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Abstract

At present, in high-performance liquid chromatography (HPLC) for the majority of analyses, reversed-phase liquid chromatography (RPLC)
is the separation mode of choice. Faster method development procedures using aggressive eluents under elevated temperature condition:
the need for improved selectivities, efficiencies and resolution, the reduction of solvent consumption and also the decrease of analysis times
require reversed-phase (RP) columns of high chemical and thermal stability. Until now, the majority of columns for RPLC separations are
manufactured from silica substrates. Silica has many favorable properties making this material nearly ideal as a support for RP columns.
However, its solubility, that increases considerably in eluents of pH atdveés a drawback preventing its widespread use over the entire
pH range. In addition, also the thermal stability of silica is limited. Recently, however, substantial progress has been made in the synthesis
of RPLC silica-based stationary phases showing satisfactory thermal and chemical stability under many different experimental conditions.
Also, new substrates mainly based on other inorganic substrates like, e.g. alumina and zirconia have been developed now as a starting
material for the preparation of RPLC stationary phases of improved chemical and thermal stability. In addition, for the same reasons,
many efforts have also been made to synthesize polymer and also polymer-coated phases. These latter phases, more particularly thos
based on zirconia, but also polymer phases show a high degree of chemical and thermal stability compared to silica counterparts. In this
paper, an overview will be given of the state-of-the-art of the thermal and chemical stability of the different available stationary phases
for RPLC.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction investigations [@,4,20—26]and references therein). Finally,

_ ) _ __ the chemical and thermal stability of RP columns and thus

In many analytical laboratories, high-performance liquid their jongevity under practical eluent and other experimental
chromatography (HPLC) has become an indispensable technditions is also an important iss[&27-30]

nique for the analysis of samples, the determination of phys- Generally, upon starting the development of an RPLC

ical constants and the isolation of purified components from analysis protocol and anticipating its validation, chromatog-
complex mixtures. Now, HPLC has found broad acceptance raphers are usually considering four major issues:

asthe analyticaltechnique of choice inmany scientificandap- _ -
plication oriented areas like, e.g. life sciences, food, synthetic (i) How to select the optimal column for a specific separa-

polymers and environmental chemistry. Additionally, in or- tion from the several hundreds available, and in many
der to meet legal requirements in a growing number of appli- cases nominally identical, RP columns?
cation areas like, e.g. pharmaceutical and clinical chemistry, (i) How to perform an objective and fast method devel-
HPLC analysis protocols are standardized and validated. opment procedure resulting in an optimal and rugged
The still continuing development and availability of high- analysis protocol.
performance equipment and high-quality stationary phases(iii) Once an analysis protocol has been established, what
have substantially supported the still enduring growth of will be the repeatability and reproducibility of columns
HPLC research and applications. and batches of a specific stationary phase in order to
Among the different available HPLC separation modes guarantee an undisturbed continuous analysis process.
like, e.g. straight phase (NPLC) or size exclusion chromatog- (iv) What will be the longevity of a column under a specific
raphy (SEC) definitely reversed-phase liquid chromatogra- set of analysis conditions. In other words, how many
phy (RPLC) has taken and still takes a dominant position. sample injections can be performed in a column life cy-

It is estimated that presently about 80-90% of HPLC sep- cle time.
arations are performed using RPLUC]. As already men-
tioned, the availability of many high quality RP columnsto- 1.1. Ad (i)
gether with the large number of tools to control and optimize
separations substantially contribute to the great popularity The selection of the best RP column for a specific sep-
of RPLC. aration problem is still far from a straightforward process.
Although the development of RPLC already started about A substantial number of tests have been discussed in litera-
four decades ago, the technique is still very popular and of ture. These tests can be roughly distinguished into empirical
great and growing interest. Therefore, RPLC is a continu- and model-based testing protoc{@4]. For example, three
ous subject of substantial research efforts in universities andRPLC column tests suggested by Engelhardt and Jungheim
with manufacturers as well. In turn, this results in a con- [32], Tanaka and coworke[383] and Neue et a[34] are well
stant appearance of RPLC-oriented books, and scientific andknown and often applied in column testing studies.
technical papers (s¢&—4] and the references therein). In ad- The limited consistency and poorly correlating results is
dition, also new and also special equipment and columns forthe major problem of these and also of other tests. For exam-
RPLC are continuously developed and marketed. Major the- ple, hardly any correlation for the important RPLC column
oretical shortcomings of RPLC today are our limited knowl- parameter “silanols activity” is found between a number of
edge on the explanation and prediction of underlying reten- these test$31]. The differences in testing probes, experi-
tion mechanisms on the molecular level and the role of the mental conditions and calculation procedures substantially
eluent thereinil,4—17] see also the special issue of the Jour- contribute to these problems. As a consequence, many chro-
nal of Separation Science dedicated to that suf&jt Also, matographic practioners encounter considerable problems in
we are still lacking fast and adequate method developmentthe objective selection of suitable columns to solve their sep-
procedures especially for the separation of larger moleculesaration problem. This is even more true for the selection of
[19]. Furthermore, also the determination and understandingcolumnsto separate larger molecy@3). Therefore, in chro-
of the physico-chemical and hence chromatographic prop- matographic practice often many users develop their own in-
erties of RP columns is still limited and subject of ongoing house testing protocols. Next, these results are then used to
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define an internal column quality ranking systg?f]. This hind. This is particularly true for the separation of larger
present situation does not contribute to an objective systemmolecules as, e.g. peptides and other oligomers and polymers.
of column characterization and quality ranking. More convincing examples are needed to further support the

Recently, Snyder and coworkers have developed a columnwidespread use of these programs.
characterization approach based on the so-called “Subtrac-
tion Model”. This model actually starts from a special form 1.3. Ad (iii)
of a linear free energy relationship (LFER) called quanti-
tative structure retention relationship (QSRR). QSRRs treat  For example, in the food, beverages, pharmaceutical and
chromatographic retention as a linear function of a number fine chemicals industries, HPLC is a very important analysis
of different solute—column mobile phase interactions. The method. In general, but particularly in regulatory analysis,
modern basis of this approach was laid down, amongst oth-analytical repeatability is of great importance. Therefore,
ers, by Abraham and coworkeft3] and Kaliszan35]. In after an analysis protocol has been established and validated
several consecutive papers, Snyder and coworkers have deehromatographers count on the availability of the same
veloped this QSRR subtraction model into an interesting and columns, containing exactly the same stationary phase over
promising method for the characterization and ranking of periods of time from weeks to years. In a number of studies,
RP columng36—41] In these studies, retention properties Guiochon and coworkers have investigated the state-of-the-
of RP columns are measured and described in terms of hy-art of column-to-column and batch-to-batch reproducibility
drophobicity, steric resistance, hydrogen bond acidity, hy- and repeatability of RP columri81-54] In these studies
drogen bond basicity, and cation-exchange activity. This ap- for a humber of RP columns, the column-to-column and
proach allows a much more detailed understanding of the batch-to-batch reproducibility using neutral, acidic and
different molecular interactions between solutes, mobile and basic test substances was determined. Furthermore, the
stationary phases. Furthermore, this subtraction model alsoshort- and long-term repeatability of RP columns was also
facilitates to better distinguish between the chromatographic investigated. As an example of that for Symmetry C18
properties of RP columns and to classify them. In addition, in columns, relative standard deviations (R.S.D.s) of retention
this approach, RP columns having almost similar properties factors for column-to-column and batch-to-batch repro-
can easily be divided into subgroups. ducibilities were found in the order of 0.1 and 1% range,

Summarizing, it seems that this subtraction model offers respectively. On a number of RP columns, however, for
an improved and more objective column selection protocol. It basic analytes these values for retention factors, selectivity
also contributes to a more detailed understanding of retentionand plate numbers are generally less favorable. The authors

and selectivity in RPLC. concluded that except for basic compounds the majority of
current analysis problems can be satisfactorily solved by the
1.2. Ad (ii) presently available diversity of RP columns.

At present, fast and adequate method development is onel.4. Ad (iv)
of the overriding issues in laboratory practice. Apart from
the still often applied “trial-and-error” approaches, more and  This paper is focused on the present state-of-the-art of the
more method development is performed by statistic and/or chemical and thermal stability and hence column longevity
software supported methods. For example, to arrive fast atof RP columns.
rugged and robust analysis protocols, factorial and experi-
mental designs can be used. Such approaches allow to distin-
guish between the mostimportant separation parameters, e.g2. Column chemical and thermal stability
eluent pH and nature of the organic modifier, and to optimize
them. A number of good examples of this approach were dis-  For a number of reasons, chromatographers want to im-
cussed in the following referencefgl?—44]and references  prove the chemical and thermal stability and thus longevity
therein). of their RP columns. First, in order to adequately and

Until now, often separation optimization is performed ex- quickly develop analysis protocols, they want to explore
clusively based on chromatographic criteria. Besides that, the experimentally available space, more particularly with
business parameters like, e.g. analysis time and/or financialrespect to pH and temperatuf8,43]. Second, once a
considerations are used as optimization criteria §k54. separation method has been established and validated, they
Especially, during the last years, several powerful software want to make sure that the selected column will have a
programs for method development and optimization have be-certain minimum lifespan. This, in order to estimate the
come available too. Programslike, e.g. DryLab, ChromSword number of sample injections that can be performed on that
and others have already shown their benefit in method de-specific column. Third, working under high pH conditions
velopment and convincing examples can be found in liter- would allow to analyze basic analytes under ion suppression
ature[46-50] However, the use of such programs for the conditions and also to clean a column on a regular basis
development and optimization of analysis is still legging be- from sample matrix constituent80]. The same is true
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for the analyses of anionic analytes performed under low finally in column clogging76]. At acidic pH values of the

pH conditions. Fourth, in (semi-)preparative RPLC column eluent, another process is mainly responsible for the dete-
sample, loadability can greatly be improved by separating therioration of RPLC stationary phases. The organic ligands
sample components of interest in their non-ionic fg&%]. of most of the presently manufactured RP phases are co-
Finally, improved thermal stability of RP columns would be valently bonded to the silica surface by mono- or polyfunc-

of great interest for the optimization of separations and also tional S-O-Si siloxane bond(s]1,2,4,56,77] Kirkland et

to achieve rugged and robust analysis protofhl3,43] al. provided evidence that in acidic eluents hydrolysis of the
In principle, the chemical and thermal stability of RP covalently bonded SiO-Si organic ligands is the main re-
columns can be enhanced by: sponsible mechanism of stationary phase degradft@in

) During the last 10-15 years, a number of reports with focus
1. The improvement and development of substrates andgp, the chemical stability of conventional as well as new types

bonding chemistry. _ of silica-based RP phases have appeared. The conclusions of
2. The adjustmentand optimization of the mobile phase com- e studies, however, are not always in agreement with each
position and other experimental conditions. other. Partly, this can be ascribed to the different conditions
like, for example, the nature of the organic modifier, the actual
2.1. The improvement and development of substrates eluent pH and the temperature, under which several groups
and bonding chemistry investigated their RP phases under study. In addition, a major
difference between these investigations is also related to how
2.1.1. Covalently modified silica substrates RP columns were subjected to aggressive alkaline or acidic

Since authors sometimes report in one and the same papeeluents. Generally, workers investigate the chemical stability
the results of their chemical stability studies of RP phases of RP phases by putting them into contact with aggressive
for neutral, acidic and basic eluent pH values, the reader mayeluents. During that process changes in chromatographic pa-
find certain references repeated at different places in this text.rameters like, for example, plate humber, retention factor,

By far, silica is still the most popular substrate to man- and peak asymmetry of specific test components are mon-
ufacture RP stationary phases. Silica has a high mechanicaltored [73,76] In addition to that in some studies on purg-
strength that enables its use under the high-pressure condiing columns under alkaline eluent conditions, the amount of
tions encountered in HPLC. Furthermore, this substrate doesSiO2 in a column effluent was continuously measured. In
not swell or shrink when exposed to organic solvents. Finally, these studies, columns were purged with freshly prepared
its production and bonding chemistry is well understood and eluents, and were not recyclgt?,76] The SiO2 amount in
can be performed in many different morphologies and also is the column effluents could simply be determined by a sil-
very reproducibldl,2,51-54,56-58]For these reasons, sil- ica molybdate complex colorimetric method. The amount of
ica seems the perfect starting material for the manufacturingsilica in the eluent was then taken as a measure of column
of (bonded) phases for HPLC. During the last decades, manydeterioratior{76].
workers have suggested several different approaches for the In summary, several studies have discussed static emerg-
synthesis of silica-based RP stationary phases and also tang and also dynamic purging of RP columns under recycling
improve their chemical and thermal stability. Polymer-coated as well as non-recycling conditiofig2,73,76,78—81]Due to
[59-68] horizontally polymerizef59,70], bidentat§71,72], saturation effects of stationary phase deterioration products
hybrid organic—inorganif73] and also polar embedd§] in the eluent, especially chemical stability results from static
stationary phases are typical examples in the research foror recycling eluent experiments must be compared with cau-
new generations of RP phases of improved selectivity andtion.
chemical and thermal stability. Recently, the preparation and  Finally, the question of the actual pH in eluents for column
properties of different types of RP stationary phases were ex-testing purposes is another complicating factor. Upon adding
tensively discussed and reviewed by Nawrocki efz,58] an organic modifier to an aqueous buffer, the resulting pH of

However, depending on the physico-chemical properties the mixture may drastically change. As an example of that the
of the stationary phase, the eluent composition and other ex-addition of 50% MeOH to an aqueous buffer of pH 6.0 causes
perimental parameters silica and silica-based RP stationaryan increase of the actual pH of about 1 unit. These effects also
phases are vulnerable to deterioration effects. This in turn depend on the nature of the buffering salts and on the nature
may result in early column failure. Deterioration of chemi- of the organic modifief82—84] Recently, Tindall and Perry
cally modified silica-based RP phases can be distinguished[85] pointed out again the substantial influence of the nature
in two major different processes. Silica already dissolves of buffering salts on the actual pH in water—organic eluents.
slightly in the pH range 2—7. The saturation concentration For example, upon dilution of an aqueous glycine buffer of
is about 100 ppm, which value is somewhat dependent onpH ~10.0 with 50% methanol, the pH of that eluent was
the pH[75]. Above approximately pH 7, however, silica dis- decreased by only 0.11 pH unit. In contrast, under further
solution is substantially accelerated. This in turn causes thesimilar conditions, using carbonate instead of glycine as the
impairment of the silica backbone of an RP stationary phase. buffer salt, the eluent pH increased by 1.4 pH unit. The results
This process generally results in reduced plate numbers andf this study can now also better explain the results of silica
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dissolution studies of Claessens et al. at high pH eluent con-can be manufactured by a so-called Silgel or a Solgel pro-
ditions using different buffering sal{86]. In these studies, cesq76,92] Apart from other differences Solgel silicas have
several buffer salts were used to prepare four different aque-significantly thicker walls in their morphological structures
ous buffer solutions of pH 10.0. After adding 50% methanol compared to Silgel-based silica types. Kirkland et[@]
to each of these buffers, RP columns were purged by theseshowed that bonded phases prepared from Solgel silicas are
eluents and tested. The authors found that the carbonate andignificantly more stable towards aggressive alkaline eluents
phosphate buffers much more deteriorated the RP columnscompared to Silgel-based RP phases.
compared to the glycine and borate buffers. Therefore, they  Another approach to improve the chemical stability of
concluded that in laboratory practice these latter two buffer silica substrates and thus also of the resulting RP station-
salts were to be preferred over carbonate and phosphate. Novary phases is described by Neue and coworkéfs/8]and
at least partly, the observed effects must be ascribed to thewyndham et al.[73]. In this so-called hybrid organic—
different pH shifts caused by the nature of the investigated inorganic technology process, which was first described by
buffering salts. These latter effects further complicate a fair Unger et al[93], a starting silica substrate is obtained, con-
comparison of the results of chemical stability studies of dif- taining inorganic SiO2 as well as organic R(SiO)1.5 groups.
ferent workers. R, for example, can be methyl or ethyl. As an example in
The substantial amount of research effort of universities, Fig. 1, the resulting C-18 modified trimethylsilane endcapped
but especially of manufacturers, has resulted in a large varietystationary phase is schematically illustrated for R = CH3. The
of RP columns with different chromatographic and chemi- authors claim that this approach improves the entire chemical
cal and thermal stability properties. Unfortunately, however, stability of the silica substrate due to decreased hydrolysis.
until now little consensus exists between the different ap-  Furthermore, as shown by Collins and coworkers, titanium
proaches to determine the chemical and thermal stability of grafting or zirconization of silica substrates may also substan-
RP phases. In turn, this hampers a correct and objective in-tially improve the chemical stability under neutral and high
terpretation and comparison of results between columns sub{pH conditiong63,64} see als&ection 2.1.2.1
jected to different chemical stability studies. It must also be  Secondly, also the purity from metal contaminations of
emphasized that chemical stability studies are time consum-silica substrates may strongly influence the resulting station-
ing. Interestingly, however, Fonseca et[él] recently sug- ary phase chemical stability in alkaline eluents. Kirkland et
gested a method for the rapid determination of the chemi- al. [76] showed that metal contaminated type A silica-based
cal stability of RP phases. The authors proposed a specificRP phases were more stable in alkaline eluents compared to
set of conditions to test the chemical stability study of RP ultra pure type B silica-based counterparts. This is somewhat
columns. They compared these stability test results with sta-conflicting with the present strive to manufacture ultra pure
bilities earlier reported in literature. It was claimed that purg- silicas in order to obtain a homogenous population of silanols
ing RP columns with 250 ml of an eluent consisting of an
agueous—methanol (50:50, v/v) 0.1 mol bicarbonate buffer, CH3
pH 10.0 at 60C is equivalent to the consumption of an eluent ,
of pH <9 of a salt concentration of 0.01 mol at ambient tem- )
perature. The limits of eluent pH and temperature, in between :
which a specific column can be used, are greatly determined >
by its substrate properties and the applied bonding chemistry.

At present, leading manufacturers prescribe the customers ir = —CHa
clear guidelines, which pH, temperature, and other experi- ' i
S . ~Jo /' Hyc §Hs
mental limitations must be taken into account for the use of a . g \/ = el
. P / & 3
particular column. In turn, chromatographers should respect : OOSi-O'S‘ = S o 55
. . . . o~ ri, / | e
these guidelines in order to prevent early column failure. ‘;sosé - 9 u;.c\Q’S" ™\
) i . - . H3C O eHg S'cﬁ:‘s ; Hat 50 P o-Si-cyy
2.1.1.1. Intermediate and high pH eluen8ince silica dis- N hon . ) S H3C 5
solution is substantially accelerated in alkaline environments, \s'*o:éi‘O/ 5° )‘c'&*ﬂoﬂ ”’O‘~§'r°‘?g
.. . . . . . . . . -l N H
this in principle is a serious limitation for the widespread use I Hse=s) Qg _Si— 'S5
o . . . Q4G HeQ O-s o s—
of silica-based RP phases under high pH eluent conditions. ol L s b e e

silicaandits chemically bonded derivatives can be used safely
vary in between pH 7 and 1{87-91]and references therein).

If one considers that the rate of silica dissolution strongly de- H3C
pends on a large number of different parameters, these large

differences in pH recommendations are not surprising. Fig. 1. Schematic picture of a C-18 modified endcapped silica-based station-

First of all, silica dissolution is greatly influenced by the  ary phase synthesized by organic—inorganic hybrid technology. (Courtesy of
nature of the starting substrate material. In principle, silica Dr. U.D. Neue, Waters Corp., MA, USA.)

o . . ;5 G o e, K E
Thereported pH limits in neutral and alkaline eluents at which \ ,Si—‘-'”a?H 538 ' '*;’, Pl
3 i : Y. == i £
" Cd
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Fig. 3. General structure of bidentate stationary phases. R = methyl,
butyl, n-octyl or n-octadecyl; Q =CH;—CH,— or —CH;—CH,—CH,—.
(Reprinted with permission of the publisher frg@2].)
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Relative content (by NMR)

ligand
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gated RP phases. Also in contrast with the study of Hetem
0 10 20 et al.[98], Kirkland et al. found also that under these high
Alkyl chain length ligand pH conditions the nature of the underlying silica substrate
_ _ _ ' strongly influenced the chemical stability of the RP phases
Fig. 2. Percentage Ilgand m1 and total silanol Q2 e_md Q3asa funptlon of [76]. It is emphasized that these before mentioned studies
the attached alkyl chain length present after a recycling eluent experiment at . .
pH 8.4; measured b§Si CP-MAS NMR. Columns: methyl, ethyi-butyl, were performed under recycling (Hetem) and non-recycling
n-hexyl, n-octyl andn-dodecyldimethylmonochlorosilane modified silicaof ~ (Kirkland) conditions. Therefore, comparison of the results of
Merck. Eluent: 0.05M aqueous phosphate buffer, pH 8.4, and methanol these studies must be performed with caution. Interestingly,
(_50:50, v/v); temperature: ambient. (Reprinted with permission of the pub- following the earlier suggestion from the results of chem-
lisher from(80] ) ical stability studies obtained on bi-linked modified silicas
of Hetem and coworkerg0,98], in later studies, Kirkland
at a silica surface. This in order to improve peak symmetry, coworkers developed the concept of so-called bidentate RP
efficiency and resolutiofv7,94,95] phaseq72,99,100] This bonding refers to a dual bond to
Thirdly, also the chemical modification of silica substrates the surface from two different silicon atoms in the ligand
substantially influences its solubility and thus the resulting reagent. IrFig. 3, the basic concept of this approach is illus-
chemical stability in neutral and alkaline eluents. More par- trated. Adjusting the spacing group Q, e.g. ethyl or propyl in
ticularly, the length of the alkyl chains, e.g. C-4 or C-18, the the bidentate reagents results in an optimal and stable attach-
way these ligands are attached to the surface, mono- versusnent of the alkyl ligands, e.g. C-18, to the silica substrate.
polyfunctional, the surface coverage, nature of side groupsThis bidentate type of stationary phases proved to be very
and endcapping as well significantly determine the longevity stable in the low, intermediate as well as high pH range of

of RP columns. eluents. As an example Hg. 4, the stability of bidentate-
An example is the following: in a number of eluent recy- based modified silicas for the separatiodflockers under
cling experiments at pH 8.4, Hetem and cowork80596,97] pH 11 conditions is shown. In this figure, it can be seen that

investigated the influence of the length of alkyl chains on the after about 10,000 column volumes, which is equivalent to
chemical stability of monofunctionally modified RP phases. about1 month use during 8 h a day, the separation under these
Amongst other findings, the authors concluded that the chem-aggressive alkaline conditions is still satisfactfi90].
ical stability of these phases improved at increasing alkyl ~ As mentioned earlier, NeJ&7] and Wyndham et a[73]
chain lengths at the silica surface. This is further illustrated have discussed anotherinteresting concept for the preparation
in Fig. 2, where it can be seen that at increasing alkyl chain of alkyl-modified silicas of substantially improved chemical
lengths the loss of ligand, m1, substantially decreases. In an-stability. Monitoring the changes in USP-tailing factors and
other study, Hetem et al. also concluded that the chemicalplate numbers under aggressive eluent conditions, the authors
stability of RP phases is substantially influenced by the way studied the chemical stability of organic—inorganic hybrid-
of attachment, either mono- or polyfunctional, of C-18 alkyl based RP stationary phasg8,77] In Figs. 5 and 6the
ligands to silica substratg98]. These authors concluded, chemical stability of this type of RP stationary phases under
that the best chemical stability was obtained for bi-linked pH 11.5 eluent conditions is demonstrated. In both figures, it
modified silicas. This bi-linked bonding refers to a dual bond can be seen that these RP phases can be used under pH 11.5
from a single silica atom in the ligand to a silica surface. Also conditions for a considerable period of time, viz. minimally
in this latter study, it was concluded that the nature of the in- 50 days.
vestigated underlying silicas did not substantially influence  Several manufacturers have also attempted to improve the
the resulting chemical stability of the RP phases. chemical stability and hydrophobicity of their RP phases by
In a later study, Kirkland et al. investigated a number of endcapping. Therefore, after the first major modification of
RP C-18 phases under non-recycling conditions using freshly the silica often a second synthesis step, for example, using
prepared eluents at pH 106]. Opposite to the findings of  monochlorotrimethylsilane, is performed. In contrast to the
Hetem et al., these authors concluded that the nature of theearly days of RPLC, at present more advanced endcapping
bonded C-18 phase, viz. mono- or polyfunctional, did not procedures are also applied now like, for example, double
significantly influence the chemical stability of the investi- endcapping with dimethylsilyl in some cases together with



H.A. Claessens, M.A. van Straten / J. Chromatogr. A 1060 (2004) 23-41

4

J(A)
N =10,200
b As =1.29

INITIAL

1 1. Pindolol

2. Metoprolol

3. Oxprenolol
E 4. Propranolol

1(B) H AFTER 9,419

COLUMN VOLUMES

| | | I | |
3 4 5

Retention Time, Min.

Fig. 4. Stability of bidentate C-18 column at pH 11. Column: Exfe@t

18 column 15cmx 0.46 cm (Agilent Technologies, Newport, DE, USA).
SampleB-blockers; eluent: acetonitrile—0.017 M aqueous potassium phos-
phate buffer, pH 11.0 (50:50, v/v); flow rate: 1.5 ml/min; temperaturé@3
(Reprinted with permission of the publisher fr¢@®0].)

trimethylsilyl groups. For obvious reasons, manufacturers
have difficulties to disclose firm information about their end-

capping procedures. Using non-recycling eluent conditions,
Kirkland et al. investigated the effect of endcapping of sev-
eral nominally identical RP columns under pH 7 conditions

at 60°C [101]. Fig. 7 illustrates the differences in chemi-
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Fig. 5. Change in the USP-tailing factor for nortriptyline at pH 11.5. The
column was used continuously for the entire time period of 50 days. Column:
XTerrd® RP18, 4.6 mnx 150 mm.d, = 5pm, protected by a guard column.
Eluent: acetonitrile—50 mM pyrolidine HCI aqueous buffer, pH 11.5 (50:50,
v/v); flow rate: 1 ml/min; temperature: 3C; test component: nortriptyline
(pKa = 9.7). (Reprinted with permission of the publisher frpi8].)
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Fig. 6. Change in column plate count for nortriptyline at pH 11.5. The pe-
riod of 50 days corresponds to 3200 sample injections. Column: X&erra
RP18, 4.6 mmx 150 mm,dp = 5um, protected by a guard column. Eluent:
acetonitrile—50 mM pyrolidine HCI aqueous buffer, pH 11.5 (50:50, v/v);
flow rate: 1 ml/min; temperature: 3C; test component: nortriptyline kg
=9.7). (Reprinted with permission of the publisher frfif8].)

cal stabilities for a number of commercially available end-
capped C-8 modified silicas. The authors concluded that in
general endcapping definitely improves the longevity of RP
columns. However, large differences were found between the
investigated nominally identical, silica octadecyl-modified
RP columng101]. For example, under these conditions, the
Hypersil BDS-C8 column starts to deteriorate after about 7 |
of eluent purging. In contrast, on the left-hand side of this
figure, it can be seen that the first four C-8 columns show
already column failure around or before 11 of eluent purg-
ing. These findings clearly indicate that endcapping alone
does not improve chemical stability, but that also other fac-
tors like, e.g. the nature of the starting silica substrate, ligand
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Fig. 7. Silica support dissolution tests. Column: 15%r8.46 cm i.d. Purge
eluent: acetonitrile—0.25 M sodium phosphate buffer, pH 7.0 (20:80, v/v);
flow rate: 1.0 ml/min; temperature: 6C. Silica dissolution measured by
molybdate—silicate color reaction. (Reprinted with permission of the pub-
lisher from[101].)
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attachment and surface coverage also substantially influence As a result of these achievements, chromatographers can
the chemical stability of RP stationary phases. now develop rugged HPLC separation methods on specific

Summarizing, ifFig. 8, the recent progress obtained inthe silica-based columns under intermediate and high pH con-
manufacturing of silica-based RP phases of improved chem-ditions. For example, Neue et al. described the preparative
ical stability is further illustrated. The first six RP columns separation of diphenhydramine, oxybutynin and terfenadine
at the left-hand side of this figure show a rather early col- on an XTerr® MS C-18 column under pH 10 eluent con-
umn failure under these aggressive alkaline eluent conditions.ditions[55]. The development of the separation protocol for
Note, however, that between these six columns larger differ- Vitamin B-1 and its derivatives in whole blood on an Ext&nd
ences in individual chemical stability occfn6]. C-18 column under pH 10 conditions by van Landeghem et

In large contrast to that both the Extéh@-18 (Agilent al.[102] is another example of the benefits of working under
Technologies, Newport, DE, USA) and XTefralS C-18 high pH eluent conditions. In this latter study, it was shown
(Waters Corp., Milford, MA, USA) columns based on the that within one column life cycle at least 1500 sample injec-
bidentate and hybrid organic—inorganic technology, respec-tions could be performed without noticeable decrease in col-
tively, show a significantly better chemical stability. During umn performance. In addition, this latter study also showed
the first 151 of eluent under these conditions, the Exfend that under the applied pH 10 conditions, the fluorescence de-
C-18 column shows hardly any deterioration. In compari- tectability of the target components and also the ruggedness
son to that also the XTerPaMS C-18 is only slightly worse  of the whole method was improved substanti§ll§2].
with respect to chemical stability under these conditions. Ob-
viously, both these latter columns of the “2000” generation 2.1.1.2. Acidic eluent conditiondn a number of application
show much better chemical stability compared to the other areas chromatographers may also want to work at low pH
investigated RP columngig. 8 also shows that substantial conditions. As an example of that many peptide and protein
progress has been made in the manufacturing of silica-basedamples are separated in eluents containing a small amount
RP phases of improved chemical stability. It can be seen of trifluoroacetic acid (TFA) or another organic acid resulting
that the combination of new and improved silica substrates in a low pH of the eluenir3,103] Furthermore, also the sep-
combined with advanced chemical modification methods re- aration of acidic analytes, for example, organic acids, can be
sults in RP phases of high chemical stability in intermedi- performed efficiently under low pH ion suppression condi-
ate and alkaline eluents. Examples of that are bidentate andions[1,3,4]. Also Neue et al. pointed out that for preparative
organic—inorganic hybrid silica-based C-18 RP phases. TheseHPLC the sample loadability of ionic, viz. acidic compounds
and comparable RP phases can safely be used for 10-151 0bn RP columns can be substantially improved separating such
eluent under strong alkaline pH conditions. compounds in their neutral non-ionized foffb]. Finally,

for certain applications column cleaning after a separation
by strong acidic eluents can also be of great interest.

E LY As mentioned earlieriBection 2.1. lin the low pH regime

2 ilooel, the loss of organic ligands from a silica surface by solvolysis

- Hypersil

250 iy and subsequent breaking the-8i-Si bond is the main cause

Lichro

ey O of column deterioration. In a number of studies, Kirkland and

 romig o1 coworkers developed several concepts for the synthesis of RP

' stationary phases particularly useful and stable in acidic elu-

ents[71,99] In these two studies, the concept of sterically

protected phases, using bulky side groups instead of conven-

tional methyl side groups and their resulting specific stability

in acidic eluents, was discussé&dy. 9illustrates the principle

of sterically protected RP stationary phases.

In Fig. 10 the resulting significantly improved stability

of these sterically protected phases is further illustrated. In

this figure, these sterically protected bulky phases show a
@ & 4 & 2 0 &8 W 78 substantially better chemical stability towards acidic eluents

Volume Eluent [L] . - - e
compared to their conventional counterpdrts). In this fig-

Fig. 8. Comparison of silica support dissolution for some conventional C-18 ur_e’_ it can be S_een that both Conventlonal RP phase§ con-

columns, including two commercial C-18 columns (viz. ExtBrod Agilent taining methyl side groups start to deteriorate very quickly

Technologies, XTerfa MS of Waters) of the “2000” column generation.  under these acidic eluent conditions. In contrast to that, after

Columns: 15cmx 0.46 cm i.d., except 15cm 0.39 cm i.d. for Nova-Pak 5000 column volumes both the sterically protected phases

C18; conditions: methanol-sodium carbonate/bicarbonate (0.1 M) buffer, containing bulky side groups are still unimpaired.

pH 10.0 (50:50, v/v); flow rate: 1.0 ml/min, except 0.72 ml/min for the Nova- . .
Pak column; ambient temperature; molybdate colorimetric analysis for mon- Applylng NMR teChmques’ Scholten et 6[“.04,105]

itoring dissolved silica. (Data reprocessed and reprinted with permission of COUId explain and provide evidence for the high chemical
the publisher fronj2].) stability of these bulky phases in acidic eluenfsy. 11
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Fig. 9. Schematic representation of the bonding of sterically protecting 0 5000 10000 15000 20000 25000 30000
monofunctional silanes to a hydroxylated surface. (Reprinted with permis- Column Volumes of Purge

sion of the publisher frorfi71].)

) ) ) ) ] _ Fig. 12. Stability comparison for C-18 bonded phase columns at pH 0.9
schematically illustrates the orientation of residual silanols at and 90°C. Column: 15 cmx 0.46 cm. Purge mobile phase (continuous at
the surfaces of conventionally and stericaIIy protected mod- 1.5ml/min): methanol-water with 1.0% trifluoroacetic acid (50:50, v/v);
ified silicas. The authors explained the improved chemical temperature: 90C. Test mobile phase: methanol-water (60:40, v/v); flow

- . . rate: 1.0 ml/min; temperature: ambient; solute: toluene. (Reprinted with per-
stability of bulky phases by the decreased interaction be- . . " <. publisher frorf72].)

Si-(iPr),PrCN
100 W i tween residual silanols and the ligand siloxane oxygen atom
\ 55 Si-(iPr),

N [104].

In other studies, Kirkland et al. also developed a group
of RP phases based on the bidentate attachment concept
[72,100] In Section 2.1.1.1this type of phases has already
been discussed for their high stability in alkaline eluents.
These same types of phases, however, also proved to be very
stable in acidic eluents. This is illustratedkig. 12 In this
figure, it can be seen that the bidentate C-18 phase has com-
=~ Si-(Me),iPr parable stability properties compared to the bulky diisobutyl

C-18 phas§r2]. The superior stability of this latter stationary
phase concept towards acidic eluents was already established
0 1000 2000 3000 4000 5000 6000 in earlier Stud|e$71,99] Alsoin F|g 12, OppOSite to the sta-
Column Volumes bility of both the bidentate and diisobutyl bulky phases, the
chemical stability of the conventional dimethyl C-18 modi-
Fig. 10. Loss of retention for two dimethylalkyl bonded phases and two fje( silica is significantly less.

diisopropylalky! sterically protected bonded phases as a function of col- Furthermore. in another study Kirkland et al. also devel-
umn volume of mobile phasé&’ measured for 1-phenylheptane. Eluent: ' ’ )

acetonitrile—water (both with 0.1% TFA) (50:50, v/v); flow rate: 1.0 ml/min; oped and investigated the chemical Stabi"ty properties of po-
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proved chemical stability in acidic eluents have been reported
| as well. For example, the earlier discussed RP stationary
phases based on the hybrid organic—inorganic technology
Fig. 11 Schematic drawing of the dimethyloctadecylsiloxane (eft) and have alsq been investigated for their stability in acidic eluents
the di-isobutyln-octadecylsiloxane (right) surface structures, emphasizing (seeSections 2'1'1_and 2_'1':)':Neue et al[78] and_\_Nynd' .
the increased steric protection of the ligand siloxane bond by the bulky side ham et al[73] have investigated the chemical stability of this
groups in the latter. (Reprinted with permission of the publisher {t08].) type of phases in eluents containing 1% TFA at 50 ant&80

temperature: 50C. (Reprinted with permission of the publisher fréni].) lar embedded amide groups linking the sterically protecting
diisopropyl groups with a C-14 alkyl functionalif%06]. This
CigHiz CigHiz specific type of RP stationary phase also proved to be very
—_—gj Sli stable in acidic as well as in the intermediate pH eluentrange.
(|)_.__.H\O (j) A Other concepts for the preparation of RP phases of im-
I

| Silica Substrate
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Under these acidic aggressive conditions, the authors found aane (PMOS) and polymethyloctadecylsiloxane on silica
substantially extended longevity for the C-18 bonded hybrid [61,62,66,81] The experiments of Hetem et al. under alka-
phases compared to conventional silica-based counterpartsline pH 8.4 conditions did not provide straightforward con-
Furthermore, in another study, Ludwig et al. investigated the clusions for the chemical stability of the investigated polymer
stability in acidic eluents of a number of commercially avail- silica coated phases. For example, they concluded that pre-
able columns of different alkyl functionality, e.g. C-1, C-4, capping of the silica substrate prior to the final polymer coat-
C-6, C-8, C-18, CN and phenyl. These columns were sub- ing process strongly improved the chemical stability of their
jected to gradient elution experiments using water and ace-phases. Furthermore, they also found that for eluents con-
tonitrile (each containing 1% TFA) at 5C. Even for short  taining high percentages of organic modifier the stability of
ligand chain lengths, the authors found an improved chemical polymer-coated phases was better compared to convention-
stability for these specific RP phadé€7]. ally covalently modified counterparts. They also concluded,
Summarizing, the development of new and better sil- that the reverse was true for alkaline eluents containing less
ica substrates combined with advanced chemical modifica- content of organic modifier. Note that Hetem et al. performed
tion methods has provided RP phases that are highly sta-their experiments under recycling eluent conditions. Collins
ble in acidic eluents. Examples are bulky, bidentate and and coworkerf1,81]found thattheir polymethyl octylsilox-
organic—inorganic hybrid C-18 modified silica RP phases. ane phases immobilized on silica already started to deterio-
These and comparable RP phases can safely be used forate after approximately 300 ml of eluent purging. Opposite
25,000 and more column volumes attemperatures upt@€80  tothe studies of Hetem et 0], Collins and coworkers used

under highly acidic pH eluent conditions. a substantially more aggressive aqueous—methanol bicarbon-
ate eluent buffered at pH 8.5 at an elevated temperature of
2.1.2. Polymer-coated inorganic substrates 60°C under non-recycling conditions. In a later study, how-

The limited chemical stability of silica-based bonded RP ever, Collins and coworkers claimed that these latter purging
phases has strongly stimulated the study for other alternativeand testing conditions are equivalent to a 6-month routine use
supports and substrate modifications. Polymer-coated phasesf RP columng$67]; see als&ection 2.1.1Also interesting is
usually consist of an inorganic substrate on which a polymer that Collins and coworkers recently showed that polymethy-
layer is deposited. Catalyzed lyradiation or thermal treat-  loctylsiloxane polymer coatings on zirconized silj68] and
ment these layers can be physically adsorbed or chemicallytitanium-grafted silicd64] could substantially increase the
bonded to the substrate surface. In principle polymer-coatedchemical stability of these phases. For example, at pH values
substrates incorporate the mechanical strength of an inor-of the eluent of 7, 9 and 12, the titanium-grafted silica-based
ganic support material like silica, alumina and zirconia, and RP phase was stable up to about 10,000 column volumes.
the chromatographic properties, e.g. selectivity and chemical This is a considerable increase in chemical stability com-
stability of polymerg4,77]. As discussed by Petro and Berek, pared to the findings in an earlier study of the same group for
many differenttypes of polymers like, for example, polysilox- PMOS polymer-coated silicg81]. These studies suggest
anes and polyethers can be deposited on these subfifites that polymer-coated RP phases on zirconium and titanium
Therefore, polymer-coated stationary phases potentially of- modified silica substrates offer much better chemical stabil-
fer a large variety in chromatographic properties combined ity compared to phases prepared from unmodified silicas.
with a high degree of chemical stability. Another potential ad-
vantage of these phases is the reduction of unwanted residua2.1.2.2. Polymer-coated phases on alternative substrates.
substrate activity, for example, the decrease of silanols andThe application of other more stable inorganic oxides like,
Lewis sites activity for silica and zirconia substrates, respec- e.g. aluminum, zirconium and titanium as potential substrates
tively. The deposition and coating of a polymer on a substrate for RP stationary phases has been investigated already for a
is a complex process and must be carefully controlled to ob- long time[1,56,110—-112]All these substrates have in com-
tain reliable and reproducible phases. On one hand, a suf-mon their much higher pH stability compared to silica making
ficient rate of polymer deposition will provide satisfactory these substrates potential and attractive alternatives. For ex-
retention and selectivity and also shielding of unwanted sub- ample, aluminais more stable in aggressive eluents compared
strate activity. On the other hand, too high polymer deposition to silica. Detectable amounts of alumina were found, how-
may result in blocking of the pores of the substrate and de- ever, in low as well as high pH eluerfisl3,114] In addition
creased efficiencies. Recently, Nawrocki et al. have reviewedto that, zirconia proved to be very stable over the entire pH
the various aspects of polymer-coated stationary ptjasés range of 0-1457,113-115] From the potentially attractive

alternatives for silica until now, alumina and zirconia have
2.1.2.1. Silica-based polymer-coated phasesa number been investigated most extensively. Both these inorganic
of studies, Hetem et a[96,108,109]and Schomburg and  substrates, however, show Lewis basic and acidic activity.
coworkers[60] investigated the chemical stability and se- Therefore, compared to their silica RP counterparts signifi-
lectivity properties of polymer-coated silicas. More recently, cantly different retention and selectivity behavior of alumina-
also Collins and coworkers investigated the process of theor zirconia-based RP phases can be expected. Apart from the
deposition and polymer coating by polymethyloctylsilox- stationary phase, this of course strongly depends on the na-
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ture of the analytes and also on the composition of the eluent. 4.0 7
In addition, due to the ion-exchange properties of (modified) ~ 35 butylbenzene
alumina and zirconia substrates this may further complicate 9;‘* 30t
the surface interactions and thus retention and selectivity be- £ 25
havior of these phas¢$,115-117] For examplesr-electron f 2.0 propylbenzene
containing or basic analytes show substantially different 2 5 |
retention properties on alumina- or zirconia-based RP phases § , , | ethylbenzene
compared to silica-based counterp##ts,116,118] T 45 f;ﬁigﬁe

A number of attempts were made to modify aluminum and 0.0 , , : : :
zirconium substrates by covalently bonding of organic lig- 0 1000 2000 3000 4000 5000
ands similarly to silicd110,117] For example, Wieserman @ Column volumes
and coworkers investigated the chromatographic properties s0r
of octadecyl! ligands covalently bonded aluminum station- < ’
ary phases for RPL{110]. In addition, Carr and coworkers T 257
[114,115]and Yu and El Rasgil19] investigated the prop- ‘§ 20T ~———— propylbenzene
erties of covalently bonded organic ligands on zirconia sub- ¢ 151

=]

t

strates. These and also other authors concluded that covag | =™ ethyloenzene
lently modified zirconia- and alumina-based RP phases did P —— T jouene
not provide a chemical stability comparable to silica-based 05
RP stationary phas¢$13—-115] In order to circumvent this
problem and attempting to use the improved hydrolytic stabil- ()
ity of alumina and zirconia, several workers have investigated
the modification of these materials by polymer coating and Fig. 13. Analysis of the chemical (a) and thermal (b) stability of a
cladding techniques. Starting from spherical aluminum oxide polybutadiene-coated zirconia column. Conditions (a)—wash fluid: 90:10
and applying acoating procedure described by Schomburg el(V/V) 1M sodium .h)./droxide in water—methanol (pH' .14); mobile phase:
al. [120], Merck GmbH (Darmstadt, Germany) manufactures 50:50 .(v/v)_ acetonltrlle—we_ltgr; temperature:”ﬁ COI’?dItIOI’]S (b)—mobile
. phase: 15:85 (v/v) acetonitrile—water; temperature:“I@5Column (a and

a RP stationary phase called Aluspher RP-Select B. Accord-p): 150mm x 4.6 mm zirChrom-PDB; flow rate (a and b) 1.0 ml/min.
ing to the manufacturer, this polybutadiene-coated aluminum (Reprinted with permission of the publisher frgi80].)
oxide RP stationary phase is very stable over a wide acidic,
neutral and high pH range. In addition, this RP phase is alsosimilarities but also strongly different chromatographic be-
particularly recommended for the separation of basic sub- havior compared to silica-based RP phadds3,125-127]
stance$120-122] To the authors’ best knowledge, however, McNeff and coworkers have investigated the preparation and
no sound data on the long-term chemical and thermal stability chromatographic performance of polyethyleneimine porous
properties of this RP phase are available. zirconia as an ion-exchange stationary phd8,129] In

Carr and other workers have applied zirconia as the start-many of the studies referred to here above, the authors found
ing material for a number of different polymer-coated and a very high chemical as well as thermal stability for zirconia-
also cladded RP phases. In a substantial number of re-based RP phases (see, ¢1d4.3,127,130]. For example, the
ports, McNeff, Carr and others have described the prepa-aromatic polymer-coated zirconia was found to be stable un-
ration and also the properties of polybutadiene (PBD), der acidic as well as alkaline eluent conditions at 460
polyethyleneimine (PEI), aromatic polymer-coated and also for a substantial number of column volum@f7]. As an-
of carbon-clad zirconia-based RP phases. The preparation obther example inFig. 13 the chemical and thermal sta-
PBD coated zirconia and the chromatographic evaluation of bility of PBD-coated zirconia phases is illustrated. In this
these phases have been described extensively by Carr, Mcfigure, the ZirChrom-PDB columns (ZirChrom Separations
Neff and other§113,119,123,124]From these studies, the Inc., Anoka, MN, USA) can be used under pH 14 eluent
authors conclude that at least for neutral analytes PBD zirco- conditions and also up to 198 for at least 5000-6000 col-
nia coated phases behave quite similar with respect to reten-umn volumes without any column deterioration. Chromatog-
tion and efficiency compared to silica-based RP phisks. raphers who want to develop analyses under very aggressive
For polar and ionic analytes, however, substantial differenceseluent conditions, for example, pH >12 and/or also may want
with respect to retention, selectivity and efficiency have been to apply elevated temperatures must seriously consider these
reported114,116] In addition, Weber et a]125] and Jack- alternatives for silica-based RP stationary phases. Further-
son and Carf126] have described the synthesis and chro- more, zirconia-based RP phases offer also attractive addi-
matographic evaluation of carbon-clad and carbon-coatedtional selectivity properties to solve specific separation prob-
zirconia-based RP phases. Furthermore, Zhao and Carr havéems[125-130] In turn, however, for these stationary phases
described the properties of an aromatic polymer-coated zir- depending on the nature of the analytes and also of the eluent
conia substratgl27]. These latter types of carbon-clad and usually more effort on method development must be spent
coated, and also of aromatic polymer-coated phases show113-116]

Reten
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2.1.2.3. Polymer RP stationary phasén.view of the ear- fied polyvinyl alcohol) and the Shodex D4-613 (alkyl ethers
lier discussions on the advantages and drawbacks of the usef polyhydroxyalkyl methacrylate) stationary phases showed
of silica-based RP columns in acidic and basic eluents sub-superior chemical stability over a period of 50 h compared to
stantial effort has also been focused on the replacement ofmost of the investigated silica-based counterparts. An excep-
silica-based RP packings by polymer phases. Modern poly-tion was the trifunctional modified LiChrospher 500-C18T
mer stationary phases for HPLC consist of highly cross- phase, that showed comparable chemical stability in com-
linked copolymers. The particles of these phases are com-parison to the polymer phasgs34].
posed of a network of much smaller micro spheres, provid-  Amongst other issues, Mohammad et [AI35] investi-
ing a polymer phase consisting of a continuous pore structuregated the chemical stability of a PSDVB-based RPLC phase
network. In general, non-ionic copolymer, macroporous ab- called Source 5 RPC for the separation of peptides. The au-
sorbents for RPLC are obtained by the selection of specific thors concluded that this RPLC packing material could be
monomers and the application of proper polymerization syn- routinely used in between eluent pH values of 2 and 12. Fur-
thesis conditions. Additional modification can be applied for thermore, the manufacturer of this phase Amersham Phar-
further improvement of the hydrophobic properties or, for macie Biotech, Sweden, claims that this phase can be safely
example, to prepare ion-exchangers. Several review articlesused up to 60C. In another study, Ng and Froom discussed
have discussed the synthesis and properties of polymericthe synthesis and application of non-porous and porous
macroporous stationary phases for HPA1(1,131-133] poly(divinylboenzene) (DVB)-based RPLC phag&86]. In
Copolymers from styrene and divinylbenzene (PSDVB) this study, the authors report a very high chemical stability
are probably the most investigated and applied polymer over the entire pH range for these DVB phases. Furthermore,
phases for RPLC. But also other underivatized copolymers, in the same study, a temperature stability up toXGeor the
for example, of methyl methacrylate and divinyl have been non-porous DVB-stationary phase was claini&s6].
used for the preparation of RPLC pha$éks A number of Summarizing, in spite of the somewhat lesser efficiency
polymeric phases have been used for further, for example,compared to inorganic-based counterparts and the swelling
alkyl, modification in order to improve the hydrophobicity and shrinking problems with certain organic solvents from
and selectivity of these packings. Representative examplesa point of view of chemical stability, polymer-based RPLC
of this group of RPLC phases are C-18 and also other alkyl phases have become an attractive alternative for silica-based
modifications of PSDVB, polyvinyl alcohol (PVA), polyvinyl  counterparts. This is particularly true for the separation of
esters (PVE) and alkyl methacrylate—glycerol dimethacry- biological macromolecules.
late [4,131,132] The present generation of polymer RPLC In Table 1 the chemical and thermal stability of several
stationary phases meets the requirements put on high qualRP stationary phases are summarized. Bare silica is already
ity HPLC packing materials. Modern polymer phases have slightly soluble in acidic solutions. Above pi7, silica starts
sufficient mechanical stability and they are compatible to to dissolve rapidly56,93] Silica substrates are thermally sta-
the organic solvents usually applied in RPLC. Furthermore, ble up to 200 C [57]. Chemically covalently modified silica-
these phases show satisfactory selectivity for many solutes,based RP phases may have different chemical stabilities. Spe-
are chemically stable over the entire pH range and can becific types of RP phases, for example, C-18 bidentate and
used at temperatures up to 8D and higher. Furthermore, C-18 modified organic—inorganic hybrid stationary phases
the other chromatographic properties of polymer phases, for

example, a large and homogeneous surface area and sampITe ble 1
. ; able
Ioadlng capacity are comparable to other more Commonly Comparison of chemical and thermal stability of substrates and reversed-

applied RPLC phaseld31]. In several studies the chemi-

o phase stationary phases
cal and temperature stability of polymer-based RPLC phases

. o . : " Ph Chemical stabilit Thermal
was studied. Uchida investigated the chemical stability of a ase emicar s ”y' Stabiﬁt;ma
C-18 bonded vinyl alcohol polym¢r9]. Based on static im- Low  Intermediate

pH and high pH

mersion experiments, the authors found an excellent chem-

ical stability of that specific polymer phase in the pH range Silica substrate

2-13 during one-half to 2 days at a temperature ofG0 ?;;;ﬁigg{ezonded phases
However, the long-term chemical stability for this particu-  zjconized or titanium-grafted
lar phase is difficult to judge because, as discussed earlier in - and polymer-coated
Section 2.1.1several different approaches to determine the Polymer

chemical stability of RP phases hamper a fair comparison ~RP modified phases

of the data from different studies. In another study, Tanaka Alumina substrate

et al. [134] investigated and compared alkyl-modified sil-  RP covalently bonded phases
ica and polymer-based RPLC phases for the separation of Polymer-coated
polypeptides. Amongst other conclusions the authors found Zirconia substrate

that in an eluent containing 0.1% trifluoro acetic acid (TFA) ~ RP covalently bonded phases
at 60°C, the chemical stability of the Asahipak C-4P (esteri- __Folymer-coated
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are stable in the pH range 2-11.5. The thermal stability of its own specific limitations with respect to pH and tempera-
these and similar types of phases is limited to aboutZ0  ture.
However, the longstanding use of these stationary phases at

temperatures of 80-9C has also been reportge?,73] It 2.2. The adjustment and optimization of the mobile
appears that these and other similar special types of silica-phase composition and other experimental conditions
based RP phases can be safely used for a considerable period
of time under acidic, neutral and high pH eluent conditionsat  The former section was mainly focused on the influence of
elevated temperatures. In genle_ral, however, for conventior1althe pH of an eluent on the deterioration of RP columns. Apart
types of covalently bonded silica RP phases more restric- from that also other eluent properties like, for example, the na-
tions with respect to these pH and temperature limits must beyyre of the buffering salts and nature and concentration of the
accepted. organic modifier(s), may substantially influence the longevity
Until now, the chemical stability of RP phases prepared of Rp columns. The same is also true for other experimen-
from polymer-coated silica substrates is still limited. This 5| conditions especially the temperature of the column and
is particularly true at higher eluent pH valufgd,81} Zir- eluent. For silica-based RP phases, Kirkland and also other
conization or titanium grafting of the silica substrate prior yorkers have shown that the adjustment and optimization of
to the polymer coating process considerably improves the {he mopile phase composition and also of other experimental

chemical stability of these RP phases. These latter Station'conditions, viz. the temperature, may extend the longevity of
ary phases can be safely used in the intermediate and highrp columns substantially.

pH range (up to pH 13) for at least 10,000 column volumes |, 3 number of papers, Kirkland and coworkers system-

[63,64] The lack of sound data prevents to set a clear limi- aticaly investigated the influence of the nature of the or-

tation of the temperature stability of these phases. ganic modifier, the nature and concentration of buffering
Polymer RP phases including additional chemically mod- ggts and the temperature on the deterioration of silica-based

ified phases thereof are chemically stable over nearly the en-gp stationary phases under neutral and high pH conditions
tire pH range 1-14131]. Reports have appeared confirming [72,76,86,100,101]

the temperature stability of polymer RP phases to be 80 up
to 150°C[131,135,136. . o

The ch[emical stabilit]y of aluminais much better compared 22.1. .Nature of organic mod|f|er(s)
to silica. Alumina substrates are stable in the g pH < In '.:'g' 14,.t_he effect of the |nﬂu_encg of .th(.e nature of the
13[4,57]. organic mod|f_|er on column deterioration is |IIu§trated. Ina

Many attempts have been made to prepare covalentlymod-se”es of duplicating tests, a number of conventional Z_o_rbax
ified alumina RP phases. These stationary phases, howeverl,?x'c18 columnswere purged un_d_erpH 10e|uentcoqd|t|qns.
show a considerably lower chemical stability compared to pnder such high pH e.lgent pondm_ons, column deter.lorat_|on
their silica-based counterpar{§8] and references therein). is mainly ca.used by silica dI.SSO|UtI0n. Cplu_mn deterioration
Polymer-coated alumina RP phases show a high chemical'a> Qetgrmlned by the continuous momtormg of the amount
stability in the acidic, neutral and high pH range. A number of silica in the effluent and plotted on tiYeaxis as a function
of reports have appeared on this iss[&8] and references
therein). The scarce data on chemical stability hamper to set 690
clear pH limits for the use of these RP phases. The sameg 500 -
is true for the thermal stability of alumina-based stationary <
phases. g 400 |

Zirconia substrates are chemically stable over nearly the 3
entire 1-14 pH range and the thermal stability is very high. § 3001
Similar to alumina covalently modified zirconia-based RP :
phases also appear to be less chemically stable compare:
to silica-based counterpartfs8] and references therein).
In contrast, the chemical and thermal stability of polymer-
coated zirconia-based RP phases is considerably larger com
pared to silica RP phases. Depending on the nature of the
polymer coating zirconia-based RP phases are stable up to
150-200°C. Furthermore, these stationary phases can berig. 14. Reproducibility of tests for silica support dissolution. Column (A =
safely used over the 1-14 pH range. A detailed overview of O;B=0): 15cmx 0.46 cmi.d. Zorbax RX-C18 (dimethyl-C18); duplicate
the chemical and thermal stability of these and other zirconia- tests with mobile phases: methanol-sodium carbonate/bicarbonate (0.1 M)
based RP phases was recently discuss¢siih buffer, pH 10.0 (50:50, v/v) (solid symbols) and acetonitrile—sodium car-

| ili d tal oxide-b d dal | bonate/bicarbonate buffer (0.084 M) buffer, pH 10.0 (40.6:59.4, v/v) (open
n summary, silica and metal oxiae-based, and also poly- symbols); flow rate: 1.0 ml/min; ambient temperature; molybdate colorimet-

mer RP stationary phases offer a large diversity in chemical ric analysis for dissolved silicate. (Reprinted with permission of the publisher
and thermal stability; each of these particular phases havingfrom [76].)

\

Amount Silic

Volume Eluent (1)



36 H.A. Claessens, M.A. van Straten / J. Chromatogr. A 1060 (2004) 23-41

- 180 - 500
£ 160 ,/. —e— PHOSPHATE £ —6—025M

160 —=— CARBONATE - = 00sM
s —a— BORATE B 4004 —A—001M
> 1404 —v— GLYCINE H
@ 120 2
] T ]
8 100 & 3004
© 1 '/0 ©
Q . Q
= 804 o =
7] e & 200
‘S5 60 P e k]
= y - -
c c

40

= 3 .
3 3 100
5 20 o —a% s ¢ g

- —i AV — Y —AY AT A ATA—
0 ‘&‘.;a:\_ i A T T T T 1 0 9ot T T T T T T T
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16
Volume of Eluent, Liters Volume of Eluent, Liters

Fig. 15. Effect of pH 10 purge buffer anions on silica support dissolution. Fig. 17. Effect of pH 7 phosphate buffer on silica support dissolution. Col-
Column: Zorbax RX-C18, 15cnx 0.46cm i.d. Purge: methanol-0.1M  umn: Zorbax RX-C18, 15cmx 0.46 cm i.d. Purge: acetonitrile—buffer, pH
buffers, pH 10 (50:50, v/v); flow rate: 1.0 ml/min; temperature:°@5 7.0 (20:80, v/v); flow rate: 1.0 ml/min; temperature: €D (Reprinted with
(Reprinted with permission of the publisher fr¢&6].) permission of the publisher frof86].)

of the eluent volume purged through the colurfig. 14 latter buffering anions can be explained by their complex for-

shows that under high pH eluent conditions acetonitrile in the Mation abilities with silicd76]. In addition, and already ear-
aqueous mobile phase is preserving column longevity much lier discussed irSection 2.1.1Tindall and Perry85] found

better than methanol. It appears that acetonitrile substantially® Substantial influence of the nature of buffering anions on
better prevents the dissolution of the silica backbone com- the pH of water—organic eluents. As a consequence from this

pared to methanol. Therefore, from a chemical stability point 1atter study, the dissolution effects of these different buffers
of view, at least for silica-based RP phases, acetonitrile is to on the deterioration of the §|I|ca backbone of the investigated
be preferred over methanol as the organic modifier in RPLC RP phases observed by Kirkland et al. may be caused by the
[76]. combme(_j_effects of _com_plexanon and pH shiits].

In addition to that in this latter study6], it was found that
the nature of the cations in an eluent buffer also substantially
influences the longevity of RP columns. For example, from
the investigated cations iRig. 16 column deterioration is
best prevented by sodium as the buffering cation. In contrast,
potassium is the most aggressive buffering cation compared
to sodium and ammonium. Therefore, for optimal chemical
stability under these experimental conditions sodium is the
most favorable buffering cation compared to both the other
cations[86]. Furthermore, the longevity of silica-based RP
columns also depends on the ion strength, viz. buffer concen-
tration in the eluentFig. 17illustrates this effect of buffer

2.2.2. Type and concentration of buffering salts

In Figs. 15 and 16the effect of the nature of the buffer-
ing anion and cation salts in the eluent under high pH 10.0
conditions on column deterioration is illustrati30,86]
In Fig. 15 it can be seen that borate and glycine buffers im-
prove column longevity substantially better compared to the
carbonate and also to the widely applied phosphate buffer.
Presumably, the column deterioration caused by these two

140

g “e_ SODIUM concentration on column deterioration. Note that these exper-
g 1201 vty iments were carrigd out undgr ofteq applied neutral buffered
2 1004 pH 7 eluent conditions. Obviously, in order to prevent early
@ column failure low buffer concentrations should be used. In
E 80+ Fig. 18 the combined effects of the nature and the concen-
2 60, tration of different buffers in the eluent on column deterio-
o ration of silica-based RP columns are further illustrated. In
.g 40- this study, dimethyl C-18 columns were purged under pH
3 20, 7.0 eluent conditions at a temperature of 60 In that fig-
5 ure, it can be seen that the 50 mM organic-based Tris buffer
0 , , : ‘ , , ‘ hardly causes any column deterioration up to at least 151 of

o 2 4 v |6 ?EI “: L't12 416 18 freshly prepared not-recycled eluent. In contrast to that, upon
olume o Eluent, Liters increasing the Tris buffer concentration to 0.25 M after about

Fig. 16. Effectof pH 10 phosphate buffer cation on silica support dissolution. Slofeluent p“rg'”g column failure can be observed. The_re'
Conditions same as fdfig. 15 except different buffer cations. (Reprinted ~ Placement of Tris for a phosphate buffer under further similar
with permission of the publisher frof86].) conditions results in the deterioration of the column already
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500 of the temperature in HPLC. In a number of studies, they
have shown the benefits of using HPLC columns at lower,
below ambient and also at elevated temperatures or tempera-
ture programs. Tran et al. investigated the temperature effects
on retention in RPLE138]. The authors concluded that, next
to the percentage organic modifier in the eluent within the in-
vestigated temperature range of 10=@Qtemperature is an
important tool to control and optimize retention and selec-
tivity in RPLC. Furthermore, extrapolating their results the
authors also predicted that higher temperatures abo?%€ 90
may further improve the quality of RPLC separati¢h38].
- -t , Greibrokk and Andersen studied the effects of tempera-
0 2 4 6 8 10 12 14 16 ture programming in the temperature range of approximately
Volumeof Eluent, Liters 25-120°C in miniaturized RP columnig39]. In this study,

. . - . . the authors discussed the great and positive influence of tem-
Fig. 18. Effect of buffer type and concentration on silica support dissolution. . . L .
Column: Zorbax RX-C18, 15cm 0.46 cm i.d. Purge: acetonitrile—sodium perature elevation on the reduction of a@nalyss time, _the Im-
phosphate and Tris buffers, pH 7 (20:80, v/v); flow rate: 1.0 ml/min; tem- Provement of peak shapes and the achievement of higher ef-
perature: 60C. (Reprinted with permission of the publisher fr§&6].) ficiencies. For basic analytes, McCalley also reported sim-

ilar conclusions with respect to improved efficiencies and

peak shapes at increased temperatures of columns and elu-
after about 11 of eluent purgir[§6]. In this latter case, how-  ents[140]. In another study, Sander and Wise investigated the
ever, also the additional effect of the increase of the eluent pH influence of column temperature of RP columns on shape se-
by phosphate further accelerates silica dissolution and thuslectivity [141]. These authors concluded that selectivity and
column failure[85] (see also the discussion$ection 2.1.1 more particularly also shape recognition for most of the RP

In order to preserve the longevity of silica-based RP stationary phases is continuously changing with the temper-

columns apart from the choice of the proper column, also the ature. Furthermore, they also found that in most cases shape
selection of the nature and concentration of the buffer in the recognition is enhanced at lower column temperatfirés].
eluentis of greatimportance. Under the applied experimental  \Working under controlled, fixed temperatures or tempera-
conditions in the latter studyB6], borate and organic-based ture programming conditions is a strong tool to adjust and to
buffers like, e.g. glycine at low concentration combined with improve retention and selectivity. In addition, higher temper-
the proper counterion substantially prevent early column fail- atures also decrease eluent viscosity allowing significantly
ure of silica-based RP columns. This can be explained by thehigher linear eluent velocities. As a result of that retention
relatively small shifts in the actual eluent pH caused by these times can be drastically reduced. Concomitantly at higher
buffering salts upon addition of an organic modifier. Oppo- temperatures also the diffusivity of analytes in the mobile
site to that, the use of phosphate and carbonate as bufferingand stationary phases increases, resulting in much better ef-
anions causes an increase of the eluent pH of 0.65 and 1.4iciencies and improved peak shapes. Combining these latter
pH units, respectivel{85], resulting in a faster dissolution of  effects, higher temperatures in RPLC may provide better res-
the silica. Among the investigated cations sodium appears toolution and faster analysis. In addition, at higher analysis
be the most favorable buffering cation. In summary, together temperatures also lesser amounts of organic modifiers in elu-
with the selection of the proper column, and following anum- ents are needed to achieve the same separation. In turn, this
ber of well-established rules, under optimized conditions the contributes to reduce the use of toxic organic solvents and
longevity of special as well as conventional types of silica- hence contribute to the appearance of “greener” laboratories.

mg

Sodium Phosphate Buffer

. 400

300

200+

100+

TRIS Buffer

Amount of Silica Dissolved

based RP columns can be extended conside{aBIsj. Also opposite to the change of the amount of organic modi-
fier(s) in an eluent, which needs a certain equilibrium time,
2.2.3. Temperature temperature is a more flexible and easily adjustable parameter

The influence and importance of the role of the temper- to optimize chromatographic separation. Finally, temperature
ature in HPLC has been neglected or underestimated for acan also be used to induce specific effects like, for example,
long time. This is surprising, because in HPLC temperature on column sample focusing.
influences many relevant physical parameters like, e.g. vis- Summarizing, from the here above-mentioned studies and
cosity, diffusivity of the analytes in the mobile and stationary references therein, it can be concluded that working at low but
phases, and also sample solubility. In turn, these parametergspecially at elevated temperatures and also using tempera-
determine, for example, back pressure, efficiency, retentionture programming the quality and speed of RPLC separations
and selectivity of a particular HPLC column. At best, until can be substantially improvdti38,141,142]
recently most standard HPLC equipment host a column oven  With afew exceptions, however, most studiediB8—141]
to achieve reproducible analysis results. During recent years,were carried out on silica-based RP phasesSéttions
however, a number of workers have (re)investigated the role2.1.1.1 and 2.1.1,2he column chemistry of chemically sta-
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ble silica-based RP phases for acidic and alkaline eluents has 0 — -
beendiscussed. These improved chemical modifications have S é é : 5‘3 : 1'2 : 15
also improved the thermal stability of these RP phases. Time (min)

For example, Kirkland et al. investigated the effect of
temperature on the deterioration of a conventional dimethyl rig. 20. chromatograms of a reversed-phase test mixture. Column:
C-18 column under neutral pH 7.0 eluent conditif8&]. In polybutadiene-coated zirconia (PDB-Z0100 mmx 4.6 mm (ZirChrom
Fig. 19 the effects on column failure at two different tem- Separations Inc., Anoka, MN, USA). Mobile phase acetonitrile—water
peratures, viz. 40 and 6C are illustrated. At 46C, only (49:60, v/v). Plot A is the chromatogram qt‘ﬁD and 1 ml/min a_nd plot

. . . . B is the chromatogram at 10€ and 5 ml/min. Solutes: (1) uracil; (2}
minor deterioration effects of that particular RP phase were nitroaniline; (3) methyl benzoate; (4) phenetole; (5) toluene. (Reprinted with
observed. In contrast to that at 80 after about 21 of eluent  permission of the publisher frofa45].)
purging column deterioration is progressii&]. In another
study, Kirkland et al. investigated and compared the thermal used at substantially higher temperatures, at the same time
stability of conventional and also of new concepts of mod- they also offer specific selectivities. Li et §l44,145]and
ified silica RP phases, viz. sterically protected and biden- Carr and coworkerfl46,147]investigated the influence of
tate phases, under highly acidic conditions at@(72]. In the temperature on the thermodynamics, kinetics, and stabil-
Fig. 12 both the sterically protected diisobutyl C-18 and also ity of polybutadiene-coated zirconia RP phases. Moreover,
the bidentate C-18 RP phase show substantially higher ther-in these studies the influence of temperature on the analy-
mal stability compared to the conventional dimethyl C-18 sis speed was investigated also. The authors found that for a
counterparts. Especially, the diisobutyl C-18 modified silica neutral eluent of methanol and water (50:50, v/v) at 400
can easily be used up to at least 30,000 column volumes un-zirconia PDB phases could be used for at least up to 7000
der these aggressive conditidii®]. Wyndham et al. alsore-  column volumeq144]. In Fig. 13 the thermal stability of
ported similar thermal stability results for RP columns based zirconia PDB phases is illustrated under neutral eluent con-
onthe silica hybrid organic—inorganic technold@$]. In this ditions at 195 C. Under these harsh eluent conditions, these
study, the authors report the use of these columns &80 columns could be used for at least 6000—7000 column vol-
under acidic pH eluent (1% TFA in the eluent) conditions for umes. Furthermore, these studies also convincingly showed
a considerable period of time. thattemperature increase resulted in a considerable efficiency

Although substantial progress has been made in the manimprovement and also in a substantial reduction in analy-
ufacturing of better thermally stable silica-based RP columns sis time. For example, upon increasing the temperature of a
([72,73]and references therein), until now the practical appli- 50 mm x 4.6 mm column packed with Bm particles from
cation of these phases appears to be restricted to temperature25°C up to 150°C the analysis time was decreased by a
of about 30-60C above ambieritL43]. factor 50. InFig. 2Q this latter effect is illustrated. In this

For several reasons, chromatographers may want to usdigure, an increase of the column temperature from 30 to
higher temperatures for their RP columns and eluents, for 100°C resultsin a decrease in analysistime from 10to <1 min
example, in order to optimize their separations and/or reduce[145]. Furthermore, these studies also proved that working at
analysis time. Zirconia-based RP phases must be considere@levated column temperatures may substantially reduce the
now as attractive thermal and chemically stable alternatives consumption of organic modifief47]. Finally, these latter
for silica-based counterparts. Zirconia-based phases can betudies also showed that selectivity optimization can substan-
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tially benefit from working at higher temperatures. In turn,
however, this requires the availability of thermally stable RP
columns [148] and references therein).

In summary, a substantial number of studies have con-
vincingly shown that in HPLC and especially RPLC chro-

matographers can benefit much more from temperature as

an efficient and flexible tool to improve and to speed up their
separations. In turn, this demands RP columns with improved
chemical as well as thermal stability towards aggressive elu-

ent conditions. It appears that such RP columns are available

now for chromatographic practice.

3. Conclusions

Until now and for good reasons, silica-based RP columns
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