published in the early 1980s. The models were based on a statistical mechanical 
treatment of the equilibrium distribution of a solute between the stationary and mobile 
phases in liquid chromatography. While the initial work involved only liquid 
chromatography, the effort was soon extended to include liquid, gas, and supercritical 
fluid chromatography (3-6). The most recently developed models are based on the 
lattice fluid model first proposed by Sanchez and Lacombe in 1978 (7,8) and 
subsequently enhanced by Sanchez and his colleagues (9-12). The lattice fluid models 
are complex, but currently represent the only extant theory that can be used to 
interpret, let alone predict, the retention volume of a chromatographic solute as a 
function of pressure, temperature, and mobile phase composition and/or density. 

Analytical and physical chemists have long been using experimental results 
from phase distribution measurements to develop theoretical models to interpret 
retention volume data from chromatographic experiments. Chemical engineers have, 
in a similar manner, often used chromatographic results to describe the solubility of 
solids in supercritical fluids or mixtures of supercritical fluids and liquids in polymers. 
Shim and Johnston (13-15) studied the partition of toluene between fluid and 
polymeric phases. More recently, Eckert et al (16) studied the effect of various 
modifiers, viz., methanol, acetone, and isopropanol, on the swelling of 
poly(dimethylsiloxane) caused by the absorption of modifier by the polymer over a 
range of temperatures and pressures. Eckert et al (17) used the Sanchez-Lacombe 
lattice fluid model, the same basic idea used by Martire for his Unified Theory of 
Chromatography, to model the swelling, absorption, and isothermal phase behavior for 
the modifiers. Again, the lattice fluid models are complex, but their ability to describe 
such complex systems involving a solute, supercritical C0 2 and a polar liquid 
modifier, all in equilibrium with a polymeric stationary liquid phase, is quite 
remarkable and bodes well for our ability to develop a truly comprehensive theory for 
a hypothetical unified chromatography. The collaboration between chemists and 
engineers is encouraging and most certainly necessary for our further understanding of 
the fundamental mechanisms that control all types of separations. 

There also has been a push to develop instrumentation that could be used in a 
unified approach to chromatography. Ishii and Takeuchi (18,19) used the titles 
Unified Fluid Chromatography and Unified Capillary Chromatography to describe 
their work on the development of a single chromatographic instrument that could 
perform GC-, SFC-, or HPLC-like separations depending upon the temperature and 
pressure of the mobile phase. Recently, many individuals and groups have espoused 
the same idea, but to our knowledge, Ishii's group was the earliest to use the word 
unified in the title of a published article describing multi-use chromatographic 
instrumentation. 
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In 1991, the late Professor J. C. Giddings published a well-received book 
entitled Unified Separation Science (20), The volume was meant to be a textbook for 
a graduate-level course in separations. However, the author took advantage of the 
privilege of authority to remind those of us who teach such courses or workshops that 
"...it is more important to understand how it works than how to do it; basics rather than 
recipes. Procedures will change and evolve and old recipes are soon obsolete, but the 
underlying mechanisms of separation will be around for a long time." 

More recently, several authors have addressed the idea of unified 
chromatography rather than a particular implementation of the concept. In particular, 
Chester (21,22) has discussed what he calls "Chromatography from the Mobile Phase 
Perspective". He emphasizes the measurement and interpretation of phase diagrams of 
mobile phase fluids as a means of defining the chromatography and eliminating 
unnecessary boundaries between named techniques. The relation between the phase 
behavior of mobile phases and the resultant chromatographic performance of 
chromatographic systems is a fundamental relationship that is often overlooked. The 
primary reasons for such neglect are the experimental difficulty involved in the 
determination of phase diagrams, especially when binary or ternary fluids are 
considered, and the somewhat arcane nature of phase diagrams in general. 

We have based these introductory comments on a few of the chromatography 
publications where the term unified was mentioned; however, it is obvious that myriad 
publications could be cited in an effort to eliminate the artificial barriers established 
historically between the various forms of chromatography or separation schemes in 
general. Most of the so-called two-dimensional chromatography schemes can be 
viewed as progress toward a single, combined form of chromatography. And, finally, 
almost all of the papers presented at the Symposium, as well as the chapters appearing 
in this volume, present cross-cutting, state-of-the-art research by some of the old-
timers and new-comers in the field of separation science. If these presentations and 
articles help to eliminate some of the prejudice and tunnel vision evident in the 
chromatographic literature, then we will have fulfilled a portion of our original goal in 
opening for discussion the alluring concept of unified chromatography. 
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Chapter 2 

Unified Chromatography from the Mobile 
Phase Perspective 

T. L. Chester 

The Procter and Gamble Company, Miami Valley Laboratories, 
P.O. Box 538707, Cincinnati, OH 45253-8707 

Liquid, Subcritical Fluid, Enhanced Fluidity, Supercritical Fluid, 
Hyperbaric, Solvating Gas, and Gas Chromatographies are merged into 
a continuous model with no behavior gaps and no discontinuities. The 
distinctions between individually named techniques vanish in this 
unified model. It is based on the general phase behavior of Type I 
binary mixtures (in which the two components are miscible as liquids). 
Conventional Gas Chromatography and Liquid Chromatography are 
simply limiting cases of the unified model and exist when the column-
outlet pressure is ambient. Seeking the optimal conditions within the 
allowed parameter space leads to significant separation improvements. 
A unified chromatograph, with only a few new capabilities not already 
found on a conventional liquid chromatograph, already exists 
commercially and can perform all of the named techniques except 
conventional GC. 

The characteristics and outcome of a chromatographic separation not only depend on 
our selection of the stationary phase, mobile phase, phase ratio, velocity, etc., but also, 
more frequently than we may realize, on environmental factors. These are easily and 
often overlooked, especially in the practice of liquid chromatography (LC) or high-
performance LC (HPLC). 

LC has been practiced throughout most of its history at ambient temperature 
and outlet pressure. Column temperature control is common today, and temperatures 
somewhat above ambient are often chosen to adjust the selectivity, lower the mobile-
phase viscosity, and improve diffusion rates (i-5). But the full exploitation of 
temperature as an LC parameter is extremely limited when the column outlet pressure 
is left to default to one atmosphere (approximately 0.1 MPa)-LC cannot be performed 
at temperatures above the mobile-phase boiling temperature corresponding to the 
column outlet pressure (3-5). 

The developers of gas chromatography (GC) recognized very early that 
ambient temperature was not the best choice for the column. GC is quite sophisticated 

6 © 2000 American Chemical Society 
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today, compared to its early history, in its use of temperature control to enhance 
injection, solute focusing, separation, and mass transfer to detectors. In contrast, 
relatively little attention has been paid to mobile-phase selection and outlet pressure in 
GC, or to the effect outlet pressure would have on mass4ransfer properties when non-
inert mobile phases are considered. So far, this has been predominantly the realm of 
researchers developing supercritical fluid chromatography (SFC) and related 
techniques (6-11). 

This chapter will show how simply controlling what were originally 
environmental parameters-the column temperature and the column outlet pressure-
opens a new dimension of control and performance in chromatography and unifies all 
the column chromatography niche techniques (including LC and GC) into one simple 
and complete picture (12). 

The Deceptions of Ambient Conditions 

Surely life on Earth would be much different, or would not exist at all, if there were no 
liquid water present. Most life can only exist in a very narrow temperature range as 
compared to the extremes that exist terrestrially. The comfort range for humans is 
even smaller. Ambient pressure is almost as important to life as is temperature since 
liquid water can only exist in equilibrium with its vapor when the atmospheric 
pressure exceeds the vapor pressure of water. We have been blessed by Nature with 
ambient conditions on Earth that are, at the very least, very convenient to us. 

These same ambient conditions are also a curse and an impediment to fuller 
understanding of the true nature of things. Constant immersion in an "ambient" 
atmosphere that is 295 °K (give or take a few degrees), with a pressure never varying 
much from 0.1 MPa, composed of 21% oxygen, 78% nitrogen, etc., creates many 
experiences for us that we take for granted. Just imagine how long it took in the 
history of humankind to develop today's concept of air. Because of our constant 
exposure to environmental norms, the dependence of many behaviors on these norms 
is difficult to fully realize. 

Take, for example, our concept of fire. The National Fire Protection 
Association (of the U. S. A.) states in defining their fire triangle, "In order to have a 
fire, there must be three elements: fuel, heat, and air (more specifically, oxygen)" (13). 
However, this model is only valid in places where the "air" contains sufficient oxygen 
to support oxidative combustion. Imagine how different our explanation of fire, or of 
fuel for that matter, would be if our atmosphere were hydrogen, methane, or ammonia 
(assuming we were still here, of course). The point is that many or our expectations, 
and even many of our definitions, result from our ambient environmental conditions. 

What makes a solvent good for LC? We judge fluids as useful for particular 
purposes based on our experience in dealing with them at or quite close to ambient 
conditions. The first consideration in choosing a material for use as an LC solvent is 
its liquid behavior. Obviously, anything not liquid at ambient conditions is rejected 
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immediately. But in addition, "good" liquids would not be too volatile to use 
conveniently, nor too viscous to pour or pump. Only materials passing these 
requirements are then considered further for their ability to dissolve and transport 
solutes. One "good" fluid for our typical purposes is hexane. We would seldom 
consider using decane as an LC solvent since hexane has similar polarity, is still not 
too volatile at laboratory temperatures, and is much easier to pump through packed 
columns than decane. 

Similarly, we would seldom (if ever) think of using butane as a solvent in LC. 
It would be very inconvenient to store according to our usual LC expectations, and 
would require equipment modifications for pumping since it is a gas at ambient 
conditions. In pressure-driven LC systems, butane would exist in a liquid state at the 
inlet pressure of most columns (even if the temperature were elevated a few degrees 
above ambient), but would boil somewhere along the column length as the pressure 
diminishes upon nearing the column outlet. The outlet pressure, conveniently, is held 
quite close to 0.1 MPa by our atmosphere. (If the outlet tubing, detector, fraction 
collector, or any other equipment downstream from the column have any resistance to 
flow, the column outlet pressure can be elevated perhaps to as much as 3.5 MPa. Most 
practitioners consider such "high" outlet pressure undesirable since it can damage 
flow-through detector cells. This pressure is seldom monitored and almost never 
controlled.) Clearly, our choices for appropriate solvents, and our goodness measures 
of LC performance, are highly influenced by our ambient conditions. 

Now imagine what HPLC would be like if it had been developed in parallel 
with us at another location where the ambient conditions may be just a bit colder and 
the pressure a little higher—perhaps a place like Jupiter. How strongly would a 
stubborn Jovian chromatographer defend his or her (or its) ambient conditions as the 
correct ones and reject any notion to try different conditions? As strongly as we 
defend our ambient conditions, most likely! And what would be a good non-polar 
solvent on Jupiter? Jupiter is much too cold even for using butane. 

So, who would be correct? The road to Unified Chromatography begins with 
the realization that our ambient conditions may not be best for every purpose, and that 
no single set of conditions, including the column temperature and outlet pressure, is 
necessarily best for every separation. 

Phase Diagrams to Describe the Chromatographic Mobile Phase—Pure Fluids 

To continue down this road to unified chromatography it is necessary to consider the 
phase behavior of fluids that we use as mobile phases. A typical phase diagram for a 
pure substance is a pressure (P)-temperature (7) plot as shown in Figure 1. A 
boundary, the boiling line, separates the liquid (/) and vapor (v) states. Parameters like 
the density, dielectric constant, viscosity, etc. change continuously throughout both the 
liquid and vapor states, but when the boiling line is crossed and a liquid is converted to 
a gas by boiling (or vice versa by condensation) the fluid properties are changed 
discontinuously. 
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Figure 1. Pressure-temperature phase diagram for a pure substance, The distinction 
between the liquid and vapor phases ceases to exist at the critical point. 
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When conditions are adjusted to any point on the boiling line, liquid and vapor 
can co-exist in equilibrium. Of course, the liquid and vapor will have very different 
properties. If we then raise the temperature and pressure in concert to keep the two 
fluids co-existing in equilibrium while moving along the boiling line to higher 
temperatures and pressures, we would observe the corresponding properties in the two 
separate phases approaching each other. For example, the density of the liquid (which 
starts considerably higher than that of the vapor) will decrease, and that of the vapor 
will increase. Thus, the densities of the two fluids approach each other as the 
temperature and pressure are increased along the boiling line. 

If we continue traveling on the boiling line to higher temperatures and 
pressures, the two separate fluid phases continue becoming more and more alike. 
Eventually we will reach a point where the liquid and vapor phases become 
indistinguishable. The critical point is the point on the boiling line where the liquid 
and vapor phases merge. The coordinates of this point are defined as the critical 
temperature (Tc) and the critical pressure (Pc). At and beyond the critical point there 
are no longer separate liquid and vapor phases, but just one fluid phase which shares 
the properties of liquid and vapor. 

The region of the phase diagram at temperatures and pressures higher than the 
critical temperature and pressure values is formally (and arbitrarily) designated as the 
supercritical fluid region by both the American Society for Testing and Materials 
(ASTM) and by the International Union of Pure and Applied Chemistry (IUPAC) 
(14,15), This is indicated in Figure 2. This unfortunate designation introduces what 
appears to be a fourth state of matter, the supercritical fluid. This is an immense 
source of confusion among novices and even some experts. The literature is full of 
statements regarding the transition between a liquid and a supercritical fluid phase, or 
between a vapor and a supercritical fluid phase. This is incorrect. Discontinuous 
phase change occurs when the boiling line is crossed, but no discontinuous transitions 
or phase changes take place for isothermal pressure changes above the critical 
temperature or for isobaric temperature changes above the critical pressure. There are 
no transitions into or out of a supercritical fluid state even though the supercritical 
fluid region is defined formally. The distinction between liquid and vapor simply 
ceases for temperatures and pressures beyond the critical point. Figure 1, not Figure 2, 
is the accurate depiction of phase behavior. 

Instead of the familiar notion of discontinuous liquid and vapor states 
separated by boiling, as reinforced by our experience living in our water-rich world at 
more-or-less constant pressure, a more useful depiction of fluids for chromatographers 
is shown in Figure 3. Here we see a continuous one-phase region encompassing the 
ordinary liquid and vapor states. Ordinary liquids and vapors as we know them are, in 
essence, limits of this continuum. Note that it is possible to convert a liquid to a 
vapor, or a vapor to a liquid, without undergoing a discontinuous phase transition by 
choosing a pressure-temperature path that is wholly within the continuum. The 
required path simply goes around the critical point and avoids going through the 
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Temperature Tc 

Figure 2. The supercritical fluid region is formally defined as shown, however the 
apparent boundaries are not phase transitions, only arbitrary definitions. Figure 1 
is the more accurate representation of the actual phase behavior. 

System 
pressure I 

limit 

solid 

Continuous one-phase 
fluid region 

Temperature 
T 
Tc System! 

temperature 
limit 

Figure 3. The fluid continuum available to chromatographers. 
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boiling line. Also note that the maximum temperature and pressure we can safely use 
with our system also place limits on our use of the continuum. 

It is usually considered necessary to avoid phase transitions on a 
chromatographic column. Thus, we have to avoid crossing the boiling line as 
conditions (particularly the pressure) change between the column inlet and outlet. 
Thus, the temperatures and pressures near the boiling line and critical point need to be 
placed off limits to us over the entire column length. However, we are completely free 
to select conditions anywhere else within the fluid continuum shown in Figure 3 and 
take full advantage of whatever "unusual" mobile-phase properties we find. 

In the liquid region well below the critical temperature, the mobile phase is 
nearly incompressible. Therefore, in a typical, conventional HPLC experiment, 
varying the pressure has little effect on the mobile-phase strength. However, as the 
temperature is increased (perhaps with a suitable pressure increase to prevent boiling), 
the mobile phase becomes less viscous, diffusion rates increase, the liquid becomes 
increasingly compressible, and its strength becomes pressure-dependent. At 
temperatures and pressures just above the critical point, the fluid is highly 
compressible and pressure has a very large influence on the mobile-phase strength. 

For temperatures above Tc the solvent strength is continuously adjustable by 
means of pressure adjustment. The fluid has liquid-like solvent strength when 
compressed to liquid-like densities. The solvent strength diminishes as the density is 
reduced until, at sufficiently low pressures, the fluid behavior approaches that of a 
perfect gas with no significant intermolecular forces and no solvent strength. This gas 
behavior, of course, extends continuously to lower temperatures when the pressure is 
low enough. Thus, we have the ability to continuously tune the solvent strength from 
zero to liquid-like values by varying the temperature and pressure. 

Binary Mixtures. In chromatography we are often interested in using a multi-
component mobile phase instead of a pure fluid, particularly when we think of doing 
LC. It is useful to continue thinking of the fluid phase behavior, but this requires us to 
expand the phase diagram to include the composition variation possible in a binary 
mobile phase. We will only consider binary fluids here, but the general principles also 
apply to more complicated systems. 

Six general types of binary-mixture systems have been defined (16). Some of 
these systems have large miscibility gaps rendering them useless for chromatography 
over much of their composition ranges. However, Type I mixtures are the simplest 
and most widely used mixtures in LC. These are the mixtures in which the two 
components are miscible in all proportions as liquids. 

To consider the phase behavior of a binary mixture it is necessary to add to the 
phase diagram a third axis representing the fluid composition. We will build a Type I 
binary phase diagram from the phase behavior of the two, pure, fluid components. We 
will simply call the two components a and b. The choices of a and b are completely 
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arbitrary in this exercise except that a will be used to designate the more volatile 
component, and we will restrict the a and b choices to materials that together form a 
Type I binary mixture. 

What we see in Figure 4 are the boiling lines (shown as solid lines) for pure a 
and pure b as they exist in the planes at the limiting values of the composition axis for 
their binary mixture. These limiting planes correspond to the single-component phase 
diagrams like that in Figure 1. The triple points and the solid regions have been 
omitted from Figure 4 for clarity of the liquid-vapor (/-v) behavior. The boiling lines 
for a and b end at their critical points. Every intermediate mixture composition 
between pure a and pure b also has a corresponding critical point. The dashed line in 
Figure 4 depicts the locus of these mixture critical points spanning the composition 
dimension and connecting the critical points for a and b. 

We have seen that a pure material co-exists in the liquid and vapor states at 
equilibrium on a line (that is, the boiling line) in a two-dimensional phase diagram (as 
in Figure 1). However, the two-phase l-v region for a Type I binary mixture is a 
volume in three dimensions (pressure, temperature, and composition) as shown by the 
shaded section of Figure 5. Note that the critical locus runs over the top of the two-
phase region. This region collapses into the boiling lines for pure a and pure b at the 
limits of the composition axis at temperatures below critical for each pure fluid. This 
is difficult to visualize in print, and is further complicated in this case because the 
shaded section representing the two-phase region has been chopped off at 25 °C to 
show the shape of the isotherm at that temperature. Much of the a boiling line visible 
in Figure 4 is not shown in Figure 5, and all of the boiling line for pure b is hidden in 
the figure by the two-phase region. Keep in mind the two-phase region continues to 
lower temperatures, and solids will eventually freeze out as the temperature is 
lowered. 

When the temperature, pressure, and composition are set to a point within the 
two-phase region, l-v phase separation occurs. The compositions of the separate liquid 
and vapor phases are given by the intersection of a tie line with the boundary surface 
of the l-v region. The tie line runs through the point in question, parallel to the 
composition axis. The phase that is higher in a is the vapor. The compositions of the 
liquid and vapor are fixed, and the amounts present of each of these phases is 
determined by the overall composition specified for the system. 

Figure 5 happens to be a representation of the C02-methanol system. 
However, the main characteristics of this particular system apply equally well to any 
Type I mixture, so do not put any generality on the specific temperatures and pressures 
in this figure. Conventional LC becomes possible for Type I solvent systems when the 
upper l-v phase boundary surface is below atmospheric pressure at ambient 
temperatures so that the mobile phase is liquid over the entire length of the column 
(assuming the outlet is at or near atmospheric pressure). For example, methanol-water 
is a Type I system and can be conveniently used in conventional LC at ambient 
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Temperature 

Figure 4. Type I binary mixtures have a locus of critical points spanning the 
composition dimension and connecting the critical points of the two, pure 
components in the limiting planes. (Adapted with permission from reference 29.) 

Figure 5. The two-phase /-v region of a binary mixture is a volume in a three-
dimensional phase diagram. The Type I mixture C02-methanol is illustrated here. 
The two-phase region is the shaded interior of the figure. It has been cut off at 25 
°C to show the isotherm, but actually extends to lower temperatures. (Adapted 
with permission from reference 29.) 
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temperature and at somewhat elevated temperatures before the mobile phase boils (that 
is, before the system enters the two-phase l-v region at ambient pressure). 

The region outside the shaded section of Figure 5 is a continuous one-phase 
region analogous to the continuous one-phase region shown in Figure 3 for a pure 
fluid. It encompasses both the "normal" liquid and vapor states of the binary system. 
We are free to continuously vary temperature, pressure, and composition within the 
safety limits of the system, and go anywhere in this fluid continuum without 
experiencing a phase change as long as we do not enter the two-phase (shaded) region. 
We also must not forget that solids will freeze out at sufficiently low temperatures. 
The only restrictions for selecting chromatographic parameters to investigate is that we 
must stay away from P-T-X coordinates of the phase diagram where the mobile phase 
is not a single-phase fluid (the shaded section), and we must observe the maximum 
safe temperature and pressure limits for our system. 

Fitting Specific Chromatographic Techniques into the Phase Diagram 

We will continue to use the binary phase diagram to describe the l-v behavior of a 
chromatographic mobile phase without specifically assigning identities to the a and b 
components. Following the ASTM and IUPAC definitions of a supercritical fluid, we 
can highlight the section of the binary phase diagram that is always above the critical 
temperature and critical pressure for the mobile-phase system, that is, the supercritical 
fluid region for the Type I binary mixture. This is shown in Figure 6. If SFC is the 
technique practiced when the mobile phase is a supercritical fluid, then this is the 
region of the phase diagram where SFC is performed. If a one-component mobile 
phase is used (we will assume it is just the a component of our binary mixture), then 
the SFC region collapses into the shaded area of the near plane of Figure 6, in 
agreement with Figure 2. Solute relative retention in SFC depends strongly on the 
choices for the a and b components, their mole ratio, the temperature, and the pressure 
(particularly when a is very volatile and the mole fraction of component b is low). 

It is important at this point to realize that in packed-column SFC the pressure is 
usually actively controlled at the column outlet using a backpressure regulator or a 
pressure-controlled make-up flow (i 7). Mobile-phase flow is controlled at the column 
inlet. This combination of downstream pressure control and upstream flow control 
allows volumetric mixing of a and b in a two-pump system, and the simple application 
of composition gradients in a fashion identical to that in conventional LC. The 
column inlet pressure cannot be controlled with this arrangement and is always higher 
than the outlet pressure by the amount necessary to sustain the set mobile-phase flow. 
In open-tubular SFC, pressure is controlled at the inlet. The flow at the column outlet 
is mechanically restricted using a porous frit or by tapering the last few millimeters of 
the column down to a small orifice (7). The pressure drop on an open-tubular SFC 
column is so small (often less than 0.1 MPa) compared to the inlet pressure (often 7-68 
MPa) that the pressure is considered controlled at the inlet value over the entire 
column length. When using packed columns, or any column, under conditions 
producing a significant pressure drop, it is often the pressure at the column outlet (the 

 A
ug

us
t 1

5,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

00
2

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



16 

point in the column where the mobile phase is weakest and solute retention strongest) 
that most strongly influences the overall chromatographic behavior. 

What technique would we be doing if the temperature remained above the 
critical locus but the column outlet pressure were below? This region is shown in 
Figure 7. So far it is unnamed and largely unexplored. Many pressure-programmed 
SFC procedures are actually started in this region and then elevated into the formal 
SFC region in the course of the separation. If chromatography performed entirely in 
this lower-than-supercritical-pressure region needed a separate name, we could name it 
Hyperbaric Chromatography (HC). We would predict that solute retention would be 
much less in this region than when using the same column under GC conditions, but 
that chromatographic behavior here would be more GC-like than is SFC. Although 
the solvent strength of any particular mobile phase would be lower in HC than in SFC, 
the strength would be highly pressure-dependent. Retention and selectivity would also 
be influenced by the a and b choices, their ratio, and the temperature. 

Solvating Gas Chromatography (SGC) can be thought of as an extension of 
conventional GC in which a mobile phase (usually a single component, C0 2 or NH3) is 
chosen that will solvate the sample components to a significant extent at the column 
inlet pressure. In much of the work reported so far, the outlet pressure of packed 
microcolumns has been allowed to default to ambient (18-22). Thus, SGC could also 
be considered a limiting case of HC, that is, when the outlet pressure is allowed to 
default to ambient. The non-uniformities in velocity, mobile-phase strength, and local 
retention factors in these columns lead to complicated chromatographic behavior that 
should not be interpreted casually. However, the resolution achievable per unit time 
has surpassed the capabilities of conventional open-tubular GC in some cases. In our 
phase-behavior model, SGC would be practiced over the front face of the Hyperbaric 
Chromatography region with the understanding that the column outlet is at ambient 
pressure. 

You may have figured out that we are headed toward GC behavior, but we will 
postpone describing GC temporarily and move now to lower temperatures. The 
naming of techniques performed below the critical temperature has ignored the critical 
pressure. The realm of Subcritical (or near-critical) Fluid Chromatography (SubFC) is 
shown in Figure 8, where the temperature is always below the critical locus and the 
pressures ranges from ambient to the limits of the instrument. The a and b choices and 
their ratio would have a large influence on solute relative retention and selectivity, as 
would temperature. However, fluid in this region is less compressible and less 
pressure-tunable than when in the supercritical fluid region. If advantages arise with 
the use of low temperatures, a very volatile a choice will allow very low temperatures 
to be used. C02-based mobile phases are routinely used to temperatures as low as -50 
°C. 

A similar but separately named technique, Enhanced-Fluidity Liquid 
Chromatography (EFLC), and a subset called Elevated-Temperature EFLC, also exist 
over essentially the same temperature and pressure range and are shown in Figure 9 
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Figure 6. The region of the mobile-phase phase diagram, for Type I binary 
mixtures, in which supercritical fluid chromatography can be performed according 
to the formal definition of a supercritical fluid (light shading). The two-phase l-v 
region (dark shading) lies below and left of the SFC region. The near plane in the 
figure representing 100% component a is analogous with Figure 2. 

Figure 7. The region for Hyperbaric Chromatography (light shading) where the 
temperature is above critical and the pressure is below. The two-phase l-v region 
(dark shading) lies to the left. 
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Figure 8. Subcritical (or Near-Critical) Fluid Chromatography (light shading) is 
performed when the mobile phase is mostly component a at temperatures below 
critical and at pressures between the vapor pressure and the safety limit. The two-
phase /-v region (dark shading) is to the right and below. 

Figure 9. Enhanced-Fluidity Liquid Chromatography (light shading) is much like 
SubFC except the mobile phase is mostly component b, which is chosen to be an 
ordinary liquid. The two-phase l-v region (dark shading) is to the right and below. 
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(23,24). The only difference between EFLC and SubFC is that EFLC is defined as 
having mostly a "liquid" mobile phase (which would be b, our less-volatile 
component) with a viscosity-reducing component (a) added. The purposes of 
lowering the viscosity include raising diffusion rates, increasing optimum velocities, 
and shortening analysis times. So, in this phase-diagram model, EFLC occupies the 
space where the mole fraction of b is greater than 0.5, the temperature is subcritical, 
and the pressure ranges from the mobile-phase vapor pressure to the safety limit for 
the apparatus. The adjacent realm where the mole fraction of b is less than 0.5 is left 
to be called SubFC. (We should point out that EFLC has frequently been done using 
ternary mobile-phase systems such as water-methanol-C02, where the C0 2 is the 
viscosity reducer. With sufficient water in such a system, a miscibility gap occurs 
limiting the amount of C0 2 that can be added without causing a phase separation, thus 
imposing a real boundary between EFLC and SubFC. However, the phase-diagram 
model given here is completely accurate for systems that form Type I binary 
mixtures.) Mobile phases in the EFLC region would behave similarly to those in the 
SubFC region with respect to the influence of composition, temperature, and pressure, 
except that we would expect pressure to have an even smaller influence. The 
compressibility steadily diminishes in this region as we raise the content of a "liquid" 
b component. 

In this model, LC and GC are limiting behaviors, and are situated as shown in 
Figure 10. Conventional LC is usually practiced at or near ambient temperature. 
Since typical LC liquids have so little compressibility at conventional LC pressures, 
there is no reason to be concerned about pressure except to generate flow (as long as 
the columns and their packings are not damaged). In spite of the pressure drop over 
the column length, the strength of the mobile phase is nearly uniform over the entire 
column in conventional LC (in isocratic operation). If flow could be generated by 
some other means, the relative retention of solutes would be unchanged from the 
pressure-driven-flow case. Therefore, pressure is not a parameter capable of 
controlling relative retention to a significant extent in conventional LC. There is no 
particular reason to adjust the outlet pressure, and it is usually allowed to default to 
ambient. Therefore, in our model, conventional LC exists in the limit when the 
temperature and outlet pressure are allowed to default to ambient and a and b are both 
chosen from among well-behaved liquids under these conditions. High-temperature 
LC basically uses conventional LC as a starting point and moves toward higher 
temperatures, sometimes with additional outlet pressure applied to somewhat raise the 
boiling temperature of the mobile phase. (There are measurable effects of pressure on 
mobile-phase strength and selectivity using common liquids at conventional LC 
pressures (25). Pressures well above those of conventional LC have even more 
influence (26). But these effects are very small compared to the pressure dependence 
observed in SFC and EFLC experiments.) 

GC behavior exists when solute-mobile-phase forces are essentially zero. 
Pressure has no influence on relative retention when the intermolecular forces in the 
mobile phase are zero to begin with. Thus, pressure has no purpose in conventional 
GC other than to generate flow. The column-outlet pressure is allowed to default to 
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Figure 10, The regions for conventional GC and LC shown relative to the two-
phase l-v region (dark shading).  A
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whatever is convenient, usually to the atmosphere or to the pressure of a detector. 
Similarly, the mobile-phase composition has no influence on solute retention if there 
are no significant intermolecular forces in the mobile phase, so only one mobile-phase 
component is necessary. It is chosen to be inert to the solutes and to the stationary 
phase, and to provide fast diffusion rates. Thus, helium and hydrogen are widely used. 
High-temperature GC simply extends the classical behavior to higher temperatures. 

Degrees of Freedom in the Mobile Phase 

We have described the mobile phase in terms of its temperature, pressure, and 
composition. We will now consider the influence of these mobile-phase parameters on 
solute relative retention and selectivity. Which mobile-phase parameters can we use to 
adjust solute relative retention and selectivity, and how many ways can we control a 
separation? In this consideration we will not include stationary phase choice or 
adjustment, but limit ourselves only to mobile-phase parameters. 

In HC at solvating pressures and in SFC at high temperatures and low b 
concentrations, we would expect strong dependence of solute retention on all three 
mobile-phase parameters. Thus, we would have three independent means of adjusting 
retention, i.e., three degrees of freedom, assuming these parameters affect various 
solutes in different ways. In SFC and in SubFC and EFLC, the influence of pressure 
diminishes as the concentration of the b component increases and as the temperature 
decreases. This occurs because the mobile phase becomes less compressible as we go 
in these directions, but temperature and composition both remain important. We 
might say that we have something between two and three degrees of freedom under 
these conditions. (But keep in mind that pressure is still extremely important in 
keeping the mobile phase from boiling.) 

Conventional GC and LC are clearly limited in their behaviors and our ability 
to make adjustments affecting relative retention. In GC the mobile phase is 
completely inert and non-solvating, so pressure and composition have no influence on 
solute relative retention. The only retention-control parameter is temperature; thus GC 
has one degree of freedom. In conventional LC, mobile phases are nearly 
incompressible, so pressure has little useful influence on relative retention. 
Temperature is important, but has been allowed to default to ambient in most of the 
work reported to date. LC at ambient temperature has just one degree of freedom, the 
mobile-phase composition. If temperature could be fully exploited we might say that 
LC has two degrees of freedom, but the useful temperature range is very limited as 
long as the outlet pressure is allowed to default to ambient. Clearly, we have to 
control the column-outlet pressure in LC to achieve the most benefit from temperature 
tuning. 

Unification 

You may have already noticed that the various individually named chromatography 
regions within the phase diagram model fit together perfectly, with no gaps and with 
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no meaningful physical or chemical discontinuities, filling the continuum of one-phase 
fluid behavior described earlier. This is depicted in Figure 11. The only things 
separating these techniques are their arbitrary names. Clearly, the boundaries 
separating these individually named techniques are completely without merit except 
for the surface of the 2-phase l-v region. This is unified chromatography from the 
mobile phase perspective. We are completely free to use conditions anywhere within 
the single-phase continuum within the pressure and temperature limits of our 
instrument. Furthermore, we can take full advantage of favorable mobile-phase 
properties that do not exist in the limiting, conventional techniques of GC and LC. 

Building a Unified Chromatograph. Let us omit conventional GC from the picture 
for the moment (because of the practical difficulties of designing one pump that could 
operate equally well with helium or hydrogen, with liquefied gases, and with normal 
liquids). We will now consider the essential capabilities necessary for a single, 
packed-column instrument to use the remainder of the continuum. We need a 
pumping system with two independent pumps operated under flow control to allow 
volumetric mixing of the a and b solvents. The a pump would have to be capable of 
pumping fluids as volatile as liquid C0 2 or as ordinary as any normal liquid ranging 
from water to hexane. The b pump could be similar or could be a conventional LC 
pump if we are willing to restrict the b solvent to ordinary liquids. 

A high-pressure loop injector is completely sufficient. A temperature 
controller is necessary for the column. It is not particularly important for the injector 
to be at the column temperature as long as the sample is soluble in the mobile phase at 
ambient temperature and there is continuity of the fluid phase behavior between the 
injector and the column inlet (going through the temperature change). The column 
could be a perfectly ordinary LC-type column, but we must remember the temperature 
cannot exceed the maximum dictated by the column components and the stationary 
phase. Selecting stable columns and stationary phases will increase our usable 
temperature range. 

For now we will consider using a flow-through spectroscopic detector. It too 
can be a perfectly ordinary LC detector in its spectroscopic traits. Just as with the 
injector, the detector can operate at ambient temperature as long as the sample 
components remain soluble in the mobile phase and there is continuity of the fluid 
phase between the column outlet and the detector. We can't ignore pressure in the 
detector, however, since our mobile phase may be highly volatile and may boil at 
detector temperature (even if it is only ambient) if we don't keep the pressure 
sufficiently elevated. For this reason we will operate the detector at column outlet 
pressure rather than at ambient pressure. We can accomplish this by controlling the 
pressure downstream from the detector instead of at the column outlet. For this we 
need to add a backpressure-regulating device as described earlier. 

We would want wide specifications for this instrument to allow us a generous 
coverage of the mobile-phase continuum. Continuously adjustable column 
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temperature from -60 °C to 350 °C, and outlet pressure from ambient to about 40-45 
MPa are easily achievable with today's technology. 

This instrument we just described, a Unified Chromatography is shown 
schematically in Figure 12. This instrument would be capable of operating over the 
entire mobile-phase continuum (except for conventional GC). This encompasses 
conventional LC, SubFC, EFLC, SFC, and HC. It only excludes conventional GC 
because of the pump restriction we imposed, not because of any discontinuity in fluid 
behavior. 

This instrument exists today. It is available commercially in analytical scale 
from three different suppliers (although not all three provide quite the full temperature 
and pressure range mentioned earlier), and is called a Packed-Column Supercritical 
Fluid Chromatograph. This is a most unfortunate name choice since it implies limited 
capability (as described by Figure 5) while the actual instrument is considerably more 
capable than a conventional LC instrument! In fact, looking at Figure 12 we see that 
all the components of a conventional LC instrument are included. This, of course, is a 
consequence of our model since LC is a limiting case of Unified Chromatography, and 
LC is not excluded by our pump specifications. 

We could go through a similar exercise to design a unified chromatograph for 
open-tubular chromatography. In this case we might include GC (because of the 
strong similarity of existing open-tubular GC and SFC instruments) but omit LC. This 
choice would arise because open-tubular LC is too slow to interest practical analysts. 

Advantages of Unified Chromatography 

Let us assume we are separating two dissimilar solutes that co-elute under a particular 
set of mobile-phase conditions. The specific intermolecular forces responsible for 
retaining these solutes are likely going to be different for each solute (even though the 
total influence of all these forces is the same since they coelute). The two solutes are 
therefore likely to respond somewhat differently to changes in the a/b ratio, the 
temperature, and the pressure if we work in a region where these parameters have 
influence, as described earlier. Thus, we have opportunities to adjust the selectivity 
and to accomplish a reasonable separation by varying easily and rapidly adjustable 
mobile-phase parameters. Figure 13 shows an SFC example of the influence of 
temperature on a separation of vitamins and how selectivity can be effectively tuned 
(27). This mobile-phase tunability decreases methods development time because 
temperature and pressure can be changed and the column re-equilibrated much quicker 
than columns and mobile-phase components can be changed. Fewer columns and 
mobile-phase components need to be investigated before arriving at a suitable 
separation. 

Reducing mobile-phase viscosity and increasing mobile-phase diffusion rates 
result in faster optimum velocities and shorter analyses than in conventional LC. 
Picking a highly volatile a component, minimizing the %b, and using relatively high 
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Figure 11. Unified Chromatography is the combination of all the individually 
named techniques over the continuum of single-phase fluid behavior. We are free 
to set pressure, temperature, and composition anywhere in the light-shaded region 
without regard to technique naming conventions. We must avoid the darkly 
shaded region where l-v separation occurs. 

Injector 

f \ 
Pump A, Pump B, 
Main Fluid Modifier/ 
(Flow- Additives 
controlled) (Flow-

^ —' jDontrolled^ 

Back-

High-Pressure ρ™γ* 
Detector R ? 9 u l a t o r 

a-

Figure 12. A packed-column Unified chromatograph. This type of instrument is 
already available commercially and is known as a packed-column Supercritical 
Fluid Chromatograph, an unnecessarily limiting misnomer. 
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temperatures and low pressures all increase speed. Optimum velocities up to about 
ten-times conventional LC are possible, but factors in the range of three to five are 
quite realistic and can usually be achieved. 

With much faster optimum velocities, analysts can often afford to use higher 
retention factors while still accomplishing a separation in less time than in 
conventional LC. This can significantly contribute to resolution in cases where 
selectivity between solutes is low (that is when the separation factor, a, is near unity). 
Another possibility afforded by lowering the viscosity is the ability to use much longer 
columns than is possible in conventional LC. Again, this ability helps us in situations 
where the solutes have low α values, are retained well, and the only recourse in 
achieving additional resolution is to add theoretical plates (column length) to the 
system. While lengthening the column obviously adds more time to the analysis, the 
analysis time with 1-m-long columns in packed-column SFC is approximately the 
same as with a 0.25-m column used with conventional LC. A separation helped by 
using a long column is shown in Figure 14 (28). 

In more ordinary separations, the operating costs per sample can be reduced 
tremendously by minimizing analysis time and achieving more work per analyst, 
instrument, square meter of lab space, and etc. The use of C0 2 as a mobile-phase 
component is not required in the general concept of Unified Chromatography, but 
when it can be used additional savings are possible by reducing the use of liquid 
solvents and the production of liquid waste. 

Optimization in Unified Chromatography 

This is conceptually quite simple. After picking the stationary phase and the a and b 
solvents to investigate, a worker simply varies the remaining parameters in a 
systematic fashion to find the global optimum within our permissible parameter range, 
that is the mobile-phase continuum limited by the system maximum temperature and 
pressure. Note that this is no more complicated than adding column temperature and 
outlet pressure to what is already done to optimize LC separations. The starting point 
can be anywhere in the fluid continuum as long as the optimization process is wide 
enough to find the global optimum. The driver for the optimization would be 
specified according to the worker's immediate needs, such as achieving at least some 
required resolution between sample components in minimum time. 

Finding the global optimum assures us that we have found the best separation 
possible for the initial stationary phase and solvent choices according to the needs 
specified by the driver. Note that professional analysts would not care in the least 
where the optimum exists in the phase diagram or what the optimum technique would 
be called according to anyone's naming convention. The technique name simply does 
not matter in the unified approach. What is important to the analyst is searching the 
entire parameter space and finding the best separation conditions rather than settling 
for any ambient condition by default. 
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Retention Factor vs Column Temperature 

5K vitamin A P 

A peak Y at 265 nm 
Λ χ peak Ζ at 320 nm 

• D 3 at 265 nm 

• peak X at 265 nm 

Η 
50 

Column Temperature 

Figure 13. Selectivity tuning by temperature for vitamins A palmitate and D3. 5-
μπι Inertsil Phenyl, 4.6 mm χ 250 mm; 2% methanol in CO2 run at 18 MPa outlet 
pressure. Peak D3 co-elutes with peak ζ at 30 °C, and with peak χ at 50 °C, but is 
baseline-resolved from both at 40 °C (27). 

Bai 

& 
^3e7. 
"cô 
j§2e7 
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1e7-

ie Peak Chromatogram of +Q1 : from sfc98 017 5 0 4 6 7 C P S 

δ 10 15 T . .20 25 30 Time, mm 

Figure 14. Comparing a 250-mm-long column (upper) with a 750-mm-long 
column (lower), both used at 2 mL/min, for the separation of a complicated 
nonionic surfactant mixture. Conditions: 4.6-mm χ 250-mm Deltabond cyano 
column (three used in series in the lower figure), 100 °C, 20 MPa outlet pressure. 
C02/methanol gradients: 3-minute initial hold at 1 (volume) % methanol followed 
by a 1%/min ramp to 10% methanol (upper), and a 3-min initial hold at 3% 
methanol followed by a 0.5 %/min ramp to 30% methanol (lower) (28). 
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It is important to be completely fair and to point out that if the a and b solvents 
are both normal liquids, outlet pressure may not be especially important if the 
optimum temperature is well below the normal boiling point of the mobile phase. In 
these cases ambient outlet pressure is as good as any and is extremely convenient. 
However, with outlet pressure control it will likely be rare that normal liquids will 
provide the performance (particularly speed of analysis) capable when at least one 
mobile-phase component is too volatile for conventional LC. 

Cost and Risk 

The additional components necessary for a Unified Chromatograph are relatively 
inexpensive and only add about 20% to the price of an otherwise comparable LC 
instrument. Some improvements in the a pump are necessary to allow pumping very 
volatile fluids and liquefied gases. Improvements are also required in the column oven 
and the detector cell (to accommodate detection at the column-outlet pressure). 
Finally, it is necessary to add a downstream pressure regulator. These additional 
controls add tremendous capability above and beyond basic LC and compromise 
absolutely nothing. 

With this in mind, consider the risk vs. the reward of Unified Chromatography. 
If a worker is already considering the purchase of a conventional LC instrument, the 
only money put at risk is the 20% addition for the new capabilities, not the entire cost 
of the instrument. This is so because, in the worst possible outcome, the worker would 
still have all the capabilities (and more) of a brand new LC instrument within the 
Unified Chromatograph. Considering rewards, the worker may increase the rate of 
producing results by three to five times and reduce the cost per analysis by as much as 
70%. In addition, the fuller range of selectivity and its control and the additional 
efficiency via longer columns, all possible in Unified Chromatography, will lead to 
successful separations not always possible with conventional LC. 

Conclusion 

With the unified picture in mind, it becomes apparent that arguments aimed at 
discrediting any specifically named technique while benefiting another are totally 
baseless. For example, it makes no sense to condemn SFC while defending 
conventional LC or GC. Likewise, it makes no sense to promote the somewhat 
limited expansion of conventional techniques, for example high-temperature LC with 
ambient or slightly elevated outlet pressure, while discrediting new techniques with 
really expanded capabilities. 

The defense of established, named techniques is a natural reflex resulting from 
several causes. Perhaps the most significant is the research funding mechanisms 
existing in most of the world. Established researchers often must defend their vested 
interests or risk losing their funding. New researchers have to find a unique, new 
technique to define, promote, and defend in order to get and keep funding. Thus, 
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amplifying trivial differences and building up otherwise meaningless walls between 
similar techniques has occurred for many years. This will be really difficult to undo. 

Instrument manufacturers have also adopted strategies reinforcing the 
proliferation of individually named but similar techniques. The manufacturers' first 
interest is to defend their existing instrument market. When a new technique first 
appears, it is usually condemned by all those manufacturers feeling threatened. Those 
manufacturers offering something radically new often position it not to threaten the 
other products they offer. Thus, new named techniques are created, and special, new 
instruments or accessories are sold. The manufacturers following this divide-the-
market strategy would like nothing better than to sell every well-equipped laboratory 
at least one of every kind of instrument they can name. This is the natural course until 
the customers catch on, change their expectations, and the manufacturers respond to 
the demands of the market. 

Unified Chromatography, as described here, puts an end to all this. It greatly 
widens the possibilities for choosing mobile-phase components, temperatures, and 
pressures; focuses on achieving the best results possible wherever they might occur 
within the mobile-phase continuum; and represents no loss or compromise in any 
existing capability. 
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Chapter 3 

Pressure as a Unifying Parameter 
in Chromatographic Retention 
C. E. Evans, M. C. Ringo, and L. M. Ponton 

Department of Chemistry, University of Michigan, 
Ann Arbor, MI 48109-1055 (ceevans@umich.edu) 

As a fundamental thermodynamic parameter, pressure may be 
expected to play an important role in solute retention for all 
chromatographic separations. However, pressure is commonly 
considered to be a significant parameter in chromatographic 
separations only when the mobile phase is highly compressible. In 
this chapter, the impact of pressure on solute retention is assessed for 
gas, supercritical fluid, and liquid chromatography. Contributions 
from both the bulk-phase compressibility and changes in partial 
molar volume upon interaction are evaluated. Although the pressure 
dependence of solute retention in LC is commonly overlooked due to 
minimal mobile-phase compressibility, changes in the solute partial 
molar volume upon interaction with the mobile and stationary phases 
give rise to significant pressure-induced capacity factor shifts. 
Together, these factors point out the important unifying role of 
pressure as a fundamental parameter in describing chromatographic 
retention. 

Introduction 

Solute retention in chromatographic separations results from the normalized 
migration rate of solutes through a column containing a mobile and a stationary 
phase. As a result, solute retention is a complex function of solute-solvent 
interactions in the mobile phase and solute-interphase interactions in the stationary 
phase. Several generalized, unified models have been proposed to describe solute 
retention (1-5). As a fundamental thermodynamic parameter, pressure is expected 
to be directly related to solute retention for all chromatographic separations. 
However, pressure is often considered to be an important parameter only for those 
separations where the mobile-phase compressibility is considerable. Indeed, the 
relationship between pressure and solute retention has been studied extensively for 
gas and supercritical fluid separations. Only recently has pressure been shown to be 
an important parameter in liquid chromatographic separations. In this manuscript, 
we illustrate pressure as a unifying parameter in chromatographic separations -
showing the importance of bulk-phase compressibility as well as solute partial 
molar volumes. 

30 © 2000 American Chemical Society 
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Theoretical Considerations 

Although chromatographic separation is an inherently nonequilibrium process, 
solute retention is evaluated at the centroid of the solute zone where near-
equilibrium conditions are maintained. As a result, solute retention may be 
characterized using equilibrium thermodynamics (5). One primary descriptor of 
solute retention in elution chromatography is capacity factor (k), which relates the 
retention time of a solute to the void time of a nonretained compound. Solute 
capacity factor is directly related to the equilibrium distribution coefficient of the 
solute between the stationary and mobile phases (K), and the volume ratio of the 
stationary (V s t a t) and mobile (Vm ob) phases. 

k = K ^ s L (1) 
Ymob 

As a primary parameter, pressure may be expected to have a significant impact on 
both the bulk properties and the equilibrium properties of chemical systems (6, 7). 
As a result, the equilibrium constant as well as the absolute volumes dictating the 
phase ratio may be pressure dependent. However, as chromatographic systems are 
commonly fixed volume, an absolute volume decrease in the more compressible 
mobile phase must be mirrored by an absolute volume increase in the stationary 
phase. As a result, the overall, pressure-induced change in the absolute volumes of 
the phases will be limited by the least compressible phase. In most cases of 
chromatographic interest, the pressure dependence of the phase ratio will be limited 
by the stationary phase compressibility. Although the stationary phase has been 
shown to exhibit measurable changes in volume in some cases (vide infra), the 
resulting contribution to the pressure-induced perturbation in solute retention is 
quite modest. In contrast with absolute phase volumes, a wide range of equilibria 
have been shown to be pressure dependent (6, 7). As a result, the pressure 
dependence of solute retention is most often predominated by pressure-induced 
shifts in separation equilibria. 

Assuming an immiscible stationary and mobile phase, previous thermodynamic 
predictions have shown that solute retention can be described as a function of a 
partial molar volume term and a bulk compressibility term (8-11). 

(dink} ( 
î.stat ^i.mob 

13p A 
i,stat vi,mob 

RT 
Kmob — ^ Kmob @) 

The validity of this expression depends on the presumption of no solute-solute 
interactions and describes a fixed volume system where V m o b + V s t a t = constant. 
The first term describes the difference in the solute partial molar volume between 
the mobile phase (Vj>mob) and the stationary phase (Vi > s t a t ) . The solute partial 
molar volume ( VO is given by 

3n i y 

(3) 
T,P 

where V is the solution volume and nj is the number of moles of solute. Solute-
solvent or solute-interphase interactions have a profound influence on the volume 
per mole of_solute. That is, cohesive solute-solvent interactions lead to negative 
values for Vi ) i n o b, whereas repulsive interactions result in positive Vj j m ob values. 
The second term in eq 2 describes the relative decrease in mobile-phase volume 
with pressure as the isothermal compressibility, K m o b. 
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As shown in Table I, the fluids of interest here exhibit a broad range of isothermal 
compressibilities, spanning about 4 orders of magnitude. Based on eq 2, the 
expected impact of mobile-phase compressibility and solute partial molar volume 
differences on solute capacity factor is illustrated in Table IL_ Clearly, for those 
cases where both the mobile-phase compressibility and the Δ Vj are considerable, 
there is a large impact on solute capacity factor. Interestingly, even for cases where 
the mobile-phase compressibility is modest, significant perturbations in solute 
capacity factor are predicted for some solutes. 

Table I. Relative contributions of mobile-phase compressibility and solute 
partial molar volumes to the pressure dependence of solute retention. 

GC 

SFC 

LC 

Kmob 

10-1 bar1 

significant 
contribution 
10"1 to 10-3 bar1 

significant 
contribution 
10-4 to ΙΟ 5 bar1 

negligible 
contribution 

V. - V. 
Ti,stat Ti,mob 

RT 

plnk^j 

V i mob-0; V i stat moderate Magnitude: moderate 
small contribution Direction: negative 

Vi,mob dominates 
very large contribution 

V i , m o b and V i f S t a t small 
significant contribution 

Magnitude: very high 
Direction: negative 

Magnitude: moderate 
Direction: negative or 
positive 

Table II. Predicted pressure-induced changes in solute capacity factor for a 
100 bar increase in pressure.t 

Kmob A V i Ak/k (%) 

KHbar 1 — -1% 

10"2 bar1 . . . -60% 

KHbar 1 +10cm3/mol -5% 

KHbar 1 +100 cm3/mol -30% 

KHbar 1 -10em3/mol +3% 

KHbar 1 -100 cmVmol +50% 

KHbar 1 +100 cm3/mol -80% 

K H bar1 +1000 cm3/mol -100% 
t Τ = 298 Κ. 
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Originally derived for supercritical fluid applications, the relationship shown in 
eq 2 does not require specification of the mobile phase and is applicable to gas, 
liquid, or supercritical fluid phases. In this chapter, we compare and contrast the 
pressure dependence of solute retention for the more well-known gas and 
supercritical fluid mobile phases with the less characterized liquid mobile phases. 
Specific attention is focused on the relative roles of mobile-phase compressibility 
and changes in solute partial molar volume as shown in Table I. 

Gas and Supercritical Fluid Chromatography 

The pressure dependence of solute retention has been extensively studied for both 
gas (12-15) and supercritical fluid (16-27) chromatography. Considering first the 
influence of bulk-phase behavior, the isothermal compressibility is quite high for 
both gases and supercritical fluids (Table I). As a result, the mobile-phase 
compressibility represents a significant contribution to the pressure dependence of 
solute retention in both GC and SFC. Not only is the magnitude of K m o b quite high, 
but both fluids exhibit a significant range of compressibilities with pressure. Based 
on eq 2, a pressure increase is predicted to result in a decrease in solute retention if 
mobile-phase compressibility is the primary contribution. 

However, the role of the solute partial molar volumes in the mobile and 
stationary phases must also be considered. In the case of gases, relatively little 
interaction between the solute and the gaseous mobile phase is expected, resulting in 
a V i 5 m ob of near zero. Stationary-phase interactions are expected, however, leading 
to relatively small values of V i ) S t a t (77). This combination of factors results in a 
moderate pressure dependence on solute retention in gas chromatographic 
separations, where the mobile-phase compressibility is the primary contribution. As 
a result, an increase in pressure gives rise to a modest decrease in solute retention in 
gas chromatographic separations. 

The high compressibility of supercritical fluid phases suggests a dominant role 
for K m o b in the pressure dependence of solute retention in SFC as well. However, in 
contrast with gases, supercritical fluids exhibit large changes in solute partial molar 
volume upon partitioning into the stationary phase. Indeed, the magnitude of the 
partial molar volume for solutes in the SFC stationary phases is significant. For 
example, in the polysiloxane stationary phases extensively studied for SFC, 
naphthalene is shown to exhibit partial molar volumes ranging from +400 to -2000 
cm3/mol (10, 11, 27). These values are indicative of the order of magnitude of 
Vi,stat with the range likely reflecting differences in the polarity, film thickness, and 
crosslinking of the stationary phase. By contrast, the partial molar volume of 
solutes in supercritical mobile phases are nearly always negative and very large in 
magnitude. Supercritical fluids form a highly compact solvation shell around the 
solute, resulting in this significant decrease in volume when the solute enters the 
supercritical phase. Accordingly, partial molar volumes of solutes in supercritical 
fluids have been determined up to -18,000 cm3/mol for typical SFC temperatures 
and pressures, with Vj i m o b approaching extremely large negative values near the 
critical point (8, 10, 11, 18, 22, 27). As a result, pressure-dependent retention in 
SFC separations is most often dominated by the partial molar volume term in eq 2. 
In addition, the compressibility and the partial molar volume terms have identical 
directionality, leading to a large decrease in the solute capacity factor with pressure. 
It is this large, solute-specific shift in retention that leads to the successful 
implementation of pressure as a control parameter in supercritical separations. 

In contrast to other chromatographic methods, the stationary and mobile phase 
in supercritical fluid chromatography often exhibit significant mutual solvation. 
Stationary-phase "swelling" by supercritical fluids can be quite significant, with 
changes in volume of up to 190% (19, 21). These changes in the stationary-phase 
volume may be pressure dependent, leading to an additional factor affecting the 
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pressure dependence of solute retention. For example, (poly)dimethylsiloxane 
rubber in contact with supercritical carbon dioxide at 35 °C exhibits a relative 
change in volume of 50% at 80 bar and 83% at 270 bar (21). As a result, 
supercritical fluid chromatography represents an interesting case in which the 
stationary-phase volume is not only pressure-dependent, but may increase with 
increasing pressure. A number of theoretical models for SFC retention have 
incorporated the influence of stationary phase swelling on the pressure dependence 
of solute retention, (1, 2, 9) with the thermodynamic approach described in eq 2 
now including an additional additive term (9). Although important, this factor 
represents only a modest contribution to the overall change in solute retention, 
contributing less than 10% of the total change in capacity factor with pressure 
predicted for supercritical C O 2 separations using a poly(dimethylsiloxane) 
stationary phase(9). Thus, the mobile-phase compressibility and differences in the 
solute partial molar volume are the primary contributors to pressure-induced 
retention shifts in SFC. 

Liquid Chromatography 

In contrast with GC and SFC, pressure is commonly ignored in liquid 
chromatographic separations and considered only as a mechanism to drive mobile-
phase flow. Indeed, the isothermal compressibility is several orders of magnitude 
lower for liquids (Table I) and K m o b does not change significantly over the pressure 
range commonly utilized in LC (> 350 bar) (28). As a result, a 100 bar increase in 
pressure is predicted to only yield a decrease in k of 1%, based solely on mobile-
phase compressibility ( K m o b ~ 10"4 bar1). Nonetheless, experimental studies have 
demonstrated that pressure can have a significant impact on solute retention (29-40). 

Although compressibility is not a major contributor to pressure-induced 
changes in k, partial molar volume effects have been shown to play an important 
role. Compared to other separation methods, liquid chromatography employs a 
diverse number of stationary and mobile phases. Accordingly, a number of different 
equilibria play a role in solute retention and must be considered in the effect of 
pressure on retention. Pressure has been implicated in solute ionization changes 
(33) as well as stationary-phase modification by the mobile phase (31,32). In one of 
the earliest studies, ion-exchange interactions are shown to exhibit a positive Δ Vj of 
5 cm3/mol, measured in the region of 500 to 1500 bar for azo dyes separated on a 
silica stationary phase (29, 30). In contrast, HPLC separations in which 
complexation with a surface-bound species is the dominant retention mechanism, 
changes in partial molar volume upon complexation are highly solute dependent and 
may be positive, negative, or zero. For β-cyclodextrin stationary phases, changes in 
the partial molar volume for solute complexation range from -12 to +17 cm3/mol for 
different solutes (37, 38). This range from positive to negative values has been 
hypothesized to arise from differences in the complex structure (38). Consistent 
with their use in liquid chromatography, one of the most investigated classes of 
retention equilibria is partitioning into an alkylsilane stationary phase. For a series 
of fatty acid derivatives separated on a monomeric octadecylsilane stationary phase, 
the change in partial molar volume (A Vj) upon partitioning is determined to range 
from -8 to -20 cm3/mol (34, 35). In this case, the alkyl chain of the fatty acid 
partitions from a pure methanol mobile phase into a CI8 stationary phase yielding a 
AVj/CH2 of approximately -1.2_çm3/mol (34, 36). Recent studies indicate that the 
isomers of nitrophenol exhibit Δ Vj values ranging from -6 to -8 cm3/mol, similar in 
magnitude to their six-carbon alkyl chain counterparts (39). These values are also in 
reasonable agreement with recent studies of dihydroxybenzenes using a nonporous 
stationary phase and a much broader pressure range (4 kbar) (40). Calculations 
based on retention data for catechol, resorcinpl, and hydroquinone, separated using a 
10:90 acetonitrile:water mixture, show ΔΥ[ values of -6, -4, and -10 cm3/mol, 
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respectively^ Interestingly, polymeric stationary phases appear to exhibit a more 
negative Δ Vj for partitioning, ranging from -27 to -93 cm3/mol for the derivatized 
fatty acids (35). This observationJs consistent with supercritical studies which 
indicate highly negative values for Vj s t at for the polymeric phases commonly used 
in SFC. 

In contrast with GC and SFC, mobile-phase compressibility is of little 
importance in the pressure dependence of solute retention in LC. As a result, the 
pressure dependence arises solely from differences in the partial molar volume of 
the solute between the mobile and stationary phases. Thus, although not of the 
magnitude for supercritical separations, the pressure dependence of retention for LC 
incorporates the highly_solute specific nature found in SFC. This important 
character may lead to Δ Vj values ranging from positive to negative within the same 
separation. As a result, pressure-induced changes in solute selectivity may be 
expected. Thus, although mobile-phase compressibility is minimal, differences in 
the solute partial molar volume can lead to significant pressure-induced shifts in 
solute retention in LC. 

Implications 

An important thermodynamic parameter, pressure is often overlooked in those cases 
where the mobile-phase compressibility is modest. However, changes in the solute 
partial molar volume may give rise to significant pressure-induced perturbations in 
solute retention. This general approach is applicable for all fluid conditions, 
regardless of the bulk-phase compressibility. In this way, pressure provides a 
unifying parameter for understanding solute retention in all chromatographic 
separations. Moreover, these studies have important pragmatic implications. Not 
commonly considered important in liquid chromatography, pressure is not presently 
monitored or recorded on a routine basis. However, based on the studies shown 
here, it would be prudent to incorporate pressure into routine quality control 
measurements. This practice would be especially valuable for particularly difficult 
or critical separations. Finally, the influence of pressure on the other 
chromatographic figures of merit should also be considered. Addressed here only 
for solute retention, pressure may be an important unifying parameter in assessing 
solute selectivity and efficiency as well. 
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Chapter 4 

Three-Dimensional Stochastic Simulation 
for the Unified Treatment of Chromatographic 

and Electrophoretic Separations 
Victoria L. McGuffin, Peter E. Krouskop, and Daniel L. Hopkins 

Department of Chemistry and Center for Fundamental Materials Research, 
Michigan State University, East Lansing, MI 48824-1322 

A stochastic simulation has been developed to follow the trajectories of 
individual molecules through the mass transport processes of diffusion, 
convection by laminar and electroosmotic flow, electrophoretic 
migration, and surface interaction by an absorption or adsorption 
mechanism. The molecular zone profile may be examined and 
characterized at any time or distance during the simulation. This 
simulation provides a powerful and versatile means to study transport 
phenomena in chromatography, electrophoresis, and electro-
chromatography. In the present work, this simulation is applied to 
study the kinetic, equilibrium, and fluid dynamic properties of 
chromatographic systems as a function of the diffusion coefficients in 
the fluid and surface phases and the interfacial resistance to mass 
transport. 

In recent years, stochastic or Monte Carlo simulation methods have been employed to 
study a wide variety of systems in separation science, including flow injection analysis 
(1-3), field-flow fractionation (4,5), electrophoresis (6,7), and chromatography (#-
10). An advantage of such methods is that they deal with the behavior of individual 
molecules, rather than the bulk or average behavior of statistical ensembles. By 
monitoring the positions or trajectories of these molecules in space and time, a direct 
and detailed description of physical and chemical phenomena is possible. Stochastic 
simulations require few, if any, simplifying assumptions and can be designed to 
include all relevant mass transport processes in a single unified model. These 
simulation methods can be applied to homogeneous systems or to systems with 
physical and chemical heterogeneity at the molecular, microscopic, or macroscopic 
level. The systems may be near to or far from steady-state or equilibrium conditions. 
Consequently, these simulation methods are a powerful and versatile means to model 
complex separation systems. Finally, stochastic simulations can provide the 
connection between molecular-level models, such as ab initio quantum mechanics or 
molecular dynamics calculations, and classical theoretical models or experiments that 
describe the macroscopic or bulk behavior of the system. 

There are several distinctions among the various stochastic simulations that 
have been developed to date. In these simulations, the fundamental equations of 

© 2000 American Chemical Society 37 
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motion for each relevant mass transport process are applied independently to each 
molecule. The simulations range in complexity from one-dimensional models with 
finite step size (11,12) to three-dimensional models with variable step size (1-
3,7,9,10) for each transport process. The more rigorous and comprehensive models 
generally provide the most detailed insight as well as the greatest accuracy and 
precision. The transport algorithms may be implemented by uniformly incrementing 
time and calculating the distance traveled (1-3,7,9,10), or by incrementing distance 
and calculating the time required to traverse that distance (4-6). Although these 
approaches may seem equivalent, there is an important difference in the statistical 
distribution of error. No matter how large the number of molecules or how small the 
time or distance increment, there is a lower limit to the statistical error (analogous to 
the well-known Heisenberg uncertainty principle). If time is the incremental variable 
then its uncertainty or imprecision is controlled and the remaining imprecision is 
contained in the distance. Conversely, if distance is the incremental variable, then the 
uncontrolled imprecision is contained in the time (or velocity). Each of these 
approaches has conditions under which it is advantageous; for example, controlled 
precision in the distance domain is most beneficial when there is spatial heterogeneity 
in the system. 

Another distinction is that some stochastic simulations are performed by 
advancing each molecule individually through the separation system (4-6), whereas 
other simulations advance all molecules simultaneously in each time or distance 
increment (1-3,7,9,10). The former approach has the advantage that it can be 
performed until a given number of molecules have been simulated or until a desired 
level of precision has been achieved. This approach has the potential to be faster 
because it utilizes no more than the requisite minimum number of molecules. 
However, this approach does not easily provide both spatial and temporal distributions 
of the molecules. Furthermore, this approach is not suitable for modeling transport 
processes that are dependent upon the local number or concentration of molecules, 
such as those involving interconversion of the solute by acid/base or complexation 
reactions, nonideal solute-solute interactions, and nonlinear absorption or adsorption 
isotherms. For the proper implementation of such processes, all molecules must be 
advanced simultaneously through the system. 

In the present work, a three-dimensional stochastic simulation has been 
developed for the unified treatment of chromatography, electrophoresis, and 
electrochromatography. In this simulation, the migration of individual molecules or 
ions is established through the processes of diffusion and convection by laminar, 
electroosmotic, and electrophoretic flow. Molecular retention may arise by absorption 
(partition) into permeable surfaces or by adsorption at solid surfaces that are 
homogeneous or heterogeneous. The molecular distribution and the corresponding 
zone profile may be examined and characterized at any specified time or spatial 
position during the simulation. This simulation has been applied to examine the 
effects of diffusion in the fluid and surface phases as well as interfacial resistance to 
mass transport in unified chromatography systems. 

Three-Dimensional Stochastic Simulation 

The three-dimensional molecular simulation program was written in the FORTRAN 
90 programming language and was optimized for execution on an IBM RS/6000 
Model 580 computer. This program incorporates algorithms for the processes of 
diffusion, convection by laminar and electroosmotic flow, electrophoretic migration, 
and surface interaction by an absorption (partition) or adsorption mechanism, as 
shown schematically in Figure 1. These processes are applied to each molecule at 
each time increment (t) until the total simulation time (T) is reached. The simulation 
may be performed in Cartesian global coordinates, which is most appropriate for 
separations in planar media, or alternatively in cylindrical global coordinates for 
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Figure 1. Schematic representation of the trajectories of three molecules during 
four sequential time increments of the stochastic simulation. Diffusion is 
illustrated as a sphere of randomly varying radial distance (p) with a vector 
indicating the randomly selected spherical coordinate angles (φ,θ). Axial 
displacement due to laminar or electroosmotic convection is illustrated as a 
dashed line. Surface interaction is shown for a molecule that is retained by the 
surface phase (top) and a molecule that is not retained and undergoes an elastic 
collision at the interface (bottom). 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

00
4

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



40 

separations in capillary tubes, membranes, or fibers. Because of its mathematical 
simplicity, the latter case will be described in detail. 

Simulation Input. The input parameters required for the simulation may be divided 
into three general categories, as summarized in Table I. The system parameters 
describe properties of the fluid and the surface, as well as the spatial dimensions of the 
separation system to be simulated. The molecular parameters describe attributes of 
the solute molecules or ions. The values of these parameters may be systematically 
chosen to characterize the behavior of the system, as in the present study, or may be 
derived from ab initio calculation or from experiment. On the basis of these input 
parameters, an array is created that contains the properties and coordinates of each 
molecule. To initialize the simulation, the molecules are distributed randomly with a 

Table I. Input Parameters for the Stochastic Simulation Program. 
System Parameters Symbol 
Radius of fluid phase 
Radius of surface phase 
Length of fluid/surface phase 
Position of injection zone 
Length, variance of injection zone 
Position of detection zone 
Length, variance of detection zone 
Zeta potential of surface phase 
Velocity of fluid phase 
pH of fluid phase 
pC of complexing agent in fluid phase 
Ionic strength of fluid phase 
Viscosity of fluid phase 
Dielectric constant of fluid phase 
Temperature 
Pressure 
Voltage 

L 

is* 
σ 2 

det 
jjlet> ̂ det2 

v 0 

pH 
pC 
I 
η 
ε 
Τ 0 

Ρ 
V Molecular Parameters Symbol 

Diffusion coefficient in fluid phase 
Diffusion coefficient in surface phase 
Equilibrium constant for acid/base reaction 
Equilibrium constant for complexation reaction 
Absorption coefficient 
Adsorption energy 
Electrophoretic mobility 
Charge 

D s 

K a 

K c 

Eads 
μ 
z ± 

Computational Parameters Symbol 
Number of molecules Ν 
Time increment t 
Total simulation time Τ 
Molecular coordinate systems 

Spherical coordinates 
Cartesian coordinates x,y,z 

Global coordinate systems 
Cylindrical coordinates R,0,Z 
Cartesian coordinates Χ,Υ,Ζ 
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delta, rectangular, or Gaussian profile of specified variance at a specified mean 
distance in the global coordinate frame. The molecules may be distributed entirely in 
the fluid phase, entirely in the surface phase, or at equilibrium between the phases. 

Simulation Output. The simulation program allows the molecular zone profile to be 
examined as the distance distribution at specified times or, correspondingly, as the 
time distribution at specified distances. The statistical moments of the molecular 
distribution are then calculated in either the distance_pr time domain (7,9,10). For 
example, the first statistical moment or mean distance Ζ is calculated as 

Ζ = N-i £ ^ [1] 
i=l 

where Zy is the axial global coordinate of an individual molecule and Ν is the total 
number of molecules. The second statistical moment or variance σ 2 is calculated as 

Ν _ 
σ 2 = N-i Σ (Zi - Ζ) 2 [2] 

i=l 

and the higher statistical moments are calculated in a similar manner. These statistical 
moments, as well as the chromatographic or electrophoretic figures of merit derived 
therefrom, are stored in a standard data file at each specified time (or distance). For 
example, the capacity factor, effective mobility, velocity, plate height, etc. can be 
calculated since the beginning of the simulation (net average) or since the most recent 
data file output (local average). Other information such as the number of molecules in 
the fluid and surface phases, the time spent by each molecule in each phase, and the 
number of transitions between phases are also recorded in the standard data file. 

In addition to these numerical output parameters, the molecular population is 
summed in discrete segments and then smoothed by Fourier transform methods (13) to 
provide a continuous zone profile for graphical display. Because the molecular 
distribution may be examined at any time (or distance), these output routines provide 
an extensive visual and numerical record of transport processes throughout the 
simulation. 

Diffusion. Molecular diffusion is simulated by using a three-dimensional extension of 
the Einstein-Smoluchowski equation (14-16). The radial distance ρ travelled during 
the time increment t is selected randomly from the following probability distribution 

P * - (4*D f, st)^ 6 X P 4D f ) St 
[3] 

where D f s represents the binary diffusion coefficient of the molecule in the fluid or 
surface phase, as appropriate. This approach provides a variable step size derived 
from a normal (Gaussian) distribution, where the direction of travel is subsequently 
randomized through the spherical coordinate angles (φ,θ). The coordinate increments 
in the molecular frame are used to calculate the new molecular position in the global 
coordinate frame. 

To verify the accuracy of the diffusion algorithm, the zone distance and 
variance for an ensemble of 750 molecules were monitored as a function of the 
simulation time. These results were compared with classical mass balance models 
based on the Einstein equation (14). Excellent agreement was observed for the range 
of diffusion coefficients from 10"1 to 10 - 1 0 cm2 s_1, with average relative errors for the 
zone distance and variance of 0.81% and 3.67%, respectively (7,17). 
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Convection. Molecular convection in the fluid phase may be induced by means of a 
pressure or electrical field gradient applied tangential to the surface. The axial 
distance ζ travelled by a molecule in time increment t is given by 

ζ = vt [4] 

For pressure-induced flow under fully developed laminar conditions, the radial 
velocity profile in the cylindrical global frame is given by the Taylor-Aris equation 
(18,19) 

= 2v0 1 
R2 

v° - [ 5 a ' b ] 

The mean velocity v 0 may be specified as an input parameter or may be calculated 
from the Hagen-Poiseuille equation (20-23), where Ρ is the applied pressure, η is the 
viscosity of the fluid phase, R f and L are the radius and length. The coordinate 
increment in the molecular frame determined from equations [4] and [5a] is used to 
calculate the new molecular position in the global coordinate frame. 

To verify the accuracy of the laminar convection algorithm, the zone distance 
and variance for an ensemble of 750 molecules were monitored as a function of the 
simulation time. These results were compared with classical mass balance models 
based on the Taylor-Aris equation (18,19) with both diffusion and resistance to mass 
transfer in the fluid phase. Excellent agreement was observed for the range of linear 
velocities from 0.001 to 100 cm s_1, with average relative errors for the zone distance 
and variance of 0.49% and 2.24%, respectively (9). 

For electric field-induced flow due to electroosmosis, the radial velocity 
profile in the cylindrical global frame is given by the Rice-Whitehead equation 
(24,25) 

v 0 

ι _ h^l 
Io(KRf)J 

S [6a,b] 
4πη L 

where iC"1 is the Debye length, and I 0 is the zero-order modified Bessel function of the 
first kind. The maximum velocity v 0 may be specified as an input parameter or may 
be calculated from the Helmholtz-Smoluchowski equation (26,27), where ε is the 
permittivity of the fluid phase, ζ is the zeta potential of the fluid-surface interface, 
and V is the applied voltage. The coordinate increment in the molecular frame 
determined from equations [4] and [6a] is used to calculate the new molecular position 
in the global coordinate frame. 

To verify the accuracy of the electroosmotic convection algorithm, the zone 
distance and variance for an ensemble of 500 molecules were monitored as a function 
of the simulation time. These results were compared with classical mass balance 
models based on the analytical solution of the Rice-Whitehead equation by McEldoon 
and Datta (28). Excellent agreement was observed for the range of linear velocities 
from 0.01 to 1.0 cm s_1, with average relative errors for the zone distance and variance 
of 0.12% and 4.42%, respectively (7). 

These convection algorithms may be used individually or in combination to 
simulate a wide variety of hydrodynamic conditions for chromatography, 
electrophoresis, or electrochromatography. To demonstrate this ability, the radial flow 
profiles produced for a constant average velocity of 0.10 cm s_1 with varying 
contributions from laminar and electroosmotic convection are shown in Figure 2. A 
characteristic feature of these flow profiles is the isosbestic point, which occurs at an 
ordinate value equal to the average velocity and an abscissa value which divides the 
fluid phase into equal volumes. 
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RADIAL COORDINATE ( c m ) 

Figure 2. Radial flow profiles for laminar and electroosmotic convection 
determined by the stochastic simulation. Ν = l.OxlO3; t = l.OxlO"4 s; R f = 
2.0X10-3 cm; R s = 8.28X10"4 cm; v 0 = 0.10 cm S"1 laminar (O), 0.10 cms-1 

electroosmotic (• ) , 0.05 cm S"1 laminar and 0.05 cm s-1 electroosmotic (Δ), 
-0.05 cm s - 1 laminar and 0.15 cm s_1 electroosmotic (V), -0.10 cm s_ 1 laminar 
and 0.20 cm s_1 electroosmotic «>), where κ R f = 100.  A
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Ëlectrophoretic Migration. For charged molecules under the influence of an applied 
electric field (29), the velocity of ëlectrophoretic migration is given by 

[7] 

The ëlectrophoretic mobility μ is corrected by means of the modified Onsager 
equation (30) to the specified ionic strength of the fluid phase. 

If the molecule exists as a single species, the mobility is constant. This 
convection algorithm provides equal displacement of all molecules during each time 
increment according to equations [4] and [7]. The axial coordinate increment in the 
molecular frame is used to calculate the new position for each molecule in the global 
frame. 

If the molecule exists as η multiple species in dynamic equilibrium (e.g., 
phosphate may exist as Η 3Ρ0 4 , Η 2Ρ0 4-, HP04

2~, or P04

3~), the mobility of an 
individual molecule is determined from statistical probability at each time increment. 
The fraction of each species i is calculated from the appropriate equilibrium 
constants for acid/base or complexation reactions, which are corrected for ionic 
strength by means of the Davies equation (31,32). The identity of a molecule is 
determined by selecting a random number, ξ, between zero and one to establish the 
value of i that satisfies the relationship 

1- Σα*-) < ξ * Σ α Η [8] 
j=l j=l 

The molecule is then assigned the mobility μ̂  corresponding to species i during that 
time increment and its ëlectrophoretic migration is calculated via equations [4] and 
[7]. The resulting migration of the zone is similar, but not identical, to that for a 
single species whose average mobility is given by 

η 

μ = Σ oti μ* [9] 
i=0 

To verify the accuracy of the ëlectrophoretic migration algorithms 
corresponding to a single species and η multiple species, the zone distance and 
variance for an ensemble of 500 molecules were monitored as a function of the 
simulation time. These results were compared with classical models. Excellent 
agreement was observed for single species with positive and negative ëlectrophoretic 
mobilities in the range from +10~3 to -10~3 cm2 V" 1 s_1, with average relative errors 
for the zone distance and variance of 0.04% and 2.67%, respectively (7). The 
agreement is similarly good for multiple species, with average relative errors for the 
zone distance and variance of 0.01% and 3.38%, respectively, for phosphate at pH 
values from 3.0 to 9.0 (7). 

Surface Interaction. Molecular interaction with a stationary surface is simulated as 
an absorption process if the surface is permeable (e.g., thin polymer film or 
chemically bonded organic ligands) or as an adsorption process if the surface is solid 
(e.g., silica or alumina). 

For the absorption process, the probability of transport between the fluid and 
surface phases is given by 
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P f s = aKttÊ(PJDdV2 Pfs = « 
i or \ [10a,b] 
lPSf = a lP s f = aK&f1 (D/D s) 1 / 2 

where is the absorption coefficient and the constant a represents the fraction of 
effective collisions with the interface, which is equal to unity when there is no barrier 
to transport (diffusion-limited case). When a molecule in the fluid phase encounters 
the fluid-surface interface during the simulation, a random number between zero and 
one is selected. If the selected number is less than or equal to the probability P f s given 
by equation [10a,b], the molecule will be transferred to the surface phase. Otherwise, 
the molecule will remain in the fluid phase and will undergo an elastic collision at the 
interface. A similar routine is performed when a molecule in the surface phase 
encounters the interface, except that the random number is compared with the 
probability P s f given in equation [10a,b]. Finally, when a molecule in the fluid or 
surface phase encounters a physical boundary of the system, an elastic collision is 
performed. 

To verify the accuracy of the absorption algorithm, the zone distance and 
variance for an ensemble of 750 molecules were monitored as a function of the 
simulation time. These results were compared with classical mass balance models 
based on the extended Golay equation (33) including both diffusion and resistance to 
mass transfer in the fluid and surface phases. Excellent agreement was observed for 
the range of distribution coefficients from 0.01 to 100.0, with average relative errors 
for the zone distance and variance of 0.55% and 4.02%, respectively (9). 

For the adsorption process, the surface is considered to be a uniform 
distribution of localized lattice sites, each of equal area and interaction energy with the 
molecule. The molar adsorption energy E a d s is related to the mean time for desorption 
T a d s in the following manner 

( 
= τ 0 exp 

Ε ads 

kA kB T 0 

[11] 

where τ 0 is the vibrational period, typically 10~12 - 10 - 1 3 s, T 0 is the temperature, k B is 
the Boltzmann constant and kA is the Avogadro number. If a molecule encounters the 
surface, the probability for adsorption P f s is equal to unity if the site is vacant and zero 
if it is occupied. The desorption time of the molecule is then randomly selected from 
an exponential distribution based on the mean desorption time in equation [11]. 

The absorption and adsorption algorithms may be used for homogeneous 
surfaces, as described above, or for heterogeneous surfaces with a fractional coverage 
of two or more types of surface sites (34). In this case, a random number is selected to 
establish the identity of the individual surface site by comparison with the fractional 
coverage. A second random number is then selected to determine whether the 
molecule is transferred to the surface phase for the absorption mechanism or to 
determine the desorption time for the adsorption mechanism. These algorithms may 
be used individually or in combination to describe a wide variety of retention 
mechanisms for chromatography, electrophoresis, and electrochromatography. 

Selected Applications of the Stochastic Simulation 

Some applications have been selected to illustrate the capabilities and versatility of the 
stochastic simulation approach. The kinetic and equilibrium behavior are 
characterized for a model chromatographic system with a simple absorption 
mechanism under diffusion-limited conditions. In the first series of simulations, the 
behavior is examined as a function of the diffusion coefficient in the fluid phase. In 
the second series of simulations, the effect of the diffusion coefficient in the surface 
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phase is similarly explored. Finally, the influence of interfacial resistance to mass 
transport between the fluid and surface phases is examined. 

For each of these cases, the kinetic behavior of the system is elucidated by 
monitoring the number of molecules in the fluid phase as a function of the simulation 
time. These data are analyzed by means of nonlinear regression to the following 
equation 

N f = k s f+k f sexp(-(k f s+k s f) T) 
Ν k fs +ksf 

in order to determine the pseudo first-order rate constants for transport between the 
fluid and surface phases. By using this approach, the rate constants k f s and k s f can 
typically be determined with ±0.49% relative standard deviation and the ratio of the 
rate constants k f s/k s f with ±0.70% relative standard deviation and ±2.25% relative error 
(10,35). The characteristic time τ is given by 

kfS +ksf 

The equilibrium behavior of the system is elucidated by monitoring the 
number of molecules in the fluid and surface phases at equilibrium, N f and N s , 
respectively. The ratio of the number of molecules can typically be determined with 
±0.29% relative standard deviation and ±0.39% relative error (10). The kinetic and 
equilibrium descriptions of the system are related in the following manner: 

k s f N f V f

 J 

where the volumes of the fluid and surface phases are given as V f = π Rf2 L and V s = 
π (Rs

2 + 2 R s Rf) L, respectively. 
Finally, for each case, the hydrodynamic behavior of the system is elucidated 

under laminar flow conditions. In the presence of flow, the characteristic time τ will 
influence the appearance of the solute zones. If τ is sufficiently small, the system will 
be nearly at equilibrium and the zone profile will be a symmetric Gaussian 
distribution. Under these conditions, the profile will be well described by classical 
equations of mass balance based on the equilibrium-dispersive model, such as the 
Golay equation (33). As τ increases, however, the system may depart from 
equilibrium and the zone profile may become highly asymmetric. As a measure of the 
degree of departure from equilibrium for convective systems, we may define a unitless 
kinetic parameter Ρ as 

Ρ = - = ^ [15] 
Τ Ζ 

where Τ is the time, Ζ is the mean distance travelled, and v 0 is the mean linear 
velocity. This parameter directly reflects the sources of kinetic stress that are placed 
on the system and will approach a limiting value of zero for a system that is at 
equilibrium. For each of the cases outlined above, the solute zone profiles are 
simulated at fixed times from 0 to 30 s. The mean zone distance and variance are 
determined by means of equations [1] and [2] as a function of the simulation time and 
are compared with classical theoretical models (33). 

Effect of the Diffusion Coefficient in the Fluid Phase. The stochastic simulation 
method is especially well suited for the unified treatment of chromatographic 
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separations. To illustrate this capability, we have simulated systems that are 
representative of gas, dense gas, supercritical fluid, enhanced fluidity liquid, and 
liquid chromatography. The kinetic behavior of these systems is illustrated in Figure 
3. The gas, dense gas, and supercritical fluid are compared as fluid phases in an open-
tubular column with radius R f of 50 μηι and surface phase R s of 0.25 μπι, resulting in 
a volumetric phase ratio V / V s of 100. As shown in Figure 3A, the kinetic behavior of 
the system is nearly indistinguishable, despite the significant change in diffusion 
coefficients D f from l.OxlO"1 to l.OxlO"3 cm2 S"1 for these fluid phases. This 
observation is confirmed by the rate constants k f s and ksf, which were determined by 
nonlinear regression of the simulation data to equation [12] and are summarized in 
Table Π. There is a small but statistically significant decrease in both k f s and k s f with 
decreasing diffusion coefficient in the fluid phase. The overall transport rate, as 
represented by the characteristic time τ in equation [13], is controlled by the rate 
constant for transport from the surface to fluid phase (ksf) which is one-hundred-fold 
larger than that from fluid to surface phase (kfs). It is evident that the characteristic 
time τ is very small (~10~5 s), which indicates that equilibrium is rapidly achieved 
within this system for all of the fluid phases. Finally, the ratio of jthe rate constants 
k f s/k s f and the ratio of the number of molecules at equilibrium N / N f are in good 
agreement with the theoretically predicted value of K a b s V / V s = 0.01 given by 
equation [14]. 

The supercritical fluid, enhanced fluidity liquid, and liquid are compared as 
fluid phases in an open-tubular column with radius R f of 20 μπι and surface phase R s 

of 8.28 μπι, resulting in a volumetric phase ratio V / V s of 1.0. As shown in Figure 3B, 
the kinetic behavior of the system is somewhat more distinguishable for these fluid 
phases with diffusion coefficients D f from l.OxlO"3 to l.OxlO"5 cm2 s-1. The rate 
constants derived from these data are summarized in Table II. The rate constants k f s 

and k s f are approximately equal, as expected from equation [14], and are several 
orders of magnitude smaller than those determined for the system described above. 
The characteristic time τ is significantly larger (~10"2 s), so that equilibrium is much 
more slowly achieved than in the system above. 

Table II. Effect of Diffusion Coefficient in the Fluid Phase on Rate Constants. 
Df k& τ kfs/ksf Ns/N f 

(cm2 S"1) (S"1) (s- 1) (s) 
kfs/ksf Ns/N f 

LOxlO-i a 442 44000 2.25x10-5 0.01006 0.01021 
l.OxlO"2 ̂  407 40700 2.44x10-5 0.01000 0.00996 
l.OxlO-3 a 367 37200 2.66x10-5 0.00986 0.01000 

l.OxlO-3 b 36.6 37.0 0.014 0.989 0.995 
l.OxlO-* *> 30.5 30.7 0.016 0.993 1.003 
1.0x10-5 b 13.74 13.87 0.036 0.991 0.997 

a Simulation conditions: Ν = l.OxlO5; t = l.OxlO"7 s; Τ = 20 τ; R f = 5.0xl0~3 cm; 
R s = 2.5x10-5 cm; D s = l.OxlO"5 cm2 s"1; K a b s = 1.0. 
b Simulation conditions: Ν = l.OxlO4; t = l.OxlO"5 s; Τ = 20 τ; R f = 2.0xl0"3 cm; 
R s = 8.28x10-4 cm; D s = 1.0x10-5 cm2 S"1; K a b s = 1.0. 

The liquid chromatography case may be used as a representative example to 
illustrate other kinetic and equilibrium information that can be derived from the 
stochastic simulation approach. During the kinetic process shown in Figure 3, the 
system gradually evolves from the initial condition, where all molecules are uniformly 
distributed in the fluid phase, to the equilibrium condition, where N f = 
Ν (K a b s V/V f)/(1 + Kabs V s/V f) molecules are uniformly distributed in the 
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0.992H 

0.990H 

0 .988 ι , τ 
0.0000 0.0001 0.0002 0.0003 

TIME (s) 
0.0004 0.0005 

TIME (s) 

Figure 3. Kinetic evolution of the absorption process with varying diffusion 
coefficients in the fluid phase representative of (A) gas, dense gas, and 
supercritical fluid chromatography, (B) supercritical fluid, enhanced fluidity 
liquid, and liquid chromatography. Simulation conditions: (A) Ν = l.OxlO5; t = 
1.0x10-7 S ; Τ = 20 τ; Rf=5.0xl0~3 cm; RS = 2.5x10-5 cm; D f= l.OxlO"1 cm2 s-1 

(V)» l.OxlO-2 cm2 s-1 (O), l.OxlO-3 cm2 S"1 (Δ); D s = l.OxlO-5 cm2 s-1; K a b s = 
1.0. (Β) Ν = LOxW; t = 1.0x10-5 S; Τ = 20 τ; RF= 2.0x10-3 C M ; Rs = 8.28x10^ 
cm; D f = 1.0x10-3 c m 2 s - i (Δ), l.OxlO"4 cm2 s-i (•), 1.0x10-5 C m 2 s-i (O); D s = 
1.0x10-5 cm2 s - ^ K ^ s 1.0. 
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fluid phase and N s = N/(l + K^s V/V f ) molecules are uniformly distributed 
in the surface phase. The radial distribution of solute molecules is illustrated in 
Figure 4 at times corresponding to 0.0 τ, 0.1 τ, 0.2 τ, 0.5 τ, 1.0 τ, 2.0 τ, and 5.0 τ, 
where τ is 0.036 s for the liquid chromatography system. At these times, the system 
has achieved 0%, 9.5%, 18.1%, 39.4%, 63.2%, 86.5%, and 99.3%, respectively, of the 
molecular distribution at equilibrium. Once the system has achieved equilibrium 
(T > 20 τ), we may further characterize the transport between the fluid and surface 
phases. The residence time distribution for a single sojourn of a molecule in the fluid 
and surface phases is shown in Figure 5. From this distribution, the average residence 
time is 1.9xl0"3 s and the standard deviation is l . lxl0~ 3 s. However the most 
probable residence time is one time constant, with approximately 30% of the 
molecules residing just l.OxlO - 5 s before transferring to the opposite phase. The 
molecules are transferred between phases an average of 284 times per second at 
equilibrium. The standard deviation is 76 s_1, which suggests that 95% of the 
molecules are transferred between phases from 135 to 433 times per second. 

The effect of the diffusion coefficient in the fluid phase on the fluid dynamic 
behavior of the system has also been examined. The solute zone profiles for 
supercritical fluid, enhanced fluidity liquid, and liquid chromatography at a mean 
linear velocity of 0.10 cm s~l are shown in Figure 6. Since the simulation time Τ is 
much greater than the characteristic time τ in all cases, the system is nearly at 
equilibrium according to equation [15] and the zone profiles are symmetric. The 
statistical moments of these zone profiles calculated by means of equations [1] and [2] 
are shown as a function of the simulation time in Figure 7. The mean distance 
coincides with the theoretically expected value of Ζ = v 0 T/(l + K a b s V/V f ) for all 
fluid phases. The variance also agrees well with the extended Golay equation (33), 
which includes dispersion arising from axial diffusion in the fluid and surface phases 
and resistance to mass transfer in the fluid and surface phases. The variance for 
enhanced fluidity liquid chromatography is the smallest because the selected velocity 
of 0.10 cm s - 1 is near the optimum value of 0.11 cm s_1 for this system. For liquid 
chromatography, the selected velocity is greater than the optimum value of 0.022 cm 
s_1 and the variance has a correspondingly larger contribution from resistance to mass 
transfer in the fluid phase. For supercritical fluid chromatography, the selected 
velocity is less than the optimum value of 0.41 cm s~l and the variance has a 
correspondingly larger contribution from axial diffusion in the fluid phase. In all 
cases, however, there is excellent agreement between the simulation results and the 
extended Golay equation (33) because the system is nearly at equilibrium. 

The liquid chromatography case may again be used as a representative 
example to illustrate other hydrodynamic information that can be derived from the 
stochastic simulation approach. Consider the final zone profile in Figure 6C, where 
each molecule has travelled for a fixed total time of 30.0 s. Of this total time, each 
molecule has spent some time in the fluid phase and the remainder in the surface 
phase. The residence time distribution in each phase is shown in Figure 8. It is 
evident that the residence time distribution in the fluid phase is symmetric and the 
mean value of 15.0 s coincides with the theoretically expected value of T f = 
Τ /(l + K a b s V s/V f) = 15.0 s. Similarly, the mean residence time in the surface phase 
of 15.0 s coincides with the expected value of T s = Τ ( K ^ V/V f)/(1 + K a b s V/V f ) = 
15.0 s. The standard deviation of these residence time distributions is 0.77 s, which 
suggests that 95% of the molecules have spent from 13.5 to 16.5 s in each phase. This 
information can also be used to calculate the capacity factor (k) for each molecule as 
Ts/T f. These calculations suggest that the mean capacity factor is 1.00, the standard 
deviation is 0.10, and 95% of the molecules have capacity factors ranging from 0.80 to 
1.20. Finally, it is instructive to graph the residence time in each phase versus the 
distance travelled for each molecule, as shown in Figure 9. This graph confirms that 
molecules at the front of the zone have spent the greatest time in the fluid phase and 
the least time in the surface phase, whereas the converse is true for molecules at the 
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0.0000 0.0005 0.0Ô10 0.0015 0.0Ô20 0.0025 

RADIAL COORDINATE (cm) 

Figure 4 Radial solute distribution profiles during the kinetic evolution of 
chromatographic systems. Simulation conditions: Ν = l.OxlO4; t = 1.0xl(H s; 
Τ = 0.0 τ (Ο), 0.1 τ (•), 0.2 τ (Δ), 0.5 τ «>), 1.0 τ (V), 2.0 τ (+•), 5.0 τ (χ) , 
where τ = 0.036 s; R f = 2.0x10~3 cm; R s = 8.28Χ10"4 cm; D f = l.OxKH cm2 s-1; 
D s = l.OXlO-5 C m 2 s-I; = 1.0. 
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ω 
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0.000 0.001 0.002 0.003 

RESIDENCE TIME (s) 

0.000 0.001 0.002 0.003 

RESIDENCE TIME (s) 

Figure 5. Residence time distribution for a single sojourn in the fluid phase (A) 
and surface phase (B) under equilibrium conditions. Simulation conditions: 
Τ > 20 τ, where τ = 0.036 s; other conditions as given in Figure 4. 
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40 

DISTANCE (cm) 

Figure 6. Evolution of the solute zone profile with varying diffusion 
coefficients in the fluid phase representative of (A) supercritical fluid, (B) 
enhanced fluidity liquid, and (C) liquid chromatography. Simulation conditions: 
Ν = l.OxlO3; t = l.OxlO-5 s; Τ = 5, 10, 15, 20, 25, 30 s; R f = 2.0xl0"3 cm; R s = 
8.28X10-4 cm; D f= l.OxlO"3 cm2 s-1 (A), l.OxlO"4 cm2 s~l (B), l.OxlO-5 cm2 s-1 

(C); D s = 1.0x10-5 cm2 s-i; K a b s = 1.0, v 0 =0.10 cm s-1. 
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Figure 7. Mean distance (A) and variance (B) of the solute zone profile with 
varying diffusion coefficients in the fluid phase. Simulation conditions: D f = 
1.0x10-3 cm2 s-1 ( Δ ) , l.OxlO-4 cm2 s-1 ( • ) , l.OxlO"5 cm2 s-1 (O) ; other 
conditions as given in Figure 6C. ( ) Theory according to the extended Golay 
equation (33). 
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Figure 8. Residence time distribution for total time spent in the fluid phase (A) 
and surface phase (B). Simulation conditions as given in Figure 6C. 
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ο S 14-
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Figure 9. Relationship between total time spent in fluid phase (A) and surface 
phase (B) and the distance travelled by individual molecules. Simulation 
conditions as given in Figure 6C. 
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rear of the zone. The relationship between residence time and distance travelled 
appears to be linear with slopes of 6.00 and -6.00 s cnr 1 for the fluid and surface 
phases, respectively. This slope is a direct measure of the extent of deviation from 
equilibrium across the solute zone. The steeper the slope, which is related to the 
variables in equation [15] such as characteristic time τ, velocity, and distance 
travelled, the greater is the nonequilibrium. Moreover, the broader the solute zone for 
a given slope, the greater is the nonequilibrium. The data in Figure 9 also suggest that 
there is significant variation in the behavior of individual molecules. For example, 
molecules at the center of the zone that have travelled the mean distance of 1.5 cm 
may have spent from 14.4 to 15.6 s in the fluid and surface phases and may have 
capacity factors ranging from 0.91 to 1.07 (95% confidence level). These descriptions 
and characterizations of molecular behavior appear to be typical of solute zones in 
systems that are nearly at equilibrium. 

Effect of the Diffusion Coefficient in the Surface Phase. Using the liquid 
chromatography case as a representative example, the diffusion coefficient in the 
surface phase was varied from l.OxlO"5 to l.OxlO"8 cm2 S"1. The kinetic behavior of 
the system is summarized in Figure 10 and Table ΙΠ. It is apparent from the rate 
constants and the characteristic time τ that the kinetic behavior is reasonably rapid for 
the diffusion coefficient of l.OxlO"5 cm2 s_1, slightly slower for 1.0x10-̂  cm2 S"1, and 
significantly slower for l.OxlO"7 and l.OxlO"8 cm2 s_1. 

Table III. Effect of Diffusion Coefficient in the Surface Phase on Rate 
Constants.3 

(cm2 s-1) (S" 1) 
ksf 

(S" 1) 

τ 
(s) 

Ν Α 

l.OxlO-5 13.74 13.87 0.036 0.991 0.997 
1.0x10-6 3.076 3.102 0.162 0.991 1.006 
l.OxlO"7 0.353 0.357 1.41 0.989 0.999 
l.OxlO"8 0.038 0.039 13.05 0.986 0.999 

a Simulation conditions: Ν = l.OxlO4; t = l.OxlO"5 s; Τ = 20 τ; R f = 2.0x10"3 cm; 
R s = 8.28X10"4 cm; D f= l.OxlO"5 cm2 s-i; = 1.0. 

In order to understand the effect of the diffusion coefficients in the fluid and 
surface phases on the rate constants, it is helpful to represent the data in Tables II and 
III graphically. As shown in Figure 11, the rate constants are intrinsically related to 
the reduced diffusion coefficient D = D f DJ(Df + Ds) for the system (10). When the 
diffusion coefficients are comparable in magnitude, they both influence the kinetic 
behavior of the system. However, when one diffusion coefficient is significantly 
smaller than the other, it serves to limit the overall rate of transport in the system. The 
consequences of this dependence on the reduced diffusion coefficient were observed 
in Figure 3 and Table II above. Because the diffusion coefficient in the surface phase 
was significantly smaller (l.OxlO"5 cm2 s-1), the fluid phases of gas, dense gas, and 
supercritical fluid had little effect on the kinetic behavior. The practical implications 
of this statement are clear: In the development of unified chromatography, we cannot 
simply be concerned with the properties of the fluid phase. We must also 
concomitantly increase the diffusion coefficients in the surface phase so that they are 
maintained within approximately two orders of magnitude of those in the fluid phase 
in order to derive the full benefits of the improved kinetic behavior. 

The effect of the diffusion coefficient in the surface phase on the fluid dynamic 
behavior of the system has also been examined. The solute zone profiles obtained at a 
mean linear velocity of 0.10 cm s - 1 are shown in Figure 12. For the diffusion 
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ι .00-4 

0.40H , i • , . 1 . 1 1 

0 10 20 30 40 50 

TIME (s) 
Figure 10. Kinetic evolution of the absorption process with varying diffusion 
coefficients in the surface phase for liquid chromatography. Simulation 
conditions: D f = l.OxlO"5 cm2 s"1; D s = l.OxlO"5 cm2 s-1 (O), l.OxlO-6 cm2 S"1 

(•), l.OxlO"7 cm2 s-1 (Δ), l.OxlO"8 cm2 s"1 « » ; other conditions as given in 
Figure 3B. 

ο 

D f D s /(D f + D.) ( c m 2 s~1) 

Figure 11. Effect of the reduced diffusion coefficient on rate constants k f s (O) 
and k s f (#). Simulation conditions as given in Tables II and III. 
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1.0 2.0 
DISTANCE (cm) 

Figure 12. Evolution of the solute zone profile with varying diffusion 
coefficients in the surface phase for liquid chromatography. Simulation 
conditions: D f = l.OxlO"5 cm2 S"1; D s = l.OxlO"5 cm2 s"1 (A), l.OxlO"6 cm2 S"1 

(B), l.OxlO"7 cm2 s-1 (C), l.OxlO"8 cm2 s"1 (D); other conditions as given in 
Figure 6C. 
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coefficient of l.OxlO"5 cm2 s"1, the ratio of the characteristic time τ to the simulation 
time Τ ranges from 0.007 to 0.001 for simulation times from 5 to 30 s, respectively. 
Consequently, this system is nearly at equilibrium according to equation [15] and all 
of the zone profiles are symmetric. Similarly for the diffusion coefficient of l.OxlO"6 

cm2 s-1, the ratio of τ/Τ ranges from 0.032 to 0.005 and all of the solute zones appear 
to be symmetric. However, for the diffusion coefficient of l.OxlO"7 cm2 S " 1 , the ratio 
of τ/Τ is significantly larger and ranges from 0.28 to 0.047. The zone profiles initially 
deviate from equilibrium and are asymmetric but progressively become more 
symmetric. The deviations from equilibrium are even more problematic for the 
diffusion coefficient of l.OxlO"8 cm2 s"1, where the ratio of τ/Τ ranges from 2.61 to 
0.44 and all of the profiles are markedly asymmetric. 

The statistical moments of the solute zone profiles are shown as a function of 
the simulation time in Figure 13. For the diffusion coefficient of l.OxlO"5 cm2 s_1, the 
mean distance and variance agree well with the theoretically expected values from the 
extended Golay equation (33). However, as the diffusion coefficient in the surface 
phase decreases and the system deviates from equilibrium behavior, the mean zone 
distance increases because the molecules have proportionately greater residence time 
in the fluid phase. The variance also increases because the resistance to mass transfer 
in the surface phase has an additional contribution from slow kinetics. When the 
molecular zone begins migration from the initial nonequilibrium state, the variance 
increases as the square of the simulation time (as evident for the diffusion coefficient 
of l.OxlO"8 cm2 s -1). As the system gradually evolves toward the steady state, the 
variance progressively changes until it increases linearly with the simulation time 
(as evident for the diffusion coefficient of l.OxlO"7 cm2 s -1). As shown in Figure 13, 
the slow kinetics of the system influence the time required for the onset of steady-state 
conditions and the variance incurred during this transition as well as the variance per 
unit time (or length) once steady-state conditions have been achieved. The extended 
Golay equation (33) and other equilibrium-dispersive models cannot be used to predict 
the behavior of such systems. 

Effect of Interfacial Resistance to Mass Transport. It is possible to extend this 
simulation approach to consider the situation where there is some resistance to mass 
transport at the interface and all collisions are not sufficiently energetic to overcome 
this barrier. To represent this situation, the constant a in the probability expressions of 
equation [10a,b] was varied from 1.0 to 0.001 for the case of liquid chromatography. 
The kinetic behavior of the system is summarized in Figure 14 and Table IV. It is 
apparent from the rate constants and the characteristic time τ that the kinetic behavior 
is reasonably rapid for a = 1.0, slightly slower for a = 0.5, and significantly slower for 
smaller values of a. 

Table IV. Effect of Interfacial Resistance to Mass Transport on Rate Constants.3 

a kfe τ 
(s-1) (S" 1) (s) 

1.0 13.74 13.87 0.036 0.991 0.997 
0.5 11.60 11.73 0.043 0.989 0.997 
0.1 2.509 2.509 0.199 1.000 1.001 
0.05 1.301 1.302 0.384 0.999 0.998 
0.01 0.273 0.272 1.84 1.004 1.008 
0.005 0.137 0.137 3.65 1.001 1.002 
0.001 0.028 0.028 18.02 0.992 1.005 

a Simulation conditions: Ν = l.OxlO4; t = l.OxlO"5 s; Τ = 20 τ; R f = 2.0xl0"3 cm; 
R s = 8.28X10-4 cm; D f= l.OxlO"5 cm2 s-i; D s = l.OxlO"5 cm2 s"1; K a b s = 1.0. 
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0.001 
50.0 

Figure 13. Mean distance (A) and variance (B) of the solute zone profile with 
varying diffusion coefficients in the surface phase. Simulation conditions: D f = 
l.OxlO-5 cm2 s-i; D s = 1.0x10-5 cm2 s-1 (O), l.OxlO"6 cm2 s-i (•), 1.0x10-7 c m 2 
s - 1 (Δ), l.OxlO - 8 cm2 s_1 (O); other conditions as given in Figure 6C. ( ) 
Theory according to the extended Golay equation (33). 
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The trends may be more clearly illustrated in graphical form, as shown in 
Figure 15. The rate constants increase linearly with the constant a up to 
approximately 0.5, whereafter the system becomes diffusion limited for these 
simulation conditions. From the rate constants given in Table IV, we can estimate the 
barrier to interfacial transport relative to the diffusion-limited case {a = 1.0). These 
barriers correspond to 0.17 kB T 0 for a = 0.5, 1.70 kB T 0 for a = 0.1, 2.36 kB T 0 for a = 
0.05, 3.92 kB T 0 for a = 0.01, 4.61 kB T 0 for a = 0.005, and 6.20 kB T 0 for a = 0.001. 
From these calculations, it is evident that relatively small barriers can have a 
significant effect upon the kinetic behavior of the system. Consequently, we must 
seek to minimize sources of interfacial resistance to mass transport in order to develop 
unified chromatographic systems with optimal kinetic performance. This may involve 
minimizing surface tension effects, minimizing configurational or orientational 
effects, and choosing fluid phase solvents and modifiers that can be easily and rapidly 
disassociated from solute molecules at the interface. 

The effect of interfacial resistance to mass transfer on the fluid dynamic 
behavior of the system has also been examined. The solute zone profiles obtained at a 
mean linear velocity of 0.10 cm s_1 are shown in Figure 16 for values of the constant a 
of 1.0, 0.1, 0.01, and 0.001. Although the characteristic time τ is very similar for 
these values of the constant a and for diffusion coefficients in the surface phase from 
10~5 to 10~8 cm2 s - 1 shown in Table ΙΠ, there is a marked difference in the solute zone 
profiles in Figures 12 and 16. The profiles for decreasing values of the constant a 
broaden but remain symmetric regardless of the magnitude of the characteristic time τ. 
Symmetry is preserved because the constant a influences both P f s and P s f in equation 
[10a,b] in the same manner. In contrast, the diffusion coefficients influence only one 
of the probability expressions in equation [10a,b] and mass transport in only one 
phase, resulting in zone profiles that are broader and more asymmetric as the 
characteristic time τ increases. 

The statistical moments of the solute zone profiles are shown as a function of 
the simulation time in Figure 17. For the constant a = 1.0, the mean distance and 
variance agree well with the theoretically expected values. As the constant a 
decreases, the mean distance increases slightly because the molecules spend more 
time in the fluid phase before an effective transfer can occur at the interface. In 
general, the mean distance agrees reasonably well with the theoretically expected 
value for all except the smallest value of a = 0.001. However, the variance of the zone 
increases significantly as the constant a decreases. Only for the case of a = 1.0 does 
the variance conform to the extended Golay equation (33). This is because the Golay 
equation assumes that equilibrium conditions exist at the interface and does not 
consider the effects of slow interfacial mass transfer. These contributions rapidly 
become important as the constant a decreases and become predominant for values of a 
less than 0.01. It is also noteworthy that these contributions to variance increase 
linearly with simulation time, suggesting that steady-state conditions have been 
achieved. Clearly, interfacial resistance to mass transport in chromatographic systems 
is important and merits further study and more detailed characterization. 

Conclusions 

A three-dimensional stochastic simulation has been developed for the unified 
treatment of separation systems for chromatography, electrophoresis, and 
electrochromatography. This simulation follows the trajectories of individual 
molecules through the mass transport processes of diffusion, convection by laminar 
and electroosmotic flow, electrophoretic migration, and surface interaction by 
absorption and adsorption mechanisms. This simulation provides the opportunity to 
perform hypothetical experiments and to make observations that may not be possible 
with classical theoretical models or experiments. 
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TIME (s) 

Figure 14 Kinetic evolution of the absorption process with varying interfacial 
resistance to mass transport, Simulation conditions: D f= l.OxlO-5 cm2 s-1; D s = 
l.OxlO-5 cm2 s-1; a = 1.0 (O), 0.1 (•), 0.01 (Δ), 0.001 «>); other conditions as 
given in Figure 3B. 

10.00-

1.00-

0.10-

0,01+- , , , , , . . . | . . • • • • ! . . . . . . ι . I 
0.001 0.010 0.100 1.000 

Figure 15. Effect of interfacial resistance to mass transport on rate constants k f s 

(O) and ktf (#). Simulation conditions as given in Table IV. 
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1.0 2.0 

DISTANCE (cm) 
3,0 

Figure 16. Evolution of the solute zone profile with varying interfacial 
resistance to mass transport for liquid chromatography. Simulation conditions: 
D f = 1.0x10-5 cm* s-*; D s = 1.0x10-5 c m 2 s - i ; a = i.o (A), 0.1 (B), 0.01 (C), 
0.001 (D); other conditions as given in Figure 6C. 
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Figure 17. Mean distance (A) and variance (B) of the solute zone profile with 
varying interfacial resistance to mass transport. Simulation conditions: D f = 
1.0x10-5 cm2 s-i; D s = 1.0x10-5 cm2 s-1; a = 1.0 (O), 0.1 (•), 0.01 (Δ), 0.001 
(O); other conditions as given in Figure 6C. ( ) Theory according to the 
extended Golay equation (33). 
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In the present study, this simulation has been used to characterize the 
absorption mechanism between homogeneous fluid and surface phases for 
chromatography. The kinetic and equilibrium properties as well as the fluid dynamic 
behavior were examined as a function of the diffusion coefficient in the fluid and 
surface phases and the interfacial resistance to mass transport. These results suggest 
that an increase in surface phase diffusion coefficients and a reduction of interfacial 
resistance are the most critical factors in the development of more rapid separation 
systems. 
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Chapter 5 

Computer Simulations of Interphases 
and Solute Transfer in Liquid and Size 

Exclusion Chromatography 
Thomas L. Beck and Steven J. Klatte 

Department of Chemistry, University of Cincinnati, Cincinnati, OH 45221 

This chapter summarizes molecular level modeling of chromatographic 
interphases. Previous studies are reviewed concerning chain structure 
and dynamics and solute retention, and new results are presented from 
computer simulations of liquid chromatographic interphases of C18 

chains in contact with three different water/methanol mobile phases. 
These simulations probe the particle densities and free volume pro
files across the interface, solvent orientation passing from bulk into 
the stationary phase, and dynamical properties of the alkane chains 
and solvent. Discussion is given of preliminary studies of the partition
ing of charged solutes in size exclusion chromatography. Double layer 
effects are included by numerical solution of the nonlinear Poisson-
Boltzmann equation which yields the potential of mean force between 
the charged dendrimer solute and the like-charged pore. 

Chromatographic systems present many tough challenges for the researcher trying 
to obtain a fundamental understanding of the driving forces behind retention. Two 
prototype chromatographic systems are Reversed Phase Liquid Chromatography 
(RPLC) and Size Exclusion Chromatography (SEC) of charged particles. In each 
case the stationary phase is a complicated porous network and the surface is 
typically rough and has either been derivatized with long chain alkanes (RPLC) 
or is charged (SEC in a silica network). The mobile phase in RPLC most often 
is a complex fluid mixture of water/methanol or water/acetonitrile, while in SEC 
one may have a salt solution at a certain pH and ionic strength. In the SEC 
system, the ionic strength determines the effective size of charged solutes, which 
ultimately influences the partition coefficient. 

Due to the relatively slow flow rates, one central theme in these separation 
strategies is that the retention can be modeled as an equilibrium process. For ex
ample, the retention factor in RPLC is simply the product of a phase ratio and an 

© 2000 American Chemical Society 67 
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equilibrium constant for partitioning between the mobile and stationary phases. 
That partition coefficient in turn is directly related to the difference in solute 
excess chemical potentials between the two phases. This allows for some theo
retical simplification, yet the factors which determine the equilibrium partition 
coefficient can be highly complex. A range of interactions such as electrostatic, 
hydrogen bonding, dispersion, and hydrophobic forces can all act together (or in 
competition) to yield the observed behavior. 

In recent years, a great deal of effort has been focused on elucidating the 
underlying driving forces of retention in RPLC. A recent issue of the Journal of 
Chromatography (1) is devoted entirely to this topic. Experimentally, fundamen
tal molecular level techniques such as fluorescence (2,3), NMR (4,5), and IR (6) 
spectroscopies have begun to unravel the structure and dynamics of the liquid 
chromatographic interface and the behavior of solutes there. Also, chromato
graphic separations themselves, through temperature and solvent dependences 
(7,8) and relations to bulk partitioning measurements (9), can suggest retention 
models and the relative importance of mobile and stationary phases. It is clear 
from the chromatographic research that the surface chain density influences re
tention (10), and the solvent composition also has a significant impact (8). Theo
retically, several groups have developed molecular level approaches to rationalize 
the observed retention behavior. These theories have generally relied on mean 
field lattice statistical mechanics. The theories have led to a better understanding 
of the effect of surface chain density on retention (11), composition effects (12), 
and solute distributions into the stationary phase(l#). However, the underlying 
physical assumptions in these models are restrictive due to the complexity of the 
aqueous mixtures and the tethered alkane stationary phases. For SEC separation 
of charged solutes, both experiment and analytical linearized Debye-Huckel level 
theory have recently been applied to controlled dendrimers (14)· It was found 
that the linearized theory has significant shortcomings in explaining the observed 
effects of ionic strength on retention. 

In this chapter, we discuss an alternative approach based on molecular level 
simulations (RPLC) and numerical Poisson-Boltzmann methods for SEC of charged 
solutes. While the molecular interactions employed in the simulations of RPLC 
interphases are not necessarily of sufficient accuracy to predict the very small 
excess chemical potential differences between similar solutes which can lead to 
separations, the models are accurate enough to lead to a detailed picture of the 
interfaces, namely their structure and dynamics, and they can yield semiquan
titative estimates of excess chemical potential profiles for solute retention. The 
models are capable of including approximately all of the contributing interactions 
without recourse to mean field assumptions. In the SEC calculations, we can begin 
to assess the limitations of the linearization assumption (in Debye-Huckel theory) 
for prediction of retention and the importance of the ion valences in solution. The 
purposes of the research are to test the assumptions of the analytical models, to 
compare directly to experiment where possible, and hopefully to lead to a more 
accurate molecular level understanding of these interfaces. We do not review the 
extensive experimental literature nor analytical theoretical approaches, which are 
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presented in other chapters of this volume and elsewhere. Rather we refer to the 
relevant experimental and theoretical results in relation to the molecular modeling 
calculations presented here. 

Previous Simulations of RPLC Interphases 

Our first simulations were of high density Cs tethered alkane stationary phases 
in vacuum (15). The temperature dependent behavior (100-400K) was examined 
to explore the onset of any possible phase transitions. Disordered density profiles 
were observed at all temperatures, with some softening occurring with increasing 
temperature. The overall phase width was roughly 9Â, in agreement with neutron 
scattering data (16). The order parameter Sn was computed at all temperatures, 
and values near zero were observed, indicating a highly disordered system where 
the chains are on average tilted over towards the surface to a significant degree. No 
collective tilt was apparent, due to the large available free volume (the chains were 
bonded at roughly 1/2 closed packed density, typical of RPLC stationary phases). 
Even at low temperatures, a substantial fraction of the internal dihedral angles 
were in the gauche configuration (20%), in agreement with IR experiments (6). 
The chains undergo a gradual transition from a low temperature disordered, glassy 
state to a high temperature liquid-like form between 200K and 300K. Calorimetry 
experiments (17) indicate a broadened phase transition over this temperature 
range. The liquid-like state is characterized by diffusive motions of the chain 
segments, with increasing mobility further from the point of attachment. We 
computed diffusion constants over short time scales to differentiate between liquid 
and solid or glassy behavior. We note here that any value between our computed 
diffusion constants and zero can be obtained for tethered chains, depending on 
the time scale of the calculation for the slope of the mean square displacement, 
since the chains are not free to roam on the surface (18). 

Our second series of simulations examined chain length, surface density, and 
intermolecular force effects on stationary phases (19). The density profiles for 
longer chain systems exhibit a clear layering away from the surface, even in a 
liquid-like state. This layering has also been observed for free long chain alkanes 
near solid surfaces (20). The segment density tends to fill the available extensive 
free volume, which amounts to at least 50% even at the highest available com
mercial stationary phase packings. This is not surprising since octadecane on a 
surface is expected to be liquid or glassy at these temperatures. This is the reason 
the chains do not assume completely extended conformations on average, and the 
interphase width is substantially less than the fully extended value. The role of 
each attractive component of the chain and surface potentials was explored by 
sequentially simulating each of the four combinations of purely repulsive and full 
Lennard-Jones interactions. Both surface and intersegment attractive potentials 
are crucial in obtaining a realistic model of the interfacial structure. This result 
indicates that purely repulsive theoretical chain models fail to capture important 
features of the interactions. Diffusion constants were computed as a function of 
distance from the solid surface, and for Cig stationary phases, the first 10Â of 
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the stationary phase is largely 'frozen' into a glassy state on the surface. The 
upper 8-10Â region exhibits liquid-like behavior at room temperature. Variation 
of the state of the stationary phase with distance from the surface may have a 
large impact on retention behavior. Topographic maps were displayed of the Cis 
stationary phase surfaces at several densities and over a time sequence at a typ
ical RPLC density. While the chain tails exhibit short time liquid-like motions, 
large scale features on the surface move on a much slower time scale (on the order 
of lOOps). The surface is rough and disordered, which has been inferred from 
spectroscopic experiments on a large hydrophobic solute (3). 

Water/methanol solvent mixtures were then added to the modeled stationary 
phases (21). The system configurations consisted of two opposing stationary phase 
layers with the solvent mixture in between. The overall interphase width was 100Â 
in order to obtain bulk behavior in the center of the simulation cell. A total of 
roughly 8000 force centers were required to obtain a system of this size. Periodic 
boundary conditions were enforced in two dimensions. A small hydrophobic solute 
(methane) was then inserted into a range of slabs at distances ranging from bulk 
solution into the stationary phase. The system examined corresponds to a 50:50 
water/methanol mixture (by volume) and a Cig stationary phase at 4 μιηοΐ/m2. 
A window potential technique was used to compute the potential of mean force 
(excess chemical potential profile) for motion of the solute into the stationary 
phase. The profile displays a small peak at the interface (of magnitude roughly kT, 
and presumably due to ordered methanol, see below), and then there is a decrease 
as the solute passes into the stationary phase. The bulk to minimum difference 
is -3.6 kcal/mol. There are two minima in the stationary phase region (solute 
completely surrounded by chain segments) due to the layering effect discussed 
previously, and then the free energy rises sharply due to the frozen and high density 
alkane layers near the surface. If a local average of the free energy were taken 
around the minimum in the stationary phase (a solute 'sees' a range of free energies 
in the interfacial zone), then an overall free energy change of around -3.0 kcal/mol 
would be expected from these calculations. This value is relatively close to what 
would be expected for bulk partitioning of methane between water/methanol and 
oil (roughly -2 to -2.5 kcal/mol) (22,23). A somewhat related value is that for 
retention of benzene (-3.05 kcal/mol) for a 95:5 water/propanol mobile phase and 
2.39 μηιοΙ/ηΊ2 stationary phase (7), which is quite close to the bulk water/alkane 
partitioning value of -3 kcal/mol (9). Recently, preliminary measurements have 
been made (Wysocki, J.; Dorsey, J. G.; Beck, T. L., in progress) for retention 
of methane on a 50:50 water/methanol mobile phase, 4.1 μιηοΐ/m2 stationary 
phase column which display evidence of the hydrophobic effect on solubilities 
(in the temperature dependence). The initial estimate of the overall free energy 
drop is -0.8. kcal/mol, but as of this writing, this value can only be considered a 
preliminary estimate; it is lower in magnitude than what would be expected for a 
bulk partitioning process. 

The simulation results show that a partitioning mechanism occurs, but the 
retention cannot be considered a truly bulk partitioning process since the free 
energy profile never levels in the stationary phase region. There are specific or-
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dering and dynamical effects there that prevent the solute from seeing a bulk 
alkane fluid environment. However, this does not preclude the possibility that the 
overall free energy changes for nonpolar solutes are very close to those expected 
for bulk partitioning. In fact, the recent experiments of Carr, et al (9) show there 
is a close correlation between RPLC retention free energies and bulk partitioning 
for nonpolar solutes (for long chain and/or high density stationary phases and 
water/methanol mobile phase compositions which are below 70% methanol). 

In related simulation studies, Schure modeled stationary phases in vacuum 
and in contact with water/methanol mobile phases (24)· He created a nonuniform 
surface phase with higher chain concentrations in the middle of the cell. Chain 
density profiles are not presented, but single snapshots are shown of chain con
formations. He observes highly extended chain conformations in contradiction 
to our findings for RPLC densities. No order parameters were presented to give 
a quantitative estimate of the average degree of chain tilting relative to surface 
normal. In simulations with solvent, preferential segregation of methanol into the 
stationary phase was observed for the 80% methanol case, which agrees with our 
findings (below). Finally, he presents radial distribution functions for decane in
teracting with water/methanol mixtures, and sees a significant depletion of water 
from around this large hydrophobic solute. This effect was not observed in our 
simulations of methane in bulk water/methanol, which is likely due to the much 
smaller size of methane. 

Yarovsky, et al (25) presented extensive simulations of alkane stationary 
phases in vacuum. The layer thickness was calculated for three bonding densi
ties for C 4 , Cs, and Cie systems. However, this quantity was calculated as the 
average distance of the terminal methyl group to the surface. Previous simula
tions (19) have shown that the terminal methyl exhibits a wide range of motions 
perpendicular to the surface, so it is likely not an accurate indicator of over
all phase width; the total chain segment density profile is a better indicator of 
the full alkane width for comparison with neutron scattering experiments. They 
also computed the average number of gauche defects for the different chain lengths 
and surface densities. For the highest density examined (3.69 μπιοΐ/m2), they find 
that extended chain conformations predominate for Cig stationary phases based 
on end-to-end distributions. Diffusion constants were computed which illustrate 
the increased mobility for segments away from the surface. Values significantly 
lower than ours were obtained since they computed the diffusion constant over 
much longer time intervals. Recently, Yarovsky, et al (26) have extended their 
studies to larger systems of peptides in contact with alkane stationary phases. 

Martin and Siepmann (21) have utilized a combination of Configurational 
Bias (CBMC) and Gibbs Ensemble (GEMC) Monte Carlo techniques to study 
multicomponent phase equilibria and solute partitioning. They employed three 
different alkane force fields to assess the accuracy of each. The authors examined 
the boiling point diagram for an η-octane n-dodecane mixture, an isotherm for a 
binary supercritical mixture of ethane and η-heptane, and free energies for solute 
(n-pentane, n-hexane, and η-heptane) partitioning between a helium vapor phase 
and an η-heptane liquid phase. For the solute transfer studies, the computed 
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free energies are within 0.5 kJ/mol of the experimental values. These simulations 
show that complex fluid mixtures can be realistically modeled with current inter-
molecular potentials and simulation methods. The quantitative agreement with 
experiment is impressive; extensions to aqueous mixtures provide more severe 
challenges to molecular models due to the strong electrostatic forces. 

Computational Methods 

Our molecular dynamics simulation methodology has been described in detail else
where (15,19,21). Simulations of the tethered alkane water/methanol interphases 
were performed in the constant energy, constant volume ensemble. The chain seg
ment (and solute or solvent) surface interactions were modeled as an integrated 
Lennard-Jones interaction to include the average long range attractions (28). The 
well depth parameters were estimated from heat of adsorption data of alkanes on 
silica. Two surfaces were modeled: one which included roughness on a 4Â scale 
via an oscillatory potential and one flat. In the figures below the rough surface 
is on the left. The united atom alkane interactions were taken from simulations 
of related monolayers (28). The SPC potential (29) was utilized for water, while 
the OPLS parameters (30) were assumed for methanol (and the methane solute 
discussed above). The electrostatic interactions were smoothly truncated group 
by group starting at 8.5Â with a switching function. The alkane parameters were 
truncated at 9Â. A total of roughly 8000 force centers were necessary to model an 
interphase width of 100Â in order to ensure bulk solvent behavior in the middle. 
There were 32 chains on each side (4 /imol/m2). The systems were initially equi
librated with multiple heating/cooling annealing cycles before final equilibration 
and production runs at room temperature. Typical production runs were over at 
least 100 ps time scales. 

In the numerical studies of charged solute partitioning into like-charged pores, 
the nonlinear Poisson-Boltzmann equation was solved: 

V · (e(r)V0(r)) = -47r[ps(r) + g n + e - ^ ( r ) - v ( r ) - gn_e^(r)-v(r)] (1) 

where φ(τ) is the electrostatic potential, β = 1/fcT, e(r) is the (possibly) spatially 
dependent dielectric constant, p5(r) is the discrete source charge density, q is 
the charge on the solution ions, n± are the concentrations of the positive and 
negative ions in zero potential regions, and ν (τ) is a very large, positive excluded 
volume potential. This equation is a mean field (or saddle point) solution to an 
exact functional integral expression for the partition function of the ion gas. We 
solved it numerically with a highly efficient multigrid method (31; Coalson, R. 
D.; Beck, T. L. In Encyclopedia of Computational Chemistry; in press). Once 
the electrostatic potential is obtained over the whole domain, the Helmholtz free 
energy of the ion gas can be computed. By computing this free energy for several 
solute configurations, the potential of mean force profile can be obtained, and 
from this the partition coefficient: 
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Κ = 2 f1 6 βχρ[-βΑ(α)]αάα (2) 
Jo 

where a is the distance from the center scaled by the pore radius, A(a) is the free 
energy at that distance, and δ is the sphere radius divided by the pore radius. 
Note, for a noninteracting particle of zero radius, the partition coefficient is one. 

In our calculations, we modeled a charged sphere (dendrimer) passing from 
bulk solution into a like-charged cylindrical pore, so periodic boundaries must be 
employed. Some subtlety is involved in computing the free energy for the periodic 
case, since a recently proposed variational form (32) is not invariant to a uniform 
shift in the electrostatic potential. We have derived the connection between the 
field theory free energy and the variational result which illustrates the connections 
and differences (Beck, T. L.; Coalson, R. D., in preparation). The computation is 
a two step process: first compute the free energy to move the sphere to the center 
of the cylinder, then compute the free energy profile to move it out towards the 
cylinder. A uniform dielectric was assumed in our calculations (monovalent salts 
at 0.03M ionic strength), so no image forces were included (this should not lead 
to significant errors under these conditions). The dielectric constant was taken as 
that of water, and a grid spacing of 7.19Â was used. The total size of the cubical 
box on one side was 460Â. Additional inputs to the program are the sphere and 
cylinder surface charge densities and the total numbers of positive and negative 
ions. 

Results and Discussion 

Results for molecular dynamics simulations of RPLC interphases are presented 
first. The relative particle density profiles across the full interphase are shown in 
Figure 1. The chain density profiles (the average along ζ of all alkane united atom 
segment densities) are clearly visible on either side of each Figure. The left side is 
the rough surface, while the right side is flat. The surface undulations on the left 
side disrupt to some extent the horizontal layering of the chains visible in Figures 
la,c (highly aqueous mobile phases). This is expected since these density profiles 
are for cuts along the ζ direction, and not in terms of local distance from the hard 
wall; even if there were strong local density oscillations away from the surface, 
these would be smoothed by the averaging process employed here. The same 
argument pertains to the solvent density profiles which respond to local density 
oscillations of the stationary phase, so we prefer to emphasize the density profiles 
near the flat surface on the right. (The chains were bonded via a random growth 
process and were assigned random ζ points of attachment within a 2Â window to 
mimic roughness even on the flat solid surface). In the central region, the water 
density (density of Lennard-Jones particles centered on the oxygen) is the top 
curve in Figures la and lc, and the methanol density (density of Lennard-Jones 
particles centered on the methyl group) is the top curve in Figure lb. The bulk 
water/methanol number densities correspond closely to the experimental values 
for these three mixtures. 

For the two cases in Figures la and lc, the alkane density profile near the flat 
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ζ ( À ) 

Figure 1. Relative number densities for chain segments, water, and methanol, 
a) 50:50 (volume) mobile phase, b) 10:90 water/methanol. c) 88:12 wa
ter/methanol. The oscillatory Cie alkane chain segment densities are clearly 
visible on either side of each of the figures. For the solvent profiles, water is 
the top curve at the center (z=50Â) in a), methanol is the top curve in b), 
and water is the top curve in c). 
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surface is very close to that observed for the corresponding 4 /imol/m2 stationary 
phase in vacuum (19). In other words, the aqueous, hydrogen bonded fluid does 
not seriously perturb the overall structure of the stationary phase. The chains 
exist in a relatively collapsed state on the surface, and cover the available silica 
surface with high density layers. Near the surface the chain segments are 'frozen' 
into a glassy state, so this layer is largely impenetrable to solvent and presumably 
solute. The chain tails exhibit liquid-like motions; however, the computed short 
time diffusion constants are suppressed up to 50% relative to the chains in vacuum. 
The outer surface of the stationary phase is rough (and fluxional) on a 10Â length 
scale. For the 50:50 and 88:12 water/methanol mixtures it is apparent, especially 
on the side of the flat surface, that methanol segregates strongly to the surface. 
In effect, methanol acts like a 'mini-surfactant', which is consistent with the fact 
that it reduces the surface tension relative to pure aqueous systems. For the 
high methanol content case (Figure lb), the methanol penetrates substantially 
further into the stationary phase, and the outer layer of the chain density profile 
disappears as the chain density protrudes into the solvent. The water density 
does not penetrate significantly into the stationary phase for any of the three 
concentrations (There is some overlap of the density profiles due to the undulations 
of the fluid surfaces. This effect has been observed in simulations of water/alkane 
interfaces, where the local interfacial width is quite small (33)). Computed solvent 
diffusion constant profiles show some suppression near the alkane interfaces, on 
the order of 10-20%, with more reduction in the ζ direction than in the xy plane. 

The effect of chain solvation is apparent in Figure 2, which displays the oc
cupied volume along the ζ profiles corresponding to Figure 1. This volume was 
computed simply by binning the volumes of all Lennard-Jones centers in windows 
along the ζ direction. Dips in the occupied volume give a crude indication of 
free volume increases. There are clear indications of the repulsive nature of the 
interfaces for the 50:50 and 88:12 water/methanol cases. Both are in the concen
tration range referred to as 'highly aqueous' in the RPLC literature. Simulations 
of water/alkane surfaces exhibit the same free volume increase at the interface 
(23). For the high methanol content phase the free volume excess disappears in 
the interfacial region, indicating the increased mixing of solvent and stationary 
phase. Octadecane is not soluble in methanol, but there is an increased interfacial 
width due to a partial solubilization at the interface. 

An interesting issue is the relative orientation of the solvent passing from 
bulk towards the stationary phase. No special orientation of water was observed. 
However, the methanol becomes highly orientationally ordered near the interface 
for the 50:50 mixture (Figure 3). In this figure the distributions of angles of the 
methanol O-C axis relative to the surface normal are plotted for several ζ win
dows. These distributions are computed to give a flat curve in the bulk, but are 
not normalized for the number of particles. Therefore, curves with smaller mag
nitudes indicate fewer methanols in that slab. It is evident from this Figure that 
methanols near the alkane interface are ordered with the methyl group pointing 
toward the hyrdrophobic surface. This orientational behavior is in agreement with 
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s 
3 

Figure 2. Total occupied volume along the ζ profile, a) 50:50 (volume) 
mobile phase, b) 10:90 water/methanol. c) 88:12 water/methanol. The large 
oscillations at either side are due to the alkane chains, while the free volume 
increase (or occupied volume decrease) is apparent at the solvent/stationary 
phase interface, for example near z=85Â m c . 
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Figure 3. Distribution of methanol orientational angles relative to surface 
normal in windows centered at several ζ locations (see Figure la). The dis
tribution range is 0 to π. Bulk (x); 70 Â (open circles); 77 Â (filled circles); 
82 Â (open squares); 86 Â (open triangles); 88 Â (+). The relatively flat and 
low magnitude curve for the last window is due to a few trapped methanols 
not in contact with the bulk solvent. 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

00
5

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



78 

sum-frequency vibrational spectroscopy measurements on free water/methanol 
liquid-vapor interfaces (34)· 

The simulation results are consistent with a growing body of experimental 
results on RPLC water/methanol interphases. Harris and coworkers (2) observed 
collapse of the stationary phase in highly aqueous mixtures. Montgomery, et al. 
(3) found that a large hydrophobic solute resides at the interface between mobile 
and stationary phases, and that the interface is rough. Sander, et al. (6) per
formed IR measurements of stationary phase chains in contact with solvent, and 
found that for high methanol content, there is a partial extension of the chains, 
consistent with our result. Bliesner and Sentell (5) monitored motions of water and 
methanol (also water/acetonitrile) via deuterium NMR measurements. They ob
served a strong association of the methanol with the stationary phase, especially 
for high methanol fractions. They did not find evidence of solvent penetration 
and binding to the silica surface, at least for relatively high chain densities. In 
addition, Carr and coworkers (9) have recently performed a series of elegant chro
matographic experiments which show that free energies for retention of nonpolar 
solutes can be accurately modeled as a bulk partitioning process. Deviations from 
agreement occurred for high methanol fractions, and they postulated this may 
be due to penetration of methanol into the stationary phase environment, thus 
altering the local excess chemical potential of the solute there. Our simulations 
support that interpretation. 

Finally, we present preliminary results pertaining to SEC of charged den-
drimers. The system parameters were chosen to conform to the G3 dendrimers at 
0.03M ionic strength in the experimental system (14)· The observed experimen
tal partition coefficient is Κ = 0.30. (The extreme value of completely screened 
hard sphere solute is Κ = 0.63). We modeled only monovalent ions in our initial 
calculations. In Figure 4, the charge density contours of salt negative ions in the 
pore are plotted. The solute is partially along the path from the center of the pore 
to the side. The overlap of the sphere and cylinder double layers is apparent in 
the figure. The net free energy for this configuration (relative to separate sphere 
and cylinder) is 0.56&T at room temperature. The free energy was computed 
for each configuration, and from the assembled values a partition coefficient of 
Κ = 0.123 was obtained. This value is slightly more accurate than the Debye-
Hiickel result obtained by Shah, et al. (14) (Κ = 0.11) but is still far below the 
experimental value. Thus inclusion of nonlinear effects appears to improve the 
result but only slightly. One important factor to note is that both monovalent 
and divalent ions were used in the buffer solution. The deviation of the theoretical 
result could be due to several factors: inaccurate input values for surface charge 
densities, the assumption of spherical and cylindrical geometries for solute and 
pore, lack of variable dielectric constant, charge regulation at the surfaces, failure 
of the Poisson-Boltzmann level of theory, and/or use of only monovalent ions. 
The last factor is most likely the major source of the error, since divalent ions can 
lead to large reductions in repulsive interactions (or even attractions) between like 
charged surfaces (35). Future studies will focus on these issues, and simulations 
of flexible polyelectrolyte chains in pores using a new Multigrid Configurational 
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Figure 4. Contour plot of the negative salt ion charge density for a negatively 
charged dendrimer (sphere) inside a cylindrical silica pore. The total width is 460 A 
in each direction. The excluded volume solid region (no mobile ion density) is 
visible on either side of the cylindrical pore. 
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Bias Monte Carlo method for those calculations (Liu, Α.; Beck, T. L.; Frenkel, 
D., in preparation). 

Conclusions 

Computer simulations of RPLC interphases and solute transfer have led to more 
detailed pictures of the molecular level events at the interface between the mobile 
and stationary phases. Generally good agreement is obtained between experi
mental findings and the calculations. The research shows that the current level 
of molecular models and computational methodolgy and resources can be used 
to model the interfaces on a relatively accurate level. Much more work needs 
to be done, including: improvement of interaction potentials, simulations of free 
energies, enthalpies, and entropies for a wide range of nonpolar and polar solutes, 
and extensions to larger systems. Through combinations of theory, modeling, and 
experiment, we are beginning to gain a quantitative understanding of the driving 
forces and mechanisms of RPLC retention. The numerical calculations of electro
static effects in SEC are just beginning, but hold promise to aid in understanding 
the important parameters for retention of charged molecules and polymers in 
porous media. New Monte Carlo methods will allow the computation of excess 
chemical potentials of charged flexible chains inside like-charged pores. 
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Chapter 6 

Exploring Multicomponent Phase Equilibria 
by Monte Carlo Simulations: Toward a 

Description of Gas-Liquid Chromatography 
Marcus G. Martin1, J. Ilja Siepmann1,3, and Mark R. Schure2 

1Department of Chemistry, University of Minnesota, 
207 Pleasant Street SE, Minneapolis, MN 55455-0431 

2Theoretical Separation Science Laboratory, Rohm and Haas Company, 
727 Norristown Road, Spring House, PA 19477 

The calculation of retention times, retention indices, and partition con
stants is a long sought-after goal for theoretical studies in gas chro
matography. Although advances in computational chemistry have im
proved our understanding of molecular interactions, little attention has 
been focused on chromatography, let alone calculations of retention 
properties. Configurational-bias Monte Carlo simulations in the Gibbs 
ensemble have been used to calculate single and multi-component phase 
diagrams for a variety of hydrocarbon systems. Transferable force fields 
for linear and branched alkanes have been derived from these simula
tions. Using calculations for helium/n-heptane/n-pentane systems, it is 
demonstrated that this approach yields very precise partition constants 
and free energies of transfer. Thereafter, the partitioning of linear and 
branched alkane solutes (with five to eight carbon atoms) between a 
squalane liquid phase and a helium vapor phase is investigated. The 
Kovats retention indices of the solutes are calculated directly from the 
partition constants. 

The underlying principles of chromatographic separation are inherently complex, 
being dictated by the interplay of the sample with the stationary phase (solid 
substrate and bonded phase) and the mobile phase that often contains a mixture 
of solvents. Thus predicting the retention characteristics of a solute molecule 
given only its structure and the experimental chromatographic conditions is one 
of the grand challenges in separation science. Many different methods for the 
prediction of retention data have appeared in the literature (for excellent reviews, 
see (1-5)). We note here that many attempts at this predictive capability have 

Corresponding author: siepmann@chem.umn.edu. 
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inevitably ended up as some form of chemometric exercise using techniques like 
factor analysis or pattern recognition, i.e. equations are derived from fitting 
to experimental data (sometimes even retention data) for a series of molecules 
(the training set) and then used to interpolate or extrapolate for compounds 
not included in the series. A variety of equation-of-state based methods (6) and 
group additivity methods (7) have also been used for this purpose, and although 
based on composition, they do not explicitly consider the details of the molecular 
structure. 

In this review article, we describe our progress using a more direct approach, 
that is we perform molecular simulations to explore the fluid phase equilibria 
that govern retention in gas-liquid chromatography (GLC). The simulated sys
tems consist of stationary and mobile phases plus solute molecules. Use of novel 
simulation techniques and transferable force fields allows us to directly determine 
solute partitioning coefficients (or constants) and to predict relative retention 
times, and no information on other (macroscopic) physical data of the con
stituents, such as vapor pressure, refractive index or hydrogen acceptor/donor 
scale, is required. 

The remainder of this article is divided as follows. The next section is de
voted to a brief description of the simulation methodology. In the following sec
tion, simulation results for single-component alkane systems are described that 
were used to fit the force field parameters. Thereafter, the ability of the simula
tion methodology to yield precise vapor-to-liquid-phase free energies of transfer 
is demonstrated for mixtures of medium-length alkanes. Finally, initial results 
for the partitioning of linear and branched alkane solutes in a helium/squalane 
GLC system are presented. 

Simulation Methodology 

The position of chemical equilibria as well as the direction of all spontaneous 
chemical change is determined by free energies. The partition constant of so
lute S between phases α and β is directly related to the Gibbs free energy of 
transfer (8) 

Δ(? 5 = Λ Τ 1 η ^ (1) 

where and p§ are the number densities of S in the two phases at equilibrium, 
and the ratio of these is the partition constant K. Whereas the determination 
of mechanical properties is now routine for computer simulation, the determina
tion of (relative and absolute) free energies and other thermal properties, which 
depend on the volume of phase space, remains one of the most challenging prob
lems (9,10). Many excellent reviews devoted to free energy calculation methods 
have appeared over the last ten years (e.g., see (11-13)). 

Thermodynamic integration (TI) and free energy perturbation (FEP) are 
the most widely used methods to calculate free energy differences and are avail
able in some commercial simulation packages. The TI method is based on the 
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statistical connection between the Gibbs free energy, G, and the Hamiltonian, 
H, of the system 

where λ is a coupling parameter so that H\=o = HA and ϋΓλ=ι = # Β · The 
angular brackets, {* · ·)λ> denote an isobaric-isothermal ensemble average on the 
state defined by λ. Use of the TI expressions requires a reversible thermody
namic path. In the FEP method the difference between two state is treated as 
a perturbation (requiring that the states are not too different) 

AG = GB-GA = -RTln(exp[-(HB - HA)/RT]^pT . (3) 

To alleviate the problem that most often the initial and final states are quite 
different, A and Β can also be linked through a number of intermediate states. 
Recently, Kollman and co-workers (14,15) investigated the precision of TI and 
FEP calculations and concluded that molecular dynamics simulations on the 
order of nanoseconds are required to give free energies of solvation of small 
molecules (methane) with a relative error of around 10%, and even longer sim
ulations are needed to obtain reliable potentials of mean force. 

None of the traditional free energy methods described in the preceding sec
tion is suitable for the efficient calculation of phase diagrams and until recently 
computation of multicomponent phase equilibria involving complex molecules 
was considered beyond reach (9). However, over the past few years many new 
methods have been proposed which greatly aid in the calculation of phase equi
libria (16-22). In the interest of brevity, we describe only the salient features 
of the simulation methods which will be used in this work. The work-horse 
for our calculations is the combination of the Gibbs-ensemble Monte Carlo 
(GEMC) method (23-25) and the configurational-bias Monte Carlo (CBMC) 
algorithm (26-30). GEMC utilizes two separate simulation boxes that are in 
thermodynamic contact, but do not have an explicit interface. As a result, for a 
given state point the properties of the coexisting phases, such as the partitioning 
of solute molecules, can be determined directly from a single simulation. Since 
GEMC samples directly the partitioning between two phases, it can also be used 
to calculate the partition constant from the ratio of the number densities or, if 
so desired, also using the molality scale. Knowing the partition constant, ϋί, 
the free energy of transfer, AG°, can be calculated directly from eqn. 1, which 
is the same procedure as used for experimental data. 

One of the GEMC steps involves the swapping of a molecule from one phase 
to the other, thereby equalizing the chemical potentials of each species in the 
two phases. Acceptance of these particle interchanges is often the rate limiting 
step in GEMC simulations and to improve the sampling of insertions of flexible 
molecules, such as the alkanes, the CBMC technique is used. CBMC replaces 
the conventional random insertion of entire molecules with a scheme in which the 
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chain molecule is inserted atom by atom such that conformations with favorable 
energies are preferentially found. The resulting bias in the CBMC swap step, 
which improves the efficiency of the simulations by many orders of magnitude, 
is then removed by using special acceptance rules (31,32). 

The extension to multicomponent mixtures introduces a case where the 
smaller molecules (members of a homologous series) have a considerably higher 
acceptance rate in the swap move than larger molecules. In recent simulations 
for alkane mixtures (33), we took advantage of this by introducing the CBMC-
switch move which combines the GEMC identity switch (24) with CBMC chain 
interconversion (34), such that molecule A is regrown as molecule Β in one 
box, and Β is regrown as A in the other box. This CBMC-switch equalizes 
the difference of the chemical potentials of A and Β in the two boxes. The 
conventional CBMC swap is used mainly to equalize the chemical potential of 
the shorter alkane in the two phases. This scheme is extremely beneficial for 
simulations of chromatographic systems, where many members of a homologous 
series are considered as solutes. 

Single-Component Phase Equilibria and Force Field Development 

For the past five years, our group has employed configurational-bias Monte Carlo 
simulations in the Gibbs ensemble to derive the force field parameters for non-
bonded interactions (30,35-38). The united-atom version (in which entire methyl 
and methylene units are treated as pseudo-atoms) of our Transferable Potentials 
for Phase Equilibria (TraPPE) force field is based on a relatively simple func
tional form to calculate the potential energy, U, of the system (this form is 
essentially identical to those used in the popular AMBER (39), CHARMM (40), 
and OPLS (41) force fields) 

charges atoms Γ / \ 12 / \ 61 

™ - g d g ; -fê)] 
dihedrals angles 

where r/y, q, r, e, σ, φ, and θ denote the set of all Cartesian positions, the 
charges, the pair separations, the Lennard-Jones well depths and diameters, the 
dihedral angles, and the bond bending angles, respectively. The electrostatic 
part sums over all (partial) charges which usually are centered at atomic sites. 
Lennard-Jones potentials are used for the van der Waals (vdW) interactions. 
Simple cosine expansions and harmonic potentials are used to govern dihedral 
motion and angle bending. Fixed bond lengths are used throughout the sim
ulations because experience has shown that replacing flexible (chemical) bonds 
with rigid bonds (of fixed lengths) has no measurable effect on phase equilibria 
calculations (42). 
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In the design of the TraPPE force field we follow an "inside-out" approach, 
i.e. starting with the "bonded" 1-2 (bond length), 1-3 (angle) and 1-4 (dihe
dral) interactions. Accurate determination of these bonded interactions from 
molecular simulation is impossible. Thus experimental data (structures and vi
brational frequencies) or quantum mechanical calculations on small molecules 
have to be used to obtain these parameters. The torsional potentials for 1-4 
interactions are taken from the best available quantum mechanical calculations, 
there are no vdW and electrostatic contributions to 1-4 interactions. Once the 
potentials for the bonded interactions have been found, we come to the crux of 
the development of transferable potentials: the determination of the nonbonded 
vdW and electrostatic interactions. Unfortunately, at present neither the (par
tial) charges nor the vdW potentials can be obtained with sufficient accuracy 
using ab initio quantum mechanics (43,44) and we have to resort to empirical 
fitting procedures. 

Calculated vapor-liquid coexistence curves (VLCC) and other phase equi
libria are extremely sensitive to very small changes of the nonbonded force field 
parameters. Therefore, single-component VLCC offer a very attractive route to 
determine force field parameters. In 1993, we presented the first alkane force 
field (called SKS) that was based on fitting to VLCC of medium-length alkanes 
(35,36). This model allowed for the prediction of the critical points of high-
molecular weight alkanes (35) for which no reliable experimental data are avail
able. However, the SKS force field failed to give satisfactory results for short 
alkanes. More recently, we have proposed an improved parameterization (the 
TraPPE force field) that uses one additional force field parameter (allowing for 
different Lennard-Jones diameters of methyl and methylene groups) (38). Agree
ment with experiment is now more satisfactory for all alkane chain lengths. The 
VLCC of ethane, n-pentane, and η-octane are shown in Figure 1. Considering 
the relative simplicity of the force field, the results are encouraging. Figure 2 
depicts the critical temperatures and normal boiling points of the linear alkanes 
as functions of chain length. While the agreement is good for the critical proper
ties, the united-atom TraPPE force field consistently underestimates the boiling 
points (overestimates the vapor pressures). Finite-size scaling techniques were 
not used for the determination of the critical properties, but it is believed that 
finite-size errors are small for the system sizes studied here (38). The SKS and 
TraPPE-UA models have also been employed in studies of transport properties, 
agreement with experiment is rather satisfactory at higher temperatures but 
becomes worse as the tripple point is approached (45,46). Thus the limitations 
of these united-atom force fields are already apparent. [An explicit-hydrogen 
alkane force field (including Lennard-Jones sites at the centers of C-H bonds) 
has also been developed in our group. This all-atom force field gives good va
por pressures over the entire range of temperatures and predicts critical and 
boiling temperatures with an accuracy of around 1%. It also improves the pre
diction of heats of vaporization and vapor-liquid Gibbs free energies of transfer 
for the linear alkanes. However, an all-atom force field increases the number 
of interaction sites by a factor of roughly 3 and thus the computational bur
den by an order of magnitude. (Chen, B.; Siepmann, J. L; J. Phys. Chem. B, 
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Figure 1. Vapor-liquid coexistence curves for ethane, n-pentane, and 
η-octane. Experimental coexistence data (57) and critical points (58) are 
shown as long dashed lines and crosses. Calculated saturated densities 
and extrapolated critical points for the TraPPE force field results are 
shown as diamonds. 

700 
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300 h 

1 5 9 
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Figure 2. Critical temperatures (upper curves) and normal boiling 
points (lower curves). Experimental data (57,58) and simulation results 
for the TraPPE force field are shown as solid/dashed lines and filled/open 
diamonds, respectively. 
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submitted for publication)] Retaining the methyl and methylene parameters, we 
have also developed ternary and quarternary carbon parameters required for 
the modeling of branched alkanes (30). Figure 3 depicts the VLCC for 2,5- and 
3,4-dimethylhexane. It is very encouraging, that without any special adjustable 
parameters the united-atom TraPPE force field is able to distinguish between 
these isomers. However, agreement with experiment is not as good as for the 
linear alkanes, in particular the critical temperatures are overestimated. 

Multi-Component Phase Equilibria and Calculations of Gibbs Free 
Energies of Transfer 

As a first step towards the simulation of chromatographic systems, we have car
ried out a detailed investigation of the partitioning of n-pentane and n-hexane 
between a helium vapor phase and a η-heptane liquid phase at standard condi
tions (33,46). This system was selected because of its similarity to GLC systems 
and of the availability of extremely accurate experimental partition data (47). 
Our initial studies (33,46,48) have demonstrated that configurational-bias Monte 
Carlo simulations in the isobaric (NpT) Gibbs ensemble are an efficient route to 
determine Gibbs free energies of transfer with the precision required for chro
matographic studies. As discussed in detail by Schure (49), at room temper
ature, a dramatic change in the partitioning (or relative retention time), say 
by a factor 2, is associated with a relatively small change in free energy of 
AG° = 1.7 kJ/mol. A 10% change in the partitioning requires only 0.23 kJ/mol. 
A reliable GEMC/CBMC simulation protocol (number of Monte Carlo cycles, 
system size, solute concentration, etc.) has been established (46). Inspired by 
experimental procedures, we have already demonstrated that the partitioning of 
multiple solutes can be obtained from one simulation (33). The precision of our 
calculations can also be enhanced by adjusting the phase ratio to yield roughly 
equal relative errors in the number densities in both phases (33). 

Table 1 summarizes simulation details and results for n-pentane (solute 
or minor component)/n-heptane (liquid-phase solvent)/helium (carrier gas) sys
tems. Neither replacing helium with argon as the carrier gas, nor increasing the 
system size from 350 to 1400 solvent plus carrier gas molecules, nor changing 
the solute mole fraction from 0.001 to 0.01 do significantly alter the partitioning 
of the alkanes. The standard errors of the mean for the Gibbs free energies 
of transfer are smaller than 0.4 kJ/mol, i.e. in the region required for quanti
tative predictions of chromatographic retention for high resolution separation 
systems (49). In comparison, the relative free energy of hydration for the con
version of methane to ethane obtained from molecular dynamics simulations has 
been reported to be 1.0 ± 0.8 kJ/mol (using FEP) and 2.2 ± 2.0 kJ/mol (using 
TI) (14). It should be noted here that the AG calculated for the united-atom 
TraPPE force field are approximately 1 kJ/mol smaller in magnitude than the 
corresponding experimental data. We attribute these differences to inaccuracies 
of the united-atom TraPPE force field. As noted above, the united-atom version 
yields consistently too high vapor pressures, while it gives very good results for 
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Figure 3. Vapor-liquid coexistence curves for 2,5-dimethylhexane and 
3,4-dimethylhexane. Experimental coexistence data and critical points 
(57) are shown as long dashed lines and crosses. Calculated saturated 
densities and extrapolated critical points for the TraPPE force field re
sults are shown as diamonds (255-DMH) and circles (3,4-DMH).  A
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liquid densities and critical temperatures (38). Too high vapor pressures are 
consistent with too small AG. [The explicit-hydrogen version of the TraPPE 
force field (see above) does not suffer from this shortcoming and its use leads to 
much improved accuracies in the free energies of transfer.] 

Table 1. Simulation details and results for ternary (helium or argon)/ 
n-heptane/n-pentane systems at a temperature of 298.15 Κ and a pres
sure of 101.3 kPa calculated for the TraPPE force field. Ν is the total 
number of atoms/molecules of a given type in the two simulation cells. 
AG and ρ denote Gibbs free energies of transfer and specific densi
ties, respectively. The subscripts denote the statistical uncertainties in 
the simulation results. The experimental results are [46]: AG (C5) = 
-13.7 kJ/mol and AG (C7) = -19.5 kJ/mol. 

System A System Β System C System D 

Ν (He) 210 0 840 840 
Ν (Ar) 0 210 0 0 
N(CS) 2 2 8 1 
N(G7) 140 140 560 560 
AG (He) [kJ/mol] 7 .48 1 5 - 7.56i7 7 . 5 3 u 

AG (Ar) [kJ/mol] - 1.3515 - _ 

AG (C5) [kJ/mol] - 1 2 . 7524 -12.64i3 - I 2 . 7 I 2 0 -12.52 3 3 

AG (C7) [kJ/mol] -18.2435 - I 8 . I 8 9 -18.26x4 - 1 8 . 2 4 2 2 
fe/ml] 0.6845g 0 . 6 8 4 8 i 2 0.6843e 0.6849e 

P v a p [g/ml] 0.000606 0.001919 Ο . Ο Ο Ο 6 Ο 2 0.000584 

It is also important to test how the CBMC/GEMC methodology and the 
TraPPE force field perform at elevated temperatures and pressures such as those 
encountered in gas chromatography. To illustrate this, we have calculated the 
solubilities of helium in n-hexadecane over a wide range of temperatures and 
pressures (see Figure 4). Agreement with the experimental results is satisfactory 
over this range of conditions and also at standard conditions (Zhuravlev, N . D.; 
Siepmann, J. I.; 'Solubilities of He, Ar, CH4, and CF4 in normal alkanes with 6 
to 16 carbon atoms: A Monte Carlo Study', in preparation). 

Alkane Partitioning in a Helium/Squalane GLC System 

Of all of the various chromatographic techniques, gas-liquid chromatography 
(GLC or just GC) is perhaps the simplest system to study on a fundamental 
level. This is due to the rather well-defined nature of a gas in equilibrium 
with a high boiling temperature liquid typically coated on the inner surface of 
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a fused silica capillary. The retention of isomeric alkanes in GLC using high-
molecular-weight branched alkanes as the liquid phase is the starting point in 
our endeavor to contribute to the understanding of chromatography retention 
processes. Secondary effects, such as adsorption at the sUica-liquid interface and 
adsorption at the liquid film-vapor interface, are negligible in GLC separations 
involving solutes and liquid phase of very similar chemical nature (50,51). 

Currently, we are investigating the partitioning of linear and branched alka
nes with 5 to 8 carbon atoms between helium and squalane (2,6,10,15,19,23-
hexamethyltetracosane), a widely used liquid phase in GLC (52) and the refer
ence material for the Rohrschneider-McReynolds scheme of liquid phase char
acterization (53j54). During the GEMC simulations, particle swap moves have 
to be performed only for the solutes and the carrier gas. Since a liquid phase 
in GLC can only be used over a temperature range where its vapor pressures 
is negligible, there is no need to sample the partitioning of squalane. Two in
dependent simulations are carried out that each sample the partitioning of a 
group of four solutes (n-pentane/2-methyl-pentane/3-methylpentane/n-hexane 
and n-heptane/2,5-dimethylhexane/3,4-dimethylhexane/n-octane). The simula
tion systems contain 96 squalane, a total of 8 solute (2 each) molecules and 200 
(for pentane/hexane) or 500 (for heptane/octane) helium atoms. Preliminary 
estimates have been obtained for the solute partitionings and, at present, the 
statistical errors in the Gibbs free energies of transfer are around 0.5 kJ/mol. 
Experimental free energies of transfer are not available. Therefore, the simula
tion results are shown in the form of Kovats retention indices in Figure 5. The 
Kovats retention index / of a solute χ (55,56) can be calculated directly from 
the solute partitionings using 

4 = l00n + 100 log(Kx/Kn) 
\og(Kn^/Kn)\ 

(5) 

where KX1 Knj and Kn+\ are the partition constants of the solute in question, 
the highest normal alkane (having η carbon atoms) that elutes prior to the 
solute, and the lowest normal alkane that elutes after the solute, respectively. It 
is encouraging that the elution order is predicted correctly for all eight solutes. 
However, the retention indices appear to be overestimated for all four branched 
alkanes. 

Conclusions 

The rapid development of more efficient simulation algorithms, more accurate 
force fields, and more powerful computers is now permitting the use of molec
ular simulations for the investigation of complex problems in thermodynamics 
that were hitherto intractable. The combination of Gibbs-ensemble Monte Carlo 
and configurational-bias Monte Carlo allows the efficient and precise determina
tion of single and multicomponent phase diagrams and of Gibbs free energies of 
transfer. In conjunction with the united-atom TraPPE force field, results with 
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Figure 4. Solubility of helium in n-hexadecane as a function of tem
perature and pressure, x/y is the ratio of the mole fractions of helium 
in the liquid and vapor phases. The experimental data (59) and simula
tion results are depicted by filled and open symbols (T = 464 K: circles; 
Τ = 545 Κ: squares; Τ = 624 Κ: triangles). 

Figure 5. Predicted Kovats retention indices of four branched alkanes 
(2-methyl-pentane: square; 3-methylpentane: diamond; 2,5-dimethyl-
hexane: triangle up; 3,4-di-methylhexane: triangle down) for a helium/ 
squalane GLC system at Τ = 343 Κ. The experimental data were taken 
from (52). 
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a satisfactory degree of accuracy can be obtained, but further improvements in 
force fields are clearly desirable. The authors hope that quantitative molecular 
simulations of chromatographic systems will become an essential tool for provid
ing a molecular-level understanding of the factors contributing to the retention 
process and for predicting retention times. 
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Chapter 7 

Stationary- and Mobile-Phase Interactions 
in Supercritical Fluid Chromatography 

Sihua Xu, Phillip S. Wells, Yingmei Tao, Kwang S. Yun, and J. F. Parcher1 

Chemistry Department, University of Mississippi, University, MS 38677 

Mass spectrometric tracer pulse chromatography was used to measure the 
solubility of carbon dioxide in poly(dimethylsiloxane) over a wide range 
of pressures (15-100 atm) and temperatures from 35 to 120 °C. The data 
were compared with previously published results obtained with a wide 
variety of experimental methods including piezoelectric, gravimetric, 
dilatometric, and chromatographic procedures. The results are in 
agreement for pressures below the critical pressure of C0 2 but differ 
considerably for higher pressures. The lattice fluid model proposed by 
Sanchez and Lacombe, and later applied specifically to chromatographic 
systems by Martire and Boehm, was used to model the experimental 
solubility data using both measured characteristic parameters (ρ*, T* and 
P*) and critical constants as reduction parameters for the model. The 
models were used to calculate the interaction parameter, χ, from the 
experimental data. The results showed that the interaction parameter 
varied inversely with temperature as expected; however, the measured 
parameter also changed with the composition of the C02-polymer 
mixture. This composition dependence is not predicted from the model 
and indicates that the models as currently structured are not strictly 
applicable to the C02-PDMS system at temperatures and pressures close 
to critical. 

With the advent of supercritical fluid chromatography, SFC, the apparent gap 
between gas and liquid chromatography was finally occupied by a new chromatographic 
technique in which the mobile phase could vary continuously from a gas at low pressure 

Corresponding author. 

96 © 2000 American Chemical Society 
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to a supercritical fluid or even a liquid at high pressures (1). This integration of 
experimental techniques led to the concept of unified chromatography promulgated by 
Giddings (2). The idea of unified chromatography has not been achieved in practice for 
a variety of reasons including instrumentation problems, the wide disparity of sample 
types, and perhaps most importantly the lack of an all-encompassing theoretical 
foundation. The latter problem has been addressed by Martire in a collection of papers 
developing the concept of a "Unified Molecular Theory of Chromatography" {3-7). 
Another series of theoretical treatments for SFC in particular has been proposed by Roth 
(8-13). These statistical thermodynamic treatments cover a wide variety of mobile and 
stationary phases but suffer from a common lack of appropriate experimental data 
required for verification. Fundamental thermodynamic data are particularly difficult to 
measure for systems, such as those often encountered with SFC, in which an exact 
delineation between the stationary and liquid phases is difficult. Thus, experimental 
measurement of the column void volume (mobile phase volume) and the volume as well 
as the composition of the stationary phase is often difficult if not impossible. 
Nevertheless, these crucial parameters are absolutely necessary for the verification of 
any proposed statistical thermodynamic model. 

The uncertainty in the volumes and compositions of the stationary and mobile 
phases arises because the mobile phase, usually C 0 2 , dissolves in or adsorbs on most 
stationary phases. In most lattice fluid SFC models, the "composition" of the mobile 
phase, which is usually pure C0 2 , is also treated as a variable because the mobile phase 
is considered to be a binary mixture of C0 2 molecules and unoccupied space, vacancies, 
or empty lattice sites. Density thus becomes the composition variable for the mobile 
phase. 

Using this definition, the composition of both the stationary and mobile phases 
varies significantly with temperature and pressure, especially near the critical point of 
the mobile phase. At temperatures below critical, the composition of the mobile phase 
may change discontinuously from the density of a gas to that of a liquid or vice versa. 
Thus, supercritical fluid chromatographic systems are very complex even in the absence 
of chromatographic solutes, modifiers, or additives. The influence of such a dissolution 
or adsorption process on the retention and resolution of any chromatographic solutes is 
uncertain and difficult to ascertain, and is thus most often simply ignored. Fortunately, 
such disregard seems justifiable in view of the remarkable results obtained with very 
complex SFC systems. 

Most SFC models consider the mobile phase composition (density) to be the 
controlling factor for the retention of typical solutes. This makes the SFC models 
consistent with HPLC models although the SFC mobile phase composition is now a 
function of temperature as well as pressure. A complicating factor, however, is the fact 
that many engineering studies have shown that C0 2 dissolves extensively in common 
polymeric stationary phases. The most thoroughly studied fluid-polymer system closely 
related to any practical SFC setup is C0 2 with PDMS, poly(dimethylsiloxane). Several 
disparate experimental techniques have been used to measure the high-pressure solubility 
isotherms of this system. In 1986, Fleming and Koros (14) used a pressure decay cell to 
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measure the uptake of C0 2 by silicone rubber at 35 °C. The sorption measurements 
required a correction to the void volume of the cell due to the swelling of the C0 2 -
impregnated polymer. The dilation of the polymer was measured with a cathotometer. 
In a later study, Briscoe and Zakaria (15) measured the absorption of C0 2 at 42 °C from 
changes in the resonance frequency of a metal beam coated with PDMS. The dilation 
was measured by an ultrasonic technique. In 1994, Garg, et al.(16), used a gravimetric 
method to measure the solubility of C0 2 in PDMS at 50, 80, and 100 °C. Recently, a 
chromatographic method (19) was used to investigate the same systems at 30, 40, and 
50 °C. Two additional studies reported dilation data at 41 °C (17) and 35, 50, and 70 
°C (18). This variety of experimental methods, viz., gravimetric, barometric, ultrasonic, 
and chromatographic techniques, provides a reliable solubility database which is 
remarkably consistent at pressures below 80 atm. An example of the experimental 
results at 40 °C is shown in Figure 1. Below 80 atm, the solubility data obtained from 
a wide variety of experimental techniques agree; however, at higher pressures there are 
obvious discrepancies which are almost certainly not due to experimental errors. 

Other disparities appear in the measured partial molar volumes of carbon dioxide 
which can be measured from experiments (14,15,20) where both sorption and swelling 
data were obtained. The partial molar volume, vx, is defined as 

ÔV 
dm (1) 

T,P,n2 

where Vis the total volume of the swollen polymer and represent the number of moles 
of component i in the mixture. This expression can be transformed to a more useful form 
for experimental determination of vj, viz., 

M , 
' άνλ 

v+ w2 

T,P 

(2) 

Mj is the molar mass of component 1, w, is the weight fraction of component i in the 
mixture, and ν is the specific volume of the mixture. Thus, vx can be determined directly 
from swelling, v, and sorption, w}, experimental data. 

A third form of the equation can be derived if hydrostatic compression of the 
polymer is taken into account. That is 

v + w2 
(3) 

where β is the isothermal compressibility of the polymer. Each of these three equations 
was used to calculate vx from the experimental sorption and swelling data (14,15,20). 
The results are shown in Figure 2. Again, there is agreement between the different data 
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100 150 
Pressure (atm) 

Figure 1 Literature Data for the Solubility of C 0 2 in PDMS 
atea. 40 °C 

ο Tracer Pulse Chromatography (19) 
A Calculated from Dilatometric data (17) 

assuming a Constant Molar Volume of 
C 0 2 (46.2mL/mol) 

Δ Resonance Frequency Method (75) 
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"ι 1 r 

0 10 20 30 40 50 60 

Weight Percent C 0 2 in PDMS at 40° C 

Figure 2 Experimental Values for the Partial Molar 
Volume of C 0 2 in PDMS 

• Fleming and Koros (14) (Equation 2) 

• Pope, Sanchez, Koros, and Fleming (20) 
(Equation 3) 

A Briscoe and Zakaria (15) (Equation 1) 
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sets at low concentration of C0 2 but significant deviation at higher concentrations. 
If carbon dioxide dissolves in PDMS under chromatographic conditions to the extent 

illustrated by the upper curves in Figure 1, the effects of C0 2 dissolved in the stationary 
phase on the retention and resolution of SFC solutes should be readily apparent. 
Conversely, if C0 2 dissolves only to the extent illustrated by the lower curve in Figure 
1, then this could explain the success of models based solely on mobile phase 
composition (density) as the controlling factor in SFC. The exact cause(s) of the 
observed solubility discrepancies is not known; however, it is clear that a critical need 
exists for further experimental investigations of systems, such as C02-PDMS, which can 
serve as excellent models for the very complex, multicomponent systems encountered 
in chromatography. In the present investigation, a chromatographic method, viz., tracer 
pulse chromatography, was used to determine the solubility of C0 2 in PDMS (SE-30) 
over a wide range of pressure (to 100 atm) and temperature (35 -120 °C). The objective 
of this work is to provide a reliable set of data for the evaluation of current theoretical 
models for chromatographic systems. 

Experimental 

Instrumentation. The instrumentation and experimental procedures have been 
described in detail previously (21,22). Briefly, a closed-loop injection system containing 
neon and isotopically labeled C0 2 was used to make repetitive injections over a range 
of pressures and temperatures. A mass specific detector (HP 5971 MSD) was used to 
distinguish the isotopic carbon dioxide from the high background of unlabeled C0 2 

carrier gas. SFC-grade natural carbon dioxide was obtained from Scott Specialty Gases. 
Isotopically labeled carbon dioxide ( 1 3C 1 80 1 60) was purchased from Isotec. Neon was 
used as the dead time marker. 

Column Material. The polymeric material used in this study was SE-30 
(poly(dimethylsiloxane)) obtained from Supelco Chromatography Products. The 
molecular weight was approximately 100,000. The analytical columns were packed in 
this laboratory. Chromosorb W HP (60/80) with a surface area of 1 m2/g was used as the 
solid support. The liquid loading was determined by solvent extraction with chloroform. 
The percent coating of PDMS was 18.35. This gave an average film thickness of 0.23 
μηι. The thin film allowed rapid equilibration of the C02-polymer systems. 

Calculations. The total amount of C0 2 in the packed column, n^1 was determined 
from the retention time, tR\ of the isotopically labeled C0 2 and the measured molar flow 
rate, Fm, of C0 2 through the column from the relation: ricof = Fm t*R . Likewise, the 
amount of C0 2 in the mobile phase was determined from the retention time of neon, to, 
which was not measurably soluble in PDMS, i.e., η^ο2 = Fm t0. The amount of C0 2 
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dissolved in the polymer was determined by difference. The results are expressed in 
terms of mL(STP)/g of polymer to conform with previously published data. 

The density of the pure fluid phase was calculated from the Ely equation-of-state 
(23). The density of PDMS was calculated at the experimental temperatures from the 
relation given by Shih and Flory (24). 

ρ = 0.9919 - 8.92x10"4 ί + 2.65x10'V - 3x10-" f 

Results and Discussion 

The experimental results for the solubility measurements are given in Table I for 
pressures up to 100 atm over the temperature range from 35 to 120 °C. The data are 
illustrated as solubility isotherms in Figure 3. Comparison of the chromatographic data 
with previously published solubility data obtained with other experimental procedures 
is illustrated in Figures 4-7. The data at low temperatures (T <80 °C) are remarkably 
consistent especially considering the wide variety of experimental techniques, viz., 
gravimetric, dilatometric, chromatographic, and sonic methods, used for the solubility 
measurements. There is some discrepancy at higher temperatures (Figure 7); however, 
the agreement at lower temperatures is quite satisfactory. 

Table I. Experimental Data for the Solubility of C0 2 in Poly(dimethylsiloxane). 

Amount of C0 2 Absorbed (mL(STP)/g polymer) 

Pressure Temperature (°C) 
(atm) 

35 40 50 80 100 120 
15 16.4 6.09 
20 29.0 26.3 21.6 15.3 13.1 12.1 
30 49.0 44.4 36.3 24.7 18.8 14.3 
40 71.3 63.0 50.5 33.0 27.5 20.4 
50 95.8 83.6 68.5 43.6 35.6 28.6 
60 132 117 90.6 57.9 44.7 35.0 
70 172 149 111 61.9 49.9 40.4 
80 214 196 131 78.8 58.4 46.3 
90 242. 224 162 87.3 67.2 54.4 
100 207 240 174 96.7 75.6 61.1 
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300 

250 

Pressure (atm) 

Figure 3 Absorption Isotherm for C0 2 in PDMS 

ο 35 °C • 40 °C 
Δ 50 °C · 80 °C 
• 100 °C A 120 °C 
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Figure 4 Experimental Isotherms at 35 °C 

ο This work (TPC) 
• Shim and Johnston (Dilatometrie) (18) 
A Fleming and Koros (Barometric) (14) 
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Figure 5 Experimental Isotherms at 40 °C 

• Strubinger et al (TPC) (19) 
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Figure6 Experimental Isotherms at 50 C 
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Figure 7 Experimental Isotherms at 80 °C and 100 °C 
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Theoretical Models 

The extensive set of solubility data for C0 2 in PDMS provides an excellent database for 
the evaluation of existing models relating to the solubility of a compressible fluid in a 
polymer. The classical model for such systems is the Flory-Huggins equation for non-
athermal systems. 

Flory-Huggins Model This model, which is commonly used to interpret data for the 
solubility of gases in polymers, was proposed concurrently by Flory (25) and Huggins 
(26). The basic equation for this theory relates the activity of the gas, in this case C0 2 

(component 1), in the polymer (component 2) to the volume fraction the polymer, φ 2, 
and an interaction parameter, χ 1 2. 

In 4 = ln(l - φ2) + f 1 - ^ ] φ2 + χηφ\ (4) 

where r{ is a size parameter for component i. In the case where component 1 is a gas and 
τ 

component 2 is a polymer, it is usually assumed that — « 1. The activity of C0 2 in the 

polymer can be calculated from the relation 

rrTexp^ K
R T ') 

where P t is the partial pressure of C0 2 , P,° is the saturated vapor pressure of pure, liquid 
C0 2 at temperature Τ, and Y x and rfat are the fugacity coefficients for C0 2 at Τ, P, and 
Τ, Ρ !°, respectively. The denominator of equation 5 represents the fugacity of C0 2 in the 
standard state which is defined to be pure, liquid C0 2 at Τ and P. This is a commonly 
adopted standard state for liquids at Ρ > P°and Τ < Tc. For C0 2 , however, this standard 
state is awkward for two reasons. Firstly, pure liquid C0 2 does not exist at temperatures 
greater than the critical temperature, T c = 31 °C, so a van't Hoff-type extrapolation is 
required for Τ > Tc. Secondly, at pressures less than P°, the Poynting correction, /. e., the 
exponential term, is questionable because vi represents the molar volume of liquid C0 2 . 
Despite these problems, equation 5 is the most commonly used expression for calculating 
the activity of C0 2 in polymers. Figure 8 shows a plot of the logarithm of the activity 
coefficient of C0 2 in PDMS as a function of the volume fraction of polymer in the C0 2 -
PDMS mixture Using activity as the determinant parameter effectively eliminates the 
temperature dependence of the solubility data. 

In order to determine the interaction parameter, χ12 was used as the adjustable 
parameter. That is, for each of the data points given in Table I, the Flory-Huggins 
interaction parameter was calculated from equation 2, and the results are shown in Figure 
9. The χ1 2 values average 1.0, but significant scatter is observed at low C0 2 
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Figure 8 Plot of Activity Coefficient of C0 2 in PDMS 
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12 

Volume Fraction of C 0 2 in PDMS 

Figure 9. Flory-Huggins Interaction Parameter for the Experimental Data (Table I) 
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concentrations. 

Sanchez and Lacombe Model Sanchez and co-workers (27-30) have proposed a series 
of lattice fluid models for fluid-polymer systems. The authors proposed an equation for 
the chemical potential of any component in an equilibrium mixture of compressible 
fluids dissolved in a polymer. The general equation is: 

μ k Φ \ k k j-i 
-±= \ηφαρ + 1- r a £ f+ rap\£ φιΧαΙ ~Σ Σ Φ^Χ9 + ra 
η Λ i=l ri { i=l j=l /=1 

(6) 

where μα is the chemical potential of component α in a & component mixture. Two 
distinct concentration scales are used in the model. These are defined in terms of the size 
parameter, r}, which describes the number of lattice sites occupied by a mole of 
component i ; the number of moles of i , JVj ; and N0, the number of empty lattice sites in 
the fluid or condensed (polymer) phase. The concentration scales are 

the fraction of occupied sites: ρ = -k and 

Nr. 
the volume fraction of component i : φ. = k ' ' 

Σ Ν/ 
j=\ J J 

The product of these two concentrations, i.e., $p gives the fraction of sites occupied by 
component i. The reduced equation-of-state parameters, ρ , ζ , and Ρ are defined in 
terms of the characteristic parameters p* Ta* and Pa* by the relations 
~ ρ ~ Τ ~ Ρ 
p = — , Τ = —, Ρ =— . The interaction between the species i and j in the solution 

ρ Τ* Ρ* 
is described by the interaction parameter χ.. = ~j^(si* +εΜ*~^ευ*) w n e r e 

ε* represents the total interaction energy between mers of components i and j . 
A simple isotherm model for the dissolution of C0 2 (component 1) in a polymer, 

such as PDMS, (component 2) can be derived by equating the chemical potential of the 
C0 2 in the fluid (mobile) phase and the polymer (stationary phase) phase, i.e., 

f\± f^mL . For the mobile phase composed of pure C0 2 , the chemical potential is 
RT RT 

Τ, TlPm Κ ρ, 1η(ΐ-Λ.) (7) 

The stationary phase may contain both components 1 and 2, but component 2 is not 
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volatile ( φ2(η) = 0 ), so the chemical potential of component 1 in the stationary phase is 
given by 

RT 

+nps[n(s)Zi2 -h(s)<k(s)Z\2]+η - ψ - + + 
L h hPs ν Ps 

The equation-of-state for either phase is given by the relation: 

ln(\-ps) 
(8) 

^ + Ç + l n ( l - p ) + p ( l - Î = 0 (9) 

If the chemical potentials are set equal, it is assumed that there are no empty lattices sites 
in the condensed (stationary) phase ( ps = 1 ), and the EOS for each phase is used to 
eliminate the last term of equations 7 and 8, the result is a form of isotherm equation: 

PnL_£nL 

(10) 

Substituting ^ 2 ( s ) = l - φιω and rearranging gives the final isotherm equation for the 
Sanchez-Lacombe lattice fluid model. 

ι 

In order to test this model with experimental data, it is necessary to convert the 
solubility data given in Table I to the volume fraction of C0 2 in the polymeric phase. This 
requires a knowledge of the partial molar volume, v{, of C0 2 in the polymer phase at the 
experimental temperatures and pressures. If v} is known, the volume fraction can be 

22 400 
calculated from the expression φ^ = — where S is the amount of C0 2 absorbed 

22,400 + A" 
in units of mL(STP)/g of polymer and p2 is the density (g/mL) of the polymer at the 
experimental temperature. For comparison, a constant value of vi = 46.2 mL/mole was 
assumed (dashed line in Figure 2). 

The second step in fitting the model to the experimental data involves the 
determination of the size parameter, r}, and the characteristic parameters ρλ * and τ* for 
carbon dioxide. Several sets of these equation-of-state parameters for C0 2 have been 
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published previously; however, the values vary depending upon the type of pure 
component data used to determine the parameters. In this work, the parameters were 
determined from the PVT data for pure C0 2 using the Ely (23, 31) equation-of-state for 
pure C0 2 . The results are given in Table II along with literature results. The fit of the 
Sanchez-Lacombe equation-of-state to the data generated from the Ely EOS are shown in 
Figure 10. 

Table II. Characteristic Parameters for Pure Carbon Dioxide 

Reference T* p # Pi* 

Sanchez and Panayiotou (30) 283 6510 1.62 7.6 
Pope, etal. (20) 283 6510 1.62 7.6 

Condo, et al (33) 308 5670 1.51 6.5 

Garg, et al (16) Pressure Optimization 328 4582 1.43 5.2 
Density Optimization 330 4520 1.43 5.1 

This Work 311 5056 1.55 6.0 

The isotherm model represented by equation 11 was fit to the experimental data given in 
Table I with the size and characteristic parameters given in the last row of Table II with 
only the interaction parameter, χη , used as a mixture (adjustable) parameter. The results 
are illustrated in Figure 11 which shows the calculated χη values as a function of 
temperature and composition of the C02-polymer mixture. The interaction parameter 

increases with 1/Τ indicating that 11 ^ 2 2 > ε 1 2*. This behavior is reasonable; however, 

the composition dependence of the calculated χη values casts doubt on the validity of the 
Sanchez-Lacombe isotherm model as expressed by equation 11. 

Martire and Boehm Model In 1987, Martire and Boehm (4) presented a lattice fluid 
model for gas- liquid- and supercritical fluid chromatography. This "Unified Molecular 
Theory of Chromatography" was developed in the form of a series of treatments for 
specific chromatographic systems. The theoretical approach was based on the Sanchez-
Lacombe lattice fluid model; however, only one concentration scale was used. That is the 

Ν r 
"volume fraction" scale defined by the relation θ = -p . This quantity represents 

the fraction of all lattice sites occupied by component i and is functionally equivalent to 
Sanchez-Lacombe's product $ρ , i.e., the fraction of sites occupied by component i . In 
the case of a pure C0 2 mobile phase, 0Km) = <fiKm)p{m) = p(m) · For a condensed stationary 
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Figure 10 Equation-of-State Calculations for the Density of C 0 2 

Line Sanchez-Lacombe Equation-of-State (Equation 9) 
Symbols Ely Equation-of- State 

ο 35 °C - 40 °C 
δ 60 °C · 80 °C 
ο 100 °C A 120 °C 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

00
7

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



•0.10 

5? 

g 

1 

-0.15 -I 

-0.20 

-0.25 

-0.30 

-0.35 

-0.40 

-0.45 J 

-0.50 

Δ # 

Δ 

• ο 
Δ 

Ο 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

Volume Fraction of C 0 2 in PDMS (φ 1 ( 8 ) ) 

Figure 11 Plot of Interaction Parameter as a Function of 
the Volume Fraction of C 0 2 in PDMS 

35 °C 
50 °C 
100 °C 

40 °C 
80 °C 
120 °C 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

00
7

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



116 

phase ps = 1, so 0m = ΦΚχ)ρω = φΗχ)· A second difference between the two models 
concerns the definition of the interaction terms, ε and χ. Martire defined the interaction 

parameter χ.. = ^ + εΜ- 2ε^ . The relation between the interaction energies is 

given by ε*„ = -~ £·„ where ε* 7 is the total interaction energy per mer, ζ is the coordination 

number, and eu is the nonbonded, mer-mer interaction energy. Martire assumed εΗ< 0 to 
indicate attractive forces between mers. Finally, the reduced temperature is given by 
1 ζε„ 
Ζ 2RT 

—. Using these relations, the isotherm equation 11 becomes 

This is equation 79 of Martire and Boehm's treatise (4). Thus it is shown that the 
apparently disparate models of Sanchez-Lacombe and Martire-Boehm both produce the 
same isotherm equation if it is assumed that ps = \ and thus do not need to be treated as 
distinct, independent models. 

Equation 12 can also be cast in terms of a more classical reduced temperature and 
density based on the critical constants using relations derived from the equation-of-state, 

i.e., TR(]) -
-RT 
ζε,λ 

and pR{ 
• = 0Hm) (l + y[r\). This results in a 

slightly different isotherm equation with the fluid (mobile) phase parameters expressed in 
terms of TR(I) and pR(1). 

= ln + r, 

In 6> +r, 

M' 
(M 2 T„ 

(13) 

- 1 

A version of this isotherm equation 13 has been applied previously (34,35) for the C0 2 -
poly(methylmethacrolyate) systems and more detailed discussions of the assumptions and 
conditions used in the derivation are discussed therein and in the original publication (4). 
It was found for this system that the interaction parameter varied linearly with 1/T with 
little or no composition dependence. 

Martire and Boehm's critical constant-based isotherm, equation 13, was fit to the 
isotherm data for C0 2 in PDMS in the same manner, i.e., with adjustable χ12 values, using 
the critical constants for C0 2 (pc - 0.468 g/mL and 7; = 31 °C), the density of pure C0 2 

calculated from the Ely equation-of-state, and an r value of 6.0. The results were very 
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similar to those obtained for the Sanchez-Laeombe model, equation 11. The same 
composition dependence of the interaction parameter was observed whether the reduced 
temperature and density were calculated from the characteristic constants or the critical 
constants. 

Conclusions 

The independently derived models proposed by Sanchez-Laeombe and Martire-Boehm 
produce the same isotherm equation when the chemical potentials of C0 2 in the mobile and 
stationary phases are equated and the explicit pressure dependence is removed from the 
equations by use of an equation-of-state. The common model does not, however, 
adequately describe the experimentally observed solubility of C0 2 in PDMS without 
introducing a composition-dependent interaction term for the C02-polymer mixture. 

Tracer pulse chromatography provides a simple, but very accurate, experimental 
method for the determination of the solubility or adsorbability of supercritical fluids, such 
as C0 2 , in or on common SFC stationary phases. The method can be used for both 
pressures and temperatures encompassing the critical point. At pressures greater than Pc= 
74 atm, the experimentally measured solubility of C0 2 varies with experimental procedure. 
The chromatographic methods indicate only moderate solubility of C0 2 in PDMS at high 
pressures, whereas the more classical methods report much higher solubilities. One 
unique property of the very fast chromatographic methods is that the thermodynamic 
measurements are carried out with very thin films of polymers in order to achieve rapid 
equilibration of C0 2 distributed between the mobile and stationary phases. The 
gravimetric, volumetric, and ultrasonic experiments are usually performed on bulk polymer 
solutions to increase the sensitivity and accuracy of the solubility measurements. It is 
possible that the film thickness influences the solubility of C0 2 in polymers when the C0 2 

is a supercritical fluid. 
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Chapter 8 

Packed Capillary Columns in Hot Liquid 
and in Supercritical Mobile Phases 

T. Greibrokk, E. Lundanes, R. Trones, P. Molander, L. Roed, 
I. L. Skuland, T. Andersen, I. Bruheim, and B. Jachwitz 

Department of Chemistry, University of Oslo, P.O. Box 1033, Blindern, 
0315 Oslo, Norway 

The advantages of packed capillary columns in liquid chromatography 
(HPLC) as well as in supercritical fluids have been demonstrated. In 
liquids the active use of temperature as a variable has resulted in reduced 
analyses time, increased column efficiency, increased signal to noise 
ratio, and allowed temperature programming for controlling retention 
and replacing solvent gradients in HPLC. Temperature programs have 
been shown to be compatible with detection by light scattering and 
inductively coupled plasma-mass spectrometry. Separation of glycerides 
could be obtained either by a pressure program in supercritical fluid 
chromatography (SFC) or by a temperature program in HPLC. For high 
temperature purposes, at pressures which keep solvents in the liquid 
state above their boiling points, compounds with low solubility at room 
temperature have been injected by a high temperature injector, separated 
with temperature programs to 160 °C and detected by evaporative light 
scattering. New synthetic organometallic catalysts which require more 
inert conditions have been purity tested in C0 2 by SFC on the packed 
capillaries and flame ionization detection. Large volume injections on 
the packed capillaries with 0.32mm i.d. have been demonstrated both in 
SFC (75 µL) and in HPLC (100 µL). 

From the history of gas chromatography the virtues of (open tubular) capillary 
columns are well known and commonly accepted. Due to the increased viscosity and 
reduced diffusivity in supercritical fluids and particularly in liquids, the advantages of 
the open tubular columns become less prominent. At the same time a major 
disadvantage, reduced loadability, becomes more significant, primarily in the liquid 
state which requires very narrow columns in order to maintain high efficiency. 
Consequently, packed capillaries are a compromise which maintains a low thermal 
mass, allowing rapid temperature programming, while at the same time accepting 
larger injection volumes without overloading, and finally making available the wide 
selectivity range of column packings in liquid chromatography (HPLC). Packed 
columns cannot compete with open tubulars on the potential number of theoretical 

120 © 2000 American Chemical Society 
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plates, due to the restrictions on column length, but in fluids of reduced viscosity 
high speed analyses can be performed on relatively long columns. Lowering the 
viscosity can be obtained by raising the temperature or by including fluids such as 
C0 2 in the mobile phase. In conventional HPLC, at room temperature, the back 
pressure allows only relatively short columns to be used. Narrow column diameters 
were early on advocated for HPLC (1), partly for environmental reasons, saving 
organic solvents, and partly for the increased signal to noise ratios with limited 
sample sizes. Although the environmental concerns are likely to increase in years to 
come, the ability to use the temperature actively for controlling retention is in our 
view another significant advantage with packed capillaries. Since HPLC started as a 
complimentary technique to GC, replacing temperature with solvent strength, the 
need for temperature control has appeared to be less urgent. Fears of decomposing 
analytes and stationary phases, sometimes unwarranted, have added to the negligence 
of temperature as a variable in liquids. The elution strength of aqueous reversed 
phase systems has been compared to variation of temperature (2,3). Thus, 
increasing temperature with 4-5 centigrades compares to increasing the methanol or 
acetonitrile concentration with 1% in a reversed phase system. Temperature 
programming in narrow columns in HPLC has been demonstrated on packed 
capillaries (2,4-7) and also on open tubular columns (8), but so far has not been 
brought into common use, partly due to reported problems with silicabased packings 
in aqueous phases. 

In this paper we intend to demonstrate some of the advantages of packed capillary 
columns in liquid chromatography and in supercritical fluid chromatography (SFC). 
In liquids the temperature has been used actively for controlling retention and for 
replacing gradient elution, for increasing efficiency and lowering column back 
pressure at higher temperatures and for obtaining enhanced compatibility of some 
detectors with the low flow rates of such columns. Supercritical conditions have 
been utilized when the inertness of C0 2 , flame ionization detection and the improved 
performance of modern column packings have been required. 

Viscosity and Column Back Pressure 

The viscosity of a liquid is given by: 

r\ = Aexp(En/KT) 

( Εη = effective activation energy for molecular displacement) 

Since the viscosity is reduced with approximally 1-2 % per centigrade (9), increasing 
the temperature from 20 to 50 °C can result in a significant reduction of the viscosity 
and consequently in the column back pressure: 

p=nuL/ d p

2 

The 20-80 cm long columns, with i.d. of 100-320 μιη, were packed (7) with 3-5 urn 
particles. Typical flow rates for the 0.32 mm columns in HPLC were 5 ^/min. 
The reduced viscosity can be utilized for increasing the column length (L), if needed, 
reducing the particle size (d ) or simply for increasing speed (u) and reducing the 
time of analysis. This is illustrated in the determination of retinoids in Figure 1, 
where a 100 \iL volume of the sample solution was injected on to a packed capillary 
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column. In order to avoid overloading the column, the elution strength of the sample 
solvent was lower than the mobile phase, allowing analyte focusing at the column 
inlet. The sample loading time of a 100 μ1 sample was reduced from 20 min at room 
temperature to 5 min at 50 °C. 

Temperature - Column Efficiency 

Increasing the temperature will usually be expected to increase the column efficiency, 
due to the increased diffusivity which reduces the C-term of the van Deemter 
equation. Thus, by increasing the temperature from 25 to 70 °C, the reduced plate 
height of all-trans retinoic acid was halved, as shown in Figure 2. As a consequence 
of the reduced retention and the increased efficiency, the peak height increased by a 
factor of 2.8, while the baseline noise remained the same. 

Determination of retinoids in blood samples, particularly from children (small 
samples), is an example of applications where improved signal to noise ratio of 
capillary columns vs. conventional HPLC columns can be utilized. A column 
temperature of 50 °C appeared to have no adverse effects neither on the retinoids nor 
on the column packing. 

In capillary electrochromatography on packed capillaries, where the mechanical 
pump is replaced by an electrical field, the relationship between column efficiency 
and temperature is not as simple (Figure 3). By increasing temperature from 20 to 60 
°C, the column efficiency decreased in a non-aqueous system, but the efficiency per 
time unit increased as the EOF increased by 32% (Roed, L.; Lundanes, E.; 
Greibrokk, T., J. Microcol. Sep., in press). 

Temperature - Retention in HPLC 

The effect of temperature on retention in aqueous systems has been referred to 
previously. In non-aqueous systems, solvent gradients are of little or no use either in 
adsorption chromatography (10) or in gel permeation chromatography. In adsorption 
chromatography this is a result of the lack of reproducibility of gradient elution due to 
varying activity of the surface functions. If differences in adsorption energies are 
small, van't Hoff plots will be similar to Figure 4, resulting in proportional reduction 
of retention by increasing temperature. With larger differences in adsorption 
energies, temperature programs may implement changes comparable to selectivity 
changes of a solvent gradient. 

In non-aqueous systems, which usually makes use of isocratic or stepwise 
elution, a continuous retention control can be obtained by temperature programming 
on packed capillaries (11). Table 1 shows the effect on retention of a temperature 
increase from 50 to 150 °C. 
At temperatures exceeding the boiling points of the mobile phase components, a 
restrictor has been connected to the outlet of the system, maintaining a back pressure 
which prevents the solvents from boiling inside the column. Figure 5 compares 
isothermal elution of polymer additives at 50 °C with a temperature program from 50 
to 150 °C. Retention times were reduced and peak shapes and detection limits were 
improved by the temperature programming. The precision of the retention times 
measured during this temperature program was determined to 3% RSD (n=6). 
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mV 

1 1 1-* min 
2 0 4 0 

Figure 1. On-column focusing large volume (100 uL) injection of a 50 ppb solution 
of dll-trans retinol (1), 13-ds-retinoic acid (2) and dl\-trans retinoic acid (3) on a 0.32 
χ 250 mm fused silica column, packed in house with 5 μηι Suplex pKb-100. Sample 
introduction flow; 20 μΕ/ιηΐη, operating temperature; 50 °C, sample solvent; 
acetonitrile-0.5% ammonium acetate in water-water (45:5:50), mobile phase; 
acetonitrile-0.5% ammonium acetate in water-acetic acid (94.9:5.0:0.075), mobile 
phase flow; 5 μί/ηιίη, UV-detection at 360 nm. (Adapted from Molander, P.; 
Gundersen, T.E.; Haas, K.; Greibrokk, T.; Blomhoff, R.; Lundanes, E., J. 
Chromatogr. A, in press) 

Figure 2. Effect of temperature on the reduced plate height (h) of all-frans-retinoic 
acid in the liquid chromatographic system described in Figure 1. (Adapted from 
Molander, P.; Gundersen, T.E.; Haas, K.; Greibrokk, T.; Blomhoff, R.; Lundanes, 
E., J. Chromatogr. A, in press) 
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Figure 3. Column efficiency (plates/m) of all-irani-retinyl hexadecanoate (RC16) 
and -heptadecanoate (RC17) as a function of column temperature in electro-
chromatography with 2.5 mM lithium acetate in dimethyl formamide-methanol 
(99:1) on 3 μπι Hypersil ODS in a 0.18 χ 300 mm fused silica column at 650 V/cm. 
(Reproduced with permission from Roed, L.; Lundanes, E.; Greibrokk, T., J. 
Microcol. Sep., in press. Copyright 1999 John Wiley & Sons.) 
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1.60 τ 

1.40 -
1.20 -
LOO -
0.80 -

Ink 0.60 -
0.40 -
0.20 -
0.00 -

-0.20 -
-0.40 4 1 ^—f ^ 1 — I — 1 
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Figure 4. Van't Hoff plot of dll-trans retinol, 13-cw retinoic acid and all-trans retinoic 
acid. (Adapted from Molander, P.; Gundersen, T.E.; Haas, K.; Greibrokk, T.; 
Blomhoff, R.; Lundanes, E., /. Chromatogr. A, in press.) 
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b 

Figure 5. Comparing retention and peak shape of the polymer additives Irganox 
3114, Tinuvin 327 and Irganox 1076 at constant temperature of 50 °C (a) and a 
temperature program to 150 °C (b). Chromatographic conditions as in Table I. 
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Table I. Retention factor (k) of octadecyl-3-(3,5-di-t.butyl-4-hydroxyphenyl)-
propionate as a function of temperature (T). Mobile phase: acetonitrile - dimethyl-
formamide (90:10). Column: 0.32 χ 700 mm fused silica packed with 5 um Hypersil 
ODS. 

Τ (°C) k 

50 2.86 
75 1.31 
100 0.70 
125 0.38 
150 0.24 

Detector Compatibility and Applications with Packed Capillaries 

One of the major advantages of SFC is the ability to use GC detectors, with C0 2 as 
mobile phase. Glycerides can be separated by SFC as well as by high temperature 
liquid chromatography (HTLC). In plain C0 2 on an open capillary column the 
glycerides were separated by a pressure program and detected by FID (Figure 6). A 
packed column required a modifier to obtain good peak shapes. In the latter case as 
well as with an HTLC separation in 10% ethyl acetate in acetonitrile on a packed 
capillary, an evaporative light scattering detector (ELSD) replaced the FID. Similar 
resolution was obtained with the temperature program in HTLC as with the density 
program in SFC. The temperature program from 40 to 160 °C had no effect on the 
baseline. In a more high-boiling solvent and with high ramp rates baseline changes 
have appeared (12). With the low flow rates (ca 5 pLfaiin) the peak area is almost 
linearly related to the mass injected (12), in contrast to the common perception of the 
light scattering detector as being a non-linear detector. 

Another area where supercritical fluid chromatography has demonstrated high 
usefulness is in the determination of polymer additives. Early work showed that 
some of the additives could be chromatographed in plain C0 2 , while others needed 
modifiers, then excluding the use of the FID. With the steadily improved quality of 
column packings, more additives can now be eluted with good peak shapes in C0 2 , 
with FID, as demonstrated in Figure 7. Not all additives can be chromatographed by 
SFC, though, due to insufficient solubility in C0 2 . A typical example is Chimasorb 
944, a complex polymer additive with MW up to and above 2500. The best 
resolution ever of this very difficult mixture was obtained with high temperature LC 
and a temperature program to 160 °C (Figure 8). 

At the low flow rates of the packed capillaries the FID is also compatible with 
plain water as mobile phase (Figure 9). At room temperature the three butanols 
shown were strongly retained on the Hypercarb column, while a temperature increase 
to 50°C resulted in reduced retention and greatly improved peak shapes. 

Another detection method which has been studied was inductively coupled 
plasma-mass spectrometry, where the original nebulizer wasting 95-99% of the 
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Signal Signal 
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t (min) 0 
^ I— 
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Figure 6. Separation of monoglycerides (M), diglycerides (D) and triglycerides (T) in 
a technical product by open tubular SFC on 50 μηι χ 10 m SB-Biphenyl-30 with 
pressure program in C0 2 with FID (a), packed capillary SFC on 0.32 χ 100 mm 
fused silica with 4 μιη Novapak C18 with pressure program in 2.9 mol% 1-propanol 
in C0 2 with ELSD (b) and packed capillary HTLC on 0.32 χ 700 mm fused silica 
with 5 μιη Hypersil BDS with temperature program from 40 to 160 °C in acetonitrile-
ethyl acetate (90:10) with ELSD (c). 
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1 2 

2 4 

Figure 9. Flame ionization detection in HPLC in water (5 ulVmin) of t.butanol (1), 
sec. butanol (2) and n-butanol (3) after separation on 0.25 χ 250 mm fused silica 
with 5 Mm Hypercarb at 50 °C. Detector temperature; 350 °C, with 35 mL/min of H 2 

and 240 mL/min of air. 
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sample was replaced by a non-splitting direct inlet nebulizer (13). A temperature 
program had no effect on the baseline (Figure 10). 

In capillary electrochromatography UV-detection imply sensitivity limitations due 
to the short light path of on-column detection. As a compromise between efficiency 
and solubility in a non-aqueous electrochromatographic system, 40 °C was chosen 
for determination of retinyl palmitate in polar fox liver (Figure 11). The low currents 
in this mobile phase permitted the use of larger inner diameter columns (180 μιη) 
than normal, without excessive Joule heating, resulting in 6-7 times higher peak 
heights than with 100 μπι i.d. columns (Roed, L.; Lundanes, E.; Greibrokk, T., / . 
Microcol Sep., in press). 

Organometallic catalysts for single site polymerization reactions are frequently 
rather unstable compounds, reactive towards humidity and oxygen. Purity testing of 
new organometallic compounds have been performed in C 0 2 with detection by FID 
In order to prevent contact with air, a miniaturized combination of extraction and 
chromatography in C 0 2 was performed (Figure 12). Solid catalyst, synthesized in 
house, was extracted by C 0 2 , focused at the column inlet and analyzed by SFC, 
completely avoiding the use of solvents. Thus, the exposure towards the atmosphere 
was reduced and potential biproducts which otherwise would be covered by the 
solvent tail during analysis, could be detected. 

Large volume injections on capillary columns are relatively easy in aqueous 
reversed phase HPLC, by injecting in solutions of low solvent strength. In SFC it is 
more difficult to find an organic solvent with clearly lower elution strength than C 0 2 . 
Thus, combining SFE and SFC may become the only alternative, as shown in Figure 
13. A 75 ML extract of apples was applied on a small solid phase extraction column, 
the solvent removed and the pesticide extracted with SFE and transferred to and 
focused on the packed capillary column. 

High Temperature Applications 

High molecular weight waxes, resins and many polymers are not soluble in organic 
solvents at room temperature and need heated solvents to stay in solution. Size 
exclusion chromatography of poly olefins are for example routinely performed at 140 
°C. Many hydrocarbon waxes precipitate during injection in ordinary HPLC 
injectors. Since there are no heated injectors which are compatible with the capillary 
columns in HPLC commercially available, a heated injector has been constructed 
(Figure 14). With this injector hydrocarbon waxes were injected and separated with 
temperature programs (Figure 15). The authors intend to utilize this injector in 
improving methods for characterization of polymer alloys and mixtures, combined 
with temperature programming on packed capillaries, for separations according to 
functionality as well as size. 

Robustness of Columns 

Packed fused silica columns need to be handled more carefully than conventional 
steel HPLC columns, but are still fairly tolerant towards normal handling. Dirty 
samples should be filtered to avoid plugging of the inlet frit, as with conventional 
columns. Well packed columns with silica based packings have tolerated more than 
400 temperature programs to 150 °C in non-aqueous solvents without significant 
changes in retention and efficiency. In aqueous solvents silica based packings have 
previously been known for not withstanding temperatures above 70-80 °C without 
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Figure 10. Temperature programming from 50°C, then 16 °C/min to 100°C on 0.32 χ 
230 mm fused silica with 5 μηι Kromasil C18 in acetonitrile with inductively coupled 
plasma mass spectrometric detection. Separation of tetramethyl lead (1) from 
tetraethyl lead (3) and an impurity (2). (Adapted from Trônes, R: Tangen, Α.; Lund, 
W.; Greibrokk,T., J. Chromatogr. Α., in press.) 
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Figure 11. Retinyl ester profile of liver extracts from polar fox, including the 
determination of retinyl palmitate (RC16) by non-aqueous electrcchromatography on 
0.18 χ 210 mm fused silica packed with 3 μιη Hypersil ODS, in 2.5 mM lithium 
acetate in DMF-methanol (99:1) at 40 °C and 650 V/cm. (Reproduced with 
permission from Roed, L.; Lundanes, E.; Greibrokk, T., J. Microcol. Sep., in 
press. Copyright 1999 John Wiley & Sons.) 
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\ ï , , 1 • 
5 10 15 20 

min 
Figure 13. On-line combined solid phase injection-SFE-SFC in C0 2 of a 75 uL 
methanol/water apple extract containing the pesticide fenpyroximate (arrow). Column 
; 0.32 χ 530 mm fused silica with 5 μπι Kromasil CI8, pressure program from 100 
to 345 bar, column temperature; 70 °C. 
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Figure 14. High temperature injector in HTLC. 
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Figure 14. Continued 
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Signal 

I , 1 1 1 1 1 y 
10 20 30 40 50 60 min 

Figure 15. Injection of hydrocarbon wax (C14-C80) in cyclohexane at 70 °C. 
Separation by HTLC in acetonitrile - methylisobutyl ketone (75:25) on 0.32 χ 1000 
mm rased silica with 5 μηι Kromasil C18 and light scattering detection. Temperature 
program starting at 70 °C for 10 min, then 1 °C/min to 130 °C.  A
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being degraded, depending also on the pH. More recently made packings need to be 
tested to see whether this still is the case. As better silica qualities and improved 
coating techniques have allowed wider pH ranges of many reversed phase packings, 
an improved resistance towards higher temperatures in aqueous solutions might very 
well be expected. In aqueous solutions, temperatures higher than 70-80 °C wÉ 
probably not be required for controlling retention and even temperatures of 50-60 °C 
may be sufficient for replacing gradient elution. Higher temperatures will be expected 
to have an extra effect on tailing peaks caused by non-intentional adsorption, due to 
the reduction in adsorption energy at higher temperature. 

Thus, as soon as reversed phase columns can be demonstrated to withstand such 
temperatures over extended periods of time, at various pHs, temperature 
programming will be able of challenging gradient elution, as a much simpler and 
faster technique with packed capillary columns. In non-aqueous mobile phases, the 
advantages have already been proven. 
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Chapter 9 

Packed Capillary Column Chromatography 
with Gas, Supercritical, and Liquid Mobile Phases 
Keith D. Bartle1, Anthony A. Clifford1, Peter Myers1, Mark M. Robson3, 

Katherine Seale1, Daixin Tong1, David N. Batchelder2, and Suzanne Cooper2 

School of Chemistry and to 2Department of Physics and Astronomy, 
University of Leeds, Leeds S2 9JT, United Kingdom 

Introduction 

The concept of unified chromatography was defined by Giddings over thirty years 

ago, when he pointed out (1) that there are no distinctions between chromatographic 

separation modes which are merely classified according to the physical state of the 

mobile phase (GC, SFC and HPLC). Recently, Chester has described (2) how a 

consideration of the phase diagram of the mobile phase shows that a one-phase region 

(Figure 1) is available for the setting of mobile phase parameters, and that the 

boundaries separating individual techniques are totally arbitrary. By varying pressure, 

temperature and composition, solute - mobile phase interactions can be varied so as to 

permit the chromatographic elution of analytes ranging from permanent gases to ionic 

compounds; the dependence of solute diffusion coefficient in the mobile phase on 

pressure, temperature and composition, (Figure 1) also influences mass-transfer 

characteristics and also has an important bearing on the choice of an appropriate 

mobile phase. 

Towards the end of the 1980s, the concept arose of using a single chromatographic 

system to carry out separation in different modes; the principles and applications of 

unified chromatography have recently been reviewed (3). The purpose of this paper is 

to show how: capillary columns with i.d. in the range 50 to 500 μηι and packed with 

3Current address: Express Separations Ltd., 175 Woodhouse Lane, Leeds LS2 3AR, United 
Kingdom. 
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(generally bonded) silica particles with supercritical C0 2 carrier permit GC, SFC and 

HPLC in the same chromatograph; (b) such columns can be used in capillary 

electrochromatography (CEC); and (c) that micro Raman spectroscopy is a promising 

detector for microchromatography. 

Packed capillary columns offer the substantial advantages of small volumetric flow 

rates (1-20 μL min"1) which have environmental advantages, as well as permitting the 

use of 'exotic' or expensive mobile phases. Peak volumes are reduced, driven by the 

necessity of analysing very small (picomole) amounts of substance available, for 

example, in small volumes of body fluids, or in the products of single-bead 

combinational chemistry. 

Packing capillary columns 

Capillary columns have most commonly been packed with <10 μηι i.d. particles by 

liquid slurry methods, usually involving low viscosity solvents such as acetone; dry-

packing methods have also found limited application for 250 μηι i.d. columns, while 

centrifugal and electrokinetic procedures have also been proposed for the 

packing of columns for CEC. We have found that supercritical C0 2 is the most 

useful packing carrier for a full range of column internal diameters and particle 

diameters, allowing long (>1 m) columns to be packed, and packing medium density 

and viscosity to be varied by changing the applied pressure and temperature (4). 

Packing material is well dispersed in liquid C0 2 in a reservoir at room temperature, 

and packed under supercritical conditions (above 32°), maintained by a restrictor at 

the column exit which can be changed to vary the packing velocity. The column is 

subjected to ultrasonication during packing. 

Columns packed in this way, and tested in SFC are HPLC are highly efficient and 

show the classical van Deemter behaviour (Figure 2) with the minimum in the 

reduced plate height (h') shifted to faster carrier linear flow rates u and a flatter curve 

at high u because of a higher solute diffusion coefficient. An investigation of the 

dependence of column performance on packing variables revealed that: sonication is 

vital to avoid column voids; higher packing pressure gives better efficiency, with 
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Figure 1. Three dimensional two-component phase diagram. Shaded area is two-
phase region. After reference 2. 

COMPARISON OF VAN DEEMTER BEHAVIOUR 
OF PACKED CAPILLARY COLUMNS IN HPLC, 
SFC AND C E C 

U (mm/e) 

Figure 2. Van Deemter plots of reduced plate height, h, versus linear mobile phase 
velocity for packed capillary columns in HPLC, SFC and CEC. Columns: HPLC 
and SFC, 30 cm X 250 μιη packed with Water Spherisorb ODS-2 5 /xm; CEC 50 μιη 
X 25 cm packed with Waters Spherisorb PAH 3 μπι. Test solutes: HPLC, pyrene 
(k ' = 6.7); SFC, chrysene (k' = 5.4); CEC, phenanthrene (k' = 5.0). 

lower minimum reduced plate heights (h'min) ~2; but, and counter-intuitively, looser, 

more porous packing results from higher packing pressures. 

In fact, a comparison with literature h values for columns packed by liquid slurry 

methods (5) show the same trend as our results (Figure 3). For dry-packed (6) 
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Figure 3. Plot of minimum reduced plate height, hmin versus total porosity (eT) 
for capillary columns packed with: ( · ) supercritical fluid carrier; (•) dry-packing 
(reference 6); and (•) liquid slurry (reference 5). 
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columns there is an opposite trend (Figure 3), presumably because frictional 

behaviour is quite different during this procedure. The observation of looser packing 

with increasing pressure can be accounted for by a model (7) in which a greater slurry 

velocity during packed bed formation in the column centre produces a 'dome' of 

particles which rearrange laterally in a process which is favoured by reduced packing 

fluid density. The better efficiency of loose packed columns can be explained by a 

wall effect in which, for a tightly packed column bed, flow near the wall differs more 

from flow in the bed core than in a loosely packed column where there is a greater 

similarity of flows in the wall and core regions. 

A unified chromatograph for GC. SFC and HPLC 

The elements of the unified chromatograph (Figure 4) are: a helium cylinder with 

two-stage pressure regulator; syringe pump; reciprocating pump; injection valve with 

pneumatic actuator and digital valve sequence programmer; packed capillary column 

located in an oven; flame ionisation detector; and UV/visible detector with small 

volume flow cell (<100 nL). For SFC and HPLC either C0 2 from the syringe pump 

on liquid mobile phase supplied by the reciprocating pump are selected by positioning 

the mode selector valve. In GC mode, high pressure helium is supplied. Flow eluent 

from the column is directed either to the FID through a frit restrictor, or directly to the 

UV detector. If C0 2 is the mobile phase, a restrictor is located after the UV detector 

and used to control flow rate by varying the temperature of the surrounding heater. 

High pressure GC on packed capillary columns in the unified chromatograph 

The unified chromatograph can be readily used for GC on capillary columns packed 

with HPLC stationary phases. The small column volumes mean that gas inlet 

pressures up to 400 bar can be safely employed. Giddings (9) first showed the 

advantages of high pressures and small particle diameters in GC, and used pressures 

up to 2000 bar to analyse polymers and biomolecules. In the work described here we 

have separated hydrocarbons by GC on 5 μηι ODS-bonded silica particles prepared by 

a supercritical bonding process (10). Figure 5 shows a typical chromatogram. 

Selectivity could be introduced into the separations by different carbon loadings on 
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HPGC OF HYDROCARBONS 

FID 
Arbitrary 
Units 

Time (minutes) 

Figure 5. GC chromatogram of hydrocarbon standards on a packed capillary col
umn (21.5 cm X 250 μηι i.d. packed with 5 μπι ODS-2) in the unified chromatograph. 
Mobile phase helium at 120 bar. Column temperature 40°C to 220°C at 5°C mm"1. 
Detection by flame ionisation. 
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the particles; for example better resolution of the dimethylbutanes was achieved by 

reducing the carbon loading. Very low molecular weight (C r C 3 ) hydrocarbons could 

be separated at temperatures near ambient by high pressure GC on a capillary column 

packed with a carbon molecular sieve. This result opens up the possibility of the 

simple separation of isotopically labelled compounds (11) on carbon coated columns 

under accessible conditions. The GC van Deemter curves for ODS coated silica show 

very little increase in plate height after the minimum is reached with increasing 

mobile phase velocity. This shape of the curve is in agreement with the theory of 

Giddings (12) and the experimental work of Huber (13) and shows that the controlling 

factor is C k, a mass transfer term describing the kinetics of adsorption and desorption 

from the solid surface. In fact, GC on ODS coated silica is best described as gas solid 

chromatography. 

The separations described here differ from those by solvating gas chromatography 

discussed by Shen and Lee (14). The particular advantage of high pressure GC is the 

rate of generation of theoretical plates, compared in Table 1 with those achievable 

(15) by other chromatographic methods, and proportional to C k

_ 1. In principle, very 

large numbers of plates per second are possible since C k is very small. 

SFC and HPLC on packed capillary columns in the unified chromatograph 

The stability of supercritical C0 2 packed capillary columns for SFC and HPLC is very 

satisfactory. No voids in the columns appear over months of operation. Because of 

the compressibility of the supercritical mobile phase, rapid reductions of operating 

pressure are best avoided, but nonetheless, even sudden release of inlet pressure from 

100 bar to ambient does not reduce column efficiency. 

Examples of the use of packed capillary columns in the unified chromatograph for 

HPLC and SFC have made use of the wide range of silica-bonded stationary phases 

available either commercially or by in-house (10) bonding procedures. Figure 6 

shows the high efficiency HPLC separation of nitrated polycyclic aromatic 

hydrocarbons on a 40 cm long ODS column. Simulated distillation of high molecular 

weight petroleum derivatives was achieved at low temperature by SFC with C0 2 on 

alkylsilyl bonded silicas. The closest correspondence between retention and boiling 

point for aromatics, alkylaromatics and alkanes was obtained on C6-bonded silica 
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Table 1 : Summary of plates per second achievable by different chromatographic 
techniques 

Technique Plates s"1 

LC packed 14-35 

SFC packed 31-83 

SFC open tubular 11-33 

GC open tubular 93-180 

High pressure GC (this work*) 130 

+ other data taken from réf. 15 
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Figure 6. HPLC ehromatogram of nitrated polyeyclic aromatic hydrocarbons on 
a packed capillary column (40 cm x 250 μ,πι i.d. packed with 5 μπι ODS-1) in the 
unified chromatograph. Mobile phase acetonitrile/water/methanol (60:30:10 v/v) at 
room temperature. Detection by UV at 254 nm. Peak identifications: (1) 4-nitroani-
line, (2) 1-nitronaphthalene, (3) 2-nitronaphthalene, (4) 2-nitrofluorene, (5) 3-nitro-
biphenyl, (6) 9-nitroanthracene, (7) 1-nitropyrene. 
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(16). A capillary column packed with this material permitted elution of alkanes 

beyond C 1 3 0 (Figure 7). 

To make the best use of packed capillary columns with liquid and supercritical fluid 

mobile phases, gradient elution is necessary and systems capable of delivering 0.01 to 

1.0 μΐ. per minute of modifier are required. We have employed a novel micro SFC-

HPLC positive displacement type pump (17) consisting of a pressure control pumping 

system for SFC and a flow control pumping system for micro HPLC. The SFC pump 

is designed with dual pump chambers connected in parallel. It provides constant 

pressure control with continuous flow. The micro LC pump system is designed with 

dual pumping chambers connected in series. It can be used either as a modifier pump 

or an isocratic micro LC pump. It provides continuous constant flow control with 

minimum pressure pulsations. 

The pump was very stable under both isocratic and gradient elution conditions, with 

less than 1% coefficient of variation of retention time in runs in which C0 2 pressure 

(100 - 300 bar) and methanol modifier content (0.10 - 1.00 μL min"1) were varied over 

30 minutes. Figure 8 is the SFC chromatogram of coal tar oil with simultaneous 

programming of C0 2 pressure and methanol modifier content. 

Electrochromatographv on packed capillary columns 

Recent developments in μHPLC have centred on driving the flow of mobile phase 

through the columns by means of an electric field rather than by applied pressure (18). 

This electroosmotic flow (EOF) is generated by applying a large voltage across the 

column; positive ions of the added electrolyte accumulate in the electrical double 

layer of particles of column packing, move towards the cathode, and drag the liquid 

mobile phase with them. As in capillary electrophoresis (CE) and micellar 

electrokinetic chromatography (MEKC), small diameter (50 - 100 μιη) columns with 

favourable surface area-to-volume ratio are employed to minimise thermal gradients 

from Ohmic heating, which can have an adverse effect on band widths. Avoiding the 

use of pressure results in a number of important advantages for CEC over 

conventional HPLC. Firstly, in HPLC the pressure driven flow velocity, w, through a 

packed bed depends directly on the square of the particle diameter, (dp), and inversely 

on column length, L 
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6H 

5H 

41 

Absorbance 
Arbitrary units 

2 \ 

VJ 

PeoJt identifications: 
1. Naphthalene 
2. acenaphthene 
3. acenaphthylene 
4. fluorene 
5. phenanthrene 
6. anthracene 
~. fluoranthene 
8. pyrene 
9. benzfajanthracene 
10. chrysene 
11. benzofbjfluoranthene 
12. benzo[k]fluoranthene 
13. benzofajpyrene 
14. dibenz[a,h]anthracene 
15. benzofghijperylene 
16. indeno[1,2,3-cdJpyrene 

1 2 

1 1 

13 

I I I I 

Time (mins.) 

Figure 8. SFC chromatogram of coal tar oil on a packed capillary column (30 cm 
X 250 /ιοί i.d. packed with 5 μ,πι Spherisorb PAH) in the unified chromatograph. 
Mobile phase, C0 2 with methanol modifier at 100 °C. Pressure programme 100 to 
300 bar C0 2 , modifier programme 0.10 to 1.00 μλ, min - 1 methanol at 0.03 /*L min -1. 
Detection by UV at 254 nm 
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u=d>L 
φ η ΐ 

where Δρ is pressure drop across the column, φ is column resistance factor and η is 

mobile phase viscosity. For practical pressures, generally used particle diameters are 

seldom less than 3 μιη, with column lengths restricted to approximately 25 cm. By 

contrast the electrically driven linear velocity, ueo9 is independent of particle diameter 

and column length so that, in principle, smaller particles and longer columns can be 

used, provided that the available power supply is sufficient to generate the desired 

electric field. 

Here, 

< - = ^ (2) 

where ε0 is permittivity of a vacuum, εΓ is mobile phase permittivity, ζ is the zeta 

potential and Ε is the electric field. 

It follows that considerably higher efficiencies can be generated in CEC than in 

HPLC. A second consequence of employing electrodrive is that the flow-velocity 

profile in EOF reduces dispersion of the band of solute as it passes through the 

column, further increasing column efficiency. The combined effect of reduced 

particle diameter, increased column length and plug flow leads to high efficiencies, 

and substantially improved resolution. 

Voltages up to 30 kV are supplied to generate the electric field usually for solutions 

of 1-50 mM buffers in aqueous reverse phase mobile phases; non-aqueous CEC has 

also been carried out. The dependence of EOF flow rate on solvent dielectric constant 

has been confirmed, but the electrical potential (the zeta potential) of the boundary 

between the fixed and diffuse layers (the double layer) of positive ions at the 

stationary phase wall is less well understood. The conclusion of a theoretical study by 

Rice and Whitehead which suggested that flat EOF profiles in a capillary of diameter 

d would result if d were considerably greater than the double layer thickness, δ, has 

been confirmed by experiment; for channels between particles, however, the influence 

of δ is less clear. Current indications are that it should be possible to use 
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Comparison of CEC versus 
HPLC 

1000DO 

> 
Ε 
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0130 
"1 1 I I I "I 
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ι ι ι I » 

2009 
» I « 

m 
4000 -,—j—r-

50 DO 

Chromatogram showing HPLC analysis of a C r C 9 Phthalate sample. 

Mobilephase: 80/20ACNtTWS(50mM, pH7.8), Flowrate: 1 ml/minute, 
ID0-I 

OHO 

1 m 

4M 
4m U A J \mm " *** w ^ i " >f^Sm - A -

000 1000 3000 

mm 
60DO 

Electropherogram showing CEC analysis of a C r C 9 Phthalate sample. 

Mobilephase: 80/20 ACN/TRIS (50mMt pH7.8)t Voltage: 30kVt 

Figure 9. Chromatograms of a mixture of industrial phthalates (C7-C9) obtained 
by (A) HPLC on conventional 15 cm X 4.6 mm i.d. HPLC column packed with 
5 μπι Waters Spherisorb ODS-1 and by (B) CEC on a packed capillary column (25 
cm X 100 μπι i.d.). Mobile phase in both cases 80:20 v/v acetonitrile; TRIS (50 mM, 
pH 7.8). 
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monodisperse particles with diameters down to 0.5 μπι. Pores sizes of commonly 

used HPLC particles are too small to give rise to EOF, but larger pore packings show 

promise. Although CEC has been demonstrated for stationary phases bonded to the 

walls of open tubes, and in sol-gel derived phases, most work has been carried out on 

columns packed with HPLC stationary phases (18). 

Small diameter columns for CEC are conveniently packed using supercritical C0 2 

carrier with ultrasonic agitation of the column. This procedure reproducibly generates 

columns for reverse phase packings with efficiencies of approximately 250,000 plates 

per metre for 3 μηι particles. A van Deemter plot of h' against u measured on a 

typical supercritical C0 2 packed capillary is compared with corresponding curves for 

a C 1 8 phase packed capillary operated in HPLC and SFC modes in Figure 3. The h 

min value of 1.5 in CEC and the small increase in h with u are consistent with 

reduced band broadening from multiple path and mass transfer effects associated with 

the plug flow of CEC. Such columns generate high resolution reverse phase 

separations for neutral solutes (Figure 9). 

Most CEC work so far has been carried out with stationary phases specifically 

designed for HPLC work, and a variety of results have been reported from these. 

Table 2 outlines published results on the separation of PAHs using isocratic CEC. 

The differences shown, although not normalised in any way, are far greater than one 

would expect from HPLC comparisons and may result from the packing of these 

materials into narrow-bore (50-200 μηι id) capillaries. Although they may be listed as 

3 μηι material, all the packings will have unique particle size distributions. In 

addition, in a manner analogous to the molecular size distribution of polymers, the 

distribution will vary according to how it is measured; currently there are three ways 

to characterising particle size distribution, namely number, area and volume. 

Manufacturers typically do not stipulate which method was used to characterise a 

particular stationary phase and thus a nominal 3 μηι material may vary from company 

to company. However, extremely noticeable in all of the number distributions is the 

presence of fine material below 2 μπι which is thought to impede the packing process. 

This material is very difficult to remove via the normal air classification used by 

manufacturers to produce different particle sizes. However, work by some 
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Table 2: Efficiencies obtained for isocratic CEC of PAHs using HPLC 
stationary phases 

Stationary phase 

Range of 
efficiencies 

(plates per metre) 
3 μηι Spherisorb ODS1 
3 μηι Nucleosil 100 C 1 8 

3 μηι Spherisorb C 1 8 PAH 
3 μηι Synchrom 
3 μηι Vydac C 1 8 

3 μηι CEC Hypersil 

200 00 - 240 000 
91 000- 147 000 
Up to 260 000* 

102 000- 138 -000 
160 000 

240 000 - 280 000 
*Calculated for a 50 μηι id column of length 280 mm, dp 3 μηι 
and minimum reduced plate height of 1.3. 
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manufacturers has led to new particle size distributions that are optimised for the 

packing procedures used in the packing of 50-200 μηι fused silica capillaries. 

The formation of bubbles during CEC, which causes serious interference, is due to 

changes in EOF across the retaining frit which is manufactured in situ in the column 

usually by heating with an electric wire filament. The EOF changes, in turn, result in 

local changes in liquid velocity and hence in bubble formation. Bubbles can be 

inhibited by capillary pressurisation and mobile phase degassing, but the most 

effective procedure is to re-bond octadecylsilyl groups on to the frit to maintain 

similar EOF velocities to those in the column. 

Work has been reported (20) on the use of wide-pore silica materials with pore sizes 

up to 400 nm as column packings for CEC. These materials are capable of supporting 

through-particle electroosmosis, and, in principle, of significant increases in 

efficiency. Wide-pore packings also permit electrically driven size-exclusion 

chromatography. Thus, Figure 10 shows the separation of a series of narrow 

molecular-weight polystyrene standards on 30 nm pore size 3 μηι silica particles. The 

retention times of the standards show the well-known logarithmic dependence on 

molecular weight. 

If existing HPLC analyses are to be replaced by CEC methods, the practising analyst 

must perceive substantial advantages, particularly improved resolution in CEC 

(Figure 9), along with equivalent performance as regards HPLC variables. Among 

these are the principle of eluotropy - the correspondence of elution times for different 

reverse mobile phase compositions. In fact, since ueo depends (equation 2) on the 

ration ε/η for the solvent, very different CEC retention times may be observed for 

isoeluotropic mobile phases; however, a comparison of retention factors, k, is more 

appropriate and shows that k values correspond for isoeluotropic solvents in CEC. 

Further, a well-known feature of HPLC method development, the linear relation 

between In k and percentage organic solvent in the mobile phase, is obeyed in CEC 

for neutral solutes (Figure 11); of course, ueo decreases with increasing percentage 

organic because of decrease in ε/η. 
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1.1 ι 
1.09 
1.08 
1.07 

CEC-SEC of polystyrene standards 
(66, 22,11.6, 3.35, 3.05 and 0.97 kD) 

Vr = 30kV 

» 1.06 H 
* 1.05 

1.04 
6 

t i m e (min.) 
10 12 

Figure 10. CEC chromatogram of a mixture of polystyrene standards on a packed 
capillary column (20 cm X 100 μπι i.d.) packed with 30 nm pore silica. Mobile phase 
dimethyl formamide with 0.1 mM tetrabutyl ammonium tetrafluoroborate. 
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Raman detection - a new strategy for microchromatographv 

The absence of a sensitive universal detector has greatly limited the types of molecule 

that can be routinely analysed in HPLC, SFC and GC on packed capillary columns, 

and an alternative is required to the usual detection methods, UV/visible absorbance 

and fluorescence, which rely on the presence in the analyte of an appropriate group, or 

on derivatisation to introduce such a group. Nor do these techniques provide enough 

structural information to allow molecular identification. 

In principle, vibrational spectroscopy should be much more informative in 

chromatographic detection, providing 'fingerprint' spectra as well as both universal 

and functional-group selective detection. Infra-red (IR) spectroscopy is, however, 

severely hampered by complex optics and the necessity of eliminating liquid solvents. 

For example, we have previously shown (21) how capillary SFC-FTIR is possible 

with C0 2 mobile phase evaporation, or by use of supercritical xenon as carrier (22), 

and how μΗΡίΟ may be coupled to FTIR by electrospray solvent elimination (23). 

On the other hand, Raman spectroscopy has considerable advantages over IR in that 

visible radiation is used, to carry the vibrational information so that silica optics can 

be used and it may be more easily possible to work in solution and hence avoid 

solvent elimination. Monochromatic visible photons, usually from a laser, are 

scattered by vibrating sample molecules and those emerging with lower energy are 

collected to provide a vibrational spectrum. Normal vibration modes are Raman 

active if they involve a change of polarizability. Raman spectroscopy should 

therefore provide both universal and selective detection, and the spectrum will also 

enable specific identification of separated species. 

The historical problem with the Raman technique has been the low efficiency of both 

scattering and detection, but the detection problem has now largely been solved by 

technological developments; modern spectrometers can now detect nearly 50% of the 

Raman scattered photons. Effort can now be concentrated on enhancing the amount 

of Raman light collected without resorting to molecularly specific resonance 

processes. Non-universal Raman detectors for HPLC and CE have been demonstrated 

by other workers (24, 25); these have generally been based on resonance Raman, 

surface-enhanced resonance Raman, and pre-concentration techniques and have 

similar limitations to UV absorption and fluorescence detection. Accordingly, we 
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have used a modern Raman spectrometer with high detector efficiency coupled to a 

microchromatograph for universal and selective detection without pre-concentration 

or resonance enhancement. 

An μΗΡΙΧ pump was used in isocratic mode to supply mobile phase 

(methanol/water, or their perdeuterated analogues) to a 250 μιη i.d. fused silica 

column packed with 5 μιη Waters Spherisorb ODS-1. The column was joined to a 75 

μηι or 250 μπι i.d. detector cell fabricated from fused silica capillary with the 

polyimide coating removed. The spectrometer was a Renishaw Raman microscope 

(26) with a fibre-optic probe attachment (27) (Figure 12). 633 or 515 nm wavelength 

light from a He Ne or Ar ion laser was passed through a 50 μπι diameter optical fibre 

through line and holographic notch filters, and focused into the detector cell held in a 

moveable XYZ stage by an X20 microscope objective lens with an approximate depth 

of field in the capillary of 50 μπι and a numerical aperture of 0.46 to maximise 

collection of Raman scattered light from the solution. The scattered light was 

collected in the microscope objective and passed through a second fibre to the 

microscope, dispersed by a diffraction grating, and imaged as the Raman spectrum on 

to a Peltier-cooled CCD camera. Up to 600 scans per run could be recorded; curves 

were fitted to all the Raman bands in the spectra, and the area under each curve was 

calculated to produce a chromatogram. 

Deuterated solvents were found particularly useful as the mobile phase, since their 

Raman bands are shifted to a lower frequency than those of their non-deuterated 

analogues. For the flow-rates of ~2 μΐ per minute used here it is quite feasible to use 

expensive solvents. A comparison of the Raman spectra of nitropropane in 

CH3OH/H20 and in CD 3OD/D 20 shows a much reduced background scattering in the 

deuterated solvent. Use of deuterated solvents should allow investigation of the C-H 

stretching vibration for universal detection. 

Raman spectra recorded in the range 1250-1700 cm"1 at different times during the 

separation of a mixture of nitrobenzenes are shown in Figure 13. The very strong 

Raman spectrum of nitrobenzene is observed after 250s followed by the characteristic 

spectra of 1,3-dinitrobenzene after 360s. A chromatogram (Figure 14) was then 

generated for an injection of 50 nL of a solution of nitrobenzene and 1,3-
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Micro HPLC 
pump 

connecting 
capillary 

Laser 

Renishaw Raman 
microscope 

Fibre optic -
cable I 

/ chromatographic 
injection valve c o | u m n 

microscope 
objective 

detection capillary 

Figure 12. Schematic diagram of micro HPLC chromatograph with microRa-
man detector. 

Series of Raman spectra recorded during the 
separation of nitrobenzene (250 s) and 1, 3-

dinitrobenzene (360 s) 
330 

280 

Raman 
intensity 2 3 0 

— 450 s 

-360 s 

— 300 s 

-250 s 

-150 s 

1230 1330 1430 1530 1630 1730 

Raman shift (cm-1) 
Figure 13. Series of Raman spectra recorded during the HPLC separation of 
nitrobenzene and dinitrobenzene on a packed capillary column (10 cm X 250 μ,ηι 
i.d. packed with 5 μηι ODS-2). Mobile phase CD 3OD/D 20 75:25. 
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Ο 100 200 300 400 500 600 

time (s) 

Figure 14. HPLC chromatogram of the summed integrated intensities of the Raman 
bands of nitrobenzene and 1,3-dinitrobenzene during the chromatographic separa
tion in Figure 13. 
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dinitrobenzene by integrating the intensities of the bands from each species. The 

column dead-time could be determined by injection of CH3OH for which the Raman 

bands at 1450 and 1462 cm"1 could be integrated separately from the 1342 cm'1 band 

of nitrobenzene. A graph of integrated chromatographic peak area against mass of 

nitrobenzene was linear. A detection limit of 75 ng, corresponding to a signal-to-

noise ratio of three, was determined. 

Shorter wavelength (λ) laser light improves the sensitivity of the technique since 

Raman scattering intensity is proportional to λ"4. Thus, we have observed reduced 

spectral noise and increased response when an Ar ion laser replaced a He-Ne laser. 

Higher-powered shorter wavelength lasers and improved optics should reduce the 

current detection limit below 75 ng. In CEC, which is not pressure driven, improved 

detection limits should be possible by stopped-flow methods in which large numbers 

of spectra are recorded for a separated mixture component held in the sample cell by 

switching off the applied voltage. 

Work to date suggests that unenhanced Raman detection without preliminary 

concentration is a promising detector for HPLC on packed capillary columns. Solvent 

consumption is small and allows the deuterated solvents to be employed. Response 

is linear, and the current detection limit should be reduced by shorter laser 

wavelengths, higher power lasers, and improved optics. Current activity is directed 

towards the wide variety of biological molecules such as applying Raman detection to 

carbohydrates, proteins and amino acids; these have Raman bands well removed from 

those of deuterated mobile phases so that derivatisation should not be necessary for 

detection, and our aim is to develop Raman detection methods for such molecules 

after HPLC or CE separation with detection limits below lng. We are also extending 

Raman detection to CEC where plug flow, smaller particle diameters and longer 

columns will reduce band broadening to increase resolution. 

Raman detection should also be possible in capillary SFC since the bands from C0 2 

are well removed from e.g. the C-H stretch region. Preliminary experiments have 

allowed us to record spectra of hydrocarbons such as naphthalene in supercritical C0 2 

in a 100 μπι i.d. capillary. 
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Chapter 10 

Applications of Enhanced-Fluidity Liquid 
Mixtures in Separation Science: An Update 

S. V. Olesik 

Department of Chemistry, Ohio State University, 100 West 18th Avenue, 
Columbus, OH 43210 

Enhanced fluidity liquid mixtures can provide the positive attributes of supercritical fluids and polar 
liquids to separation science. The physicochemical properties of enhanced-fluidity liquid solvents 
are described. A range of possible applications to separation science is highlighted. These include 
reversed-phase, normal-phase liquid chromatography, size exclusion chromatography, critical 
chromatography and extraction chemistry. 

Enhanced-fluidity liquids are mixtures of common liquid solvents such as alcohols, water, 
tetrahydrofuran, and hexane combined with a liquified gas such as carbon dioxide. These 
liquid mixtures share the positive attributes of both supercritical fluids and liquids. The 
fast mass transport characteristics and the control of solvent properties with pressure and 
temperature variation are attributes of supercritical fluids that can improve a separation 
process. However, the commonly-used supercritical fluids are only moderately polar even 
when cosolvents are added. Many of the compounds encountered in separation science are 
highly polar. Therefore, the use of supercritical fluids in separation science is limited in its 
scope. Alternatively, there are many liquids such as alcohols, water and others that provide 
adequate polarity to dissolve and separate highly polar solutes. However, the diffusion 
coefficients in liquids are commonly two orders of magnitude lower than those of 
supercritical solvents and their viscosities are also significantly higher. Enhanced-fluidity 
liquid mixtures represent a portion of the phase diagram that may be used to combine the 
useful attributes of supercritical fluids and liquids. This chapter will review some of the 
physicochemical properties of enhanced-fluidity liquid mixtures, describe some of the 
applications of enhanced-fluidity liquids in separation science and provide an update on 
more recent efforts toward expanding the uses of enhanced-fluidity liquids. 

Physicochemical Properties of Enhanced-Fluidity Liquid Mixtures 

Solvent-Strength. Kamlet-Taft solvatochromic parameters (π*, α, and β) have been used 
to evaluate the change in polarity of mixtures as a function of added liquefied gas. π* 
measures the dipolarity and polarizability of the solvent, a measures the hydrogen-bond 

168 © 2000 American Chemical Society 
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donating capability, and β measures the hydrogen-bond accepting capability (i). These 
parameters are measured using the shift in the UV/visible absorbance spectrum of selected 
solvatochromic indicators. Solvatochromic indicators are useful for the measurement of the 
solvent polarity because the shift in the absorbance bands depends on the composition of 
the solvation sphere that envelopes the indicator. Kamlet-Taft parameters have advantages 
over other solvatochromic parameters in that they are able to separate out different types of 
intermolecular interactions. 

The variation of the solvent strength of methanol/C02 mixtures (25 °C and 170 atm) 
is shown in Figures 1 and 2.(2) The Kamlet -Taft a and β parameters of the methanol/C02 

mixtures are approximately the same as that of methanol until more than 0.60 mol fraction 
C0 2 is added (Figure 1). The π* parameter decreased more so with added C0 2 . The 
addition of 0.60 mole fraction C0 2 caused a 50% decrease in the π* value (Figure 2). Park 
et al (3) measured the variation in the Kamlet-Taft a parameter for mixtures of H 2 0 and 
organic solvents. Interestingly the shape of the curve in Figure 1 is similar to their 
observations when H 2 0 was mixed with a solvent with no Η-bond acidity, such as 
tetrahydrofuran. For the H20/THF mixtures, the α parameter decreased slightly with 
addition of more organic solvent, but the mixture maintained substantial acidity up to 
volume fractions of THF as high as 0.90 (5). 

The variation of the solvent strength of methanol/H20/C02 mixtures as a function of 
added C0 2 was also measured (4). The Kamlet - Taft π*, and α values decreased by 
approximately 15% when 30% C0 2 was added to a 0.70/0.30 mole ratio methanol/H20 
mixtures. However, interestingly, the β parameter increased continuously with the addition 
of CO 2 by approximately 25%. 

Similar measurements of Kamlet-Taft β, and π* parameters of THF/C0 2 mixtures 
were also measured for the THF/C02 mixtures at 26°C and 136 atm. The α parameter was 
not measured because THF has no measurable Η-bond acidity. The value of the π* 
parameter decreased with added C0 2 . For mole fractions of C0 2 greater than 0.70, π* 
decreased drastically with added C0 2 . Similarly the measured β parameter decreased with 
added C0 2 with a more drastic decrease occurring for compositions greater than 0.50 mole 
fraction C0 2 . 

Diffusion Coefficients. An understanding of diffusion rates in high pressure liquid 
mixtures is required when these mixtures are used as mobile phases for chromatographic 
separation or as solvents for extraction. Diffusion rates are most commonly described by 
comparing the diffusion coefficients of solutes at infinité dilution. The diffusion 
coefficients of solutes in enhanced-fluidity liquid mixtures have been determined for a 
number of solutes in various enhanced-fluidity liquid mixtures using the chromatographic 
band dispersion technique. 

The variation of diffusion coefficients for benzene in methanol/C02 mixtures at 
25 °C and 170 atm across the entire composition range (0-100 mol% C0 2) was measured 
(5). By the addition of 60 mole% C0 2 to methanol the diffusion coefficient of benzene 
increased by approximately 100%. 

Figure 3 compares the diffusion coefficients of styrene in pure THF, 80/20 mol% 
and 60/40 mol% THF/C0 2 over the temperature range of 24 to 80°C at 170 atm (6). The 
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Figure 1. Variation of a ( · ) and β (•) as a function of added C02 to methanol 
at 25 °C and 170 atm. (Reproduced with permission from ref 5. Copyright 1990, 
American Chemical Society) 
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Figure 2. Variation of π* as a function of added C02 to methanol at 25 °C and 
170 atm. (Reproduced with permission from ref. 5. Copyright 1990, American Chemi
cal Society) 
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diffusion coefficient increased by approximately 70 % over this temperature range for the 
solvent mixture studied. The combination of added C0 2 and a temperature increase caused 
the greatest increase in the diffusion coefficient. The diffusion coefficient of styrene in 
60/40 mol% THF/C0 2 at 80 °C was approximately 150% greater than that in pure THF at 
24°C. 

Figure 4 compares the diffusion coefficients of anthracene in ternary mixtures of 
ethanol/H20/C02 (7). For a 0.61/0.39 mole ratio ethanol/H20 mixture at 25 °C, the 
diffusion coefficient increased by 200% when 40 mol% C0 2 was added. By increasing the 
temperature of the 0.61/0.39 mole ratio ethanol/H20 mixture to 60°C, the diffusion 
coefficient increased by approximately 130% and the combination of adding 40 mol% C0 2 

and increasing the temperature to 60°C caused an increase of460%. 
Similar studies were also undertaken using methanol/H20/C02 mixtures over the 

temperature range of 25-120°C (8). For a 0.70/0.30 mole ratio methanol/H20 mixture at 
24 °C the addition of 30 mol% C0 2 caused a 100% increase in the diffusion coefficient. In 
comparison, increasing the temperature to 60 °C caused approximately the same change in 
the diffusion coefficient of benzene as the addition of 30 mole % C0 2 to the 70/0.30 mole 
ratio methanol/H20 mixture. By combining a temperature increase of 60 °C and the 
addition of 30 mole% C0 2 the diffusion coefficient increased by 750%. Interestingly, the 
addition of 30 mole % C0 2 combined with the increase in temperature to 60°C provides 
diffusion coefficients of benzene that are comparable to those in C0 2 at 24 °C and 160 atm 
(9). Clearly, when high solute diffusivity is desired, the combination of adding a liquefied 
gas and increasing the temperature may be the optimum choice. 

Equation 1 shows an empirical expression that illustrates the relationship between 
the diffusion coefficient of a solute and the viscosity of the solvent: 

ΌηΡ = A T (1) 
where D is the diffusion coefficient, η is the viscosity of the solvent, Τ is absolute 
temperature and A and ρ are constants that depend on the radii of the solute molecule (10). 
According to equation 1, if the solvent properties cause the diffusion coefficient of the 
solute to increase, the viscosity of the solvent decreases. The viscosity of methanol/C02 

mixtures at 25 °C and 170 atm was measured. The viscosity decreased by approximately an 
order of magnitude across the composition range of 0-100% C0 2 . With 60 % C0 2 in the 
mixture the viscosity decreased by 70%. Therefore, the addition of liquefied C0 2 also 
substantially decreases the viscosity of the solvent. 

In summary, enhanced-fluidity liquid mixtures have mass transfer properties that 
approach those of supercritical solvents. In addition, the high solvent strength of the 
organic solvents used in the mixtures is predominately retained even when as much as 50-
60 % liquefied gas is added to the mixture. These attributes can be used to advantage in 
various areas of separation science. 

Enhanced-FIuidity Liquid Chromatography 

Band dispersion in liquid chromatography is typically controlled by the diffusion into and 
out of the stagnant mobile phase that is found in the pores of the packing material and by 
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20 34 48 62 76 90 

Temperature (°C) 
Figure 3. Variation of diffusion coefficients of styrene with temperature for differ
ent THF/C0 2 mixtures: (+) THF, ( · ) 80/20 mol% THF/C0 2, (A) 60/40 moi% THF/ 
C0 2 . (Reproduced with permission from ref. 12. Copyright 1997, Elsevier) 

20 30 40 50 60 70 

Temperature (°C) 

Figure 4. Variation of diffusion coefficients of anthracene as a function of added 
C0 2 to a ethanol/H20 (0.61/0.39) mixtures and as a function of temperature. (+) 
0, (•) 20, (A) 30, ( · ) 40 mol% C0 2 . (Reproduced with permission from ref. 7. 
Copyright 1998, American Chemical Society). 
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the radial diffusion across the laminar flow profile in the mobile phase. Both contributions 
to band dispersion are inversely related to the diffusion coefficient of solvent and linearly 
related to the retention factor. Therefore increased diffusion coefficients in enhanced-
fluidity solvents should result in decreased band dispersion. Accordingly, increased 
efficiency has been observed for normal-phase and size exclusion chromatography (<5), (11), 
(12)). Therefore the decrease in solvent strength as a function of added C0 2 will also cause 
the retention factor to decrease which will also result in lower band dispersion. For 
example at a reduced velocity, v, of 10, the addition of 0.5 mole % C0 2 to a methanol/H20 
mixture using a C-18 stationary phase causes a change in reduced plate height from 11 to 4. 
Substantial improvements in efficiency for reversed-phase separations using enhanced-
fluidity mixtures have been observed. 

The optimum linear velocity also shifts to higher values when the diffusion 
coefficients increase. Therefore the speed of analysis increases substantially for separations 
using enhanced-fluidity solvents as mobile phase. For example, in reversed-phase 
separations the combination of increased diffusion coefficients and decreased retention 
factors decreased the separation time for a sample of eight polynuclear aromatic 
hydrocarbon from 42 minutes tol5 minutes by adding 30% C0 2 to the 0.70/0.30 mole ratio 
methanol/H20 mixture (8). 

Due to the small pressure drop across packed columns when enhanced-fluidity 
liquid mixtures are used as eluents, highly efficient separations are possible by placing 
columns in series. For example, the efficiency of the chromatographic systems was 
quadrupled for the separation of a coal tar sample by placing in series four C-18 columns in 
series (13). 

When C0 2 is added to a mobile phase that contains H 20, carbonic acid is formed. 
In reversed-phase chromatography, pH control is important when solutes are ionizable. The 
retention of the ionizable solutes is highest when the pH is controlled to maintain their 
neutrality. Two possible solutions to this problem are under study. The problem is 
completely eliminated if another liquefied gas is used that does not dissociate in water. 
Fluoroform is a reasonable alternative. It has a low critical temperature and pressure 
(26.2°C and 25.9 atm) and its viscosity is lower than that of C0 2 under similar 
conditions(74). An initial study using fluoroform involved the separation of triazine 
herbicides and their metabolites (15). Figure 5 shows a comparison of band dispersion as a 
function of linear velocity for atrazine using 64/36 mol% methanol/H20, 51/29/20 mol% 
methanol/H20/C02 and 51/29/20 mol% methanol/H20/CHF3 as the mobile phase. The 
addition of fluoroform provided the least band dispersion. The other solution to the 
problem of mobile phase acidity control is to use buffers. By forming buffers in the 
enhanced-fluidity mobile phase the pH can more readily be controlled. Phosphate buffers 
with pH = 7.0 were added to the same methanol/H20, methanol/H20/C02, 
methanol/H20/CHF3 mobile phases. Figure 6 compares the band dispersion for atrazine as 
a function of linear velocity with buffer. The addition of the phosphate buffer improved the 
band dispersion using all three mobile phases. However, the mobile phase containing 
fluoroform caused the least band dispersion. To utilize buffers effectively in enhanced-
fluidity liquids, the apparent pH of the mobile phase should be known. These 
measurements are underway for buffers with a range of pKas. 
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Figure 5. Variation of reduced plate height for atrazine with mobile phase flow 
rate at 238 atm for different mobile phase compositions (+) 64/36 mol% methanol/ 
H 20; (A) 51/29/20 mol% methanol/H20/C02; ( · ) 51/29/20 mol% methanol/H20/ 
CHF3. (Reproduced with permission from ref 15. Copyright 1998, American Chemi
cal Society). 
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Figure 6. Variation of reduced plate height for atrazine with mobile phase flow 
rate at 238 atm for different mobile phase compositions (•) 64/36 mol% methanol/ 
10 mM phosphate buffer; (A) 51/29/20 mol% methanol/10 mM phosphate buffer/ 
C0 2 ; (O) 51/29/20 mol% methanol/10 mM buffer/CHF3. (Reproduced with permis
sion from ref. 15. Copyright 1998, American Chemical Society). 
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Critical chromatography is another separation method that can be improved by using 
enhanced-fluidity liquid solvents. This is a type of chromatography that was first described 
by Gorshkov et al.(16) (17). It is a powerful tool for determining the functionality 
distribution in telechelic polymers (functionalized polymers) and the distribution of 
polymers in copolymers. If the functionality distribution of a polymer is to be determined, 
then first the critical condition of the polymer backbone is found. Next, at the critical 
condition for the polymer backbone, the functionalized polymers are separated. This 
separation will be based completely on the differences in Gibbs free energy of transfer 
between the stationary phase and the mobile phase for the different functionalities. At the 
critical condition, the change in free energy associated with the transfer of the polymer into 
the stationary phase is zero (enthalpic interaction is exactly compensated by entropie 
interaction). Therefore the retention volume of the polymer does not depend on molecular 
weight at the critical condition (i.e all nonfunctionalized polymer elutes at the same 
retention volume). 

The most common method of finding the critical condition for a specific polymer is 
to mix a good solvent and a nonsolvent for the polymer and vary the relative proportions of 
each until the critical condition is found. With common liquid solvents, this is sometimes a 
difficult task and for some polymers it is difficult to find the critical condition. To maintain 
the critical condition the volume ratio of the liquids in the mixtures must be maintained, in 
some cases, to accuracies as small as 0.1 % v/v. The accuracy of most HPLC mixing 
systems for pumps is typically 1%. Therefore it is often difficult to maintain the 
appropriate mixture with the HPLC instrumentation unless solvents are premixed. 

Temperature variation is the only other variable that can be used with common 
organic solvents to approach the critical condition. For low molecular weight solutes an 
increase in temperature decreases the retention since adsorption is an exothermic process. 
However, for the higher molecular weight polymers using temperature variation to find the 
critical point is more problematic. An increase in temperature can actually cause an 
increase in retention. 

We have initiated studies on the use of enhanced-fluidity liquid mixtures as solvents 
for critical chromatography. We can change the solvent strength of these mixtures with 
high precision by simply varying the pressure and temperature of the solvent. Our use of 
enhanced - fluidity liquids has added substantial flexibility to critical chromatography. 
Figure 7 illustrates that for a given polymer system, a size-exclusion separation, a critical 
condition separation and liquid adsorption chromatogram can be obtained using the same 
mobile phase by changing the pressure of the mobile phase (18). In this same study the 
critical condition for polystyrene standards was compared using mixtures of 
THF/acetonitrile, THF/methanol and, THF/C02. The largest molecular weight polystyrene 
polymer that had the same approximate critical condition as the lower molecular weight 
solutes was much larger (M.W. -100,000) using THF/CO 2 mixtures than THF/acetonitrile 
or THF/methanol (M.W. «20,000). The use of C0 2 as a cosolvent clearly expanded the 
useful molecular weight range for the critical condition for polystyrene. Similar results 
have been observed for other polymers as well. 

When a telechelic polymer is separated at the critical condition of the polymer 
backbone, the separation is based on the weak interactions of sometimes a single 
functionality with the stationary phase. Increased selectivity and/or increased efficiency are 
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therefore highly desirable when working at the critical condition. Our initial efforts 
involved improvement of the efficiency of the separation. Because enhanced-fluidity 
liquids have low viscosities, markedly longer columns can be produced and used than is 
possible with conventional liquids. For example, two-meter long packed-capillary columns 
were packed and used for critical chromatography. These columns had efficiencies as high 
as 60,000 - 100,000 plates. These long packed-capillaries provided separations of 
functionalized polymers or copolymers that were not possible with analytical-scale columns 
even when they were coupled in series. Figure 8 shows the separation of carboxy and 
dicarboxy-terminated polystyrene standards with the same molecular weight (MWW = 
50,000) using a 1.8- meter χ 250-μιη i.d. column that was packed with 5μιη silica 
particles(7P). More work is in progress to expand the range of applications of critical 
chromatography. 

Enhanced-Fluidity Liquid Extraction 

The fast diffusivity, low viscosity and high solvent strength of enhanced-fluidity liquid 
mixtures can be very useful for the extraction of polar solutes from highly adsorptive 
surfaces. The use of C0 2 , methanol/C02, and methanol/H20/C02 under supercritical and 
enhanced-fluidity liquid conditions for the extraction of a range of polar pollutants from 
sediment and dust samples was compared (20) (21 - 26). Quite often the extraction solvent 
that provided the highest extraction yields was a liquid mixture containing significant 
proportions of H 20. 

For example, the extraction of eleven different substituted phenols and nitrophenols 
from house dust was compared using C0 2 , 20/80, 30/70 and 40/60 mol% methanol/C02 and 
9.0/1.0/90,16.9/3.1/80.0,25.4/ 4.6/70, 32.1/7.9/60.0 and 40.1/9.9/50.0% mole % 
methanol/H20/C02. Statistical analysis of the results showed that the highest extraction 
yields were obtained using methanol/H20/C02 mixtures containing 3.1-7.9 mol % H 2 0. 
Also, the extraction kinetics using enhanced-fluidity liquid mixtures were similar to those 
found when using supercritical conditions. 

Summary and Future Developments 

As mentioned in other chapters of this book, useful chromatographic separations can be 
obtained by using various regions of the phase diagram for the mobile phase. The choice of 
mobile phase composition, pressure and temperature should be based on the desired 
performance of the chromatographic system. 

We have studied the use of high fluidity liquids for a range of chromatographic 
techniques. Significant gains in performance were observed in all of the studied techniques 
(normal-phase, reversed-phase, size exclusion and critical chromatography). Our studies 
have not been exhaustive. However to date, the most significant gains were found in 
reversed-phase chromatography and critical chromatography. Accordingly, we continue to 
pursue those areas of separation science. Because reversed-phase chromatography is most 
commonly used with significant proportions of H 2 0 in the mobile phase, we continue to 
seek enhanced-fluidity liquid mixtures that can accommodate large proportions of H 20. 
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Figure 7. Effect of pressure variation on calibration curve for polystyrene standards 
using 53.7 mol% C0 2 in THF (+) 69.3, (•) 92.3, (•) 116, ( · ) 136 atm. (Reproduced 
with permission from ref. 18. Copyright 1998, American Chemical Society). 
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Figure 8. Chromatogram of di (1) and mono carboxy (2) terminated polystyrene 
(MW = 50,000) at the critical condition for polystyrene. Conditions were: 1.8 m X 
250 μηι i.d. silica (200 A pore size, 5 μπι particle size) packed column; 54% C0 2 

in THF mobile phase; column pressure 3700 psi at 70 °C using an evaporative light 
scattering detector. (Reproduced with permission from ref. 19. Copyright 1998, 
American Chemical Society). 
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chromatography). Our studies have not been exhaustive. However to date, the most 
significant gains were found in reversed-phase chromatography and critical 
chromatography. Accordingly, we continue to pursue those areas of separation 
science. Because reversed-phase chromatography is most commonly used with 
significant proportions of H 20 in the mobile phase, we continue to seek enhanced-
fluidity liquid mixtures that can accommodate large proportions of H 2 0. The best 
combination that we have found to date for reversed-phase work is 
methanol/fluoroform mixtures. Almost 50 mole % H 2 0 can be included in these 
mixtures (27). Highly polar solutes dissolve in these mixtures. We are beginning to 
evaluate buffering conditions for enhanced-fluidity liquids. To date, we have 
generated solutions using methanol/H20/C02 mixtures with apparent pH values 
ranging from approximately 2-7 (28). Recently, we have found that the use of 
buffered, enhanced-fluidity liquid mixtures as mobile phases often improves 
significantly the separation of chiral compounds (29). 
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Chapter 11 

Universal Chromatography for Fast Separations 
Milton L. Lee and Christopher R. Bowerbank 

Department of Chemistry and Biochemistry, Brigham Young University, 
P.O. Box 25700, Provo, UT 84602-5700 

Fast separations are becoming increasingly important in all forms of 
chromatography, and considerable research is underway to develop 
instrumentation and column technology that can perform fast 
separations in a reliable manner. In truly high-speed 
chromatography, temperature and composition gradient 
programming are not practical, primarily because of the relatively 
long times required for re-equilibration. These and other 
requirements of fast separations lead to the strongest case for 
universal chromatography, where "universal" implies that the mobile 
phase can be in any form (i.e., gaseous, supercritical fluid, or liquid) 
at any point in the chromatographic column, and the instrumentation, 
including the column, can be used for all forms of column 
chromatography. In this paper, coupled, unified, and universal 
approaches to chromatography are reviewed, and universal 
instrumentation and column technology are described, particularly 
applicable to fast chromatography. This paper is not intended to be 
a comprehensive review of the literature, but a general overview 
illustrated with selected examples. 

Traditionally, column chromatography has been divided into the main classifications 
of gas chromatography (GC) and liquid chromatography (LC). In recent years, 
supercritical fluid chromatography (SFC) has taken its place between the two main 
chromatographic techniques because the properties of supercritical fluids lie 
between those of gases and liquids. SFC is truly intermediate between GC and LC, 
and it tends to more closely resemble one or the other in theory, instrumentation, and 
performance when operated at high pressure (i.e., LC) or low pressure (i.e., GC). 
The traditional boundaries between GC and LC have become even more blurred in 
recent years with the introduction of new techniques such as elevated temperature 
liquid chromatography (ETLC), enhanced fluidity liquid chromatography (EFLC), 

© 2000 American Chemical Society 179 
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and solvating gas chromatography (SGC). These new forms of chromatography 
have all aimed for the advantages claimed by SFC, better solute diffusion and lower 
viscosity than experienced with typical liquid mobile phases, while at the same time 
retaining mobile phase solvating power. 

One practical characteristic common to these intermediate chromatographic 
techniques is that pressure control of the mobile phase in the column is required. 
This was predicted by Myers and Giddings (1) in 1966 to be useful, when they 
commented that, "Gas and liquid chromatography are tools having many 
experimental dimensions. One of the least-explored dimensions — a dimension for 
which we can conceive enormous range and influence — is pressure." In fact, 
pressure programming is used as the primary method of controlling elution in SFC 
and SGC. It is interesting to note here that even GC and LC require high pressures 
when high speed analysis is desired. In fact, additional universal requirements, i.e., 
smaller diameter columns, smaller diameter packing materials, and lower dead-
volume connectors, to name a few, for all of the chromatographic methods when 
high speed is desired tend to bring even more universality to the instrumentation and 
practice of the various techniques. 

In the following sections of this chapter, different approaches to combining 
the various forms of chromatography together, with the desire to unify these forms 
in some way, are briefly reviewed. The concept of universal chromatography, which 
includes the fundamentals of unified chromatography, is also described along with 
representative chromatographic examples. High speed separations present the best 
conditions for universal chromatography, and the rationale is discussed. The 
classical van Deemter equation for chromatographic efficiency was converted into 
a more general (universal) form to account for compressible mobile phases. 

Universal Instrumentation 

One way in which the chromatographic methods can be unified is by developing 
common instrumentation with which all modes of chromatography can be 
individually performed. While some good work has been done toward this end, no 
truly universal chromatograph exists today. However, one can imagine that if it did, 
it would include minimally two high pressure pumps for generating gradients or 
delivering a modifier to a primary mobile phase, a high-pressure valve injector, an 
oven or means for column temperature control, and a detector that could be operated 
in both universal or selective modes and handle mobile phases ranging from gases 
to liquids. Figure 1 shows a general schematic of such a system. In this figure, the 
detector is depicted as a mass spectrometer (MS) with an atmospheric pressure 
ionization source, since this detector meets the detector requirements better than any 
other detector available today. 

In order for a chromatographic instrument to be able to perform all types of 
column chromatography, there are a number of requirements that must be fulfilled. 
Since GC is most appropriately carried out using open tubular capillary columns, 
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while LC requires a column packing material, it is reasonable to expect that the 
universal chromatograph would have to be designed around small columns of 
capillary dimensions. It was pointed out over 10 years ago that the practice of GC, 
SFC, and LC becomes more similar as the column diameter becomes smaller (2). 
Open tubular capillaries are typically used in GC, while packed capillary columns 
are becoming more popular for LC, especially when considering the coupling to MS. 
For SFC, either open tubular or packed capillary columns can be used, depending 
on the application. 

For such a system, the mobile phase pumping system should be capable of 
delivering very low flow rates (JLIL min"1) consistently and accurately under both 
isobaric or gradient conditions, and should be capable of both pressure and flow 
programming. A two-pump system would allow for modifier addition in SFC and 
SGC and binary mobile phase compositions for capillary LC. The chromatographic 
oven would have to be capable of temperature programmed operation as well as 
isothermal operation. An extremely critical concern for a capillary column-based 
system is the detailed attention that would have to be paid to the elimination of any 
dead volumes in the injector, connectors, and transfer lines. In addition, a pressure 
control device is required at the end of the column or after the detector to restrict the 
flow for SFC, or to provide atmospheric pressure conditions for GC, SGC, and LC. 

Assuming that universal instrumentation could be constructed as described 
above, one would merely have to change the column and mobile phase, and make 
a few other adjustments, such as adding a restrictor, to change from one form of 
chromatography to another. Obviously, truly universal chromatography would not 
include a change in column when switching from one form of chromatography to 
another. The characteristics of universal chromatography and the properties of a 
truly universal column are treated in later sections. 

Combined Chromatography 

While a completely universal chromatographic system has never been constructed, 
a number of chromatographic systems have been combined with the objective of 
performing multiple chromatographic operations. The most common conilguration 
of this type is the multidimensional arrangement, in which two or more columns are 
connected in series, and fractions from the first separation system are selectively 
transferred to one or more secondary separating systems to enhance resolution and 
sensitivity. Typically, two columns, each containing a different stationary phase, 
are combined in such a way as to perform GC-GC, LC-LC, SFC-SFC, LC-GC, LC-
SFC, or SFC-GC. In most cases, two chromatographic systems are connected 
together with an appropriate interface between the columns in each system. Figure 
2 shows a schematic of a microcolumn SFC-SFC system that used a valve-switching 
interface to heart-cut fractions from the first column, and send them to a second 
column for high resolution (3). Figure 3 shows a separation of a coal tar according 
to the number of aromatic rings in the first dimension, and then the resolution of two 
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High 
I Pressure I 

Pump 

High 
Pressure 
Pump 

Valve 
Injector 

Figure 1. 

AP 
Ion Source 

Schematic of a universal chromatographic system. 

Liquid C 0 2 

Figure 2. Schematic of a multidimensional capillary SFC-SFC system. Abbrevia
tions: Col! = primary packed capillary column, Col2 = secondary open tubular 
column, V! and V 2 = rotary valves, Τ = cold trap, S = capillary solute concentrator, 
Ri and R3 = frit restrictors, R2 = linear restrictor, Ζ = zero dead volume union, 
Β = butt connector. (Reproduced with permission from reference 3.) Copyright 
1990 American Chemical Society. 
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2 

a b a b 
I 1 ι 1 « 1 1 

0 20 40 60 min 50 70 90 min 
Figure 3. Separation of standard coal tar using a two-dimensional capillary SFC-
SFC system. Two fractions were collected from the first dimension and then analyzed 
simultaneously in the second dimension. Cut "a" was collected between 20.2 and 
21.2 min, and cut "b" between 38.7 and 40.2 min. Conditions: (A) carbon dioxide 
mobile phase, 75 °C, pressure program from 200 to 414 atm at 5 atm min -1, (B) 
carbon dioxide mobile phase, 110 °C, pressure program from 70 to 120 atm at 20 
atm min 1, and then 120 to 414 atm at 8 atm min -1, after a 2-min isobaric period, 
FID detection. Peak identifications: (1) triphenylene, (2) chrysene, (3) benzo[g/w]-
perylene, (4) anthanthrene. (Reproduced with permission from reference 3.) (Copy
right 1990 American Chemical Society.) 
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heart-cut fractions into single isomers according to shape in the second dimension. 
In this manner, high resolution separation of structural isomers can be obtained. 
Two-dimensional separations that involve heart-cutting are typically time-
consuming because the separations occur in series. 

Another limitation of typical two-dimensional separations is that most of the 
sample from the first column is not allowed to pass into the second column for 
further analysis. A more recent form of two-dimensional analysis, called 
"comprehensive" two-dimensional analysis, differs from the typical two-
dimensional separations in that the total sample from the first dimension is allowed 
to enter the second dimension for further separation. In order for this to be possible, 
the second dimension must be much faster than the first dimension. Figure 4 shows 
a schematic of a comprehensive SFC-GC system in which the effluent from a 
capillary SFC column was introduced through a thermal desorption modulator into 
a high speed (25 μτη i.d.) capillary GC column (4). Figure 5 shows a separation of 
polycyclic aromatic hydrocarbons using this two-dimensional system. As the 12.5-
min SFC separation progressed, rapid 10-s GC separations were conducted. This 
two-dimensional chromatographic system was unique in that both columns were 
contained in the same oven, bringing multidimensional separations closer to the 
universal case. 

SFC and GC can be combined in still another unique manner. Using a single 
chromatographic oven and column, GC can be performed by temperature 
programming the column with helium carrier gas, followed by switching to carbon 
dioxide and programming the pressure for SFC. Figure 6 shows a separation of a 
mixture of hydrocarbons and polydimethylsiloxanes in which the hydrocarbons were 
well-resolved by GC, however, the polymethylsiloxanes required the solvating 
power of SFC for elution (5). Using a more recent and improved system, either GC, 
SFC, LC, or sequential GC-LC could be performed by positioning a mode selector 
valve to introduce the appropriate mobile phase and select the appropriate detector 
(6). In the GC mode, the valve was positioned to introduce helium as the carrier gas 
and to direct the effluent to the flame ionization detector. In the SFC mode, the 
valve was positioned to select carbon dioxide and, again, the flame ionization 
detector. For LC, any of a variety of liquid mobile phases could be introduced and 
a UV-absorbance detector selected. Figure 7 shows a chromatogram of household 
wax obtained by sequential GC-SFC. Helium mobile phase was first used to resolve 
the volatile terpenes by GC with temperature programming, and then carbon dioxide 
was introduced to elute and separate the remaining compounds by pressure 
programming. 

Unified Chromatography 

In 1988, Ishii and Takeuchi introduced the terminology "unified chromatography" 
to describe the situation in which the different forms of chromatography, including 
GC, SFC, and LC, could be carried out with a single chromatographic system only 
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Figure 4. Schematic of a comprehensive SFC-GC system. (Reproduced with per
mission from reference 4.) (Copyright 1993 Vieweg Publishing.) 
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Figure 5. Separation of polycyclic aromatic hydrocarbons (PAHs) using a compre
hensive SFC-GC system. Conditions: carbon dioxide mobile phase, temperature 
program from 125 to 200 °C at 8 °C min 1, pressure program from 90 to 180 atm 
at 7 atm min"1, FID detection. Thermal desorption modulator control parameters: 
10 s time interval between secondary chromatograms, 100 Hz data frequency, 24 
VDC by 20 ms duration modulation signal, 33-milliamperes per 10-s base current 
increment. Peak identifications: (1) naphthalene, (2) 2-methylnaphthalene, (3) acen-
aphthene, (4) fluorene, (5) 9-methylfluorene, (6) 1-methylfluorene, (8) phenan-
threne, (9) anthracene, (10) 1-methylanthracene, (11) 2-methylanthracene, (12) py-
rene. (Reproduced with permission from reference 4.) (Copyright 1993 Vieweg 
Publishing.) 
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Ο 10 20 37 52 67 min 

40 °C 250 1 136 238 atm 

Figure 6. Separation of aromatic compounds and polydimethylsiloxanes using a 
combination of GC and SFC by switching the mobile phases during the same run. 
Conditions: 19.5 m X 100 /xm i.d. fused-silica capillary coated with 0.4 /xm film of 
DB-5; (GC) helium mobile phase, temperature program from 40 to 250 °C at 10 
°C min"1; (SFC) carbon dioxide mobile phase, pressure program from 136 to 238 
atm at 2 atm min"1, FID detection. (Reproduced with permission from reference 
5.) (Copyright 1987 Preston Publications.)  A
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Γ- • ι ι ι ι ι 1 1 1 1 I 
0 10 20 30 40 50 60 70 80 90 100 min 

Figure 7. Separation of a dichloromethane solution of a household was using 
sequential GC-SFC. Conditions: 10 m X 50 μπι i.d. open tubular fused silica capillary 
coated with SB-Methyl (df = 0.25 μπι), valve injection, FID detection; (GC) helium 
mobile phase, 15 atm, 40-130 °C (5 °C min"1); (SFC) carbon dioxide mobile phase, 
120 °C, 120-360 atm (5 atm min"1). Peak identifications: (1) terpenes; (2) C23-C35 
alkanes; (3) C1 5H3 1COOR esters, R = C24H49 to C 3 4H 6 9; (4) diesters C 1 5H 3 1 COOCi 5H 3 0 

COOR, R = C24H49 to C 3 4H 6 9; (5) triesters. (Reproduced with permission from 
reference 6.) (Copyright 1997 Royal Society of Chemistry.) 
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by changing the column temperature and pressure (7). Using either an open tubular 
or packed capillary column and a mobile phase such as methanol or diethyl ether, 
they demonstrated wide differences in solute retention, depending on the 
temperature and pressure of the mobile phase. Furthermore, different modes of 
chromatography could be carried out in series in a single chromatographic run by 
merely adjusting the temperature and/or pressure. A mixture of aromatic 
hydrocarbons and styrene oligomers was separated using diethyl ether as mobile 
phase at 220 °C (diethyl ether has a critical temperature of 194 °C and a critical 
pressure of 35.6 arm), and programming the pressure from 24.2 atm. In this way, 
the hydrocarbons were separated in the GC mode prior to SFC separation of the 
styrene oligomers. 

Universal Chromatography 

"Universal chromatography" as defined in this chapter is almost synonymous with 
the terminology "unified chromatography," the only difference being the inclusion 
of the possibility that different modes of chromatography can occur simultaneously 
in a column during a run, i.e., any combination of gaseous, supercritical fluid, or 
liquid mobile phases can exist simultaneously at different locations in a column 
during an analysis. For example, Figure 8 shows a chromatogram of a mixture of 
aldehydes obtained in less than 1 min using a packed capillary column and carbon 
dioxide as the mobile phase where the mobile phase is introduced as a supercritical 
fluid at the column inlet and exits as a gas (#). Note that there is no phase transition 
occurring during this separation. This form of chromatography falls most 
appropriately in the classification of GC because there was no restrictor at the end 
of the column, and the mobile phase was a gas for some length of the column from 
the outlet. However, in order to obtain the rapid analysis shown in the figure, a high 
inlet pressure was used. In fact the pressure was programmed from 80 to 200 atm 
at 100 atm min"1, which was always above the critical pressure of carbon dioxide. 
Therefore, the front of the column was under supercritical fluid conditions, the end 
of the column was under gaseous conditions, and there was a change from 
supercritical fluid to gas at some point along the length of the column. It should be 
noted that the occurrence of this change within the column had little, if any, effect 
on the chromatographic performance. A highly efficient separation was obtained. 

The phase diagram in Figure 9 helps to visualize the effect of pressure and 
temperature on the properties of the mobile phase throughout the length of the 
column when using a packed column with a significant pressure drop. In Figure 8, 
the mobile phase at the front of the column was maintained above the critical 
pressure, and the whole column was maintained at a temperature above the critical 
temperature. Therefore, along with the pressure drop in the column, the mobile 
phase changed from a supercritical fluid into a gas as illustrated by arrow A in 
Figure 9. The same thing occurred (9) during the chromatography shown in Figure 
10B. For comparison, when the column temperature was reduced to a value below 
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80 200 atm 

0 72 s 
Figure 8. Separation of aldehydes using carbon dioxide at an inlet pressure and 
temperature above the critical point and the column outlet open to the atmosphere. 
Conditions: 30 cm X 250 μ,πι i.d. fused-silica capillary column packed with 5 μπι 
(120 A) silica particles bonded with diol, coated with polyethylenimine (PEI) and 
end-capped with hexamethyldisilazane (HMDS), carbon dioxide mobile phase, 200 
°C, pressure program from 80 to 200 atm at 100 atm min"1, FID detection. Peak 
identifications: (1) acetaldehyde, (2) propionaldehyde, (3) acrolein, (4) isobutyralde-
hyde, (5) butyraldehyde, (6) isovaleraldehyde, (7) valeraldehyde, (8) crotonalde-
hyde, (9) caproicaldehyde, (10) heptaldehyde. (Reproduced with permission from 
reference 8.) 
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Figure 9. Phase diagram with arrows representing mobile phase transitions that 
occur when the column outlet is open to atmosphere and the inlet conditions are: 
(A) liquid mobile phase heated above is atmospheric pressure boiling point, and 
(B) supercritical fluid. 

24 °C 

1 2 

150°C 
1 2 6 

A 

3 6 

Β 

VJUU 

4,5 

— Γ 
ΙΟ 15 

τ 1 
20 25 min 0 

~T— 
10 mm 

Figure 10. Separation of polycyclic aromatic hydrocarbons at column temperature 
(A) below and (B) above the critical temperature of the carbon dioxide mobile 
phase. Conditions: 2.2 m X 250 μπι i.d. fused-silica capillary column packed with 
10 μπι silica (80 A pores), 150 atm column inlet pressure, FID detection. Peak 
identifications: (1) w-hexane, (2) 1-hexene, (3) 1,5-hexadiene, (4) inms-l,3,5-hexa-
triene, (6) benzene. (Reproduced with permission from reference 9.) (Copyright 
1999 Wiley.) 
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the critical temperature of the mobile phase (i.e., 24 °C), the carbon dioxide mobile 
phase was a liquid at the front of the column, and changed to a gas at some point 
along the length of the column. In this case, there was a distinct phase transition in 
the column (arrow Β in Figure 9). Again, no disturbance in chromatographic 
performance was observed (Figure 10A). The lower temperature improved the 
selectivity for the cis/trans-hexaXumQ isomers, but also increased the analysis time. 

Figure 11 shows a plot of reduced plate height versus linear velocity for the 
two conditions illustrated in Figure 10. These results verify that the phase transition 
from liquid to gas within the column had no observable effect on efficiency. The 
plots also illustrate the advantage of operating at higher temperatures when speed 
is desired. Figure 12 illustrates that similar results were observed when higher 
viscosity liquids (methanol, hexane, and acetonitrile) were introduced into the 
column at temperatures above their boiling points (7 0). Again, a transition occurred 
in the column from liquid to gaseous mobile phase conditions. 

Obviously, if the temperature and/or pressure is changed during a 
chromatographic run, the conditions in the column can change dramatically. Figure 
13 shows a chromatogram of a mixture of hydrocarbons obtained under liquid 
carbon dioxide mobile phase conditions initially at the front of the column, followed 
by increasing the pressure and programming the temperature until supercritical fluid 
conditions existed (9). Throughout the analysis, gaseous mobile phase conditions 
existed at the end of the column. At different times in this analysis, the mobile 
phase existed as a gas, liquid, and supercritical fluid, although never all three at the 
same time. The only way that all three could exist at the same time in the column 
would be to impose a temperature gradient along the length of the column, as well 
as a pressure gradient. There are two possibilities for this as is shown by the two 
dotted lines in Figure 14. In one case, the mobile phase would exist as liquid, 
supercritical fluid, and gas as it moved from the front to the end of the column, 
while in the other case, it would exist as a supercritical fluid, liquid, and then a gas. 

Universal Column 

In truly universal chromatography, it should be possible to perform all types of 
chromatography using a single column. It has already been suggested in this chapter 
that such a column must be a packed capillary column because of the slow diffusion 
associated with high density supercritical or liquid mobile phases. Packed capillary 
columns provide relatively high column efficiency per unit time, desirable retention 
characteristics, and good peak capacity. The challenge is to select the optimum 
column dimensions and particle size to maximize the performance in all of the 
separation modes. Theory clearly indicates that efficiency improves as the particle 
size is reduced. However, as the particle size decreases, the pressure drop along the 
column increases, which can have a deleterious effect on resolution when the mobile 
phase is compressible, such as is the case for a gas or supercritical fluid. This 
concern becomes more important when high speed separations are desired because 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

01
1

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



193 

u (cm s"1) 
Figure 11. Plots of reduced plate height versus linear velocity at temperatures both 
above and below the critical point of carbon dioxide. Conditions: same as in Figure 
10, hexane used as the test solute. (Reproduced with permission from reference 9.) 
(Copyright 1999 Wiley.) 
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Figure 12. Separation of large polycylic aromatic hydrocarbons using mobile phases 
that transition from liquid to gas along the length of the coolumn. Conditions: 55 
cm x 250 μ,ιτι i.d. fused-silica capillary column packed with 5 μια polymeric ODS 
particles (200 À pores), 300 atm column inlet pressure, temperature program from 
65 to 250 °C at 25 °C min-1, UV detection (254 nm). Mobile phase: (A) acetonitrile, 
(B) hexane, (C) methanol. (Reproduced with permission from reference 10.) (Copy
right 1998 Royal Society of Chemistry.) 
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Figure 13. Separation of hydrocarbons using carbon dioxide mobile phase that 
transitions from liquid to gas and then from supercritical fluid to gas along the 
length of the column. Conditions: 45 cm X 250 μπι i.d. fused-silica capillary column 
packed with 10 μπι silica (60 Â pores), FID detection. Peak identifications: (1) n-
hexane, (2) irarcs-2-hexene, (3) ds-2-hexene, (4) rc-octane, (5) 1-octene, (6) n-decane, 
(7) 1-decene, (8) rc-dodecane, (9) 1-dodecene. (Reproduced with permission from 
reference 9.) (Copyright 1999 Wiley.) 
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Figure 14. Phase diagram illustrating transitions which can occur under universal 
chromatographic conditions. 
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higher speed is a result of higher column head pressure, and higher column head 
pressure leads to higher pressure drop. 

Chromatographic resolution depends on column efficiency (N), selectivity 
(a), and retention factor (k). Long analysis time can result in the highest resolution, 
however, for fast separations, the resolution that can be obtained per unit time (Rs) 
should be considered. For SFC, Rst can be represented by (11): 

The value for Rst is dependent on the column efficiency per unit time (Nt), as well 
as on the retention factor. Figure 15 shows a plot of plates per second versus mobile 
phase linear velocity in cms"1. Notice that at high linear velocity, the maximum 
efficiency per unit time was obtained using 15 μπι particles in the packed capillary. 
Columns packed with either 5 μπι or 25 μπι particles gave worse results. This is 
because the 5 μπι particles produced a large pressure drop along the column, 
resulting in a large density drop and a significant increase in solute retention factor. 

For fast separations, the resolution obtained per unit time is more important 
than the efficiency per unit time. Although columns packed with small particles 
provide high separation resolution, the increased retention caused by the density 
drop along the column leads to lower resolution per unit time. Figure 16 again 
shows that the 15 μπι particles provide the best performance for high speed 
separations under SFC conditions. These theoretical predictions have been verified 
from actual chromatographic analysis (Figure 17). While analysis times for both 
separations were less than one minute, the column containing 15 μπι particles gave 
a wider separation window and better resolution than the column containing 5 μπι 
particles. 

Other practical considerations, such as ease of interfacing to mass 
spectrometry, must be made in selecting the optimum universal column. Of course, 
smaller diameter columns produce flow rates that are easier to handle by mass 
spectrometer vacuum systems. With all of the various factors considered, the 
optimum universal column would be a packed capillary column (approximately 
10-50 cm in length and 250 μπι i.d.) packed with particles with diameters between 
approximately 7-15 μπι. 

Universal Column Efficiency Equation 

In order to realize high speed separations in chromatography, high pressures must 
be applied to the mobile phase at the head of the column which, as previously 
discussed, leads to a compromise in chromatographic performance when 
compressible mobile phases are used. The compressibility of fluids affect three 
physicochemical factors (viscosity or fluidity, solute diffusivity, and solvating 

(1) 
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250 

0 -I 1 1 1 1 
0 1 2 3 4 

Linear velocity (cm s"1) 

Figure 15. Plot of relationship between column efficiency per unit time and particle 
size in packed capillary SFC. Conditions: (a) 37 cm (b) 39 cm (c) 40 cm X 250 μπι 
i.d. fused-silica capillary packed with various sizes of polymethylhydrosiloxane-
deactivated and SE-54 encapsulated nonporous particles with film thicknesses of 
0.1 μπι, carbon dioxide mobile phase, 100 atm, 70 °C, FID detection, η-octane used 
as solute, methane used as an unretained marker. (Reproduced with permission 
from reference 11.) (Copyright 1997 Vieweg Publishing.) 

4 

Linear velocity (cm s"1) 

Figure 16. Plot of relationship between resolution per unit time, column length, 
and particle size in packed capillary SFC. Conditions: (a) 37 cm X 250 μπι i.d. 
fused-silica capillary packed with 15 μπι particles, (b) 40 cm X 250 μπι i.d. fused-
silica capillary packed with 25 μπι particles, (c) 20 cm X 250 μπι i.d. fused-silica 
capillary, (d) 30 cm X 250 μπι i.d. fused-silica capillary, and (e) 39 cm X 250 μπι 
i.d. fused-silica capillary packed with 5 μπι nonporous particles, carbon dioxide 
mobile phase, 70 °C, 100 atm inlet pressure, «-octane as test solute, methane used 
as an unretained marker, FID detection. (Reproduced with permission from refer
ence 11.) (Copyright 1997 Vieweg Publishing.) 
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Figure 17. Separation of hydrocarbons using high speed packed capillary SFC. 
Conditions: (A) 9 cm X 250 μπι i.d. fused-silica capillary packed with 5 /xm and 
(B) 37 cm X 250 μη\ i.d. fused silica capillary packed with 15 μπι polymethylhydrosi-
loxane-deactivated and SE-54 encapsulated nonporous silica particles with a film 
thickness of 0.1 μπι, carbon dioxide mobile phase, 70 °, FID detection. Peak identifi
cations: (1) carbon disulfide, (2) octane, (3) decane, (4) undecane, (5) dodecane. 
(Reproduced with permission from reference 11.) (Copyright 1997 Vieweg Pub
lishing.) 
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power), which in turn influence chromatographic performance. A number of 
treatments over the years have addressed the effect of mobile phase compressibility, 
especially for gas chromatography, on chromatographic efficiency. These 
treatments have generally been based on average parameters and not on the actual 
conditions along the length of the column. Martire and Poe gave a rigorous 
treatment using the mobile phase parameters along the column to describe the 
column efficiency (12). While this new approach gives an accurate description of 
the column efficiency for compressible mobile phases, any relationship to the simple 
and classical van Deemter equation is lost. 

Recently, the van Deemter equation was modified to broaden its range of 
applicability to cover compressibility and, hence, diffusion and viscosity changes 
in the mobile phase along the length of the column (13). The corrections were 
designed to incorporate dynamic variables into the mobile phase linear velocity 
terms while keeping the coefficient in each term independent of the mobile phase 
velocity or column pressure. The result is as follows: 

2 Y P 0 ' V f / „ ( * ) ( 6 φ £ ) Β η Χ 2 2 Β 

H = 2XdB + - • - • » - » • ? + ^ - ν ν ν - χ - , l u - p u „ t l 

(6φ£)"η0-»"+1 P0»D0 

where Pq, D0, and η0 are the pressure, diffusion coefficient, and viscosity of the 
mobile phase at a defined pressure, b is a constant, màfm(k) is the relationship of H 
to k as k changes along the column. The other parameters in the equation are as 
defined in the common chromatographic literature, i.e., À is the structural factor, d 
is the particle diameter, y is the tortuosity factor, ^is the column permeability, and 
u is the average mobile phase linear velocity. The simplified van Deemter equation 
then becomes: 

H = A + B/un+1 + Cun+1 (3) 

where η varies between 0 and 1. For gaseous mobile phases, η = 1 ; for supercritical 
mobile phases, η = 0.4-0.6; and for liquid mobile phases, η = 0. 

Conclusions 

Generally in the past, any suggestion of the possibility of unified or universal 
chromatography has been taken lightly, primarily because of the different 
requirements in handling gaseous and liquid mobile phases. The development of 
supercritical fluid chromatography has helped tremendously to unify the 
chromatographic methods, since supercritical fluids can behave like gases (low 
pressure) or more like liquids (high pressure), and SFC instrumentation is a hybrid, 
containing some components utilized in GC and others in LC. In recent years, 
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interest in universal chromatography has grown significantly. A universal 
chromatograph would simplify the practical aspects of chromatography, allowing 
a broader range of applications to be handled by a single instrument, making method 
development easier, and simplifying the maintenance of instrumentation. Universal 
chromatography has been demonstrated to various degrees using modified 
equipment in the research laboratory. The question that remains is whether or not 
a universal chromatograph can perform the various modes of chromatography to the 
level desired without a serious compromise in performance. The best case for 
universality in chromatography lies in high speed separations for which high 
pressures are required and differences in mobile phases are minimal. In such cases, 
miniaturization of column dimensions is essential. 
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Chapter 12 

Practical Advantages of Packed Column 
Supercritical Fluid Chromatography in Supporting 

Combinatorial Chemistry 
T. A. Berger 

Berger Instruments, 123A Sandy Drive, Newark, DE 19713 

Packed column supercritical fluid chromatography (SFC) is a form 
of normal phase chromatography, which allows higher throughput 
and enhanced peak recovery, compared to reversed phase HPLC, in 
high throughput screening applications. The inherent speed and 
viscosity advantages of carbon dioxide based fluids over normal 
liquids are exploited to produce very steep composition gradients 
at high flow rates through screening columns. Sample cycle times 
as short as 1.875 minutes produced peak capacities approaching 
30, and differentiated solutes with a range of partition coefficients 
> 100. Such an approach allowed the detailed analysis of up to 770 
samples/day. Hardware requirements for generating such 
throughput are discussed. Use of analytical scale instrumentation to 
collect fractions in the multiple mg range is also demonstrated. 
Columns 4 mm in diameter were shown to be capable of separating 
at least 6.5 mg of favorable compounds. 

As with any technique, a good deal of historical effort has been expended to 
differentiate supercritical fluid chromatography (SFC) from the more established 
alternative chromatographic techniques: gas chromatography (GC) and high 
performance liquid chromatography (HPLC). However, from its start more than 
35 years ago, SFC has also been viewed as the most important bridging 
technology between GC and HPLC, and, more recently, has sometimes been used 
to show that the three techniques are actually parts of a continuum. This chapter 
on packed column SFC was created as part of an ACS symposium on "unified 
chromatography." The theme of this symposium is an attempt to break down the 
apparent borders between all these chromatographic techniques. 

© 2000 American Chemical Society 203 
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A user can start a chromatographic experiment, which can clearly be defined 
as GC. By increasing the pressure (and possibly temperature), the name for the 
experiment eventually changes to SFC. Subsequently, a modifier could be added. 
A decrease in temperature produces only a change in the definition of the 
technique to HPLC (with a compressible fluid). Some people call this region 
subcritical fluid chromatography. At still lower temperatures, many fluids (i.e., 
pentane) liquefy at atmospheric pressure, and any difference between SFC and 
HPLC vanishes. Throughout such an experiment, there was only one phase 
present. Some have defined an additional instrumental subset called "enhanced 
fluidity" chromatography, where a small amount of a gas is added to a liquid to 
decrease viscosity and increase diffusivity, compared to normal HPLC. There is 
extensive literature showing solvation characteristics of dense gases, proportional 
to pressure, below the critical pressure of the fluid (subcritical). 

SFC has always been misnamed because its name suggests the solvent 
characteristics of interest are unique to supercritical conditions. All these 
techniques exploit the same fluid characteristics to a greater or lesser extent (i.e., 
super- and sub-critical fluid chromatography are identical. Enhanced fluidity 
chromatography is simply subcritical fluid chromatography at high (i.e., 90%) 
modifier concentrations). The trend toward using much hotter solvents in HPLC is 
another form of enhanced fluidity or subcritical fluid chromatography. 

All these techniques use the same hardware in the virtually the same way. 
They all use the same form of packed columns, operated with flow control pumps 
(to get accurate flow and fluid composition). In the past, the biggest mechanical 
difference was the use of a back pressure regulator (BPR) in SFC, used to raise 
the outlet pressure above ambient. However, it is now also common to put a small 
BPR on the outlet of HPLC s to prevent outgassing of dissolved gases (two phase 
formation). The only hurdle that separates SFC from HPLC is the inadequacy of 
most HPLC hardware for pumping compressible fluids. Hardware for performing 
SFC is perfectly capable of performing HPLC, but it is almost never true that 
HPLC equipment can properly perform SFC. 

The advantages of packed column SFC, particularly as it is used in the 
pharmaceutical industry, stem from practical characteristics (low viscosity, high 
diffusivity) of carbon dioxide based fluids, regardless of whether the fluid is 
defined as super- or sub-critical. Under most practical conditions, the technique 
called packed column SFC is actually an odd form of HPLC with a highly 
compressible solvent. 

SFC in High Throughput Screening 

Pharmaceutical companies performing combinatorial chemistry or massively 
parallel synthesis are generating tens of thousands of new compounds per month, 
most of which require HPLC confirmation of purity. At such high analysis 
volume, many instruments and many operators are required to try to keep up. The 
cost of purchasing, storage, and disposing of solvents becomes a problem. 
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The general approach for maximizing throughput is to use shorter columns, 
smaller particles, and high flow rates. A 15 cm column with 3 μπι particles is as 
efficient as a 25 cm column with 5μηι particles but generates that efficiency in 
less than 40% of the time. Similarly, a 7.5 cm column with 1.5μπι particles is as 
efficient but >10 times faster than the column with 5 μπι particles. Additional 
speed can also be achieved by increasing flow rates above the optimum value. 
Doubling the flow rate cuts efficiency approximately in half but only cuts 
resolution by the square root of 2. 

In HPLC screening applications, 5 cm long columns with 3μιη particles are 
commonly run at up to 3 ml/min. A more extreme approach uses 15-20 mm long 
guard columns at 5 ml/min. 

Although many people have recognized that SFC is faster than HPLC, in more 
traditional applications, this advantage has often not seemed great enough to 
overcome the inertia of the better-established technique. Further, packed column 
SFC is a normal phase technique. Since the separation mechanism is substantially 
different from reversed phase HPLC (rHPLC), solute selectivity tends to be quite 
different. For those looking for the same selectivity in shorter time, this can be 
viewed as a problem. On the positive side, packed column SFC offers 
complimentary selectivity to reversed phase HPLC and/or capillary 
electrophoresis (CE). 

Normal phase HPLC is seldom practiced today, due to numerous practical 
problems, such as slow equilibration times, difficulty running gradients, drifting 
retention times caused by traces of water in the solvents, and the generation of 
large volumes of flammable waste. These difficulties do no apply to SFC. 

The diffusion coefficients of solutes in the mobile phase determine the 
optimum linear velocity (flow rate) and analysis time. At the same temperature, 
diffusion coefficients in carbon dioxide based fluids are as much as an order of 
magnitude higher than in the liquids commonly used in rHPLC. The optimum 
linear velocity of a chromatographic mobile phase is at least 3 to 5 times greater 
in packed column SFC than it is in HPLC (i), as shown in Figure 1. For any 
given particle size, the optimum flow rate in SFC is substantially higher than in 
HPLC, and the shape of the vanDeemter curves is much flatter. This flatness 
favors operation above optimum velocity, since little efficiency or resolution is 
lost with shorter analysis times. 

The pressure drop across a column is directly proportional to the viscosity of 
the fluid. The lack of intermolecular interaction in carbon dioxide results in 
viscosity an order of magnitude lower (1/10th) than in normal liquids (2), 
allowing HPLC columns to be operated at higher flow rates (higher linear 
velocity), with lower pressure drops. 

Pure carbon dioxide is a relatively non-polar solvent, similar to hexane or 
some fluorocarbons. Polar solutes are soluble to only ppm (1/1 xlO"6) (5) to ppb 
(1/lxl 0"9) (4) levels. Mixed with polar solvents, the solvent strength of the 
mixtures, and the solubility of polar solutes increases. Methanol is the most polar, 
common modifier completely miscible with carbon dioxide over a wide range of 
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Figure 1. Experimental vanDeempter plots showing the relative speed of SFC 
and HPLC on the same columns. A and D = ΙΟμιη particles, Β = 5μιη, C and 
Ε = 3μηι.  A
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temperatures and pressures. Carbon dioxide/methanol mixtures cover a wider 
range of solvent strength than any pair of organic solvents used in HPLC. 

With binary fluids, pressure becomes a secondary control parameter (5), with 
much less influence on retention or selectivity than mobile phase composition, as 
seen in Figure 2. As in HPLC, the primary mode for screening a wide range of 
solute polarity involves composition gradient programming. 

A major advance in packed column SFC occurred with the introduction of a 
third more polar component into the mobile phase (6-8). Polar additives, such as 
trifluoroacetic acid or isobutylamine, allow the elution of virtually all small 
molecules used in pharmaceuticals. With the inclusion of additives into the 
mobile phase, virtually all members of families elute with similar peak shapes. 

It should be remembered that there is no border between SFC and HPLC. In 
SFC screening methods, one could program from 0 to 100% modifier in a single 
run. However, at high modifier concentrations many of the practical advantages of 
SFC are lost, as the characteristics of the fluid (i.e., high diffusion coefficients and 
low viscosity) approach those of normal liquids (as the chromatography 
approaches standard HPLC (i.e., 100% modifier)). Surprisingly, little has been 
written about this transition from SFC to HPLC. 

As a rule of thumb, doubling the modifier concentration halves retention (9). 
Solvent strength is a non-linear function of composition, as shown in Figure 3. 
The first small addition of methanol results in a larger than expected increase in 
solvent strength. This enhanced solvent strength is due to a well-known 
phenomenon called clustering (10). The polar modifier molecules tend to cluster 
together creating enhanced localized concentrations. Such clustering occurs in 
some mixtures of normal liquids but is much more pronounced in mixtures of 
carbon dioxide/methanol. 

Little additional elution strength is achieved by using modifier concentrations 
much above 50 or 60% (Figure 3). It is advantageous to avoid higher modifier 
concentrations to maximize efficiency per time and to minimize pressure drops. In 
screening methods, an additional hold time at the maximum concentration (i.e., 
50-60%) allows elution of the last eluting components. 

There is little incentive to set the temperature higher than 30 to 50°C. Higher 
temperatures are avoided to insure that thermally labile solutes are not degraded. 
The outlet pressure is set at moderate levels (i.e., > 100 bar). Under such initial 
conditions, the fluid is usually defined as supercritical. Upon increasing the 
modifier concentration, the critical temperature and pressure of the mixture are 
likely to increase. If the temperature is below the critical temperature of the new 
mixture, the definition of the fluid changes to a liquid. However, in virtually all 
practical circumstances, it is irrelevant whether these fluids are defined as 
subcritical or supercritical. No significant changes in either physical or chemical 
characteristics occur when the definition of the fluid changes. 

The critical point of binary mixtures is often higher than either pure fluid. The 
literature sometimes suggests that the temperature and pressure should always be 
set higher than the maximum possible critical conditions of any combination of 
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Figure 2. Composition is more important than density when using binary 
fluids. 
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Figure 3. Solvent strength is a non-linear function of composition. Small 
numbers next to vertical lines indicate % modifier in carbon dioxide.  A
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the two components to avoid the possibility of phase separation. Such an approach 
is excessively conservative. 

The enclosed space at the bottom of Figure 4 outlines a two-phase region for 
methanol in carbon dioxide (11) at one temperature. Compositions inside this 
region cannot be made. However, operating above the two-phase region is trivial, 
by simply setting the column outlet pressure above, in this case, 80 bar. 

Once modifiers are added, both pressure and temperature become secondary 
control variables. As a practical matter, the column outlet pressure and column 
temperature is usually fixed. Elution strength is adjusted by changing the 
concentration of the mobile phase. 

The diagonal lines in the upper part of Figure 4 are constant density lines. 
Changing the composition at constant temperature and pressure causes small 
changes in density. However, the main reason for changes in retention is a change 
in the composition, not a change in density. 

Chromatographic Purification of Samples 

There is a strong desire to combine high speed screening with peak collection to 
generate 10-50 or 100-300 mg of pure compound at early stages of testing. With 
modern methods of synthesis, very large numbers of samples can be made in a 
short time, increasing the demand for throughput in the subsequent 
chromatographic cleanup step. Packed column SFC holds at least the potential to 
replace much of semi-preparative HPLC. The inherent advantages in diffusion 
coefficients/optimum flow rate and viscosity, exploited in analytical scale 
chromatography, offer similar enhancements on a larger scale. Throughput should 
increase 3 to 5 times. 

Unlike HPLC, most of the fluids used in SFC inherently want to vaporize. 
After the backpressure regulator, the fluid expands roughly 500 times. Two 
phases typically form; a small volume of liquid phase, consisting mostly of polar 
modifier, and a large volume gaseous phase, consisting mostly of carbon dioxide, 
at low density (i.e., 0.002g/cm3). Polar solutes tend to be non-volatile and remain 
in the more polar liquid phase. 

Compared to HPLC, the recovered polar solutes will be contained in a much 
smaller volume of more easily removed organic solvent. Even at a worst case 
modifier concentration of 60%, at the pumps, only 50% of the total solvent 
volume will be collected as a liquid (as much as 10% of the modifier will vaporize 
with the carbon dioxide). The average peak will be collected in 20% of the total 
solvent volume, and the solvent will be non-aqueous. Thus, the volume of liquid 
containing each peak, and the time required to remove it, is dramatically reduced, 
compared to rHPLC. 

Many organizations do not allow normal phase separations on a large scale 
due to safety consideration. If a large number of instruments are used to clean up 
samples, collectively, they can generate large volumes of mixed waste. If all this 
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Figure 4. Density of carbon dioxide/methanol mixtures as a function of 
pressure and composition at 36.85°. Reproduced with permission from 
reference 11. 
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waste is organic and flammable, safe storage becomes an issue. In many locations, 
the cost of disposal now equals the original purchase price of the solvents. 

If normal phase HPLC separations are ruled out, for safety reasons, the 
traditional alternative is reversed phase HPLC, with aqueous based mobile phases. 
From a practical perspective, removal of the aqueous based solvent from the 
compounds of interest becomes the limiting step in the use of the technique, being 
much slower than the chromatography. In fact, the use of semi-prep HPLC is 
often limited not by the chromatography, but by the ability to collect fractions, 
and subsequently the time required to evaporate off the (typically aqueous based) 
solvent. 

Sample Solvent Capacity. A potential problem in SFC is the limited capacity of 
the columns to tolerate large volumes of polar sample solvents, such as methanol 
or DMSO. For 4 mm LD. columns, injection volumes larger than approximately 
ΙΟμΙ tend to cause peak broadening or distortion. There are techniques for solvent 
elimination, but they add to analysis time. A preliminary experiment shows that 
very concentrated samples can be injected and significant quantities can be 
separated and collected, even on a 4 or 10 mm column. 

Experimental 

A slightly modified SFC (Berger Instruments (BI), Newark, DE, USA) was used 
as the chromatograph. The system consisted of a FCM 1200 dual pump module, 
an ALS 3100 autosampler with a rack for microtiter plates, a TCM 2100 oven 
module, a Model 1050 diode array detector (Hewlett Packard (HP), Little Falls, 
DE, USA) with a high pressure flow cell, and a BI 3-D Chemstation. 

The FCM 1200 was slightly modified by changing the volume of the mixing 
chamber. Several different mixing columns were used in these experiments. The 
best compromise between baseline noise and short gradient delay time was 
obtained using a mixing column/pulse dampener combination with a hold-up time 
of 6 sec. A more detailed description is presented in the discussion section. 

For high speed separations, the autosampler performed full loop 10 μΐ 
injections, with methanol as wash solvent. Microtiter plates were received dry and 
reconstituted by adding methanol or dimethylsulfoxide (DMSO) to each well. 
Both shallow well and 4X wells were used. The autosampler was set to eliminate 
delays between injections. For some of the peak collection work, larger loops, up 
to 210μ1 were used. The microtiter plate rack was replaced with a rack for 2 ml 
vials. 

The columns used for the bulk of the work all had a cyanopropyl (CN) bonded 
stationary phase. Some other experiments, using bare silica, diol, and amino 
phases, indicated that universal methods were more difficult (but not impossible) 
to achieve on these more polar phases than on the less specific, less retentive, 
cyano phase. 
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Columns used extensively included: 4 χ 125 mm, 5 μηι Lichrospher CN in a 
Lichrocart format, purchased from HP; Zorbax 50 χ 4.6 mm, 3.5μηι SB CN, 
donated by HP. Others included: 50 χ 4.6 mm, 3μιη Hypersil Silica (HP), 50 χ 3 
mm, 3 μηι Deltabond CN, provided by Keystone Scientific, Bellefonte, PA. 

High Speed Gradient Conditions. The mobile phase was a linear gradient, 
typically 5-65% methanol containing either 0.5% isopropylamine (IPAm) or 0.4% 
trifluoroacetic acid (TFA). All chemicals used in the mobile phase were reagent 
grade or better. SFC grade carbon dioxide was purchased from Scott Specialty 
Gases, Plumsteadville, PA in both Berger Instruments Technimate cylinders or in 
larger steel cylinders, all with dip tubes but no headspace pad. The gradient rate 
was up to 45%/min. Total flow was 3 to 5 mls/min. Column temperature was 
35°C. Outlet pressure was maintained at 120 bar. 

Peak Collection. For sample recovery experiments, the SFC was modified as 
shown in Figure 5. The vapor pressure of methanol is high enough so that there is 
normally no liquid phase present after expansion until the methanol concentration 
exceeds approximately 10%. Any nonvolatile solutes emerging during the part of 
the gradient below 10-15% modifier will likely be trapped in the transfer line 
between the backpressure regulator and the fraction collector switching valve. The 
presence of a second liquid phase, which washes the lines and collects nonvolatile 
solutes, can be guaranteed by introducing a small additional liquid flow after the 
chromatography is complete. 

An additional HPLC pump was added to the configuration. Its flow could be 
programmed to add fluid whenever the modifier concentration was below 10%. 
The flow could be turned off when the modifier concentration exceeded 15%. 

The pump output was delivered through a tee containing a check valve 
mounted in the flow path after the UV detector. The check valve prevents 
backflow toward the make-up pump when its flow is shut off. This pump insures 
that there is always a liquid phase present to wash the transfer lines downstream 
of the backpressure regulator. 

The optimum internal diameter of the transfer line is somewhat dependent on 
the flow rate. If the inner diameter is too small, aerosols tend to be formed. 
Increasing the modifier concentration tends to decrease aerosol formation. 
Nevertheless, in SFC it is a good idea to mount the fraction collector in a hood. 

A device, similar to a miniature momentum separator was used to separate the 
gaseous phase from the liquid phase. This device is shown schematically in 
Figure 6. This device only partially solves the aerosol formation problems 
associated with the up to 500 fold expansion occurring across the back pressure 
regulator. Under some conditions aerosols escape out the top of the device, 
causing sample loss, and posing a health risk. Packing with glass wool to try to 
break the aerosol causes carry over problems. This device should NOT be used in 
an open laboratory, but confined to use in a fume hood. 
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Figure 5. Schematic diagram of SFC modified to collect samples. 
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Figure 6. Schematic of miniature momentum separator used to collect 
fractions. 
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Results 

High Speed Separations. A 50 mm χ 4.6 mm column packed with 3.5 μηι 
particles allowed rapid separations of a wide range of substituted amides, with a 
cycle time under 3 minutes. This corresponds to approximately 540 well/day, or 
5.6-96 well microtiter plates/day. The gradient was 5-65% at 33%/min, with short 
initial and final hold times. Column temperature was set at 35°C. The flow rate 
was 4 mls/min. The outlet pressure was maintained at 120 bar throughout. A 
series of chromatograms from consecutive wells on a microtiter plate are 
presented in Figure 7. 

At the initial modifier concentration of 5% methanol, the column pressure 
drop was 9 bar (inlet pressure = 129 bar). During the course of the programming 
to 65%, the pressure drop increased dramatically to 270 bar (inlet pressure 390 
bar), as the fluid characteristics approached those of a normal liquid (i.e., 100% 
methanol). A plot of inlet and outlet pressure vs. % modifier is shown in Figure 
8. The pressure drop appears to be linearly related to % modifier, implying, at 
least roughly, that the viscosity of the mixture is linearly related to % modifier. 
The low pressure drop at low modifier concentrations, and the limitations arising 
at high concentrations is a direct demonstration of the practical advantages of 
SFC. 

The chromatograms yield results similar to standard HPLC screening (number 
of peaks, peak capacity) but in approximately l/3rd the analysis time. SFC is a 
normal phase technique. Elution order is typically inverted compared to reversed 
phase HPLC. 

This SFC application produces approximately 1/2 the total liquid waste but 
with 3 times more samples run (l/6th the waste per run). The per liter cost of 
carbon dioxide and methanol tends to be low, compared to the cost of toxic 
solvents, such as acetonitrile. Waste disposal costs are also becoming an issue, 
particularly when many instruments are run in parallel. Significantly decreasing 
the amount of waste, thus, has a noticeable impact on total cost. 

An alternate approach with a less aggressive column actually produced higher 
throughput, as shown in Figure 9. A 4 χ 125 mm column packed with 5 μηι 
particles operated at 5 mls/min produced much less pressure drop at higher flow 
rates. Pressure drop varied from 30 to 160 bar (inlet pressure 150 to 280 bar). By 
using a slightly steeper gradient (45%/min), a slightly higher initial (15%) and 
lower final (60%) modifier concentration, the cycle time (including autosampler 
access time and column re-equilibration time) was decreased to 1.875 minutes 
between injections. The actual run time was approximately 1.3 minutes. This 
corresponds to nearly 770 samples/day, or 8-96 well plates/day. 

Peak Collection 

Large Volume Injections. Progressively larger volumes of a complex mixture of 
an experimental substance dissolved in methanol were injected onto a 4 mm 
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C u r r e n t C h r o m a t o g r a m ( s 
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Figure 7. High Speed chromatograms from a 50 χ 4.6 mm, 3.5 μηι column 
allowing 480 separations/day. 
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Figure 8. Pressure drop across the 50 χ 4.6 mm, 3.5μπι column, as a function 
of modifier concentration. 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

01
2

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



219 

E d i t A n n o t a t i o n o n : C u r r e n t C h r o m a t o g r a m ( s ) 

DAD1 A, Slg=230,6 Ref=M50,80 of. JO2&O101 .D m A U 

1750-
1500-̂  
1250 
1000 
750 
500 
2SH 

0 
0.2 0.4 0.6 0.8 1.2 min 

DAD1 A, Sig=230,6 Ref=450,80 of «27-0101 .D 

Figure 9. High speed chromatograms from a 125 χ 4 mm, 5μηι column 
allowing 770 separations/day. 
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column, as shown in Figure 10. The main component was contaminated by as 
many as 40 other species, which made up the majority of the sample. The largest 
injection contained 12.6 mg of the total mixture. Since the compound of interest 
represented approximately 30% of the total absorbance, this corresponds to nearly 
4 mg of the compound of interest on a 4 mm column. 

As expected, larger volumes of polar sample solvent distorted and broadened 
the peaks. The late eluting contaminants were shifted toward the earlier eluting 
peak of interest. Note that the larger peaks are distorted by the fact that the 
detector is overloaded. The noisy appearance of the top of the peak indicates no 
light is passing through the flow cell at that wavelength. Under such conditions, 
the detector is probably highly non-linear. 

The peaks retained adequate integrity to allow peak collection. A fraction was 
collected between the minimum at approximately 3.2 min. and the second 
minimum at 4.7 min. Despite the broadening, the peak of interest could be 
collected and reinjected for a purity check, as shown in Figure 11. In this example 
several small peaks were co-collected with the peak of interest. 

Concentrated Injections. , In another experiment, extremely concentrated 
samples of a few representative compounds were prepared and relatively small 
volumes injected. The compounds included procaine, impramine, antipyrine, and 
caffeine. Each compound appeared to be nearly miscible with methanol, 
producing solutions up to 0.68g/ml without apparent saturation (except caffeine). 

At least 5-10μΙ ,̂ containing as much as 6.8 mg, were placed on the 125 χ 
4mm CN column and were subsequently recollected. Upon injection into the 
mobile phase, initial conditions of mostly carbon dioxide, all of the compounds 
appeared to remain in solution. There was no sudden increase in inlet pressure 
following an injection. This is a strong indication that these compounds are highly 
soluble in the mobile phase. 

This pumping system (10 mls/min) accommodates 10 mm columns at 
optimum velocity with a sample capacity for these compounds >40 mg. For 
significantly higher capacity, pumping systems with much higher flow rates are 
required. Direct scale-up suggests up to 680 mg in 0.5-1 ml could be loaded on a 
41 mm column (with 200ml/min total flow). 

Caffeine is much less soluble in methanol than the other compounds and 
appeared to be saturated at <20mg/ml. As much as 0.55 mg could be injected on-
column. 

Another relatively dirty experimental compound was dissolved at 440 mg/ml 
in methanol and 10 μΐ were injected onto the 4 mm diameter column. Again, there 
was no indication of precipitation following the injection. A chromatogram, 
shown in Figure 12, shows that several large peaks precede the peak of interest. 
The main peak was collected between the minima at 6.1 and 7.9 minutes, then 
reinjected, as shown on the bottom of the figure. Minute amounts of contaminants 
summing <0.6% are barely discernible on the baseline. Since the peak collected is 
the last peak to elute, the absence of traces of the earlier eluting peaks in the 
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C u r r e n t C h r o m a t o g r a m ( s ) 

I DAD1 B,Sig*254,8Ref=450,80of M)IOL0018.D mAU . 
1000-
800-
600-
400- ΙΟμΙ,, 0.6 mg on-column 

200-

0- 75 ' ' 10 ' ' 12.515 ' 17.5 20 min DAD1 B, Sig*254,8 Ref=450,80of " ~-~"*lDIOL0017.D 
mAU ] 
17SH I 15Q0H 

5 ' ' ' 7S ' ' ' 10 ' ' 12.5 15 175 20 mjn DAD1 B, Sig=254,8 Ref=450,80 of \DIOIJ0022.D 
mAU j 

—,—,—,—,——,—,—,—,—j—,—,—,—,—!—.—,—,—1—ι—'—>1 , > " . 

5 7.5 10 125 15 17.5 20 min Figure 10. Chromatograms of successively larger volumes of an experimental 
synthetic mixture, showing the effect of sample solvent volume on peak 
shapes. 
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C u r r e n t C h r o m a t o g r a m (s ) 

DAD1 Β, Sig=220,4 Ref=450,80 of JDIOL0029.D 

1000 

200 

Collected from 210μΙ inj. and reinjected 

10 20 mln 

Figure 11. Chromatogram of a collected fraction showing purity. 
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C u r r e n t C h r o m a t o g r a m ( s ) 

DAD1 D, Sig=295,2 Ref=off of " CN0030,D 

25CXDH 

2000H 
4.4 mg on-column 

DAD1 D, Sig=295,2 Ref=off of " "\CN0034.D 
j mAU 
! 2500· 

500-

reinject approx l/300th 

Figure 12. Top. Chromatogram of a 10 μΐ injection of 4.4 mg of an 
experimental substance, showing several major contaminants preceding the 
compound of interest. Bottom. A chromatogram of the effluent collected 
between 6.1 and 7.9 minutes of the first injection, showing no appreciable 
carry-over of the preceding peaks into the main peak. 
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reinjected chromatogram indicate that the collection system does not suffer from 
peak tailing or carry-over. 

Discussion 

Considerations in Reducing Cycle Time. Cycle time (time from injection to 
injection) is dictated by the sum of the gradient delay time, the run time, and the 
re-equilibration time. If fast enough, the autosampler access time adds nothing to 
the cycle time. 

Gradient Slope. In screening applications, gradients are necessary in order to 
cover the widest range of solute retentivity in the shortest time possible. For very 
high throughput, it is desirable to use extremely steep gradients. 

A good "rule of thumb" for determining the maximum slope of a gradient is to 
change conditions such that retention changes by no more than a factor of 2 
during each column holdup time. Changing conditions any faster results in part of 
the column length not contributing to the separation of easily eluted components 
(they elute at t0). 

Another "rule of thumb" in packed column SFC states that doubling the 
modifier concentration halves retention. Thus, doubling from 5 to 10%, 10 to 
20%, 20 to 40%, etc. each requires at least one column holdup time. On the other 
hand, equilibration between the stationary and mobile phases requires some finite 
time, usually 3 to 5 holdup times, suggesting that somewhat slower gradients 
should yield more reproducible results. 

Clearly, a shorter column and/or a higher flow rate decreases the column 
holdup time and increases the allowed slope of the gradient. However, there are 
pumping/mixing considerations that degrade performance with very steep 
gradients, which are discussed later. 

Gradient Delay Time. High pressure mixing of binary fluids requires a 
device with a finite volume. Perturbations in composition vs. time are mixed or 
averaged out by this volume. At a given flow rate, the time required for a change 
in composition at the pumps to reach the head of the column is called the gradient 
delay time. Mixers are intended to act as band broadening devices; to average out 
sharp, undesirable variations in composition caused by pump refill strokes. The 
obvious desire to minimize gradient delay times must be weighed against baseline 
noise and composition consistency. It should be clear that the mixer design is 
extremely important in obtaining both smooth composition gradients and short 
gradient delay times. 

The commercial SFC used employs an "RC" (résistive-capacitive) hydraulic 
network to mix the fluids and dampen pressure pulsations. Such networks have a 
time constant dictated by the dimensions of the components, which are often set 
to be greater than the period of either pump. For example, if each pump delivers 
100 μΐ,/βΐκ&ε and one pump is intended to deliver 1% of 1 ml/min, the slower 
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pump would refill only once every 10 minutes! If the mixing network were 
intended to give perfectly smooth composition, it must average out variations over 
the entire period of the slowest pump, which would require an internal volume > 
10 mis! Such large volumes are unrealistic, since the gradient delay time would 
also be 10 minutes! 

In order to achieve reasonable gradient delay times, typical HPLC pumps, 
which have fixed stroke lengths, must compromise by specifying baseline ripple 
at 5 or 10% modifier (not 1%). Increasing the minimum modifier concentration to 
5% increases the frequency of the slower pump and decreases the mixer volume 
required by a factor of 5, to 2 mis. Decreasing the stroke volume at the same flow 
rate and % modifier also increases the pump frequency. Decreasing the stroke 
volume decreases the required mixing volume and the gradient delay time. 

In SFC it is often important to operate down to 1% modifier, due to the non
linear, enhanced solvent strength (see Figure 3) accompanying the first small 
additions of modifier. The default mixer has a dead volume of 1.7 mis, to 
accommodate operation at 1% modifier. At 5% modifier, 5mls/min, with a 2 ml 
mixer, the gradient delay time is 0.4 min or 24 sec, which is too long for truly 
high speed screening. Such a mixer actually adds 48 wasted seconds to a run time 
(24 at the beginning and 24 at the end). 

The SF pump used has a variable stroke length, and a variable speed. With a 
20 μΐ stroke and a minimum modifier concentration of 5%, the optimum mixing 
volume decreases to 0.4 mis, and the mixer time, constant (at 5 mls/min), drops to 
4.8 sec. A 0.4ml mixer was used in place of the 1.7ml mixer. 

Without a shorter stroke, the mixing volume cannot be decreased without 
increasing noise on the baseline and degrading retention time stability. Mixing 
tees with almost no dead volume (and, consequently, almost no mobile phase 
residence time) do nothing to average out composition perturbations caused by 
pump refill strokes. Larger mixers can average out the oscillations caused by an 
inadequately compensated pump, but the output will have inaccurate flow and 
composition. 

Re-Equilibration Time. An important aspect of the high diffusivity in 
carbon dioxide based fluids is the rapid re-equilibration of the column to initial 
conditions. Rapid re-equilibration is aided by a short gradient delay time, high 
flow rate, and a short column. To determine the minimum delay time between the 
end of one run and the start of the next, the gradient delay time should be added to 
the time required to pump 3 to 5 column volumes. The column hold-up time of a 
50 mm long column is only 0.1 min at 5 mls/min. Thus, 3 to 5 column volumes 
correspond to 0.3 to 0.5 minutes, and the total delay should be on the order of 0.4 
to 0.6 minutes. 

Autosampler Sample Injection Time. The autosampler injection time 
should not significantly extend the cycle time. On the other hand, screening 
requires the use of steep gradients, and the column must re-equilibrate to initial 
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conditions between runs. Injection before the completion of re-equilibration 
effectively increases the initial modifier concentration seen by the next sample, 
and negates part of the gradient. Thus, if the autosampler access time is less than 
the re-equilibration time, a delay should be added to avoid premature injection, 
since the maximum throughput has been reached. For the 50mm column, operated 
at 5 mls/min, re-equilibration time takes up to 0.6 minutes. The autosampler has 
up to 36 seconds to withdraw the next sample, push it through the valve, and 
switch the valve. Longer columns require longer re-equilibration delays and allow 
longer autosampler access times. 

For very rapid analysis (shorter columns, higher flow rate), the autosampler 
could be prompted to load the "next" sample into the needle or valve during the 
"current" run. 

Pumping Considerations. There have been many instances where only slightly 
modified HPLC pumps have been used to pump carbon dioxide. This always 
results in inaccurate flow and composition. In HPLC, the pumps deliver 
"incompressible" fluids. Properly designed SFC pumps need to be much more 
complex than HPLC pumps, since the fluids pumped are highly compressible, and 
compressibility of the fluids is a strong function of pressure. 

Single Piston vs. Dual Piston Pumps. Single piston HPLC pumps employ a 
rapid refill stroke followed by a short, rapid compression stroke. In HPLC, the 
backward movement of the piston during refill must create a partial vacuum in 
order to draw in liquids at atmospheric pressure. Such pumps tend to cause 
problems when used in SFC. During a rapid refill, carbon dioxide at 
approximately 65 bar in the supply cylinder is suddenly expanded into a space at a 
much lower pressure. The rapid expansion can cause substantial adiabatic cooling. 
As a worse case, carbon dioxide dry ice can form, freezing the pump. 

In dual piston pumps, one piston slowly fills while the other delivers flow. 
There is never a significant pressure drop within the pump, preventing significant 
adiabatic cooling. 

The Inadequacy of Chilling Pump Heads. It has been common for 
chromatographers to chill the pumphead of HPLC pumps in order to pump liquid 
carbon dioxide. It has been assumed that, since the chilled fluid was defined as a 
liquid, it had familiar liquid-like characteristics, including low compressibility. 
Even though such chilling drops the fluid below its critical temperature and it is 
defined as liquid, it is still far above its boiling point at atmospheric pressure. The 
fluid will expand to a gas without an externally applied pressure and is still highly 
compressible. 

The compressibility of carbon dioxide (12) is not materially affected by 
temperature near its critical temperature and remains a strong function of pressure, 
as shown in Figure 13. The compressibility at -20°C, commonly used with 
external bath chillers, is virtually the same as at 20°C. Chilling the pump head 
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prevents cavitation (phase separation) but does nothing to minimize the need for 
extended compressibility compensation. Standard HPLC pumps do not deliver 
accurate flow or composition of the fluids used in SFC by simply cooling the 
pumpheads. 

Single Compressibility Settings. Most HPLC pumps are built with a 
hardware specific compressibility compensation (i.e., a specifically shaped cam) 
set for the compressibility of a normal liquid, usually water. Some more 
expensive HPLC pumps allow the compressibility compensation for each specific 
fluid to be set through a keyboard. In most cases, the range of compressibility 
compensation available is much too small for highly compressible fluids, such as 
carbon dioxide. 

HPLC pumps are not capable of independently, dynamically changing 
compressibility compensation when the pressure changes. Only pumps designed 
specifically for SFC have both a wide enough range of compressibility 
compensation for the fluids of interest and can dynamically change the 
compressibility compensation based on the current pressure and temperature of 
the fluid pumped. 

Dynamic Compressibility Compensation. In screening applications, a steep 
modifier concentration gradient is used, which results in dramatic changes in the 
column head pressure during each run. Since the SF pump must deliver flow to a 
widely varying head pressure, the carbon dioxide pump must be capable of 
dynamically changing its compressibility compensation over a wide range. In 
effect, the pump must calculate what fraction of its total stroke length is required 
to compress the fluid to each working pressure. Failure to change the 
compressibility compensation as the pressure changes results in a progressively 
larger fraction of the pump stroke being wasted as the pressure increases. This 
produces gross errors in flow and composition, as well as increased baseline noise 
and decreased retention time reproducibility. 

Figure 14 schematically indicates properly compensated pumps deliver 
accurate flow and composition. In Figure 15, part of the stroke of an inadequately 
compensated carbon dioxide pump is used up compressing the fluid in the pump 
cylinder, not delivering it to the mixer. While the pump is compressing the fluid, 
no C0 2 flow emerges. There is no compensation for this loss of flow, and the 
pump delivers less flow than the set point. The fraction of the expected flow, lost 
to compression problems, depends on the column inlet pressure. Since the 
modifier pump is delivering an incompressible fluid, this flow continues. The 
result is large rapid swings in composition and flow that change with pressure. 
The pulse dampener/mixer tends to average out such swings, but the averaged 
results can be grossly inaccurate and noisy. 

Future Developments in Screening. The screening experiments reported above 
do not represent the maximum throughput possible. The 3.5 μπι particle column 
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P r o p e r l y C o m p e n s a t e d C 0 2 P u m p 

P r o p e r l y C o m p e n s a t e d C a r b o n D i o x i d e P u m p s d e l i v e r f l o w a n d 
c o m p o s i t i o n w i t h a c c u r a c y a n d p r e c i s i o n c o m p a r i b l e t o HPLC 

r e f i l l 
s t r o k e 

M o d i f i e r | 
f l o w 1 \ 

c o m p e n s a t i o n 
s t r o k e 

f l o w 
/ s e t p o i n t 

c a r b o n I 
d i o x i d e J — 
f l o w ! 

t o t a l 
f l o w 

c o m p o s i t i o n 
( % m o d i f i e r ) 

d a m p e n e d f l o w a n d c o m p o s i t i o n v a r i a t i o n s 
( e x a g e r a t e d ) / 

Figure 14. Flow and composition profile of a properly compensated pump. 
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Flow and Composition with an 
Undercompensated C02 Pump 

refill 
stroke 

Compensation 
stroke 

Modifier 
pump 
flow 

flow setpoint 

- - no flow 

carbon 
dioxide 
pump flow 

j~— flow setpoint 
I 

/ ~ — actual (no 
flow) 

total 
flow 

l ~ setpoint 
//— - actual 

— — — - no flow 

composition 
(% modifier) 

! \ 
- actual (100% 

setpoint) 

- - - - 0 % 

Figure 15. Improperly compensated pumps waste part of the stroke 
compressing the fluid, not delivering flow. 
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was operated at only slightly greater than optimum velocity (3 mls/min), the 5 μηι 
column at no more than 2 times optimum (5 mls/min). The pumps are capable of 
10 mls/min, but rather than use higher flow rates (with more waste) to achieve 
higher linear velocities, smaller diameter columns could be used with the same 
flow rates and gradients. 

Smaller particles (i.e., 1.5 μηι) exist but not with bonded phases useful in 
SFC. A few experiments on a 4.6 χ 30 mm, 1.5μιη experimental diol column 
generated peeks too fast for a data system to follow. Traditional HPLC 
chromatographic data systems may be inadequate for high speed chromatography. 

Peak capacity decreases with the square root of column length (with the 
square root of plates) while speed decreases linearly with length. Used carefully, 
higher information density per time should be possible. However, both shorter 
columns and smaller particles make extra-column effects more difficult to avoid. 

Another important future development is the combination of high speed 
chromatographic screening with mass spectrometric detection. A number of 
groups have already reported promising preliminary results using various 
atmospheric pressure ionization sources with SFC. 

Peak Collection Issues 

While SFC offers many practical advantages, it tends to require more 
infrastructure than HPLC. The supply of large amounts of liquid carbon dioxide is 
nontrivial. A means is required to insure there is liquid carbon dioxide in the 
pump to prevent cavitation. The carbon dioxide pump must be designed to 
accurately deliver compressible fluids. 

Since a significant amount of the modifier can volatilize on expansion, low 
modifier concentrations (i.e., <10% modifier) produce no liquid phase to collect. 
Polar solutes are likely to be trapped inside transfer lines between the outlet of the 
backpressure regulator (BPR) and the fraction collector. To minimize this 
problem the low cost liquid pump is often added to the system, with its flow 
added after the detector but before the BPR. This location requires a high pressure 
pump capable of pumping against the system outlet pressure. At least one user has 
employed a low pressure peristaltic pump, with the flow added just downstream 
of the BPR, with apparently acceptable results. 

The expansion of the carbon dioxide tends to generate aerosols in which the 
solutes can be entrained. Existing interfaces to HPLC fraction collectors may not 
break such aerosols, creating a potential health hazard since the solutes may 
escape into the lab air. Separator design is an area requiring further improvement, 
to simultaneously allow high recovery, low carry-over, and safe operation. 

As mentioned previously, up to 10% of the organic modifier vaporizes with 
the carbon dioxide. If simply vented, some of the "green" advantages of SFC are 
lost. To prevent such loss, either the fluid must be recycled, or a means must be 
found to remove the organic liquid from the carbon dioxide stream. 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

01
2

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



232 

Table I. The stock solutions prepared were: 
Procaine 407 mg/ml 
Impramine 650 mg/ml 
Antipyrine 630 mg/ml 
Caffeine 22 mg/ml (satd.) 

Table II. Experimental Loadings with Projected Scale-up: 

5 μΐ, ΙΟμΙ, 25μΙ 
projected 
40 mm col. 

Procaine 2mg 4.1mg lOmg 410 mg 
Impramine 3.2 6.5 16.3 650mg 
Antipyrine 3.2 6.3 16 630 mg. 
Caffeine 0.11 0.22 0.55 22 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ch

01
2

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



233 

Conclusions 

SFC can provide the chromatographic characteristics of interest in high speed 
screening, such as high throughput, low pressure drop, less waste, and lower cost. 
The incentives for developing semi-preparative SFC are: easier, faster solvent 
removal, lower cost, less waste, and higher throughput. These are all practical 
advantages for routine use. Carbon dioxide based fluids posses these 
characteristics irrespective of whether the fluid is defined as supercritical, a 
subcritical liquid, or a subcritical (dense) gas. The transition from one defined 
state to another is a non-event, almost always impossible to detect. 
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effect in surface phase, 56, 59 
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56i 
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ute and viscosity of solvent, 171 
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tures, 169, 171 
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different T H F / C 0 2 mixtures, 172/ 
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packings, 160/ 

chromatograms of mixture of phthalates by 
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use of wide-pore silica materials, 159 
See also Capillary electrochromatography 

(CEC); Stochastic simulation 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ix

00
2

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



239 

Electroosmotic flow (EOF) 
electrochromatography, 152 
flow-velocity profiles, 155-156 
See also Electrochromatography 

Electrophoresis 
convection algorithms simulating variety of 

hydrodynamic conditions, 42 
surface interaction algorithms, 45 
See also Stochastic simulation 

Electrophoretic migration, three-dimensional 
stochastic simulation, 44 

Elevated temperature liquid chromatography 
(ETLC), requiring pressure control of mo
bile phase, 179-180 

Eluotropy, principle, 159 
Enhanced fluidity liquid 

effect of diffusion coefficients in fluid phase 
on fluid dynamic behavior of system, 49 

evolution of solute zone profile with vary
ing diffusion coefficients in fluid phase, 
52/ 

Enhanced-fluidity liquid chromatography 
(EFLC) 
band dispersion control, 171, 173 
chromatogram of di- and monocarboxy ter

minated polystyrene at critical condition 
for polystyrene, 177/ 

common method of finding critical condi
tion for specific polymer, 175 

comparing band dispersion for atrazine as 
function of linear velocity with buffer, 
174/ 

comparison of band dispersion as function 
of linear velocity for atrazine, 174/ 

critical chromatography another separation 
method using enhanced-fluidity liquid sol
vents, 175 

difference from subcritical fluid chromatog
raphy (SubFC), 19 

effect of pressure variation on calibration 
curve for polystyrene standards using 
C 0 2 in THF, 177/ 

future developments, 176, 178 
instrumental subset, 204 
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pH control for C 0 2 added to mobile phase 

containing water, 173 
requiring pressure control of mobile phase, 

179-180 
separating telechelic polymer, 175-176 
small pressure drop across packed columns, 

173 
subset of elevated-temperature E F L C , 16, 

18/ 19 
temperature variation to approach critical 

condition, 175 
Enhanced-fluidity liquid mixtures 

chromatography, 171, 173-176 
diffusion coefficients, 169, 171 
enhanced-fluidity liquid extraction, 176 

future developments, 176, 178 
physicochemical properties, 168-171 
relationship between diffusion coefficient of 

solute and viscosity of solvent, 171 
solvent strength, 168-169 
variation of diffusion coefficients of anthra

cene in ternary mixtures of ethanol/H20/ 
C 0 2 , 171, 172/ 

variation of diffusion coefficients of styrene 
with temperature for different T H F / C 0 2 

mixtures, 172/ 
variation of solvent strength of methanol/ 

C 0 2 mixtures, 169, 170/ 
variation of solvent strength of methanol/ 

H 2 0 / C 0 2 mixtures as function of added 
C 0 2 , 169 

Extraction, enhanced-fluidity liquid, 176 

Flory-Huggins model 
activity coefficient of C 0 2 in poly(dimethyl-

siloxane) (PDMS) as function of volume 
fraction of PDMS, 109/ 

calculation for activity of C 0 2 in polymer, 
108 

interaction parameter for experimental 
data, 110/ 

relating solubility of compressible fluid in 
polymer, 108, 111 

Flow-through spectroscopic detector, consider
ing for unified chromatograph, 22 

Fluid phase 
effect of diffusion coefficient, 46-49, 56 
effect of diffusion coefficient on fluid dy

namic behavior of system, 49, 52/ 53/ 
effect of diffusion coefficient on rate con

stants, 47i 
evolution of solute zone profiles with vary

ing diffusion coefficients, 52/ 
kinetic behavior, 47, 48/ 
radial distribution of solute molecules, 49, 

50/ 
relationship between total time spent in 

fluid and surface phases, 49, 54/ 55/ 
statistical moments of zone profiles as func

tion of simulation time, 53/ 
See also Stochastic simulation 

Free energy differences, thermodynamic inte
gration (TI) and free energy perturbation 
(FEP) methods, 83-84 

Free energy perturbation (FEP), method for 
calculating free energy differences, 83-84 

G 

Gas chromatography (GC) 
behavior when solute-mobile phase forces 

are essentially zero, 19, 21 
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chromatogram of hydrocarbon standards 
on packed capillary column in unified 
chromatograph, 148/ 

compressibility, 33 
degrees of freedom, 21 
diagram of unified chromatograph, 147/ 
high pressure G C on packed capillary col

umns in unified chromatograph, 146, 149 
limiting behavior in phase-diagram model, 

19 
little attention to mobile-phase selection 

and outlet pressure, 7 
plates per second achievable, 150* 
pressure as unifying parameter in retention, 

33-34 
region relative to two-phase liquid-vapor 

(l-v) region, 20/ 
unified chromatograph, 146 
use of temperature control, 7 
See also Tw^-dimensional chromatography 

Gas-liquid chromatography (GLC) 
alkane partitioning in helium/squalane 

G L C system, 90-91 
combination of Gibbs-ensemble Monte 

Carlo (GEMC) method and configura-
tional-bias Monte Carlo (CBMC) algo
rithm, 84 

critical temperatures and normal boiling 
points of linear alkanes as functions of 
chain length, 87/ 

determining force field parameters by sin
gle-component vapor-liquid coexistence 
curves (VLCC), 86, 88 

exploring fluid phase equilibria governing 
retention, 83 

inside-out approach in design of transfer
able potentials for phase equilibria 
(TraPPE) force field, 86 

Lennard-Jones potential for van der Waals 
interactions, 85 

multi-component phase equilibria and calcu
lations of Gibbs free energies of transfer, 
88, 90 

partition constant of solute between 
phases, 83 

partitioning linear and branched alkanes in 
helium/squalane system, 91 

partitioning rc-pentane and w-hexane be
tween helium and η-heptane at standard 
conditions, 88 

predicted Kovats retention indices of 
branched alkanes in helium/squalane sys
tem, 92/ 

predicting accurate critical and boiling tem
peratures, 86 

relative free energy of hydration for conver
sion of methane to ethane, 88 

simulation details and results for w-pen-
tane/«-heptane/helium systems, 90/ 

simulation methodology, 83-85 

single-component phase equilibria and 
force field development, 85-88 

solubility of helium in w-hexadecane as 
function of temperature and pressure, 92/ 

testing C B M C / G E M C methodology and 
TraPPE at elevated temperatures and 
pressures, 90 

thermodynamic integration (TI) and free 
energy perturbation (FEP) methods, 
83-84 

TraPPE force field, 85 
V L C C for 2,5- and 3,4-dimethylhexane, 89/ 
V L C C for ethane, «-pentane, and w-octane, 

87/ 
Gibbs ensemble Monte Carlo (GEMC) 

reversed phase liquid chromatography 
(RPLC), 71-72 

simulation of gas-liquid chromatography, 
84 

swapping molecule from one phase to an
other, 84-85 

Gibbs free energy. See Gas-liquid chromatog
raphy (GLC) 

Glycerides, separation, 127,128/ 129/ 
Gradient delay time, reducing cycle time, 

224-225 

Gradient slope, reducing cycle time, 224 

H 
Hagen-Poiseuille equation, mean velocity as 

input parameter, 42 
Helmholtz-Smoluchowski equation, maxi

mum velocity as input parameter, 42 
High-performance liquid chromatography 

(HPLC) 
chromatograms of mixture of phthalates by 

H P L C and capillary electrochromatogra
phy (CEC), 157/ 

comparison to SFC for chromatographic pu
rification of samples, 212-213 

diagram of unified chromatograph, 147/ 
difficulty in high throughput screening, 205 
efficiencies for isocratic C E C of polycyclic 

aromatic hydrocarbons (PAHs) using 
H P L C stationary phases, 158i 

high efficiency of nitrated polyaromatic hy
drocarbons in unified chromatograph, 
151/ 

limited exploitation of temperature, 6 
packed capillary columns in unified chroma

tograph, 149,152 
unified chromatograph, 146 
See also Liquid chromatography (LC) 

High speed separations 
packed column supercritical fluid chroma

tography (SFC), 216 
plot of inlet and outlet pressure versus % 

modifier, 218/ 
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series of chromatograms from consecutive 
wells on microtiter plate, 217/ 

series of chromatograms using less aggres
sive column, 219/ 

High temperature liquid chromatography 
(HTLC) 
applications, 133 
glycerides separation, 127, 128/ 129/ 
high-temperature injector, 138/ 139/ 
injection of hydrocarbon wax in cyclohex-

ane, 140/ 
See also Packed capillary columns 

High throughput screening 
critical point of binary mixtures, 207, 210 
density of carbon dioxide/methanol mix

tures as function of pressure and compo
sition, 211/ 

difficulties with normal phase high perfor
mance liquid chromatography (HPLC), 
205 

future developments, 228, 231 
importance of composition when using bi

nary fluids, 207, 208/ 
solvent strength as non-linear function of 

composition, 207, 209/ 
van Deemter plots showing relative speed 

of SFC and H P L C on same columns, 
205, 206/ 

See also Packed column supercritical fluid 
chromatography (SFC) 

Holy Grail, concept of One World of Chroma
tography, 1-2 

Hydrocarbons 
gas chromatogram on packed capillary col

umn in unified chromatograph, 148/ 
separation using carbon dioxide mobile 

phase transitioning from liquid to gas 
and then from supercritical fluid to gas 
along length of column, 196/ 

separation using high speed packed capil
lary supercritical fluid chromatography 
(SFC), 198, 200/ 

See also Polycyclic aromatic hydrocarbons 
(PAHs) 

Hydrocarbon wax 
high-temperature applications, 133 
separation by high-temperature liquid chro

matography (HTLC), 140/ 
Hyperbaric chromatography (HC), lower-

than-supercritical-pressure region, 16, 17/ 
Hypothetical unified chromatography, lattice 

fluid models, 2 

Inductively coupled plasma-mass spec
trometry 
packed capillary columns, 127, 133 
separation of tetramethyl lead from tetra-

ethyl lead and impurity, 134/ 

Instrumentation, push to develop, 2 
Interfacial resistance to mass transport 

effect on fluid dynamic behavior of system, 
61, 63/ 

effect on rate constants, 5% 62/ 
kinetic evolution of absorption process with 

varying, 62/ 
statistical moments of solute zone profiles 

as function of simulation time, 61, 64/ 
stochastic simulation, 59, 61 

Interphases. See Reversed phase liquid chro
matography (RPLC) 

Κ 

Kamlet-Taft solvatrochromic parameters, 
evaluating change in polarity of mixtures as 
function of added liquefied gas, 168-169 

Kovats retention indices, simulation results 
for gas-liquid chromatography (GLC), 91, 
92/ 

L 

Lattice fluid models, hypothetical unified chro
matography, 2 

Liquid chromatography (LC) 
degrees of freedom, 21 
effect of diffusion coefficients in fluid phase 

on fluid dynamic behavior of system, 49 
evolution of solute zone profile with vary

ing diffusion coefficients in fluid phase, 

52/ 
evolution of solute zone profile with vary

ing diffusion coefficients in surface 
phase, 58/ 

evolution of solute zone profile with vary
ing interfacial resistance to mass trans
port, 63/ 

good solvent selection, 7-8 
limited exploitation of temperature, 6 
limiting behavior in phase-diagram model, 

19 
plates per second achievable, 150i 
pressure as unifying parameter in retention, 

34-35 
region relative to two-phase liquid-vapor 

(l-v) region, 20/ 
See also High-performance liquid chroma

tography (HPLC) 

M 

Martire and Boehm model 
fitting critical constant-based isotherm to 

isotherm data for C 0 2 in poly(dimethylsi-
loxane) (PDMS), 116-117 

isotherm equation, 116 
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lattice fluid model for gas-, liquid-, and su
percritical fluid chromatography, 113, 
116-117 

volume fraction scale, 113, 116 
Microchromatography, Raman detection, 

162-163, 166 
Mobile-phase compressibility, relative contri

butions, and solute partial molar volumes 
to pressure dependence of solute retention, 
32i 

Mobile phase perspective 
advantages of unified chromatography, 23, 

25 
avoiding phase transitions on chromato

graphic column, 12 
binary mixtures, 12-15 
building unified chromatograph, 22-23 
butane as solvent for liquid chromatogra

phy (LC), 8 
CÔ2-methanol Type I solvent system, 13 
combination of downstream pressure con

trol and upstream flow control, 15-16 
considering flow-through spectroscopic de

tector, 22 
considering phase behavior of binary mix

ture, 12-13 
continuous one-phase region encompassing 

ordinary liquid and vapor states, 10, 12 
continuum of one-phase fluid behavior, 22, 

24/ 
cost and risk, 27 
deceptions of ambient conditions, 7-8 
degrees of freedom in mobile phase, 21 
enhanced-fluidity liquid chromatography 

(EFLC), 16, 18/, 19 
fitting specific chromatographic techniques 

into phase diagram, 15-21 
fluid continuum available to chromatogra-

phers, 11/ 
gas chromatography (GC) behavior for sol

ute-mobile phase forces essentially zero, 
19, 21 

good solvent for L C , 7-8 
high-pressure loop injector, 22 
hyperbaric chromatography (HC), 16, 17/ 
L C and G C limiting behaviors in phase-dia

gram model, 19 
liquid-vapor (l-v) behavior, 13,14/ 
longer columns than conventional L C , 25, 

26/ 
lower-than-supercritical-pressure region, 16, 

17/ 
methanol-water Type I system, 13, 15 
optimization in unified chromatography, 25, 

27 
packed-column unified chromatograph, 24/ 
phase diagrams describing pure fluids, 8-15 
pressure effects on mobile-phase strength, 

12 

pressure-temperature phase diagram for 
pure substance, 9/ 

regions for conventional L C and G C rela
tive to two-phase l-v region, 20/ 

selectivity tuning by temperature for vita
mins A palmitate and D3, 26/ 

solvating gas chromatography (SGC), 16 
subcritical fluid chromatography (SubFC), 

16,18/ 
supercritical fluid region, 10, 11/ 
supercritical fluid region of Type I binary 

mixture, 15, 17/ 
two-phase l-v region for Type I binary mix

ture, 13,14/ 
unification, 21-23 

Models. See Flory-Huggins model; Martire 
and Boehm model; Sanchez-Lacombe 
model; Simulations 

Molecular level simulations, reversed phase 
liquid chromatography (RPLC), 68 

Molecular parameters, simulation input, 40t 
Monte Carlo simulations 

advantages, 37 
combination of Gibbs-ensemble Monte 

Carlo (GEMC) method and configura-
tional-bias Monte Carlo (CBMC) algo
rithm, 84 

means to model complex separation sys
tems, 37 

See also Gas-liquid chromatography 
(GLC); Reversed phase liquid chromatog
raphy (RPLC); Stochastic simulation 

Ν 

Nitrobenzene and dinitrobenzene 
high performance liquid chromatography 

(HPLC) chromatogram of summed inte
grated intensities of Raman bands during 
separation, 165/ 

Raman spectra during H P L C separation, 
164/ 

separation, 163,166 

Organometallic catalysts 
packed capillary columns, 133 
purity check of rhodium catalyst in solvent 

and as solid by SFC, 136/ 

Packed capillary column chromatography 
advantages of packed capillary columns, 

143 
capillary electrochromatography (CEC) 

chromatogram of mixture of polystyrene 
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standards on column with wide-pore 
packings, 160/ 

chromatograms of mixture of phthalates by 
high performance liquid chromatography 
(HPLC) and CEC, 157/ 

deuterated solvents as mobile phase for Ra
man bands, 163 

efficiencies for isocratic C E C on polycyclic 
aromatic hydrocarbons (PAHs) using 
H P L C stationary phases, 158/ 

electrochromatography on packed capillary 
columns, 152, 155-156,159 

eluotropy principle, 159 
gas chromatography (GC) of hydrocarbon 

standards in unified chromatograph, 148/ 
high pressure G C on packed capillary col

umns in unified chromatograph, 146,149 
H P L C chromatogram of nitrated polycyclic 

aromatic hydrocarbons in unified chroma
tograph, 149, 151/ 

H P L C chromatogram of summed inte
grated intensities of Raman bands of ni
trobenzene and 1,3-dinitrobenzene, 165/ 

linear relation between In k (retention fac
tor) and percentage organic solvent in 
mobile phase, 159,161/ 

packing capillary columns, 143-144,146 
plates per second achievable by different 

chromatographic techniques, 150* 
plot of minimum reduced plate height ver

sus total porosity for capillary columns 
with supercritical fluid carrier, dry pack
ing, and liquid slurry, 145/ 

Raman detection as strategy for microchro-
matography, 162-163, 166 

Raman spectra species during H P L C sepa
ration of nitrobenzene and dinitroben-
zene, 164/ 

schematic diagram of unified chromato
graph for GC, supercritical fluid chroma
tography (SFC), and H P L C on packed 
capillary columns, 147/ 

schematic of micro H P L C chromatograph 
with microRaman detector, 164/ 

SFC and H P L C on packed capillary col
umns in unified chromatograph, 149, 152 

SFC chromatogram of coal tar oil in uni
fied chromatograph, 154/ 

SFC chromatogram of Polywax 1000 poly
ethylene in unified chromatograph, 153/ 

shorter wavelength laser light improving 
sensitivity in Raman scattering, 166 

three dimensional two-component phase di
agram, 144/ 

unenhanced Raman detection promising 
for H P L C on packed capillary columns, 
166 

unified chromatograph for GC, SFC, and 
HPLC, 146 

van Deemter plots of reduced plate height 
versus linear mobile phase velocity in 
HPLC, SFC, and CEC, 144/ 

Packed capillary columns 
advantages, 143 
characterization of polymer additive Chima-

sorb 944 by temperature programming, 
131/ 

column efficiency of all-*raws-retinyl hexade-
canoate and -heptadecanoate as function 
of column temperature in electrochroma
tography, 124/ 

comparing retention and peak shape of 
polymer additives at constant tempera
ture and temperature program, 126/ 

compatibility with water as mobile phase, 
127 

detector compatibility and applications with 
packed capillaries, 127,133 

effect of temperature on reduced plate 
height of all-iraws-retinoic acid, 123/ 

effect on retention of temperature increase 
from 50 to 150°C, 127* 

electrochromatography, 152, 155-156,159 
flame ionization detection in high perfor

mance liquid chromatography (HPLC) in 
water of *-butanol, seobutanol, and n-bu-
tanol, 132/ 

high temperature applications, 133, 138/ 
139/ 140/ 

high temperature injector in H T L C (high 
temperature LC), 138/ 139/ 

inductively coupled plasma-mass spectrom
etry, 127, 133 

injection of hydrocarbon wax in cyclohex-
ane, 140/ 

on-column determination of retinoids, 
123/ 

on-line combined solid phase injection-
SFE-SFC of methanol/water apple ex
tract containing pesticide fenpyroximate, 
133, 137/ 

purity check of rhodium catalyst introduced 
in solvent and as solid by packed capil
lary SFC, 133, 136/ 

retinyl ester profile of liver extracts from 
polar fox, 135/ 

robustness of columns, 133, 141 
separation of monoglycerides, diglycerides, 

and triglycerides by open tubular SFC, 
packed capillary SFC, and packed capil
lary HTLC, 128/ 129/ 

separation of polymer additives by packed 
capillary column SFC, 130/ 

separation of tetramethyl lead from tetra-
ethyl lead and impurity, 134/ 

temperature-column efficiency, 122 
temperature-retention in HPLC, 122 
use in universal chromatography, 192, 198 
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viscosity and column back pressure, 
121-122 

Packed column supercritical fluid chromatog
raphy (SFC) 
advantages, 204 
autosampler sample injection time, 225-226 
chromatogram of collected fraction show

ing purity, 222/ 
chromatogram of relatively dirty experimen

tal sample, 223/ 
chromatograms of successively larger vol

umes of experimental mixture, 221/ 
chromatographic purification of samples, 

210, 212 
compressibility of carbon dioxide as func

tion of pressure at three temperatures, 
227/ 

concentrated injections, 220, 224 
considerations in reducing cycle time, 

224-226 
critical point of binary mixtures, 207, 210 
density of carbon dioxide/methanol mix

tures as function of pressure and compo
sition, 211/ 

dynamic compressibility compensation, 228 
effect of sample solvent volume on peak 

shapes, 221/ 
experimental, 212-213 
experimental loadings with projected scale-

up, 232i 
flow and composition profile of improperly 

compensated pump, 230/ 
flow and composition profile of properly 

compensated pump, 229/ 
future developments in screening, 228, 231 
gradient delay time, 224-225 
gradient slope, 224 
high speed gradient conditions, 213 
high speed separations, 216 
importance of composition when using bi

nary fluids, 207, 208/ 
inadequacy of chilling pump heads, 226, 

228 
large volume injections, 216, 220 
peak collection, 216, 220, 224 
peak collection issues, 231 
peak collection methods, 213 
plot of inlet and outlet pressure versus % 

modifier, 218/ 
prepared stock solutions, 232i 
pumping considerations, 226-228 
re-equilibration time, 225 
sample solvent capacity, 212 
schematic of miniature momentum separa

tor for fraction collection, 215/ 
schematic of modified SFC for sample col

lection, 214/ 
series of chromatograms from consecutive 

wells on microtiter plate, 217/ 

series of chromatograms using less aggres
sive column, 219/ 

SFC in high throughput screening, 204-210 
single compressibility settings, 228 
single piston versus dual piston pumps, 226 
solvent strength as non-linear function of 

composition, 207, 209/ 
unified chromatograph available, 23, 24/ 
van Deemter plots showing relative speed 

of SFC and H P L C on same columns, 
205, 206/ 

Partial molar volumes 
contributions to pressure dependence of sol

ute retention, 32t 
solute retention, 31 

Partitioning. See Gas-liquid chromatography 
(GLC) 

Phase diagram model, limiting behaviors of 
L C and GC, 19 

Phase diagrams 
continuous one-phase region encompassing 

ordinary liquid and vapor states, 10,11/ 
describing pure fluids in chromatographic 

mobile phase, 8-15 
fitting specific chromatographic techniques, 

15-21 
illustrating transitions occurring under uni

versal chromatographic conditions, 192, 
197/ 

pressure-temperature for pure substance, 9/ 
three dimensional two-component, 142, 

144/ 
visualizing effect of pressure and tempera

ture on mobile phase properties through
out length of column, 189, 191/ 

Phase distribution measurements, theoretical 
models interpreting retention volume data, 
2 

Phase transitions, avoiding on chromato
graphic column, 12 

Phthalates, chromatograms of mixture by 
H P L C and capillary electrochromatography 
(CEC), 157/ 

Poisson-Boltzmann methods, size exclusion 
chromatography (SEC), 68 

Polycyclic aromatic hydrocarbons (PAHs) 
efficiencies for isocratic capillary electroch

romatography (CEC) of PAHs using 
high performance liquid chromatography 
(HPLC) stationary phases, 156,158r 

H P L C of nitrated PAHs on packed capil
lary column in unified chromatograph, 
151/ 

separation at column temperature below 
and above critical temperature of carbon 
dioxide mobile phase, 191/ 

separation of large PAHs using mobile 
phases transitioning from liquid to gas 
along length of column, 194/, 195/ 
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separation using comprehensive S F C - G C 
system, 186/ 

See also Universal chromatography 
Poly(dimethylsiloxane) (PDMS) 

experimental data for solubility of C 0 2 in 
PDMS, 102 

separation using combination of G C and 
SFC by switching mobile phases during 
same run, 187/ 

thorough study of C 0 2 with PDMS, 97-98 
See also Supercritical fluid chromatography 

(SFC) 
Polyethylene, SFC chromatogram on packed 

capillary column in unified chromatograph, 
153/ 

Polymer additives 
characterization of Chimasorb 944 by tem

perature programming, 127,131/ 
separation by supercritical fluid chromatog

raphy (SFC), 127, 130/ 
Polystyrene 

capillary electrochromatography (CEC) of 
mixture of standards on packed capillary 
column, 159, 160/ 

separation of carboxy and dicarboxy-termi-
nated polystyrene standards, 176,177/ 

telechelic polymer separation, 175-176 
Pressure 

ambient, 7 
effect on mobile-phase strength, 12 
liquids above normal boiling point, 1 

Pressure as parameter in retention 
gas and supercritical fluid chromatography, 

33-34 
implications, 35 
liquid chromatography, 34-35 
predicted pressure-induced changes in sol

ute capacity factor for 100 bar increase, 
32* 

relative contributions of mobile-phase com
pressibility and solute partial molar vol
umes to pressure dependence of solute 
retention, 32f 

theoretical considerations, 31-33 
Pressure control, combination of downstream, 

and upstream flow control, 15-16 
Pressure-temperature path, avoiding discontin

uous phase transition, 10, 12 
Pumps 

considerations for supercritical fluid chro
matography (SFC), 226-228 

dynamic compressibility compensation, 228 
flow and composition profile of improperly 

compensated pump, 230/ 
flow and composition profile of properly 

compensated pump, 229/ 
inadequacy of chilling pump heads, 226, 

228 
single compressibility settings, 228 
single versus dual piston, 226 

Pure fluids 
phase diagrams describing chromatographic 

mobile phase, 8-15 
typical phase diagram for pure substance, 

9/ 
Purification 

chromatogram for purity check, 220, 222/ 
chromatography of samples, 210, 212 

Raman detection 
deuterated solvents as mobile phase, 163 
high performance liquid chromatography 

(HPLC) chromatogram of summed inte
grated intensities of Raman bands of ni
trobenzene and 1,3-dinitrobenzene chro
matographic separation, 165/ 

improving historical problem of low effi
ciency of scattering and detection, 
162-163 

new strategy for microchromatography, 
162-163,166 

promising detector for H P L C on packed 
capillary column, 166 

schematic of micro H P L C chromatograph 
with microRaman detector, 163,164/ 

series of Raman spectra during H P L C sepa
ration of nitrobenzene and dinitroben-
zene on packed capillary column, 164/ 

shorter wavelength laser light improving 
sensitivity, 166 

Retention 
considerations in reducing cycle time for 

packed column supercritical fluid chroma
tography (SFC), 224-226 

determining maximum gradient slope, 224 
effect of modifier concentration, 224 
effect of temperature increase, 122, Hit 
methods for predicting, 82-83 
See also Pressure as parameter in retention; 

Solute retention 
Reversed phase liquid chromatography 

(RPLC) 
adding water/methanol solvent mixtures to 

modeled stationary phases, 70 
computational methods, 72-73 
consistency of simulation with water/metha

nol experimental results, 78 
distribution of methanol orientational 

angles relative to surface normal, 77/ 
effect of chain solvation, 75 
effect of hydrogen bonded fluid on station

ary phase structure, 73, 75 
effort elucidating underlying driving forces 

of retention, 68 
examining chain length, surface density, 

and intermolecular force effects on sta
tionary phases, 69-70 
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exploring possible onset of phase transi
tions, 69 

modeling retention factor, 67-68 
modeling stationary phases in vacuum and 

in contact with water/methanol mobile 
phases, 71 

molecular dynamics simulations of R P L C 
interphases, 73 

molecular level simulations, 68 
partitioning mechanism, 70-71 
previous simulations of R P L C interphases, 

69-72 
relative number densities for chain seg

ments, water, and methanol, 74/ 
relative orientation of solvent passing from 

bulk to stationary phase, 75, 78 
simulations of alkane stationary phases in 

vacuum, 71 
theories rationalizing observed retention be

havior, 68 
total occupied volume along ζ profile, 76/ 
window potential technique computing po

tential of mean force for motion of sol
ute into stationary phase, 70 

Rhodium catalyst, purity check, 133,136/ 
Rice-Whitehead equation, radial velocity pro

file in cylindrical global frame, 42 
Risk, unified chromatography, 27 
Rohrschneider-McReynolds scheme, liquid 

phase characterization, 91 

Sanchez-Lacombe model 
chemical potential for mobile phase of pure 

C 0 2 , 111-112 
converting solubility data to volume frac

tion of C 0 2 in polymeric phase, 112 
determining parameters for C 0 2 , 112-113 
equations-of-state calculations for density 

of C 0 2 , 114/ 
final isotherm equation, 112 
interaction parameter as function of vol

ume fraction of C 0 2 in poly(dimethylsi-
loxane) (PDMS), 115/ 

lattice fluid model for fluid-polymer sys
tems, 111-113 

modeling swelling, absorption, and isother
mal phase behavior of modifiers, 2 

simple isotherm model for C 0 2 dissolution 
in polymer, 111 

Screening, high throughput. See Packed col
umn supercritical fluid chromatography 
(SFC) 

Separation strategies, modeling retention as 
equilibrium process, 67-68 

Separation systems. See Stochastic simulation 
Separations 

high speed, 216 

influence of temperature on separation of 
vitamins, 23, 26/ 

longer columns than conventional liquid 
chromatography (LC), 25, 26/ 

resolution per unit time for fast, 198 
See also Enhanced-fluidity liquid mixtures; 

Universal chromatography 
Simulations 

reversed phase liquid chromatography 
(RPLC) interphases, 69-72 

See also Gas-liquid chromatography 
(GLC); Monte Carlo simulations; Re
versed phase liquid chromatography 
(RPLC); Size exclusion chromatography 
(SEC); Stochastic simulation 

Size exclusion chromatography (SEC) 
computational methods, 72-73 
contour plot of negative salt ion charge den

sity for negatively charged dendrimer in
side cylindrical silica pore, 79/ 

effect of ionic strength on partition coeffi
cient, 67 

modeling charged particle as passing from 
bulk into like-charged cylindrical pore, 
73 

numerical Poisson-Boltzmann methods, 68 
partition coefficient, 72-73 
Poisson-Boltzmann equation, 72 
preliminary results pertaining to charged de-

ndrimers, 78 
Solute retention 

capacity factor, 31 
contributions to pressure dependence, 32t 
function of partial molar volume and bulk 

compressibility term, 31 
See also Pressure as parameter in retention; 

Retention 
Solvating gas chromatography (SGC) 

capability of mobile phase pumping system, 
181 

extension of conventional GC, 16 
pressure programming controlling elution, 

180 
requiring pressure control of mobile phase, 

179-180 
Solvent, selection for liquid chromatography, 

7-8 
Solvent strength 

enhanced-fluidity liquid mixtures, 168-169 
non-linear function of composition in high 

throughput screening, 207, 209/ 
variation of methanol/C02 mixtures, 169, 

170/ 
variation of methanol/H 20/C0 2 mixtures as 

function of added C 0 2 , 169 
Stochastic simulation 

advancing each molecule individually 
through separation system, 38 

advantages, 37 
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comparing supercritical fluid, enhanced flu
idity fluid, and liquid as fluid phases, 47 

effect of diffusion coefficient in 
fluid phase, 46-49, 56 
fluid phase on rate constants, 47* 
surface phase on fluid dynamic behavior 

of system, 56, 59 
surface phase, 56, 59 
surface phase on rate constants, 56i 
fluid phase on fluid dynamic behavior of 

system, 49 
effect of interfacial resistance to 

mass transport, 59, 61 
mass transport on fluid dynamic behavior 

of system, 61 
mass transport on rate constants, 59t, 62/ 

effect of reduced diffusion coefficient on 
rate constants, 57/ 

equilibrium behavior of system, 46 
evolution of solute zone profile with 

varying 
diffusion coefficients in fluid phase, 52/ 
diffusion coefficients in surface phase for 

liquid chromatography (LC), 58/ 
interfacial resistance to mass transport 

for L C , 63/ 
hydrodynamic behavior of system, 46 
implementing transport algorithms, 38 
kinetic behavior of system, 46 
kinetic evolution of absorption process with 

varying 
diffusion coefficients in fluid phase, 48/ 
diffusion coefficients in surface phase for 

LC, 57/ 
interfacial resistance to mass transport, 62/ 

L C case illustrating kinetic and equilibrium 
information, 47, 49 

L C illustrating other hydrodynamic informa
tion, 49, 56 

mean distance and variance of solute zone 
profile with varying diffusion coefficients 
in surface phase, 59, 60/ 

mean distance and variance of solute zone 
profile with varying diffusion coefficients 
in fluid phase, 53/ 

mean distance and variance of solute zone 
profile with varying interfacial resistance 
to mass transport, 61, 64/ 

means to model complex separation sys
tems, 37 

radial solute distribution profiles during ki
netic evolution of chromatographic sys
tems, 50/ 

range in complexity, 37-38 
relationship between total time spend in 

fluid and surfaces phases and distance 
traveled by individual molecules, 55/ 

residence time distribution for single so
journ in fluid and surface phases, 51/ 

residence time distribution for total time 
spent in fluid and surface phases, 54/ 

statistical moments of solute zone profiles 
as function of simulation time, 49, 53/ 
59, 60/ 61, 64/ 

See also Three-dimensional stochastic simu
lation 

Subcritical fluid chromatography (SubFC) 
below critical temperature, 16,18/ 
difference from enhanced-fluidity liquid 

chromatography (EFLC), 19 
region, 204 

Supercritical fluid 
effect of diffusion coefficients in fluid phase 

on fluid dynamic behavior of system, 49 
evolution of solute zone profile with vary

ing diffusion coefficients in fluid phase, 
52f 

Supercritical fluid chromatography (SFC) 
ability to use gas chromatography (GC) de

tectors, 127 
absorption isotherm for C 0 2 in poly(di-

methylsiloxane) (PDMS), 103/ 
accounting for hydrostatic compression of 

polymer, 98 
activity coefficient of C 0 2 in PDMS as func

tion of volume fraction of PDMS, 109/ 
apparent gap between gas and liquid chro

matography, 96-97 
calculations, 101-102 
capability of mobile phase pumping system, 

181 
characteristic parameters for pure C 0 2 , 

113* 
column material, 101 
compressibility, 33 
diagram of unified chromatograph, 147/ 
differentiating from G C and high perfor

mance liquid chromatography (HPLC), 
203 

disparities in measured partial molar vol
umes of C 0 2 , 98 

experimental isotherms at 35°C, 104/ 
experimental isotherms at 40°C, 105/ 
experimental isotherms at 50°C, 106/ 
experimental isotherms at 80°C and 100°C, 

107/ 
experimental values for partial molar vol

ume of C 0 2 in PDMS, 100/ 
extent of C 0 2 dissolution into PDMS, 101 
Flory-Huggins interaction parameter for ex

perimental data, 110/ 
Flory-Huggins model, 108, 111 
glycerides separation, 127,128/ 129/ 
influence of temperature on separation of 

vitamins, 23, 26/ 
instrumentation, 101 
interaction parameter as function of vol

ume fraction of C Q 2 in PDMS, 115/ 
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literature data for solubility of C 0 2 in 
PDMS at 40°C, 99/ 

Martire and Boehm model, 113, 116-117 
misnaming, 204 
models considering mobile phase composi

tion as controlling factor for retention, 
97-98 

packed capillary columns in unified chroma
tograph, 149,152 

partial molar volume, 98 
plates per second achievable, 150i 
pressure as unifying parameter in retention, 

33-34 
pressure programming controlling elution, 

180 
relationship between column efficiency per 

unit time and particle size in packed cap
illary SFC, 198, 199/ 

relationship between resolution per unit 
time, column length, and particle size in 
packed capillary SFC, 198,199/ 

Sanchez and Lacombe model, 111-113 
Sanchez-Lacombe equation-of-state calcula

tions for density of C 0 2 , 114/ 
schematic of multidimensional capillary 

SFC-SFC system, 182/ 
separation of hydrocarbons using high 

speed packed capillary SFC, 198, 200/ 
separation of polymer additives, 127, 130/ 
SFC chromatogram of coal tar on packed 

capillary column in unified chromato
graph, 154/ 

SFC chromatogram of Polywax 1000 poly
ethylene on packed capillary column in 
unified chromatograph, 153/ 

solubility measurements for pressures up to 
100 atm from 35°C to 120°C, 102 

theoretical models, 108-117 
thorough study of C 0 2 with PDMS, 97-98 
uncertainty in volumes and compositions of 

stationary and mobile phases, 97 
unified chromatograph, 146 
use of back pressure regulator, 204 
See also Packed capillary columns; Packed 

column supercritical fluid chromatogra
phy (SFC); Two-dimensional chromatog
raphy; Universal chromatography 

Supercritical fluid region 
no transitions into or out, 10 
phase diagram, 10,11/ 
Type I binary mixture, 15, 17/ 

Surface interaction, three-dimensional stochas
tic simulation, 44-45 

Surface phase 
effect of diffusion coefficient, 56, 59 
effect of diffusion coefficient on fluid dy

namic behavior of system, 56, 59 
effect of reduced diffusion coefficient on 

rate constants, 57/ 

evolution of solute zone profile with vary
ing diffusion coefficients, 58/ 

kinetic evolution of absorption process with 
varying diffusion coefficients, 57/ 

relationship between total time spent in 
fluid and surface phases, 49, 54/ 55/ 

statistical moments of solute zone profile as 
function of simulation time, 59, 60/ 

See also Stochastic simulation 
System parameters, simulation input, 40i 

Taylor-Aris equation, radial velocity profile 
in cylindrical global frame, 42 

Telechelic polymers 
separation at critical condition of polymer 

backbone, 175-176 
separation of carboxy and dicarboxy-termi-

nated polystyrene standards, 176,177/ 
Temperature 

column efficiency, 122, 124/ 
effect on reduced plate height of al\-trans-

retinoic acid, 123/ 
effect on retention, 127i 
high temperature applications, 133 
retention in HPLC, 122 
See also Packed capillary columns 

Thermodynamic integration (TI), method for 
calculating free energy differences, 83-84 

Three-dimensional stochastic simulation 
absorption and adsorption algorithms for 

homogeneous and heterogeneous sur
faces, 45 

convection, 42 
diffusion, 41 
electrophoretic migration, 44 
electrophoretic mobility, 44 
first statistical moment or mean distance 

calculation, 41 
input parameters for program, 40f 
molar adsorption energy in relation to 

mean time for desorption, 45 
probability distribution, 41 
probability of transport between fluid and 

surface phases, 44-45 
radial flow profiles for laminar and elec-

troosmotic convection, 43/ 
schematic of trajectories of three molecules 

during four sequential time increments, 
39/ 

second statistical moment or variance, 41 
simulation input, 40-41 
simulation output, 41 
surface interaction, 44-45 
verifying accuracy of absorption algorithm, 

45 
verifying accuracy of diffusion algorithm, 

41 

 A
ug

us
t 1

4,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 D

ec
em

be
r 

3,
 1

99
9 

| d
oi

: 1
0.

10
21

/b
k-

20
00

-0
74

8.
ix

00
2

In Unified Chromatography; Parcher, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1999. 



249 

verifying accuracy of electrophoretic migra
tion algorithms, 44 

See also Stochastic simulation 
Two-dimensional chromatography 

combined chromatography, 181, 184 
limitation of typical two-dimensional separa

tions, 184 
progress towards single, combined chroma

tography form, 3 
schematic of comprehensive supercritical 

fluid chromatography-gas chromatogra
phy (SFC-GC) system, 185/ 

separation of polycyclic aromatic hydrocar
bons (PAHs) using comprehensive 
S F C - G C system, 186/ 

See also Universal chromatography 

U 

Unified chromatograph 
elements, 146 
gas chromatography (GC) of hydrocarbon 

standards on packed capillary column, 
148/ 

high pressure G C on packed capillary col
umns, 146, 149 

high performance liquid chromatography 
(HPLC) of nitrated polycyclic aromatic 
hydrocarbons (PAHs) on packed capil
lary column, 151/ 

schematic of, for GC, supercritical fluid 
chromatography (SFC), and H P L C on 
packed capillary columns, 147/ 

SFC and H P L C on packed capillary col
umns, 149, 152 

SFC chromatogram of coal tar on packed 

capillary column, 154/ 
SFC chromatogram of Polywax 1000 poly

ethylene on packed capillary column, 
153/ 

Unified chromatography 
advantages, 23, 25 
ambient conditions, 8 
antithesis of concept, 1 
building chromatograph, 22-23 
concept, 1 
cost and risk, 27 
description, 184,189 
holy grail, 1-2 
idea rather than implementation of con

cept, 3 
lacking all-encompassing theoretical founda

tion, 97 
longer columns than conventional L C , 25, 

26/ 
optimization, 25, 27 
packed column supercritical fluid chromato

graph, 23, 24/ 

push to develop instrumentation, 2 
textbook for graduate-level course in sepa

rations, 3 
unification, 21-22, 24/ 
unified theory, 2 
See also Mobile phase perspective; Univer

sal chromatography 
Unified theory, models of equilibrium distri

bution of solute between stationary and mo
bile phases, 2 

Unified Theory of Chromatography, Martire, 
2 

Universal chromatography 
capability of mobile phase pumping system, 

181 
chromatographic resolution dependence, 

198 
combination of supercritical fluid chroma

tography (SFC) and gas chromatography 
(GC), 184 

description, 189, 192 
instrumentation, 180-181 
limitations of typical two-dimensional sepa

rations, 184 
multiple chromatographic operations, 181, 

184 
packed capillary columns, 192 
phase diagram illustrating transitions under 

universal chromatographic conditions, 
197/ 

phase diagram with arrows representing mo
bile phase transitions occurring when col
umn outlet is open to atmosphere, 191/ 

plot of relationship between column effi
ciency per unit time and particle size in 
packed capillary SFC, 199/ 

plot of relationship between resolution per 
unit time, column length, and particle 
size in packed capillary SFC, 199/ 

plots of reduced plate height versus linear 
velocity at temperatures above and be
low critical point of carbon dioxide, 193/ 

resolution for fast separations, 198 
schematic of comprehensive S F C - G C sys

tem, 185/ 
schematic of multidimensional capillary 

SFC-SFC system, 182/ 
schematic of system, 182/ 
separation of aldehydes using carbon diox

ide at inlet pressure and temperature 
above critical point and column outlet 
open to atmosphere, 190/ 

separation of aromatic compounds and po-
ly(dimethylsiloxanes) using G C and SFC 
combination by switching mobile phases 
during same run, 187/ 

separation of dichloromethane solution of 
household wax using sequential G C -
SFC, 188/ 
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separation of hydrocarbons using carbon di

oxide mobile phase transitioning from liq
uid to gas and then from supercritical 
fluid to gas along length of column, 196/ 

separation of hydrocarbons using high 
speed packed capillary SFC, 200/ 

separation of large polycyclic aromatic hy
drocarbons (PAHs) using mobile phases 
that transition from liquid to gas along 
length of column, 194/ 195/ 

separation of PAHs at column temperature 
below and above critical temperature of 
carbon dioxide mobile phase, 191/ 

separation of PAHs using SFC-GC, 186/ 
separation of standard coal tar using SFC-

SFC, 183/ 
similarity to unified chromatography, 189 
transitions occurring in column from liquid 

to gas, 192 
unified chromatography, 184, 189 
universal column, 192,198 
universal column efficiency equation, 198, 

201 
van Deemter equation, 201 

V 
van Deemter 

classical behavior, 144/ 
equation, 201 

plots of reduced plate height versus linear 
mobile phase velocity in high perfor
mance liquid chromatography (HPLC), 
supercritical fluid chromatography (SFC), 
and capillary electrochromatography 
(CEC), 144/ 

plots showing relative speed of SFC and 
H P L C on same columns, 205, 206/ 

universal column efficiency equation, 198, 
201 

Viscosity, calculation of liquid, 121-122 

W 

Wax, household, separation of dichlorometh-
ane solution using sequential GC-SFC, 
188/ 
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