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Some Aspects of Pressure-Induced Equilibrium
Shifts in Chromatography

J. CALVIN GIDDINGS

DEPARTMENT OF CHEMISTRY, UNIVERSITY OF UTAH, SALT LAKE CITY, UTAH

Summary

The possible advantages of pressure-induced equilibrium shifts in chroma-
tography are explored. First, the subject of pressure-induced increases in
migration rates is discussed, particularly in the light of solubility rela-
tionships already established in the high-pressure literature. Second,
the more subtle equilibrium shifts leading to an enhancement of selec-
tivity are studied. The practical implication of these equilibrium shifts
are emphasized.

The prospects of very high inlet pressures (say 10 to 10* atm) in
chromatography are promising in two complementary ways. First,
the ultimate column efficiency (number of theoretical plates) and
speed of analysis are proportional to the pressure drop available
for pushing fluid through columns (1,2). This subject has already
been explored at some length theoretically (1-4); a beginning
has barely been made toward experimental verification and
exploitation (5).

Second, pressure variations almost universally shift equilibrium
constants in one way or another. Since chromatographic migration
rates depend upon the equilibrium distribution of solutes between
phases, it is worth making a broad inquiry into the benefits that
might accrue through such controlled equilibrium shifts. This is
the object of the present note. To start with, the potential of pres-
sure-induced migration in chromatography will be discussed.
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PRESSURE-INDUCED MIGRATION

Quite often separation is unattainable because substances do not
migrate at a measurable velocity. To remedy this, a very large shift
in equilibrium is needed. Such large changes are most readily
obtained with gases; this leads us quite directly (but not exclu-
sively) to the technique of gas chromatography.

It is generally recognized that gas chromatography is unexcelled
in resolution and separation speed. However gas chromatography
is applicable only to the separation of fairly volatile compounds.
This excludes a great number of important chemical species,
among them being many kinds of macromolecules, inorganic
compounds, highly polar species, and ions. This restriction is
particularly unfortunate from the standpoint of biochemical
separations (6).

Recently this author pointed out (7) that at pressures of the order
of 1000 atm, gas chromatography would converge with classical
liquid chromatography. “At such [gas] densities intermolecular
forces become very large, and are undoubtedly capable of ex-
tracting big molecules from the stationary phase.” In this way
“nonvolatile” components become volatile, thus removing the most
serious limitation (volatility) to present gas-chromatographic prac-
tice. Klesper and co-workers have indeed observed an enhance-
ment in the migration of porphyring at pressures to 140 atm (8).
Below we elaborate to some extent on the chromatographic poten-
tial of that broad and essentially unexplored continuum between
dilute gases and bulk liquids.

Quite fortunately, some guidelines for pressure-induced migra-
tion can be inferred from the literature of high-pressure chemistry
(9). Thus ionic (and presumably polar) substances dissolve in
high-pressure polar gases and nonionic substances in nonpolar
gases. The application of such ordinary solubility rules would
undoubtedly make it possible to induce migration in a selective
fashion and to control the loss (bleeding) of stationary phase
or adsorbent.

In the course of various high-pressure experiments a measurable
gas-phase solubility has been noted for such unlikely materials as
minerals, electrolytes, and polymers (9,10). Thus we have every
reason to believe that the range of gas chromatography could be
extended to many “nonvolatile” inorganics, ions, macromole-
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cules, and related chemical systems. (The separation of some gases
into two phases at high pressure even makes the development of a
gas-gas partition system conceivable for these separations.) Al-
though in extreme cases the technique might be closer, physically,
to liquid than to gas chromatography, it should be possible to retain
many of the advantages of gas systems, including some of the
versatility in detection equipment.

From the above it is clear that even at ordinary temperatures,
with a proper choice of gas and stationary phases, one should be
able to induce the migration of increasingly large and complex
molecules as the pressure is raised (in some cases it may, of course,
be desirable to combine high temperature with high pressure). It
is important to know what limits, if any, exist on the complexity of
species thus affected. In theory there is essentially no limit. For
instance, one should be able to induce the migration of most ex-
tremely large, polar molecules (e.g., the transfer RNA’s, M.W.
~23,000) that are soluble in some solvent (and possibly some that
are not). The reason is that even above the critical point adequate
compression can produce any desired density. A great variety of
gases—polar, nonpolar, unsaturated etc.—exist with critical points
sufficiently low that the gas phase can be used at reasonably low
temperatures. The diversity of gas types is illustrated by the fol-
lowing examples: NH; (T.= 132°C), C,H, (36°), A (—122°), CO, (31°),
COS (105°), Cl, (144°), C;N, (128°), C,H, (32°), C,H, (8°), He (—268°),
HCI (51°), HBr (90°), CH;F (45°), N, (—147°), N,O (36°), PH; (51°),
C;H; (96°), SiF, (—2°), and, somewhat higher, H,O (374°). It is clear
that one could go a long way toward finding a gas (or gas mixture)
with properties suitable for a given problem. Advantage might also
be found in using these substances somewhat below the critical
temperature, where fairly high densities can be obtained at moder-
ate temperatures and pressures.

A significant advantage to pressure-induced migration would
likely be the profound effect of pressure changes and the ease of
controlling pressure. At present if one needs to promote migration
or selectivity in any form of chromatography, the chemical system
or the temperature must be changed. The latter is often confined to
a narrow range and, in addition, changes giving an enhanced migra-
tion almost invariably reduce selectivity, and vice versa (I). Pres-
sure, of the high magnitude proposed here, provides a simple
control for the degree of interaction of solute with the parent
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phases. Changes would have a large effect on both migration and
selectivity (see below). One can envision a heterogeneous mixture
from which successive jumps in pressure cause the migration of
increasingly complex molecules. An enormous molecular weight
range could perhaps be covered in this fashion. This approach, in
some ways analogous to programmed-temperature gas chroma-
tography, would have the advantage that high pressure, unlike high
temperature, is not inherently a source of molecular decomposition.
(The technique is perhaps more similar to gradient elution liquid
chromatography, except that no chemical change is involved.)

From the above, the advantages of high-pressure gas chroma-
tography would appear to be multiple in number and straight-
forward in application. Some problems should be pointed out.
Beyond the difficulties of operating high-pressure flow systems,
one could not often use a conventional detector system operating
at atmospheric pressure, because the species which had been in-
duced to migrate would cease moving as it reached low-pressure
regions. To maintain the induced migration, the outlet of the
column would need to be held at an elevated pressure. In this
way, unfortunately, one loses much of the pressure drop which is so
advantageous to column efficiency and speed. Nonetheless, pres-
sure drops of a hundred atmospheres (which exceeds anything now
used) could no doubt be maintained except for the very high molec-
ular weight species, which would be so sensitive to slight changes
in pressure. Possibly one could superimpose a temperature gra-
dient on the pressure gradient in the latter case to maintain the
delicate equilibrium.

Although the enhancement of migration through pressure in-
creases most obviously applies to gas chromatography, the effect
would not be entirely absent in liquid chromatography. This is
indicated by observed changes in ionization, solubility, and other
equilibrium constants with pressure (9). These shifts, smaller in
magnitude, fall within the context of the discussion below.

PRESSURE-INDUCED SELECTIVITY

The inducement of migration, to be significant, would usually
require a large shift in equilibrium. The above-mentioned changes
in selectivity (reflected by the difference, AK, in distribution con-
stants between designated species) would require a differential
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shift in equilibrium, but only of a small magnitude. Thus if two
chromatographic zones migrated at identical rates (AK = 0), making
separation impossible under normal conditions, a differential shift
yielding the value AK would lead to nearly complete separation in
a column with N plates, where (1)

N=16/[(AK/K) (1-R)]*? (1)

in which K is the mean distribution coeflicient for the two close-
lying solutes and R, also a mean value, is the ratio of zone velocity
to the flow velocity of the mobile phase. If a differential shift of 5%
is induced (AK/K = 0.05), a column of about 10,000 plates would
make the separation possible for most solutes (R ~ 0.2). Only 2500
plates would be needed for a 10% differential shift. It should be
possible to achieve or exceed these plate numbers in high-pres-
sure columns.

The appropriate question, then, is whether differential shifts of
5 or 10% can be induced by pressure. The magnitude of differen-
tial equilibrium shifts at high pressure among similar solutes in
two-phase systems has not been studied, to this author’s knowl-
edge. [A low-pressure shift, using gases, has been discussed by
Desty et al. (11).] We shall discuss what is involved and make some
estimates of what is needed to achieve these shifts.

At low pressures, equilibrium states are determined primarily by
the degree of interaction between molecules. With increasing pres-
sure a new factor grows in importance: molecular volume and the
ability of molecules to crowd together efficiently to reduce this
volume. These forces often act in opposition; the open structure
of ice I, optimal at low pressures, cannot exist at high pressures.
Thus the appearance of the volume factor should lead to equilib-
rium shifts, both total and differential, the magnitude depending
on how well solute and solvent interlock and on changes in the sol-
vent structure in both mobile and stationary phases.

Consider two solutes, A and B, having distribution coefficients
K, and K; for the transfer from mobile to stationary liquid phases.
The shift in each K with pressure is given by (12)

RT (3 In K/ap), =—8V° (2)

where 8V° is the standard-state partial molar volume change for the
transfer of solute between phases. The differential shift is ac-
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counted for by subtracting one such equation from another, giving
RT(8/ap)[In (Ku/K4)]1=—A(8V") (3)

where A(8V°) is the difference in 8V° between the two solutes. If
for convenience we assume Kp and K, identical at low pressures,
the effect of increasing pressure is reflected in AK= Ky — K.
Upon replacing Kz by K, + AK in the above equation, and re-
stricting its application to relatively small values of AK/K, we
find that

_ RT(3/3p) (AK/K) = —A(8V°) 4)

At moderate compressions, for which partial molar volumes are not
much affected, this integrates to the simple form

AK/K =—p A(8V°)|RT (5)

Equation (5) shows that at T = 300°K, an absolute AK/K value of
0.1 (the “10%” shift mentioned above) can be achieved when the
product, p A(8V°), equals about 2500 atm cm?/mole. Thus if the
volume increment term is 1 cm?/mole, 2500 atm would bring about
separation; if it is 5 cma/m_ole, 500 atm would suffice.

The magnitude of A(8V®) is rather hard to estimate in general.
That volume changes are caused by a variation in chemical state
are well known. Chemical reactions, which represent severe chem-
ical changes, often involve volume increases or decreases of up to
30 cm?/mole. Isomerization commonly involves 0 to 5 cm?®/mole.

Since one frequently wishes to separate isomers, it is worth
looking at isomerizations more closely. It is helpful to note that
A(8V°) = 8(AV?), where, it will be recalled, 8 represents a change
in phase and A a change from compound A to compound B (thus
AV® is the volume change due to isomerization). One experimental
result that is indicative of the quantities involved is the keto-enol
tautomerism of aceto-acetic ester (9,12). The sign of AV® changes
from positive to negative in going from polar to nonpolar solvents.
Water, compared to many solvents, gives 8§(AV°®) ~ 7 cm®/mole, a
value adequate for very significant differential shifts.

Although the foregoing is based on the concept of nearly constant
partial molar volumes and a relatively fixed liquid structure,
moderate pressure changes often induce structural variations
which should have a significant effect. High pressures generally
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lead to a more ordered liquid structure, tending either to liquid
crystals or, if too severe, solids (9). This ordering would no doubt
lead to useful differential changes; liquid crystals have already
been shown to possess excellent selectivity based on molecular
shape (13,14). Coupled with this, the promotion of ionization,
hydrogen bonding, and other changes by pressure would un-
doubtedly have a significant influence on various chromatographic
separation processes at high pressures.

Needless to say, many separation processes besides chromatog-
raphy depend upon a differential equilibrium between phases.
Although high pressures would be very difficult to obtain in the
larger of these systems, the same rules would apply quite generally.
For instance, Goranson has suggested that differential changes in
freezing temperatures be used in fractional crystallization (15). The
possibility that pressure-induced equilibrium (and transport)
shifts might be used in a broad class of separation processes needs
to be explored more systematically.
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