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Development of some stationary phases for reversed-phase
high-performance liquid chromatography

J.J. Kirkland∗

19 Kendall Court, Wilmington, DE 19803, USA

Abstract

The availability of a variety of stable organic stationary phases for columns has been a key factor in the development of HPLC as a major
scientific tool. This paper explores the history and rationale used in the development of some important stationary phases and attempts to
identify some of the strengths and limitations of these materials. Some of the author’s experiences in stationary phase development illustrate
approaches leading to present-day columns that exhibit a broad range of selectivity coupled with a high degree of reproducibility. Suggestions
also are made for additional stationary phases that may be needed to complete column selectivity potential for HPLC separations.
© 2004 Elsevier B.V. All rights reserved.

K hase stab

1

l
h
f
v
p
[
[
t
u
t
fl
m
s
c
p
t
s
s

nd
ning
ase

ases
any

ases
pid
und
ge of
and

ers.
ses
by

ome
The
ined

f best
thor

o are

0
d

eywords:High performance liquid chromatography; Stationary phases; Stationary phase developments; Stationary phase selectivity; Stationary pility

. Introduction

Since the origin of what is now called high performance
iquid chromatography (HPLC) about 35 years ago, there
as been a continuous development of stationary phases

or columns that provide improved separations with a wide
ariety of compound types. Early HPLC separations were
erformed by liquid–liquid-partition chromatography (LLC)

1] or by liquid–solid (adsorption) chromatography (LSC)
2]. While LLC provided a wide range of potential separa-
ion selectivity, practical limitations seriously restricted the
sefulness of this approach. Maintaining a constant concen-

ration of the stationary liquid on the column support with a
owing mobile phase proved difficult and cumbersome. This
ethod required pre-saturating the mobile phase with the

tationary phase and maintaining close column temperature
ontrol[3]. Such requirements also effectively eliminated the
ossibility of conducting gradient elution separations that of-

en were desired for separating complex mixtures. Early LSC
eparations were limited to separating relatively non-polar

elution separations with this method were difficult a
generally irreproducible because of problems in maintai
the activity of the adsorbent with changing mobile ph
polarity [4].

The development of so-called bonded stationary ph
for reversed-phase chromatography (RPC) eliminated m
of the early problems in HPLC. Bonded stationary ph
with a range of functionalities made possible the ra
growth of RPC for separating a wide range of compo
types. Bonded phases for LSC also extended the ran
applications, allowed convenient gradient separations
generally made this approach much easier for practition

Histories of the early development of stationary pha
for HPLC columns have previously been published
others and will not be attempted here[5]. Rather, this
paper explores the rationale for the development of s
important HPLC column bonded stationary phases.
advantages and limitations of these phases are exam
and some comments are made regarding the areas o
utility for these materials. Some experiences of the au
are used to illustrate these points. Suggestions als
amples using non-aqueous mobile phases. Also, gradient

E-mail address:jjackkirkland@worldnet.att.net.

made for additional stationary phase functionalities that
might be needed for optimum potential of HPLC column
selectivity.
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Fig. 1. Reactions for preparing bonded-phase column packings. Reprinted
with permission of John Wiley and Sons from[10].

2. Early bonded phases

To eliminate the problem with maintaining liquid sta-
tionary phases in LLC, organic ligands that are chemically
bonded to the column support were developed[6–9]. One of
the first involved the esterification of siliceous supports with
a monomolecular organic layer of an alcohol, as illustrated in
Fig. 1a. These phases were often prepared by direct esterifica-
tion of silica silanol groups (SiOH) with an alcohol (ROH).
Alternatively, the silicate esters were prepared by first chlori-
nating the silica support with thionyl chloride (shown in the
initial reaction ofFig. 1b), then subsequently reacted with an
alcohol. The esterification of silica with alcohols resulted in
phases called “brushes” with good efficiency for HPLC sep-
arations[8]. Materials made by esterifying a totally porous
silica, Porasil C, were commercially available as Durapak®.
(Note: commercial products herein mentioned are summa-
rized inTable 1). Porous thin-layer (pellicular) supports also
were used to prepare “brushes” for performing normal-phase
separations with non-aqueous mobile phases, as illustrated
in Fig. 2. Unfortunately, silicate esters have poor hydrolytic

Table 1
Commercial products mentioned in text

Commercial name Column packing type er

P ® sphere
D
Z s silica ours
P phase urs
S d statio s
Z sphere
E tionary
B d amide
X king
I tationa thers)

Fig. 2. Separation of amines on porous layer brush packing at room temper-
ature. Reprinted with permission of John Wiley and Sons from[11].

stability, which greatly limited the utility of these materi-
als when RPC with aqueous mobile phase became popular.
As a result, the use of esterified silica for HPLC separations
rapidly became obsolete.

Simultaneously to the development of esterified silicas,
column packings with chemically bonded, non-extractable,
hydrolytically and thermally stable polymeric silicone sta-
tionary phases were developed. This approach was inspired
by silane chemistry studies reported by Abel et al.[12]. Oth-
ers proposed packing materials for gas chromatography in
which silanes were reacted with silica particles to produce
bonded phase packings. Such materials also were suggested
as potentially useful for liquid chromatographic separations
[13]. Working within DuPont, Dr. Paul C. Yates and the
author were successful in eliminating the disadvantages of
LLC by devising polymeric silicone stationary phases[14].
These polymeric silicone stationary phases were covalently
bonded to the porous structure of superficially porous Zipax®

particles previously developed by the author and commer-
cially available at that time[15]. These silicone stationary
phases were thermally and hydrolytically stable, and a vari-
ety of packings with different functionalities were prepared.
Initially, normal-phase liquid-partition separations were per-
formed using column packings with polar silicone station-
ary phases. However, the excellent hydrolytic stability of
orasil -C Porous silica micro
urapak® Esterified silica
ipax® Superficially porou
ermaphase® Silicone stationary
tableBond® Sterically protecte
orbax® Porous silica micro
xtend® Bidentate-C18 sta
onus® Sterically protecte
Terra® Hybrid-organic pac

nertsil®-ODS-3 Endcapped C18 s
Manufacturer/suppli

s Waters Associates
Waters Associates

microspheres E. I. DuPont de Nem
E. I. DuPont de Nemo

nary phase Agilent Technologie
s Agilent Technologies
phase Agilent Technologies
/C18 Agilent Technologies

Waters Associates
ry phase G L Science (and o
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these stationary phases quickly led to the realization that
reversed-phase separations could be conveniently performed
with hydrocarbon silicone phases. As a result, this highly ver-
satile chromatographic mode quickly became the preferred
approach for many separations. This was the first bonded
silicone stationary phase of this type, and this technology
was commercialized by DuPont under the commercial name
Permaphase® [16]. These column packings were widely used
to reproducibly separate many types of samples, as illustrated
in Fig. 3.

However, in spite of the success with Permaphase®, there
was a property of this packing that sometimes limited column
efficiency. The 1�m porous outer shell of the Zipax® super-
ficially porous silica support largely was filled with a bonded
three-dimensional porous silicone polymer to produce the
desired retention range for the column packing. This rela-
tively thick stationary phase sometimes produced slow mass
transfer for larger solutes which resulted in reduced column
efficiency and less than symmetrical peaks, particularly at
higher mobile phase velocities. Nevertheless, this technol-
ogy served as a good starting point for the development of
bonded stationary phases that fulfilled all of the requirements
for efficient, reproducible HPLC separations.

Column packings with covalent SiC or Si N bonded
groups also were made in an attempt to eliminate some of the
d were
p ith
t
c pro-
p

F
1 sil-
i re,
1
m

amines to give SiN bonds[19]. Compared to silicate es-
ter stationary phases, the SiC and Si N materials are su-
perior in the hydrolytic stability desired in reversed-phase
chromatography. However, Grignard reactions to prepare the
Si C packings are inconvenient, sometimes result in rela-
tively low concentrations of surface-bonded ligands, and of-
ten leave undesired residues on the packing. SiN stationary
phases also are restricted to the pH 4–8 range when aque-
ous mobile phases are used. These limitations have restricted
Si C and Si N stationary phases for general use in HPLC,
and as a result, these materials are not marketed by major
column manufacturers.

3. Siloxane stationary phases

The most useful and widely available column packings
contain stationary phases that are based on siloxanes.Fig. 1c
shows that siloxane type (SiO Si C) bonded phase pack-
ings are prepared by reacting the silanol groups on silica
support with organosilane reagents. These reagents can have
reactive groups, containing chloro-, alkoxy, alkylamino or
other functions[20], depending on the final R group required.
Stationary phases of this type can be quite hydrolytically sta-
ble, and column packings with these materials exhibit the
h s.
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o
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rawbacks of silicate ester materials. These packings
repared by first chlorinating the silica silanol groups w

hionyl chloride (or phosgene), as illustrated inFig. 1b. The
hlorinated silica then was typically reacted with an ap
riate Grignard reagent to produce SiC bonds[18] or with

ig. 3. HPLC separation with bonded “Nitrile” Permaphase® column,
00 mm× 0.21 mm. Mobile phase, 1:1 isopropylchloride/hexane; 0.75%

cone bonded phase on Zipax® support; flow rate, 4.35 mL/min; pressu
360 psi; temperature, 27◦C. Reprinted with permission ofJournal of Chro-
atographic Sciencefrom [17].
ighest efficiency because of rapid mass transfer effect
The most generally available commercial column pa

ngs are made with monofunctional reagents, as illustrat
ig. 4A. Some commercial packings use a lightly polym

zed bonded phase resulting from the reaction of bifuncti
r trifunctional silanes, as illustrated inFig. 4B and C.Fig. 5
hows the various types of covalently bonded silanes
ith silica supports. Lightly polymerized phases resul

rom the reaction of di- or trifunctional silanes are sho
n Fig. 5A. Such polymeric stationary phases sometimes

ore stable at low and high pH than traditional monofu
ional phases. However, polymeric stationary phases are
ifficult to produce uniformly and can be more variable in

ention and selectivity than monofunctional phases.

ig. 4. Chemistry of bonded-phase column packings. (A) Reaction o
ace silanols with chlorodimethylsilanes; (B) reaction of surface sila
ith trifunctional silane; (C) reaction of surface silanols with trifunctio
lkoxysilane. Reprinted with permission of John Wiley and Sons from[21].
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Fig. 5. Types of C18 silane bonded phases. Reprinted with permission ofJournal of Chromatographic Sciencefrom [22].

Another type of silane bonded phase surface called hor-
izontal polymerization is illustrated inFig. 5B. These self-
assembled silane monolayers are reported to be superior in
both low and high pH stability[23]. However, limited data
are available regarding the reproducibility of preparations for
repeatable retention and selectivity.

The monomeric stationary phase shown inFig. 5C is the
most widely available silane bonded phase. (The station-
ary phase shown inFig. 5D is discussed later). Reaction
of chlorodimethylsilanes with silica surface silanol groups
is the most commonly used preparation. An advantage of
monofunctional silane reactions is high reproducibility; one
silanol group reacts with one silane molecules, as represented
in Fig. 4A. Packings made by this approach also demonstrate
the highest column efficiency because of the favorable kinet-
ics involving fast diffusion in and out of the thin monomeric
stationary phase layer.

Some manufacturers attempt to “densely” (completely or
fully) react the silanol groups on the silica surface with the
silane. However, because of the bulk of the silane groups,
even “densely” reacted packings leave more than 50% of
the silanol groups unreacted. Early studies in the author’s
laboratory indicated that the reaction of surface silanol groups
at high yields is promoted by (a) using a large excess of
the reactant; (b) carrying out the reaction in the neat liquid
reactant or in a dry liquid with a relatively high boiling point;
and (c) removing the reaction biproducts during the reaction
[24].

Other manufacturers make products with partially reacted
silanes. Here the percentage of residual unreacted silanol
groups is much higher. “Densely” reacted column packings
often have a distinct advantage of reproducibility because
partially reacted surfaces are more difficult to reproduce from
batch to batch. As might be expected, significant variations
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in separation selectivity can result between the two types of
packings as a result of differences in solute interaction with
varying concentrations of unreacted silanol groups. Unre-
acted acidic silanol groups on partially reacted column pack-
ings also can cause tailing chromatographic peaks, especially
for basic compounds.

“Densely” reacted long-chain alkyl bonded phases (espe-
cially C18 and longer chains) can present a special problem
when highly aqueous mobile phases are used. In such media,
the long alkyl chains apparently tend to bind or clump to-
gether causing what is often termed a “phase collapse”[25].
The result of “phase collapse” is significantly reduced col-
umn efficiency, changes in retention and enhanced opportu-
nity for unsymmetrical peaks. A possible alternative mecha-
nism to the proposed “phase collapse” is that for long-chain
alkyl bonded phases with highly aqueous conditions, the mo-
bile phase is inhibited from entering the ligand-reacted pore
structure[26]. This condition would result in decreased solute
contact between the stationary and mobile phases. Regardless
of the true mechanism, the effect of “phase collapse” is real
and must be taken into account for reproducible separations.

Re-equilibration of a column that has experienced “phase
collapse” during a gradient run also occurs slowly. Some
fully reacted C18 packings require as much as 60% organic
for re-equilibration after a gradient run to ensure that “phase
c d-
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phase also acts to minimize dissolution of the silica support
for increased column stability[29].

An often-asked question is, “Why are the most-used col-
umn stationary phases based on octadecylsilane (ODS) or
C18 groups?” There are several reason for this, but one of
the strongest is tradition. Early column packings were based
on C18 because C18-based silanes were readily available at
that time and reasonable in cost. C18 silanes were used com-
mercially for other purposes and were supplied by several
sources. It was then natural for early investigators to use these
available materials in their experiments, and this experience
was carried over into early commercial products for HPLC.
Another reason for the popularity of C18 is the relatively
high organic content that can be reacted onto silica supports.
This was especially important for pellicular and superficially
porous silica supports that were used early in the history of
HPLC [3]. These materials had relatively low surface areas,
which limited solute retention, so a high organic content was
often required for desired retention of lightly held solutes.
Another advantage of the long-chain C18 ligand is its bet-
ter stability at both low and higher pH, compared to shorter
chain ligands. Separation reproducibility has been of prime
consideration to chromatographers, so the stability advantage
of C18 packings always has been held important.

However, there are some disadvantages to C18 bonded
p pack-
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ollapse” does not occur[27]. Other manufacturers have a
ressed the C18 “phase collapse” problem by structurin
acking surface to prevent phase collapse even at very lo
anic modifier concentrations. Some manufacturers us
urface coverage (with endcapping) to minimize or el
ate the “phase collapse” effect. In other cases, it is cla

hat polar functional groups are introduced into the statio
hase to improve aqueous wettability and reduce the p
ility of hydrocarbon phase aggregation. These approa
ften are proprietary so that the nature of the treatm

or these C18 packings often is not defined. These sp
eversed-phase packings often are useful for separating
ounds that require a high aqueous mobile phase conc

ion to ensure adequate retention. “Phase collapse” gen
s not as serious for shorter hydrocarbon ligands as for
ackings.

Some silane-based column packings are treated by a
ess called endcapping to further react residual silanol gr
hat can cause unwanted solute interactions[21]. In this
ase, small silanes such as trimethylchlorosilane usual
eacted subsequently to the main reaction with long-c
ilanes. These small endcapping reagents scavenge
esidual reactable silanol groups so that the packing h
owered tendency to interact deleteriously with some sol
nfortunately, the small endcapping groups on such pac
an be more readily hydrolyzed at low pH than long-ch
igands, sometimes making this approach less useful for
erm, reproducible separations performed at low pH (<3)
28]. Densely bonded and exhaustively endcapped hydr
on bonded phase packings are especially useful in p
pplications, since the more coherent hydrophobic statio
e

hases packings. As described above, densely bonded
ngs can exhibit phase collapse when mobile phases co

high aqueous content. For some solutes, shorter bo
hases can show slightly higher column efficiency. A
olumn packings with shorter functional groups can
quilibrate more rapidly after a gradient elution separa
he question of which alkyl stationary phase has the
verall properties for reversed-phase separations has
ddressed. Kov́ats and co-workers[30] determined that th
onded C14 group actually produces the optimum ov
roperties of efficiency, stability, peak shape and reten
haracteristics for reversed-phase separations. Althoug
nd other studies suggest that column packings with
or C12) groups exhibit superior overall characteristics,
octadecylsilane or ODS) packings still are the most p
lar materials currently in use. Curiously, “optimum” C
nd C14 phases are not generally used today, but the s
elow on Polar-embedded phases gives one exception

. Polymeric stationary phases

Some column packings contain stationary phases
ared by polymerizing various monomers on the support[31].
hese phases are not covalently bound and are most
ith supports for which the covalent bonding of silane
ot practical. For example, polybutadiene-modified alum

32] and zirconia column packings[33] and other polymeri
tationary phases have been reported and commercia
odified alumina packings have not reached any signifi

evel of usage since they have no distinct advantages
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conventional silica-based bonded column packings. On the
other hand, polymer-modified zirconia column packings have
proved to be useful for certain separations, particularly those
that must be performed at high pH and high temperatures.
Polymer-modified zirconia packings are quite stable at high
pH as a result of the very low solubility of zirconia and the rel-
ative inertness of the modifying polymeric stationary phase.
Early polymer-modified packings suffered from lower col-
umn efficiency mainly due to the slower kinetics of mass
transfer caused by thick, uneven support coatings. However,
more recent offerings have largely overcome this problem
with better coating and polymerization methods[34]. A pos-
sible limitation of polymer-modified column packings is the
difficulty of reproducing the organic nature and support cov-
erage from one preparation to the next. (This is in contrast
to the excellent coverage reproducibility that can be obtained
by reacting monofunctional silanes with the surface of silica
supports.) Definitive data on the reproducibility of columns
with polymer-modifying chromatographic supports is sparse.

5. Some special stationary phases

In recent years, special organic stationary phases have
been developed to eliminate some of the disadvantages of tra-
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Fig. 6. Monofunctional silane bonded stationary phases. (A) Conventional
dimethyl-substituted monofunctional stationary phase and (B) sterically pro-
tected monofunctional stationary phase.

phases with bulky side groups (Fig. 5D) that sterically protect
the siloxane bond against hydrolysis[28]. Fig. 6A shows the
surface structure of a traditional dimethyl-substituted mono-
functional bonded phase, whileFig. 6B gives the structure of
a monofunctional bonded phase with bulky sterically protect-
ing groups.Fig. 7 shows a lowest-energy molecular model
of diisopropyloctylhydroxysilane that illustrates how the bulk

Fig. 7. Lowest energy molecular model of diisopropyloctylhydroxysilane.
Model courtesy of Dr. B. E. Boyes.
itional bonded-phase materials. These special phases
emonstrated increased capability to provide stable, r
ucible separations in instances where conventional mat
ay have limitations. As a result, these new materials
ad significant commercial impact and increasingly wide
eptance as important separating media.

.1. Sterically protected silane bonded phases

DuPont’s emerging interest in the life sciences in the m
le 1980’s led Dr. Joseph L. Glajch and the author to em
n research studies to develop new stationary phases fo
rating materials of pharmaceutical and biomedical int
uch as peptides and proteins. At that time, unprotected
ides and proteins usually were separated by gradient e
sing reversed-phase packings with short (C3 and C4
rocarbon ligands in conjunction with acetonitrile/low
queous trifluoroacetic acid mobile phases. Our studie
emonstrated that typical bonded-phase columns use
eversed-phase separations at low pH < 3, are not stabl
elatively short periods of time[35]. It was found that shor
hain ligands (C3, C4) were especially labile. The goal o
ubsequent work was to develop new bonded-phase pac
ith much-improved stability at low pH conditions, wh
aintaining good separation quality for peptides, prot
nd other biomacromolecules. The fact that long-chain, b

igands such as C18 were more hydrolytically stable
hort chain groups led us to speculate that bulky groups
ounding the siloxane SiO C bond might give the need
teric protection against hydrolytic degradation. Studies
ed to the development of covalently bonded silane statio
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Fig. 8. Stability of C18 silane stationary phases at pH∼0.9 and 90◦C. See
text for details.

of isopropyl groups surround the SiO function, thereby pro-
tecting this bond against hydrolysis when it is attached to a
silica support.Fig. 8shows the rate of stationary phase loss at
low pH for a column with a diisobutyl-C18 stationary phase
compared with conventional monofunctional C18 column, a
polymeric C18 column and a column with a mixed phase of
C18 and shorter silanes. For this test, these columns were
purged continuously using highly aggressive methanol 1.0%
trifluoroacetic acid mobile phase (pH∼0.9) at 90◦C. The loss
of stationary phase was then measured periodically by noting
the retention of a neutral, hydrophobic test solute (toluene).
Non-endcapped sterically protected silane columns specifi-
cally designed for use in low pH environments demonstrate
excellent long-term ruggedness under such aggressive op-
erating conditions[36]. These hydrolysis-resistant sterically
protected stationary phases can be readily used at higher col-
umn operating temperatures that significantly increase sep-
aration efficiency, especially for macromolecules such as
peptides and proteins[37]. Sterically protected stationary
phases on Zorbax® silica microsphere support are available
as StableBond® columns with a variety of functional groups
to provide differences in selectivity and retention: C18, C8,
C3, CN, phenyl, etc.

5.2. Bidentate stationary phases

asic
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p 6–9.
H ener-
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Fig. 9. Schematic of bidentate-C18 stationary phase. Reprinted with per-
mission ofAmerican Laboratoryfrom [29].

are not ionized and the silica support silanol groups are fully
ionized; unwanted ionic interactions again are not possible.
Early reports of high pH separations with silica-based pack-
ings were promising[39]. However, silica-based supports can
dissolve readily at high pH[40], creating a potentially serious
problem for column stability and lifetime.

To bring about a better understanding of how separations
might better be performed with silica-based columns at high
pH (up to 12), the author participated in a series of studies to
define the effects of operating parameters on column stability:
silica support type; effect of buffer type and concentration;
pH and temperature effects; bonding and endcapping effects;
ligand length effects, etc.[41–44,46]. From these studies, in-
sight was developed for a new silane stationary phase and pre-
ferred operating conditions that make separations at high pH
practical. Earlier work had indicated that bonded silanes with
a bidentate configuration possessed unusual stability at low
pH [28]. It was postulated that the ring structure of such ma-
terials might also have stability at high pH, especially if bulky
C18 groups could be configured in a manner to shield the sil-
ica support from dissolution. Subsequent studies proved that
this approach was viable. We determined that a C18 bidentate
ring structure with a propylene bridge (Fig. 9) provided not
only a high degree of stability at high pH, but also exhibited
the desired column efficiency and retention characteristics
b n-
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The separation of highly basic compounds (e.g., b
rugs) on silica-based column packings has always
roblematic because of the tendency of such solutes

eract deleteriously with unreacted acidic silanol group
roduce inefficient, tailing peaks. As a result, most sep

ions of basic solutes are performed at low pH (< 3) where
oth silanol groups and basic solutes are protonated
nwanted ionic interactions are unlikely. However, to g
esired selectivity effects, some separations of basic
ounds are carried out in the intermediate pH range of
ere, fully reacted, endcapped C18 column packings g
lly are preferred since they often provide better peak sh
nd superior column stability than partially reacted and
ndcapped materials[38]. An alternative to these approach

s to carry out the separations at high pH where basic so
oth at high and low pH[29,45]. This bidentate-C18 statio
ry phase was double-endcapped to minimize exposur
are silica surface and resist dissolution at high pH.Fig. 10
hows retention factorkand plate height values for a colum
geing study carried out at pH 11 with an organic buffer at
ient temperature.Fig. 10A shows that no change occurr

n k values after almost 40,000 column volumes of con
ously flowing mobile phase for several highly basic dr
pKa 9.5–9.7) and the neutral solute, toluene.Fig. 10B shows
hat there also was no change in toluene plate height d
his ageing. The slight increase in plate height for the b
rugs suggest small changes in the unreacted silica su
urface during this rugged ageing test. A high pH separ
f some basic drugs on the C18 bidentate column is sh

n Fig. 11. Studies had shown that high pH phosphate
arbonate buffers aggressively dissolve silica supports s
anic amine buffers are preferred for high pH separa

43,44]. Note the excellent peak symmetry and column
ciency for these highly basic compounds on a silica-b
olumn at high pH.

The superior resistance of the C18 bidentate silica-b
olumn packing to dissolution at high pH is illustrated
ig. 12. When purged with a highly aggressive pH 11 ph
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Fig. 10. Aging of bidentate-C18 column at pH 11. Column,
150 mm× 4.6 mm bidentate-C18; mobile phase, 55% methanol/50 mM
1-methyl-piperidine buffer, pH 11; flow rate, 1.0 mL/min; temperature,
23◦C; UV detector, 215 nm. (A) Retention factork values and (B) plate
height values. Reprinted with permission ofAmerican Laboratoryfrom
[29].

phate/acetonitrile mobile phase, the C18 bidentate packing
shows a much lower rate of silica support dissolution com-
pared to a densely reacted endcapped monofunctional C18
column. These data indicate that the bidentate-C18 stationary
phase, especially when used with organic buffers, can be an
effective approach for stable, efficient separations at high pH.
The bidentate-C18 stationary phase is available in Extend®

columns. This type of packing is an attractive alternative for
separating basic compounds when low or intermediate pH

Fig. 11. Separation of highly basic tricyclic antidepressant drugs at
pH 11.5. Column, 150 mm× 4.6 mm bidentate-C18; mobile phase, 75%
methanol/25% 50 mM pyrrolidine buffer, pH 11.5; flow rate, 1.0 mL/min;
t of
A

Fig. 12. Effect of bonded phase on silica support dissolution. Columns,
150 mm× 4.6 mm; eluent: 50% acetonitrile/50% 0.02 M potassium phos-
phate, pH 11.0; flow rate, 1.5 mL/min; temperature, 25◦C; dissolved silica
measured by the silicomolybdate colorimetric method[40].

conditions do not provide the required selectivity or peak
shapes.

5.3. Polar-embedded stationary phases

Traditional C18 and C8 alkyl stationary phases have
widespread applications for reversed-phase separations.
However, column packings with these phases have disad-
vantages for some applications; phase collapse can occur at
high aqueous mobile phase concentrations, as indicated ear-
lier. This effect results in lowered column performance and
changes in retention. In addition, poor peak symmetry of-
ten occurs for some basic compounds, especially with inter-
mediate pH mobile phases. As a result of these shortcom-
ings, researchers have devised alkyl stationary phases with
polar-linked or embedded polar groups for reversed-phase
separations[47–49]. Columns have been developed with a
variety of embedded polar groups such amides, carbamates,
sulfamides and ureas. Packings with these stationary phases
often exhibit good peak shapes and efficiencies for polar com-
pounds, especially for ionizable solutes that can be particu-
larly troublesome in some separations. Another advantage of
most columns with embedded polar group stationary phases
is that they can be used with highly aqueous mobile phases
without the phase collapse problem. These columns often are
u rtially
i aks
w

larly
a umns
c sired
emperature, 23◦C; UV detector, 215 nm. Reprinted with permission
merican Laboratoryfrom [29].
seful for separations of compounds that are at least pa
onized at intermediate pH (6–9) to produce efficient pe
ith good symmetry.
However, when used for low pH separations, particu

t higher column temperatures, Polar-embedded col
an show long-term stabilities that are less than de
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for some applications. As a result of this shortcoming, a
study was completed in the author’s laboratory to produce
an embedded polar-alkyl stationary phase that would display
good stability both with intermediate and low pH applica-
tions. The approach was to use sterically protecting groups
to produce at alkyl-amide stationary phase that would re-
sist hydrolysis at low pH, and at the same time, also pro-
vide good performance and stability with intermediate pH
mobile phases. The structure of the developed diisopropyl-
amide/C14 stationary phase is shown inFig. 13. Ageing data
for this sterically protected stationary phase and other polar-
embedded columns at pH 7 and pH 2 is shown inFig. 14.
In Fig. 14A, stability data are shown for three embedded-
phase columns continuously purged with acetonitrile/pH 7
phosphate buffer at 23◦C, as measured by plate heights
for the basic drug, amitriptyline. After about 25,000 col-
umn volumes of purging, the diisopropyl-amide/C14 and the
dimethyl-carbamate/C18 columns appear less affected than
the dimethyl-amide/C18 column. The former columns also
showed little effect after almost 40,000 column volumes of
purging when the experiment was arbitrarily terminated. In
Fig. 14B, the stability advantage for the sterically protected
diisopropyl-amide/C14 column at low pH clearly is noted.
The k value for toluene is unchanged after purging with
almost 40,000 column volumes of methanol/pH 2 trifluo-
r ◦ l-
a out
1 hy-
d of a
s ysis
a s dis-
c ble in
B re in-

F rinted
w

Fig. 14. Aging of amide-embedded alkyl columns at pH 7 and 2 (contin-
uous non-recycled flow). (A) Columns, 150 mm× 4.6 mm; mobile phase,
40% acetonitrile/60% 25 mM sodium phosphate buffer, pH 7.0; flow rate,
1.5 mL/min; temperature: 23◦C. (B) Columns, 150 mm× 4.6 mm; mobile
phase, 80% methanol/20% aqueous trifluoroacetic acid, pH 2.0; flow rate,
1.0 mL/min; temperature, 23◦C.

creasingly finding applications because of a combination of
desirable properties for reversed-phase HPLC separations.

5.4. Hybrid organic–inorganic particles

Column packings based on sol–gel technology provide
still another alternative for effective reversed-phase separa-
tions. This approach has been taken in an attempt to mini-
mize some of the potential disadvantages of column pack-
ings based on silica particles (deleterious solute interaction
with active silanol groups, dissolution at high pH, etc.). The
first use of this technology for HPLC column packings was
reported by Unger et al.[50], and a patent for preparing these
particles was issued[51]. This technology largely stayed dor-
mant until a group at Waters Associates developed a series
of columns based on hybrid-organic chemistry in the late
1990’s [53]. In hybrids, silica and organosilanes are com-
bined to yield materials with properties that are somewhat
intermediate between those of pure organic and pure inor-
ganic substances.

These particles produce columns with good mechanical
strength, efficiency, and good peak shape for basic com-
pounds. One column type is based on material bonded with
a trifunctional C18 silane. Another packing is made by mod-
ifying the surface of these particles with a monofunctional
s . The
a hapes
f t
oacetic acid mobile phase at 23C. Contrarily, the dimethy
mide/C18 column lost almost half of its retention after ab
2,000 column volumes of purge, indicating extensive
rolytic loss of the stationary phase. Therefore, the use
terically protecting groups again inhibited ligand hydrol
s was also the case for the purely alkyl stationary phase
ussed above. The amide/C14 stationary phase is availa
onus® columns. Polar-embedded stationary phases a

ig. 13. Structure of the diisopropyl-C14-amide stationary phase. Rep
ith permission ofLC-GC from [52].
ilane containing an embedded polar carbamate group
dvantage of these materials in producing good peaks s

or basic compounds is shown inFig. 15. It is claimed tha
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Fig. 15. Separations with hybrid organic–inorganic column packing with
varying pH. (a) pH 2.5; (b) pH 5.0;(c) pH 8.0; (d) pH 10.6. Col-
umn, 150 mm× 3.9 mm, 5-�m XTerra® RP18; mobile phase, 65% 20 mM
buffer/35% acetonitrile; UV detector, 210 nm for pH 2.5, 5.0, 8.0 and 230 nm
for pH 10.6; flow rate, 1.0 mL/min; injection volume, 5�L; peaks: (1) acet-
aminophen, (2) lidocaine, (3) doxepin, (4) imipramine, (5) nortriptyline, (6)
ibuprofen. Reprinted with permission ofLC-GC from [53].

the better peak shape for basic and other polar compounds is
due to a significant reduced concentration of residual silanol
groups on the particle surface. Note inFig. 16, however, the
XTerra® hybrid-organic particles show reduced stability with
low pH mobile phases compared to a conventional C18 col-
umn (Inertsil® ODS-3) and a column with the sterically pro-
tected silane (StableBond®-C18). As with the study for the
data ofFig. 8, these columns were continuously purged with
the low pH mobile phase and the loss of stationary phase
measured by periodically measuring the retention of a neu-

F vent,
5 rate,
3 i-
v

Fig. 17. Dissolution of silica supports at high pH. Columns:
150 mm× 4.6 mm conventional C18 (Agilent Technologies Zorbax®

Rx-C18); 150× 4.6 mm bidentate-C18 (Agilent Technologies Zorbax®

Extend®-C18); hybrid organic–inorganic C18 (Waters Associates
XTerra®-MS); mobile phase eluent, 50% methanol/50% 0.10 M sodium
carbonate-bicarbonate buffer, pH 10.0; flow rate, 1.0 mL/min; temperature,
25◦C. Data from[59].

tral hydrophobic test solute. On the other hand, columns of
hybrid-organic and bidentate-C18 particles both demonstrate
good stability and resistance to high pH mobile phases com-
pared to a conventional C18 column, as shown inFig. 17.
These special stationary phases illustrate the high degree of
sophistication and performance obtained in modern packings
for reversed-phase HPLC.

6. Stationary phase selectivity

Reversed-phase column packings with aliphatic C18 or C8
stationary phases allow adequate separations of many com-
pounds of interest. Recently, however, there has been a pro-
liferation of stationary phases with other functionalities for
use in reversed-phase chromatography[54]. These function-
ally diverse stationary phases provide a different separation
selectivity than traditional C18 or C8 stationary phases and
are especially useful when the chromatographer is restricted
to using a particular mobile phase such as in LC–MS studies.
This approach is illustrated inFig. 18for the separation of a
herbicide mixture using CN, phenyl and C8 bonded station-
ary phases. Varying separation selectivity by optimizing the
mobile phase is the most powerful approach for optimizing
separation resolution[10]. However, varying selectivity by
c ative,
a ently
[

ig. 16. Column stability at low pH. Columns as shown; purge sol
0% methanol/50% 1% aqueous trifluoroacetic acid, pH 1.3; flow
.0 mL/min; column temperature, 80◦C. Data courtesy of Murdoch Un
ersity.
hanging the stationary phase also is an effective altern
nd this approach is being used more and more frequ

55].
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The approach of changing separation selectivity with
the stationary phase is especially useful in rapid, auto-
matic method development systems for obtaining separa-
tions in combinatorial chemistry and related studies[56].
Here, columns with different stationary phases are rapidly
scouted for desired reversed-phase separation selectivity
using automatic column switching with a single mobile
phase. Current approaches often use available stationary
phases in somewhat a random manner in an effort to
find a suitable separation. Typically, the stationary phases
used are C18, C8, phenyl, cyano, and perhaps other func-
tionalities. Different commercial C18 columns also often
show different separation selectivities, usually based on
differences in silica supports or stationary phase chem-
istry. Therefore, it is not uncommon to see C18 columns
from different manufacturers used in this searching rou-
tine.

There is a more systematic approach that could be taken,
providing columns with the required stationary phases are
available. The opportunity is to expand this column optimiza-
tion and switching concept by providing a range of columns
with stationary phase functionalities that encompass the en-
tire range of potential chemical selectivity for band spac-
ing changes. Present available columns with stationary phase

F
1
a
R

Table 2
Stationary phase selectivity

S. no. Stationary phase
functionality

Chemical
interactivity
with solute

1 Amino (tert.) Basic interactions
2 C18 or C8 Hydrophobic, dispersion forces
3 CN (cyano) Largely dipolar
4 Phenyl �–� Interactions, dispersive
5 Amide Basic and dipolar interactions
6 Ether Largely basic, some H-bonding interactions
7 Nitro Strongly dipolar
8 Diol H-bonding, basic-acidic possibilities
9 Fluoroalcohol Acidic interactions

functionalities do not have this total capability, and other sta-
tionary phase functionalities are needed.

Selection of optimum stationary phases for selectivity
changes can be based on chemical interaction insights us-
ing the solvent selectivity triangle concept that has long been
used to vary separation selectivity by changes in mobile phase
constituents[57]. With the solvent selectivity triangle ap-
proach as a rough guide, several specific stationary phases
likely would round out the entire reversed-phase chemical-
interaction possibilities for greatest selectivity changes. Ex-
amples of these stationary phases and their interactive possi-
bilities are given inTable 2.

Based on the solvent selectivity triangle, widest selectivity
changes (coupled with experimental practicality) could in-
volve the use of phases 1, 2, 3 (or 5), 7, 8, and 9 fromTable 2.
Fig. 19shows a system of several stationary phase functional
groups that results in an interactive separation selectivity (in-
ner triangle) that encompasses a very wide range of chemical
interactive possibilities. When coupled with a hydrophobic
ig. 18. Comparison of column stationary phase selectivity. Columns,
50 mm× 4.6 mm Zorbax® SB-C8, SB-Phenyl, SB-CN; mobile phase, 35%
cetonitrile/65% water; flow rate, 1.0 mL/min; temperature, 22◦C; detector.
eprinted with permission of John Wiley and Sons from[57].
 Fig. 19. Stationary phase selectivity triangle.



20 J.J. Kirkland / J. Chromatogr. A 1060 (2004) 9–21

phase like C18 for dispersive interactions, the capability for
band spacing changes with stationary phase changes is very
large indeed. For practical applications, columns with these
different stationary phases should exhibitk retention values
within a factor of about two of each other in order to use
a single isocratic mobile phase. For difficult separations, it
would also be useful to consider connecting two columns
with different stationary phases to obtain intermediate selec-
tivity [55].

It should be noted that an accurate system for predicting
the selectivity of reversed-phase columns has been described
by Snyder et al.[58]. This approach gives great promise of
allowing the rapid selection of appropriate column types to
produce the desired selectivity for a particular separation. In
addition, this approach allows the prediction of a different
column that will produce a closely similar separation to the
column currently in use, essentially guaranteeing that a col-
umn for a needed separation will always be available.

Using column selectivity as a means of obtaining the de-
sired separation is especially attractive in situations where
appropriate separating conditions must be rapidly obtained,
such as in rapid LC–MS identification studies. Column selec-
tivity often is required to gain adequate separations when the
mobile phase cannot be altered and mobile phase selectivity
changes are not possible. Finally, some detectors restrict the
t ctivity
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. Conclusions

These and other discussions show that current com
ial stationary phases are rugged, efficient and repeatab
wide variety of reversed-phase separations. Sophisti
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ry phase selectivities for reversed-phase separations.
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