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Abstract

This paper is written in remembrance of the work of Csaba Horvéth on Reversed Phase
Chromatography, (RPC) and the fundamental theory of the mechanism of retention on non-
polar stationary phases, the ““Solvophobic Theory”’. The paper discusses some steps in the
development of this important theory and examines its consequences in developing robust
methods for routine RPC. Reliable product qudlity requires the understanding of selectivity
changes, which in RPC govern the development of robust and reliable methods involving
continuous changes of liquid chromatographic parameters in aqueous eluents. The application
of RPC is still growing in scientific research and in pharmaceutical and chemical production. The
impact of the Solvophobic Theory in life sciences has been enormous but it was only a part of
Horvéth's scientific work. RPC is today one of the most popular, most widely used tools in
analytical chemistry and will remain so for many years due to its stability and fo its robustness.
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Introduction became a full professor at the Univer-
sity of Saarbriicken in 1970. After my
PhD Halasz helped me to find a posi-
tion with Csaba at Yale University as a
postdoc for 2 years from 1975-1977.
Our common Hungarian background
sustained our enthusiasm, and determi-

nation to succeed. We published 11 papers

After leaving Hungary in 1956, Csaba
studied for his PhD in Frankfurt under
the supervision of another famous
Hungarian émigré, Istvan Halasz who

Part of this paper was presented at the meet-
ing: “In Memoriam of Csaba Horvath”,
Hungarian Academy of Sciences, Budapest,
Hungary, October 11, 2004.
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in two years, three of them on the Solvo-
phobic Theory have been cited together
more than 1800 times [1-3].

Csaba Horvath was a true pioneer. He
developed pellicular stationary phases,
first described by Kirkland, which were
designed to reduce diffusion distances — a
major step in making efficient separations
in liquid chromatography. His supports
were based on glass beads coated with a
thin outer layer of silica. Csaba designed
the first HPLC instrument for life science
applications in the sixties. He told me,
that one day, as his column pressure ex-
ceeded 1000 psi the first time, this couldn’t
be considered “‘normal” pressure chro-
matography anymore and consequently
he coined the expression “High Pressure
Liquid Chromatography”, abbreviated to
HPLC. This abbreviation became well
known at the Pittsburgh Conference in
1969 and in Italy one year later [4].

When I arrived at Yale University in
June 1975, Csaba wished to analyze pro-
teins and enzymes on his pellicular C18
phases, which he packed into columns 1 m
long and 1 mm in internal diameter. The
packing material had 10 ym particle size
and was surface coated with a porous layer
of silica, which was derivatized with octa-
decylsilane. To be able to separate proteins
on such a column, they had to be dissolved
preferably in an organic solvent. Wayne
Melander, another postdoc, was already
working on the investigation of the solu-
bility of proteins in different organic sol-
vents. Our first experiments with proteins
resulted in chromatograms with broad
peaks like the Swiss Alps and it was not
until nine years later that the seminal work
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Fig. 1. Chromatogram of an extract of 100 pL acidified urine. Column: 5 pm octadecyl-silica, 25 x
0.46 cm, temperature 70 °C; flow rate: 2.0 mL min~'. Gradient elution from 0.1 Mol phosphate
buffer, pH 2.1, with acetonitrile to about 40% acetonitrile in 30 min [7]

Time (min)

Fig. 2. The start of the Solvophobic Theory:
Excellent separation of two very similar com-
pounds VMA (left) and HVA (right), having
only a hydrophilic OH-group as difference on
a hydrophobic C18 phase in neat water,
without any organic solvent added. Column:
Partisil ODS, 10 um, 25 x 0.46 cm; eluent:
0.05M NaH,PO,, pH 4.3; flow rate:
0.66 mL min~", inlet pressure 450 psig [10]

of Barry Karger and Kalman Benedek,
(another Hungarian), was published on
the denaturation of proteins on RP mate-
rials, which explained how protein folding
influenced their RP-retention and peak
shape. Their paper was selected at “HPLC
1984 in New York, where Horvath was
the chairman, as the best poster [5].

The biological function of enzymes
was explained in those days with the
“hydrophobic* effect. Some researchers,
such as Sinanoglu, Professor of Theoret-
ical Chemistry at Yale however used the
word “‘solvophobic”, as a more general
expression as investigations on protein
dissolution were often carried out in
mixed aqueous-organic solvents.

In 1975 Horvath engaged in clinical
applications of RPC, which was, accord-

ing to his belief, well suited to solve
problems in life sciences. In 1970 the
separation of ca. 100 organic acids took
over 40 hours on an ion exchange column
using salt gradients [6]. Csaba postulated
at the beginning of our project, that with
RPC this separation might be done in less
than one hour. He was right, as shown in
Fig. 1, where we achieved the separation
of more than 100 urinary acids in only
30 min with a special RP gradient [7].

In addition, a few years later he rec-
ognized the common basic relationships
between RPC and Hydrophobic Interac-
tion Chromatography (HIC), an impor-
tant technique for the successful
chromatography of proteins. Csaba also
investigated displacement chromatogra-
phy as a preparative tool for producing
concentrated fractions of peptides from
tryptic digests, using analytical columns
in the quality control of recombinant
proteins. He was greatly interested in
microanalytical techniques also, espe-
cially in capillary electrophoresis (CE)
and capillary electrochromatography
(CEC) and was always deeply involved in
the newest research areas.

The Start of the Solvophobic
Theory of RPC

In 1975, R.W. Stout from Yale Medical
School brought a problem to our lab —
the separation of VMA and HVA, two
very similar organic acids, metabolites of
catecholamines, differing only in an
alcoholic OH group. They are marker
compounds for the development of
pheochromocytoma and neuroblastoma
and had to be separated from several
basic catecholamines and quantitated for
clinical screening. Stout could not sepa-
rate these two acidic metabolites well on
either an anion exchange or a cation ex-
change column and came to us to ask for
advice.

There were no ways of performing a
better separation on other ion exchange
columns so I finally suggested that we try
the separation “‘just for fun” on a re-
versed phase C18 material. After waiting
ca. 6 min, a single peak arrived and after
a further 4 min suddenly a second peak
appeared. Injection of single reference
compounds showed that the C18 phase
was able to separate VMA as the first and
HVA as the second peak with excellent
resolution using a neat aqueous eluent.
The retention time difference was
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amazing and also fascinating. How could
a hydrophilic OH group make such a
difference in retention on the surface of a
“hydrophobic” support? That day in
September 1975, on which we achieved
the highly efficient separation of VMA
and HVA (Fig. 2) represented the birth
of the “Solvophobic Theory of RPC”,
which will be discussed in more detail
below.

It was not only the strong influence of
a hydrophilic substituent leading to
unexpected selectivity changes in RPC
which was fascinating, but also the
observation of other excellent separations
of compounds with very slight differences
in molecular structure, which are shown
in Figs. 3 and 4. So two very similar basic
compounds MET, (metanephrine, N-me-
thyl-3-methoxy-phenylethanolamine) and
3MT, (3-methoxy-tyramine) could also be
separated and radioactively labeled
metabolites used to help to explain the
metabolism of catecholamines [§].

RPC in Neat Aqueous
Eluents

Based on such observations we started to
look for a more general treatment of the
retention process of RPC with samples of
biological origin, such as catecholamines
and their metabolites (Fig. 4a—d). The
metabolism of the parent compound
L-phenylalanine leads to dopamine and
norepinephrine and after 3-O-methyla-
tion to other products like VMA and
HVA, which could all be well separated
in neat aqueous eluents without the
presence of any organic modifier [9-12].
After returning to Berlin, I helped to
establish this technique in the clinical
laboratory of the Childrens Hospital
Charlottenburg with Prof. Dr. E. Ménch
to help to screen newborn children rou-
tinely for brain disorders.

Before this time it was believed, that in
RPC there are two liquids in the column
— an immobilized layer of organic solvent
and the aqueous mobile phase with
retention based on partition of the solute
between both liquids. The fact, that the
aqueous eluent did not contain any or-
ganic component, such as methanol or
acetonitrile, was interesting for several
reasons:

— There could not be any partition of
the sample between two liquids. This
led to an important conclusion: RPC
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Fig. 3. Chromatogram of catecholamine derivatives obtained with a microparticulate Partisil ODS-
column, 10 pm, 25 x 4.6 cm; eluent: 50 mMol Na2HPO4, pH 4.3; flow rate: 0.66 mL min~". In case
of neuroblastoma cells B-hydroxylated metabolites such as NMET, VMA are completely absent in
the cell extract. This could be used to detect neuroblastoma in newborn babies [8]

must work by a different retention
mechanism from “partition chroma-
tography”, but this was at that time
not clear in detail.

— Work with aqueous eluents enhanced
the further development and use of
highly electrochemical
detectors;

— We could investigate the influence of
the eluent pH on the retention of
acidic and basic compounds with less
problems in neat aqueous eluents.

sensitive

We grouped the metabolites into acidic
and basic components and found that on
changing the pH their retention behaved
opposite to each other, as shown in
Figs. 5a and 5b. The retention of acidic
compounds decreased and the retention
of basic compounds increased with
increasing pH [I1]. This finding had
important consequences:

— The retention of acidic or basic
compounds — but also of zwitterions,
such as peptides and proteins — could
be continuously changed by changing
the pH of the eluent. This helped to
optimize selectivity to achieve the
best possible separation using the
eluent.

— Method robustness: In industrial
quality control, HPLC methods could
be adjusted by changing separation
selectivity, using the pH much easier
than in the past.

Later the separation performance was
considerably improved with newly devel-
oped C18 stationary phases, which had a
better surface coverage and more reten-
tion power. This is shown in the gradient
elution of physiological samples (Fig. 6
and Table 1), where VMA and HVA
have much greater separation in the gra-
dient mode, than in the previous isocratic
mode on Partisil ODS [11].

Structure-Retention-
Relationships in RPC

Many scientists tried to predict retention
in liquid chromatography (LC) based on
the structural properties of the analytes.
We were also interested to find out which
molecular descriptors governed retention
in RPC.

We measured the retention factors of
32 closely related catecholamine com-
pounds and their precursors and metab-
olites and estimated the effect of various
substituents on the retention under simi-
lar chromatographic conditions. All
experiments were carried out at 70 °C
with neat aqueous eluents consisting of
0.1 M phosphate buffer at pH 2.1. The
ionic strength was high enough to
suppress silanophilic contributions to
retention [10].

Later Jacobson, El Rassi and
Horvath tried to predict retention for
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Fig. 4a. Chromatogram of intermediates of L-phenylalanine metabolism to norepinephrine.
Column: Partisil 1025 ODS, 10 pm, 25 x 0.46 cm; eluent: 0.2 Mol L! H3PO4:NaH2PO4, pH

1.9; flow rate: 0.5 mL min™"

, inlet pressure 50 atm; temperature: 25 °C [10] Fig. 4b. Chromato-

gram of intermediates of dopamine metabolism to vanilmandelic acid Column: Partisil 1025 ODS,
10 pm, 25 x 0.46 cm; eluent: 0.05 Mol L~! H3PO4:NaH2PO4, pH 2.0; flow rate: 0.5 mL min~',
inlet pressure 50 atm; temperature: 23 °C [10]. Fig. 4c. Chromatogram of intermediates of
intermediates of dopamine metabolism to homovanillic acid; Column: Partisil 1025 ODS, 10 pm,
25 x 0.46 cm; eluent: 50 mMol L™! KH2PO4, pH 4.6; flow rate: 2.0 mL min™', inlet pressure 200
atm; temperature: 22 °C [10]. Fig. 4d. Chromatogram of intermediates of 3-O-methyl metabolites
of dopamine Column: Partisil 1025 ODS, 10 pm, 25 x 0.46 cm; eluent: 50 mMol L™' KH2PO4, pH
4.6; flow rate: 0.66 mL min™", inlet pressure 35 atm; temperature: 25 °C [10]

oligonucleotides using a simple linear
model, based on the free energy contri-
bution to retention by the component
parts of the oligonucleotides. They
introduced the t-value for RPC, which
was a log k increment for certain sub-
stituents. The meaning of the zt-value
was similar to that of the p wvalues
introduced by Hantsch for wuse in
quantitative structure-activity relation-
ships (QSAR) in medicinal chemistry
and related areas. They found a good
correlation  between predicted and
experimental retention values under a

given set of conditions [14]. The sample
population was, however, not large en-
ough to establish a statistically accept-
able quantitative structure-retention
relation. The results were only applica-
ble if the pH was kept rigorously con-
stant. If the experiments were carried
out at another pH, the ionization of the
basic and acidic groups could change.
The much more important conse-
quence of these studies was that in RPC
selectivity can be changed continuously
using eluent parameters such as pH or
ternary eluent composition. This is one of

the reason, why RPC has become a more
and more general analytical technique
world wide.

The Separation of Amino
Acids, Peptides and Proteins

From his earliest days at Harvard, Csa-
ba’s main interest was to improve sepa-
ration techniques for the life sciences.
After a period of trying to separate pro-
teins on CI8 phases, I investigated the
separation of the smaller building units,
amino acids and peptides. After several
months of experimentation, the separa-
tion of different digests of the so called S-
peptide opened an entirely new way into
the analysis of peptides and allowed
study of processes in life science using
RPC (Fig. 7). It was shown for the first
time on several peptide mixtures, that this
group of compounds could be readily
analyzed with high efficiency by RPC,
demonstrating impressively, how to deal
with these important compounds [12].

Although this is not the place here to
go into details, I would like to mention the
fascinating wealth of information, which
came out of this research. Ordering a
larger number of different peptides and
investigating their retention behavior un-
der our experimental conditions, namely
under gradient elution and at high tem-
perature, it was found, that the peptide
backbone, [Gly], did not contribute to RP
retention, but was unimportant in terms
of hydrophobic properties as shown in
Fig. 7. Positive retention contributions
came only from hydrophobic amino
acids, such as Trp, Phe, Tyr, etc. On the
other hand, negative retention contribu-
tions were obtained from polar amino
acid side chains, such as Asp, Glu, etc. It
was interesting, that there was a simple,
but not quantitative additivity of reten-
tion times of several peptides in gradient
elution, such as shown in Fig. 7:

L(Tyr)(3) Tr(Trp)(12) ¥ lr(Trp-Tyr)(15)}
Ip(Leu)(4) TIr(Trp)(12) ¥ Ir(Trp-Leu)(20)}

Ix(Val-Ala)(2) T'r(Ala-Phe)(14)
~lp(Val-Ala-Ala-Phe)(16);

L(Trp)(12) TIr(Trp)(12)~r(Trp-Trp)(22)

(peak numbers in Fig. 7 are in parenthe-
sis) using CI18 stationary phases. The
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neutral role of Gly can be seen in the
coelution of Phe (6) with Phe-Gly (7) and
in the coelution of Phe-Phe (17) with
Phe-Gly-Phe-Gly (18) and with Phe-Gly-
Gly-Phe (19). Phe-Gly-Gly (5) came even
earlier than Phe (6) itself, probably due to
a size exclusion effect. The distances be-
tween Phe, (Phe),, (Phe)s, (Phe); and
(Phe)s were not equidistant as here a
tertiary structure can be formed inter-
nally within the longer members.

The research on retention-structure
relationship for peptides revealed the same
dominance of hydrophobic contributions
as we had found for catecholamines and
metabolites, although here the variance
due to the 21 different amino acid side
chains was much larger, than in the cate-
cholamine family. Retention prediction
was here even more complicated because
of the many parameters involved. We
recognized that precise predictions of
retention had to be based on actual mea-
sured data. These and other reasons later
led to the development of the chromato-
graphic software tools starting in 1986
where only direct measurements of reten-
tion times were used to model molecular
retention behaviour in RPC with the help
of the computer. Retention predictions,
which were based on molecular structure
were at that time not precise and reliable
enough for the needs of the pharmaceuti-
cal and the chemical industries. The reason
for this was the difficulty in generating
precise data about molecular properties.
However RPC can measure such molecu-
lar data simply by measuring retention in
gradient elution. There are modeling
softwares available which use measured
retention values as input data. Their rou-
tine use worldwide in the R&D and quality
assurance environment by companies such
as Novartis, Pfizer, Astra Zeneca, Hoff-
mann la Roche, Aventis, Boehringer, etc.,
ensures efficient method development
practices [13].

Basic Rules of RPC Retention
Equilibria

At the same time as studying structure-
retention relations, we were trying to
understand the reversed phase retention
process itself in much more detail. We
had to break down the energetic contri-
butions, which were governing the reten-
tion process, into individual terms [1-3].
Csaba used the idea of ‘“‘solvophobic*
interactions developed by Sinanoglu to
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Fig. 5a. Effect of pH on the retention of acidic compounds. Stong selectivity changes can occure
with pH changes. Column: Partisil 1025 ODS, 10 um, 25 x 0.46 cm; eluent: 0.1 Mol Lt phosphate
buffers; flow rate: 1.0 mL min~!, inlet pressure 100 atm; temperature: 25 °C, DOPAC: 3.,4-
dihydroxy-phenylacetic acid; DOMA: 3,4-dihydroxy-mandelic acid; HVA: 3-methoxy-4-hydroxy-
phenylacetic acid (homovanillic acid); VMA: 3-methoxy-4-hydroxy-mandelic acid (vanilmandelic
acid) [10]. Fig. 5b. Effect of pH on the retention of basic compounds. Conditions as in Fig. 4a.
Biogenic amins: E: epinephrine; MDA: 3-O-methyl-dopamine; MN: metanephrine; NE: norepi-

nephrine; PN: paranephrine; TA: tyramine [10]

understand molecular associations of
biological materials in aqueous-organic
solvents. We used a simple mass balance
equation (Fig. 8), which led to the sim-
plified expression of the different free
energy contributions to the overall
retention process:

Ink =4+ BD+ Cy+D(x* — 1)V*3y
+E +In(RT/P,V) (1)

C = NAA/RT (2)

(y is proportional to the amount of water
in the eluent, % H,O0)

In k is the logarithm of the retention
factor k = (tg/t,) — 1, tg and ¢, are the
elution time of sample and eluent mole-
cule, respectively. With the exception of
the constant A all other terms of Eq. (1)
are eluent dependent. The logarithmic
retention factor, In k, is the sum of 6
energetic contributions:

A depends on column parameters and
entails the free energy of the association
process in the gas phase,

B, C, D and E and the last term are
approximately constant,

E represents van der Waals forces
between solute and ligand. These forces
are stronger in organic solvents than in
water.

The so called ““cavity-term” Cy, where

C = NAA/RT, 3)

with N: Avogadro number, y: surface
tension of the mobile phase (H,O: 72 erg/
cm?, AN, MeOH ca. 25 erg/cmz), R:
universal gas constant, 7: absolute tem-
perature, AA4 is the accessible hydropho-
bic contact surface area between solute S
and ligand L, and it is the difference be-
tween the hydrophobic surface areas of
the solute, (As), the ligand, (Ar), minus
that of the associated complex SL (Agy)
resulting in
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initial inlet pressure: 160 bar. Fluorescence detector: excitation 238 nm, emission 340 nm [7]

A:As+AL—ASL (4)

K: correction term to y to correct the
surface tension for curved cavities vs.
planar surfaces,

In(RT/P,V) is the entropy-of-conden-
sation term [1].

After studying retention phenomena
in RPC, we became aware of the fact,
that the water structure had an over-
whelmingly important role in the reten-
tion process. We can see the magnitude of
the forces in water-rich eluents with the
picture in Fig. 9. The structural forces of
H-bond interlinked water molecules,
which are mainly dipole-dipole interac-
tions, represent an energetically low state
of the water structure. This means that in
the neighborhood of hydrocarbonaceous
molecular surfaces (like the C18 chain)

the water is in an energetically “‘excited*
state as it has no contact with neighbor-
ing water molecules. Therefore the water
tries to reduce such surfaces by squeezing
species without ionic or dipolar proper-
ties out of its structure. One way to return
to an energetically low state is an
enforced association among the hydro-
carbonaceous species themselves; another
way is to combine ligand C18 and solute
to an associated complex. The latter we
called the Reversed Phase Retention
Process. The disappearing contact surface
area (AA) multiplied by the surface ten-
sion (y) represents the energy which is
released upon association of the ligand
with the analyte molecule, which means,
the retention is an exothermic process. In
a linear RP gradient, the surface tension
is continuously decreasing and the func-

tion Ry = f(%B) can be conveniently
adjusted to continuously optimize peak
distances.

We found by careful calculations, that
the dominant term in this equation was
the cavity term, Cy=NyAA /RT
(Figs. 10 a and b), which expresses the
large energy needed to separate neigh-
boring water molecules in order to form a
cavity in the aqueous eluent around a
hydrocarbonaceous molecule. This en-
ergy is proportional to the

— accessible hydrocarbonaceous contact
surface area of the molecule Ag and the
available hydrocarbonaceous surface
of the stationary phase A, which de-
pends on

— the ligand surface density and and the
specific surface area of the silica

— ligand hydrocarbon chain length of the
packing material and furthermore on
the

— surface tension of the eluent (water, 72
erg/cm?), which is about 3 times larger,
than the surface tension of methanol or
acetonitrile.

The high surface tension of water is the
result of its highly ordered structure, in
which each oxygen is in the center of a
tetrahedron with 4 protons. This ordered
structure is responsible for the forces of
water on hydrocarbonaceous molecules.
The addition of organic eluents, such as
methanol or acetonitrile, reduces the
surface tension of water, i.e., weakening
the electrostatic ‘““order” or strength
in the water structure. This in turn means
the reduction of retention forces.

The expression “hydrophobicity” has
to be treated in view of the Solvophobic
Theory in a new way. In terms of the
magnitude of forces, ‘“hydrophobic
interactions” are not the result of the
phobicity of fatty molecules to water. The
opposite is true: Water is phobic to all
molecules with atomic bonds, such as
hydrocarbon molecules — or molecular
regions — and it tries to exclude them out
of its structure with strong forces.
The more appropriate expression for
“hydrophobic interaction” would be
“Hydrocarbon-phobicity of water” or
“fatphobicity” for short. Attraction for-
ces in ‘“hydrophobic interactions” be-
tween hydrocarbonaceous regions of
associated pairs on molecules (such as the
complex of a C18 chain with a solute
molecule) are the weakest forces in water
rich eluents (s.Fig. 10a and b, curve “e”).
The C18 ligands and hydrocarbonaceous
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solutes are kept together not because of

Table 1. Identification of the peaks on the UV-chromatogram at 280 nm shown in Figs. 1 and 2

“attraction”, but by the overwhelmingly -
strong, external force from the aqueous Peak No. Substance Amount in sample (ng)
environment. The saying “The enemy of 3 3, 4-dihydroxymandelic acid 489
my enemy is my friend* is well applicable 2 ;‘_}ZYdsmx'};lmgndeh[: acid (PQE/IA) 288
: el , 4, 5 trihydroxybenzoic aci
to this process.. Added organic eluents 9 3-methoxy-4-hydrxymandelic acid (VMA) 850
such as acetonitrile or methanol reduce 13 3, 5-dihydroxybenzoic acid 517
the expelling force by reducing the sur- 14 2, 3, 4-trihydroxybenzoic acid 540
face tension of water. This effect is what 21 3, 4-dihydroxyphenylacetic acid 522
. . . 23 2, 6-dihydroxybenzoic acid 500
we use successfully in gradient elution to 27 2, 4-dihydroxybenzoic acid 493
shorten retention time. 28 5-hydroxyindolacetic acid 500
The dominance of the cavity term in 29 4-hydroxyphenylacetic acid 519
: 33 3-methoxymandelic acid 500
Reversedll?hase' Chromatography is also " 3. 4-dihydrxycinnamic acid and 513
clearly visible in several column data- 3-methoxy-4-hydroxybenzoic acid 515
bases, such as in “Column Match®”, 37 3-metoxy-4-hydroxyphonylacetic acid (HVA) 491
(Rheodyne, USA), showing the clear and 52 2-hydroxybenzoic acid 488
. . . . 56 Benzoic acid 300
dominant effect of the lipophobic contri- 59 Indolacetic acid 500
butions of water (called ““Hydrophobic 63 3-methoxyphenylacetic acid 500
Interaction Term™), which is 80-95% 64 4-methoxyphenylacetic acid 500
responsible for determining the magni- 81 Cinnamic acid 254
p . .g & 92 3-hydroxy-B-naphthoic acid 482
tude of retentlon,.dependlng on so.lute 93 a-naphthoic acid 486
structural properties. Other contribu-
tions, such as shape selectivity, hydrogen-
bond acidity, and basicity or ion
exchange properties of the stationary
phase are of much smaller magnitude.
They might be useful, however, to find
stationary phases of different selectivities 1. olu
in the optimization process. 21 2. Val-Ala
17 ;2 3. Tyr
0.08} s 4 Leu
+ 5. Phe-Gly-Gly
The Primary Retention 18 iy
Equilibrium 5. Trp-clu
9. Trp-Gly
Csaba called the equation in Fig. 8 i: ::_:::
“primary retention equilibrium” in which 006k 9+10 12. Trp
retention (the right side of the equation) 13. Gly-Trp
. . . 27 14. Ala-Phe
is mainly proportional to the amount of 15. Tep-Tyr
water in the eluent and to the hydro- e 16. Vval-Ala-Ala-Phe
phobic contact surface area between the S 8 i; ::’:’1“ _—
. . Phe-Gly-Gly-Phe
ligand (C18) and the solute (or analyte). E 19. Phe-Gly-Phe-Gly
The great success of gradient elution in < o4k s |1 15 o 20. Trp-Leu
RPC is based on the fact, that the total Y . o ::::::
retention is proportional to the amount é 3 16 23. Trp-Met-Asp-Phe-NH,
of water pumped through the column, Q 14 24. Unknown
. . . . . o 25. Unkn
which is in modern gradient equipment < 12 26, Lys-Phe-Tle-Gly-Leu-tot
highly reproducible and is mainly 3 27. Phe-Phe-Phe
responsible for the exact reproducibility 0.02 k- 3 28. Phe-Phe-Phe-Phe
. . ‘ 29. Phe-Phe-Phe-Phe-Phe
of solute retention times, often down 23
to+5s.
26
24 28 29
25
Secondary Equilibria N UU
0 LJ\_J
Horvath purchased a PDP-11 computer (') 1'0 2'0 310 4'0
in 1977 to calculate the effects of pH on Time (min)

retention in RPC. He was interested in

Fig. 7. Separation of nonpolar amino acids and small peptides in RPC Column: LiChrosorb RP-
18, 5 pm, gradient elution from 0.5 M HCIO, (to protonate the carboxyl-groups uniformically) pH
0.2, with acetonitrile as the gradient former. Temperature: 70 °C, flow rate: 2.0 mL min~', AP: 150
atm. Sample 10 uL containing ca. 1 pg of each component [12]

equations, which could help to predict the
retention of compounds having one or
more polar groups (-COO™ or NH; ") [2].
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The retention equilibrium in RPC

S (Solute)

Fig. 8. The retention equilibrium in RPC.
L(Ligand) represents a C18 or a C8 hydrocar-
bon chain, S (Solute) represents some com-
pound of interest. The equation is shifted to
the right (=retention) with increasing AA
(=As+AL-Agsy) [1]

Forces from the eluent

(AA*y =Energy)

+AA

,.The enemy of
my enemy is
my friend*

Fig. 9. Magnitude of the retention forces in
RPC: The structural forces of water, mainly
dipol-dipol interactions represent an energeti-
cally low state, which means, that on the
surface to hydrophobic molecular surface
areas the water is in an energetically “loaded”
state and it tries to reduce such surfaces by
minimizing them through enforced association
of hydrocarbonaceous molecules and other
species with nonpolar bonds as well. The
disappearing contact surface area (AA) multi-
plied with the surface tension (y) is the energy,
which is released upon association of ligand
and analyte. The larger AA and the larger 7,
the larger is the retention time in RPC [1]

Secondary equilibria are based on pH
influences on acid-base equilibria and
ion-pair effects due to ionic additives to
the mobile phase. Both equilibria can be
shifted in RPC in a continuous mode,
giving additional degrees of freedom to
change retention and selectivity in a
desired direction, as shown in Figs. 5 a
and b, to improve the separation.

Secondary equilibria govern the reten-
tion of polar solutes by:

— protic equilibria: acidic and basic mol-
ecules and other polar compounds,
where the retention and the selectivity
is changing depending on the pH of the
aqueous eluent continuously [2];

— lon-pair equilibria: Horvath coined the
name for the ion-pair-former ‘‘ionic
companion”, from the Greek, “he-
taera-on” [etonpa — ov], to augment

ais
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Fig. 10a, b. Effect of the solvophobic strength of the eluent on the capacity factor. The ordinate

compares the individual energetic contributions In k;

to the observed overall retention In kops

measured for o-toluic acid on C18-phase in a. methanol and b. acetonitrile at 25 °C. The In &; values
were calculated with Eq. (1), the curves represent the individual terms as follows: (a) In(RT/P,V), (b)
Cy, (¢) D(x*=1)V*3y, (d) Bp and (e) E. The value for 4 is in methanol (Fig. 10a) —7.00, in

acetonitrile (Fig. 10b) —6.60 [1]

RPC retention of charged eluites with
polar “hetaeric”” additives to the elu-
ent, to continuously alter selectivity [3];

— retention shifts due to
changes in ionic strength of the mo-
bile phase, which play an important
role in “Ion-Exchange” [IEC] and in
“Hydrophobic Interaction Chroma-
tography” [HIC] [3];

— Stationary phase influences: interactions
of polar eluites with surface silanols,
with metal ions in the silica and with
polar chemically-bonded ligands offer
a further choice to alter the selectivity
of a chromatographic system (column
to column changes).

continuous

The magnitude of the change in retention
by changing pH depends on the position
of the -COOH or -NH,-group in the
molecule, which will be becoming
charged upon dissociation into COO™ or
-NH;". Such ionic centers are well inte-
grated into the dipolar water structure
and increase the solubility of the charged
analyte and reduce their retention on a
C18 phase, sometimes up to 500% or
more [2, 3, 20-22].

Retention also changes due to differ-
ences in molecular structure, such as ad-
ded or missing substituents. For example,
the closer a polar OH group is located to
a hydrocarbonaceous region of the solute
molecule, the larger the retention chan-
ges, i.e., selectivity changes, will be. So it
is in VMA that the accessibility of
hydrophobic molecular surface area is
greatly reduced by the solvated OH
group in the alkyl side chain and there-
fore the retention is much weaker, com-
pared to HVA (Fig. 5a).

Compared to acids, basic compounds
move into the opposite direction and
their retention increases with increasing
pH (Fig. 5b, Fig. 11a). The opposing
peak movements of acids in mixtures with
basic compounds and zwitterions are the
reason for many of the unexpected sepa-
ration problems in routine HPLC work.

Continuous peak position shifts can
be seen in a mixture of acidic and basic
compounds, where peak overlaps at pH
3.7, 4.0, 4.9 or 5.3 can simply be resolved
by changing the pH slightly to pH 6.0-6.5
(Fig. 12). Zwitterionic compounds such
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as amino acids, peptides and proteins
behave according to their pKs and pKg-
values in a mostly unpredictable manner,
so that measuring the effects of the pH
for this class of compounds is absolutely
necessary. This is an important consid-
eration in the development and in the
security of quality control for safe bio-
tech products.

Continuous Changes
of Selectivity in Reversed
Phase Chromatography

The changes of selectivity in RPC in
aqueous media, which are dominant in
life science, are continuously variable over
changes in pH, gradient slope, % B, ionic
strength or ternary eluent composition.
This is another reason for the great suc-
cess of RPC, as optimizing separations is
technically much easier than in other
chromatographic techniques such as GC,
due to continuous variability of the
selectivity with the above parameters. In
RPC, there are many other factors in
addition, which can be used to pro-
foundly change peak distances to a de-
sired separation, like ion-pairing agents,
or the use of different columns. But we
have to remember that column to column
changes bring selectivity changes in a
discontinuous way.

Additionally in RPC there are a
number of unexpected choices to change
selectivity to a better separation in a
continuous way: Better separations can be
achieved often at a higher temperature
and better separation is often found with
a steeper rather than with a more flat
gradient [19, 23, 24].

In the pharmaceutical industry the
control of drug product quality is ex-
tremely rigorous, therefore the systematic
investigation of the influence of pH and
other parameters is absolutely necessary.
In industrial production control the
method quality is just as important as
product quality, as product quality is
verified by HPLC methods. Small pH
changes can sometimes cause great con-
fusion in the interpretation of a chro-
matogram as the proof for the quality of
a drug product.

In the past once a method was vali-
dated, changes were not desired as it was
very expensive to change the method and
the corresponding renewal of the appli-
cations to regulating authorities such as
the FDA were time consuming. No
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Fig. 11a. Plots of the retention factor of dinucleotides against the pH of the mobile phase. Eluent:
0.1 M phosphate or acetate buffer, containing 5% v/v acetonitrile [15]. Fig. 11b. Plots of the
retention factor of monoprotic acids vs. the pH of the eluent. Column: Partisil 1025 ODS; eluent:
1.0 M Na2SO4 in 0.05 M phosphate buffers; temperature: 25 °C. The acronyms are: BA, benzoic
acid; DOPAC, 3,4-dihydroxyphenylacetic acid, HVA, homovanillic acid; MOPAC, parahydroxy-

phenylacetic acid; SA, salicylic acid [2]
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Fig. 12. Retention of acidic and basic compounds in RPC. Compounds: (a) benzoic acid (b)
lidocaine (c) 4-tert-butylpyridine (d) ephedrine [17]

changes could be done once the method
had been validated. However most
methods are depending on a number of
parameters, such as pH, column batch,
temperature, eluent type, buffer concen-
tration, etc. In a global economy, where
the product is traveling between coun-
tries, the results often do not fulfill the
expectations even if a validated method is
used. The problem is that the validation
process is mainly based on statistical
tools and there are no requested checks
about the quality of the chromatographic
method. Therefore, today we need HPLC
methods, which are adjustable from
location to location to perform the ana-

lytical goal of correct quantitation of the
product components. This is only possi-
ble, if the method is developed in such a
way as to allow necessary adjustments
between certain clearly defined limits.
The best tools to achieve this goal are the
so called “Maps of critical resolution”
[13], which express the quality of a
working point in a simple and under-
standable way.

Csaba also studied solvophobic effects
with a focus on the separation of mac-
romolecules with many of his coworkers.
Giinther Bonn, John Frenz, Wayne Me-
lander, Avi Nahum, Danilo Corradini,
Ziad El Rassi and other “Csabaites”. He



Precision of retention
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Fig. 13. Precision of predictions in RPC after

correct peak assignment with PeakMatch and

retention modeling with DryLab based on 4 experiment: 2 gradients with 30 and 90 min runtime
from 5 to 95% acetonitrile, at two temperature: 40 and 70 °C, eluent A: 5 mMol phosphate buffer
pH 2.40. Column: Water Xterra C18, 150 x 4.6 mm, 3 um. Instrument: Agilent 1100, dwell volume:
1.06 mL. Sample from mixture of unknown components after stressing a drug in a drug stability
study. Average difference between prediction and experiment is ca. 3 seconds [13]

published numerous papers on hydro-
phobic interaction  chromatography
(HIC), with totally aqueous mobile pha-
ses and mild forces between proteins and
the short chain RP material, to avoid
denaturation of the biomacromolecules.
To improve column performance, Csaba
developed a new type of 2 um stationary
phases with Krishna Kalghathgi in 1987
and with this material they could separate
peptides and proteins much faster than
with conventional columns.

With Jan Stahlberg Csaba developed a
theoretical framework for the separation
of proteins on ion exchangers. With Firoz
Antia he encouraged the use of higher
temperatures and tried to mitigate the
“thermophobia” of biochemists.

Csaba and Anant Vailaya revisited the
solvophobic theory after a period of
20 years and found that several other
possible theories could be well explained
within the frame of the solvophobic the-
ory, which was capable of describing the
energetics of processes involving hydro-
phobic interactions. It was stated, that
there are difficulties in distinguishing be-
tween partition and adsorption mecha-
nisms in RPC by using partition models
based on the lattice approach. They
concluded further, that

— the ligand length has a much smaller
influence on the selectivity, than the
mobile phase;

— the eluent has the dominant role in
determining retention in RPC [16].

In summary, the publications of Csaba
Horvath and his coworkers helped a
great deal to develop more robust and
more reliable HPLC methods.

Systematic Studies
in the Development
of Robust HPLC Methods

Several attempts were made in the
1970s to develop HPLC methods using
eluent properties. Lloyd Snyder classi-
fied solvents in 1978 and introduced the
well known solvent triangle principle
[25], Glajch and Kirkland modeled sol-
vent strength in multicomponent gradi-
ent elution [26]. Nyiredy and Sticher
created the PRISMA model in 1989 for
TLC and for HPLC and developed
software tools for the prediction of
retention from measured data [27]. Al-
though the focus was primarily on
normal phase systems, more and more
chromatographers also used the solvent
triangle and the PRISMA modeling in
reversed phase chromatography with
excellent success.

Horvath always did systematic evalu-
ation of eluent influences. His curiosity to
look at new findings in depth taught us
that systematic work is always worth

doing even if at the beginning it seems to
be a time-consuming chore. He found, it
is better to make a small number of
experiments and to learn a great deal
about the strengths and weaknesses of the
method, rather than do a large number of
runs by trial and error without knowing,
whether the method is at a true optimum
or not.

Today the quality of an RPC method
can be easily expressed with software
tools. The software adapts the so-called
maps of the critical resolution, intro-
duced by Berridge [28], and demonstrates
the correctness of the established working
conditions in a highly complex HPLC
method in a transparent way and in only
a few seconds [13].

Robust regions of the method can be
elaborated with one- or two-dimensional
maps after a correct peak match.

The most promising start is to carry
out four runs in gradient mode at two
different temperatures. The gradient
range is typically 0 to 100% acetonitrile
or methanol. Ideal temperatures are 40
and 70 °C, due to better salt solubility
and lower mobile phase viscosity, so it is
easier to apply small particle size col-
umns.

In the next step it is preferable to use
mixtures of polar compounds, such as
acids, and bases or zwitterions to fur-
ther optimize the pH in the aqueous
eluent A, which should have a pH be-
tween 3-4, to find the largest peak
movements. The pH difference between
three basic runs should be not more
than 0.5-0.6 pH units. After the dis-
covery of all hidden bands we can look
for more robust pH regions and evalu-
ate different selectivities to
complete the process.

We can use ternary eluents to change
the selectivity in RPC for mixtures of
non-polar compounds, like steroids and
other molecules without charged
groups.

Further systematic changes in buffer
and/or ion-pairing agent concentration
can reveal additional possibilities to
achieve peak movements towards a de-
sired separation. We usually try to max-
imize peak distances at peak pairs of
small resolution and try to reduce the
distance between peaks, which are far
apart. The final chromatogram should
have peaks with “‘equal band spacing”,
from where we can increase the speed of
analysis using shorter columns, smaller
particles and higher flow rate.

column
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Precision of Virtual RPC
Models

The use of the continuous modeling of
resolution with appropriate parameters
such as gradient time, temperature, eluent
pH, ternary eluent composition and ionic
strength, as established in the Solvopho-
bic Theory has been continued in the past
25 years resulting in the development of
the tool DryLab and recently an addi-
tion, called PeakMatch (Molnar, Berlin).
The accuracy of predictions is excellent,
as shown in (Fig. 13). The deviations
between predictions and experiments are
in the range of a few seconds (13).

Outlook

The basic message of the Solvophobic
Theory is that in aqueous chromato-
graphic systems in HPLC, CE or CEC
the selectivity can be continuously modi-
fied using eluent properties and the tem-
perature. Continuous modification of the
chromatographic selectivity is important
to understand the peak tracking process.
Here peak movements can be extremely
large, and a resolution maps can help to
find overlaps and regions of best separa-
tion (red), where optimum working con-
ditions can be provided and avoid
conditions where peaks overlap.

The still difficult step of matching
peaks in unknown mixtures using sys-
tematically generated multiple runs for
the calculation of a retention model to
reveal resolution optima at the shortest
possible run time is presently a major
challenge in several research groups. The
author is continuing his research in this
direction.

In the future new instruments will run
systematic experiments to show how the
separation selectivity might be changed
by eluent influence. Establishing the best
and fastest separation in automated
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overnight operation will be routinely
used. Method robustness and transfer-
ability will be easily developed and clearly
documented for easier product transfer in
a global economy. Measurable HPLC
method quality will support excellent
product quality.

In this way the Solvophobic Theory of
Csaba Horvath and his co-workers will
help us to define more robust methods in
the future and to ensure a better quality of
research and production in /ife sciences on
a high scientific level. The Solvophobic
Theory will also influence the development
of robust methods in electrochromatog-
raphy in aqueous-organic media, and will
contribute to a large degree to the indus-
trial success of CE and CEC for the safe
characterization of new products in the
pharmaceutical and chemical industry as
in genetic engineering as well.

Csaba Horvath left his research pro-
jects unexpectedly and very suddenly at
the relatively early age of 74. The gap left
by his departure is tremendous and we all
miss him every day. But he still lives with us
through his scientific work, through his
many achievements, through his spirit and
his friendly personality. We have the
memories of him with us, and so he is still
present. He will be with us for many years
and many generations to come. His scien-
tific contributions helped a great deal to
improve our health and our future life.
Thank you Csaba for your untiring hard
work, for your love to science and for your
kindness to all of us.
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