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Abstract

Polar embedded phases have become increasingly popular in liquid chromatography (LC) analysis. These phases can produce diverse
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hromatographic selectivities as a result of their differing base silica, the type of polar embedded group (i.e. amide, urea, carba
r sulphonamide moieties) and the length of the alkyl ligand. Four column characterization protocols, using differing test probes,
sed to characterize 18 of these phases together with 17 alkyl phases (some of which contained novel polar endcapping, i.e. am
ave been evaluated using principal component analysis (PCA). PCA provided graphical comparisons of the differences/similariti

hese phases and between their corresponding C-alkyl, amino endcapped and enhanced polar selectivity phases.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The number and diversity of commercially available
eversed phase liquid chromatography (RPLC) stationary
hases that contain a polar embedded (PEG) functionality
as increased dramatically[1].

Their popularity within the chromatographic fraternity is
ue to their:

(i) Improved peak shape of basic analytes as a result of their
decreased interaction with the phase’s silanol groups,
which may be attributed to the phase’s silanol groups
preferentially hydrogen bonding with the embedded
functionality instead of the basic analytes[2–7]. It is
also feasible that some of these phases contain a posi-
tive charge (i.e. residual amino functionality or a positive

∗ Corresponding author. Tel.: +44 1509 64 4084; fax: +44 1509 64 5590.
E-mail address:mel.euerby@astrazeneca.com (M.R. Euerby).

charge residing on the carbamate moiety) which re
in repulsion of the protonated bases away from the s
surface.

(ii) Differing separation selectivities may be exhibited co
pared to standard C18 or C8 phases, this is especia
relevant when mixtures of bases, acids and neutra
analysed[2–4,9–12]. This is due to the possible rep
sion or attraction of bases and acids due to electros
interactions between the phase and the analytes. I
dition, PEG phases have been observed to posse
hanced retention of phenolic compounds (i.e. hydro
donors) as a result of their hydrogen bonding capa
[13].

(iii) Decreased hydrophobic character as a result of th
corporation of a polar functionality into the alkyl liga
[2–4].

(iv) Increased wettability of these phases affords the
portunity to use them in conjunction with high aq
ous containing mobile phases without the mobile ph

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic representation of a typical polar embedded phase.

being driven out of the pores due to surface tension
effects—producing “phase collapse or chain folding” if
the flow/pressure is too low[14,15]. Hence, the phases
are favoured for the RP analysis of very polar analytes
requiring 100% aqueous mobile phase conditions.

The structure of the polar embedded phases (PEG) is typ-
ified in the schematic diagram shown inFig. 1; where the
spacer grouping is usually a propyl moiety between the silica
surface and the polar grouping. The latter can be quite di-
verse in chemical functionality (i.e. amide, carbamate, urea,
sulphonamide, alkyl ether, phenyl ether moieties). The C-
alkyl ligand, which provides the lipophilic character to the
phase, can vary in chain length from C8 to C18.

Traditionally, the nitrogen containing PEG phases were
prepared from pre-formed aminopropyl silica[16–18]. For
example, theN-acylaminopropyl bonded phases, more com-
monly known as the amide type PEG phases, are produced
from the reaction of the appropriate aminopropyl silica with
a suitable acid chloride[16]. This is known as a two-step syn-
thesis (i.e. silica→ aminopropyl silica→ PEG phase), and as
a consequence of steric hindrance, complete acylation is im-
possible. Therefore, a large and varied amount of unreacted
amino groups will be present on the phase, which generates
potential anionic exchange sites[19]. More recently, nitro-
gen containing PEG phases have been made using a one-ste
s sily-
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2. Experimental

2.1. Chemicals and reagents

All solvents used were of at least HPLC grade supplied by
Romil (Cambridgeshire, UK) except for the water, which was
provided by a Milli-Q-plus 185 ultra pure water system (Mol-
sheim, France). Test analytes and mobile phase chemicals
were supplied by Sigma–Aldrich (Dorset, UK) and Fisher
Scientific (Leicestershire, UK).

The Tanaka column characterization procedure was
performed as reported previously[21]. This protocol was ad-
ditionally amended to assess for phenolic selectivity by the in-
corporation of benzyl alcohol (0.3 mg/ml in methanol–water,
1:1, v/v) into the ion exchange capacity testing.

The structure of the test analytes is given inFig. 2.
Acid mixture 1 (modified from the Waters[23] and Lay-

nes [2] published work) consisted of equal volumes of
4-hydroxybenzoic acid, sorbic acid, benzoic acid, 2-hydroxy-
benzoic acid,trans-cinnamic acid, 3-phenylpropionic acid,
phenol, propyl paraben (all at 0.3 mg/ml in methanol–water
3:7, v/v) and dimethylphthalate (0.3 mg/ml in methanol–
water, 1:1, v/v).

Fig. 2. Structure, code for the test analytes.
ynthesis which bonds the pre-formed PEG containing
ating ligands directly onto the base silica, thus elimina
he presence of anionic sites[4,20].

Unfortunately, not all manufacturers are willing to
ulge the functionality, bonding technology and comp
ion of their commercially available stationary phase colu
hemistries. The PEG functionality and the bonding tech
gy employed in their preparation will, undoubtedly, resu

he production of nominally similar type phases posses
ildly differing chromatographic properties.
The paper describes the use of the chemometric

rincipal component analysis (PCA) in order to as
he chromatographic similarity/dissimilarity of a range
ommercially available PEG phases and compares the
heir C-alkyl analogues and to a range of “Aqua” and am
ndcapped phases. The chromatographic classific
rotocols of Neue[8], Tanaka[21,22] and Layne[2] have
een used together with a newly developed testing ro

o discriminate between these types of phases.
p



M.R. Euerby, P. Petersson / J. Chromatogr. A 1088 (2005) 1–15 3

Acid mixture 2: equal volumes of toluene (0.3 mg/ml
in methanol–water, 1:1, v/v/), benzylalcohol (0.3 mg/ml in
methanol–water 1/4, v/v), phenol and benzene sulphonic acid
(both 0.3 mg/ml in water).

2.1.1. Preparation of phosphoric acid/potassium
dihydrogenphosphate buffer, pH 2.5 and 50mM ionic
strength

Phosphoric acid (2.414 g, 85%) and potassium dihydro-
genphosphate (6.273 g) was dissolved in 800 ml of water and
subsequently and made up to 1000 ml with water.

2.2. Instrumentation

HPLC separations were performed on an Agilent Tech-
nologies 1100 liquid chromatograph with ChemStation v.
9.03 LC software (Agilent Technologies, Cheadle, Cheshire)
equipped with Agilent column/solvent selection valves.

2.3. Liquid chromatography

At least 20 column volumes of the appropriate mobile
phase were flushed through the column prior to commencing
the testing. All columns were new as supplied by the manu-
facturer/supplier. The columns characterized in this study are
s
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alkylbenzenes differentiated by one methylene group is
dependent on the ligand density.

2.4.3. Shape selectivity,αT/O
Retention factor ratio between triphenylene (T) and

o-terphenyl (O),αT/O= kT/kO. This descriptor is a measure
of the shape selectivity, which is influenced by the spacing
of the ligands and probably also the shape/functionality of
the silylating reagent.

2.4.4. Hydrogen bonding capacity,αC/P
Retention factor ratio between caffeine (C) and phenol (P),

αC/P= kC/kP. This descriptor is a measure of the number of
available silanol groups and the degree of endcapping.

2.4.5. Total cation-exchange capacity,αB/P pH 7.6
The retention factor ratio between benzylamine (B) and

phenol,αB/P pH 7.6 =kB/kP. This is an estimate of the total
silanol activity.

2.4.6. Acidic cation-exchange capacity,αB/P pH 2.7
The retention factor ratio between benzylamine and phe-

nol, αB/P pH 2.7 =kB/kP. This is a measure of the acidic ac-
tivity of the silanol groups.

2.5. Acid mixtures 1 and 2
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hown inTable 1.
The chromatographic conditions for the Tanaka HP

haracterization of the phases were as reported previ
21].

Acid mixtures 1 and 2 were chromatographed using a
ile phase composition of 5 mM phosphate buffer pH 2.
ethanol–water (35:65 and 65:35, v/v, for acid mixture
nd 2, respectively). For example, to prepare 1000 ml of 3
v/v) mobile phase—100 ml of 50 mM buffer was mixed w
50 ml of water and 350 ml of methanol.

The first disturbance of the baseline on the injectio
ethanol was used as dead time marker. For acid

ures 1 and 2, a 10�l injection volume and a 1 ml/min flo
ate have been employed (for column dimensions other
50 mm× 4.6 mm i.d. the injection volume and flow ra
ave been scaled appropriately). The analytes typically e
ithin 60 min for all the tests.
The different chromatographic parameters used in

haracterization procedures are briefly described below

.4. Tanaka protocol

.4.1. Retention factor for n-pentylbenzene, kPB

Reflects the surface area and surface coverage (ligan
ity).

.4.2. Hydrophobicity or hydrophobic selectivity,αCH2

Retention factor ratio betweenn-pentylbenzene (PB) an
-butylbenzene (BB),αCH2 = kPB/kBB. This is a measure

he surface coverage of the phase as the selectivity be
-

.5.1. Phenolic selectivity,αP/DMP, αP/BA, αP/Tl
Retention factor ratio between phenol and dimethylph

ate (DMP),αP/DMP= kP/kDMP (this test is analogous to th
f butyl paraben and dipropylphthalate as described by N
t al.[23]), phenol and benzyl alcohol (BA),αP/BA= kP/kBA
nd phenol and toluene (Tl),αP/Tl= kP/kTl . These are me
ures of the enhanced retention of phenol compared to
henolic analytes.

.5.2. Hydrophobicity,αPP/P
Retention factor ratio between propyl paraben (PP)

henol,αPP/P= kPP/kP. The difference in the retention of t
wo analytes corresponds to an-propyl ester moiety.

.5.3. Hydrophilicity,αBA/Tl
Retention factor ratio between benzyl alcohol and tolu

BA/T = kBA/kTI. This is a measure of the polarity of the pha

.5.4. Shape/steric selectivity,αCA/HC, αBN/S
Retention factor ratio between cinnamic acid (C

nd 3-phenylpropionic acid (HC),αCA/HC= kCA/kHC and
enzoic acid (BN) and sorbic acid (S),αBN/S= kBN/kS. This
escriptor is a measure of the shape selectivity, whic

nfluenced by the spacing of the ligands and probably
he shape/functionality of the silylating reagent.

.5.5. Anion-exchange capacity,ασ/BN, ασ/ρ αBSA/Tl
Retention factor ratio between 2-hydroxybenzoic acidσ)

nd benzoic acid,ασ/BN = kσ /kBN; 2-hydroxybenzoic aci
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Table 1
Columns characterized and manufacturers details

Column no. Column Supplier/producer Linker silica to
polar group

Type of polar
embedded group

Ligand length Comments Pore size (nm) Surface
coverage
(�mol/m2)

1 XTerra MSC8 Waters Ltd. N/A None C8 Trifunctional bonding + endcapped,
12% C load

12.4 2.35

2 XTerra RP8 Waters Ltd. Propyl Carbamate C8 Monofunctional bonding + endcapped,
13.5% C load

12.5 2.41

3 Prism RP ThermoElectron Not specified Urea C12 Endcapped, 12% C load 10 3.1
4 BetaMax Acid ThermoElectron Not specified Not specified Long alkyl chain Endcapped, 15% C load 6
5 Polaris C18 A Varian Not specified Not specified Unknown C18 Polar endcapped 18
6 Polaris Amide C18 Varian Not specified Amide Amide C18 Polar endcapped 18
7 MetaSil Basic Varian N/A None Short chain alkyl groups Monomeric bonding 10
8 Synergi Polar-RP Phenomenex Not specified Phenyl ether C8 Polar endcapping, 11 % C load 8 3.15
9 Symmetry C8 Waters Ltd. N/A None C8 Endcapped, 11.7% C load 10

10 Symmetry Shield RP8 Waters Ltd. Propyl Carbamate C8 Endcapped, 15% C load 10 3.29
11 HyPURITY C8 ThermoElectron N/A None C8 Endcapped, 8% C load 18
12 HyPURITY Advance ThermoElectron Propyl Not specified C8 Not endcapped, 10% C load 18
13 ZorbaxSB C18 Agilent Tech. N/A None C18 + di-isobutyl side

groups on silyating group
Monomeric bonding + uncapped, 10% C
load

8 2.98

14 Zorbax Bonus RP Agilent Tech. Propyl Amide C14 Bulky steric protecting groups, triple
endcapped, 10% C load

8 2.1

15 Nucleosil C18 HD Macherey-Nagel N/A None C18 Endcapped, 20% C load 10
16 Nucleosil Nautilus C18 Macherey-Nagel Not specified Not specified C18 Endcapped, 16% C load 10
17 Discovery C18 Supelco N/A None C18 Monofunctional bonding + endcapped 18 3
18 Discovery RP amide C16 Supelco Propyl Amide C16 Monofunctional bonding + endcapped 18 2.6
19 Purospher RP-18 Merck N/A None C18 Uncapped, 18% C load 8
20 Thermo BS535 ThermoElectron N/A None C18 Amino endcapped
21 Purospher RP-18e Merck N/A None C18 Endcapped 18%, C load 12
22 Symmetry C18 Waters Ltd. N/A None C18 Endcapped, 19.1% C load 10 3.09
23 Symmetry Shield RP18 Waters Ltd. Propyl Carbamate C18 Endcapped, 15% C load 9 3.21
24 Polaris C8 Ether Varian Not specified Ether C8 18
25 Polaris C18 Ether Varian Not specified Ether C18 18
26 HyPURITY Aquastar ThermoElectron N/A None C18 Polar endcapped
27 Atlantis dC18 Waters Ltd. N/A None C18 Difunctionally bonded endcapped 12%

C load
10

28 Suplex pKb Supelco Not specified Not specified Not specified 10
29 Lichropsher RP Select B Merck N/A None C8 Endcapped, 12% C load 6 3.2
30 Supelcosil ABZ Supelco Propyl Amide C16 Polymeric bonding + endcapping with

methyl amide
12

31 Synergi Max RP Phenomenex N/A None C12 TMS endcapping, 17% C load 8 3.21
32 XTerra MSC18 Waters Ltd. N/A None C18 Trifunctional bonding + endcapped,

15.5% C load
12.5

33 XTerra RP18 Waters Ltd. Propyl Carbamate C18 Monofunctional bonding + endcapped,
15% C load

12.5

34 HyPURITY C18 ThermoElectron N/A None C18 Endcapped, 13% C load 18
35 Acclaim PAC16 Dionex Propyl Sulphonamide

+ ether linkage
C16 Monofunctional bonding, endcapped,

17% C load
12
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and or 4-hydroxybenzoic acid (ρ),ασ/ρ = kσ /kρ, and benzene-
sulphonic acid (BSA) and toluene,αBSA/Tl = kBSA/kTI. These
are measures of the anion exchange capacity of the phase as
shown by the increased retention of the acidic analytes.

2.6. Software employed

2.6.1. Principal component analysis
PCA was performed using Simca-P 8.1 software (Umet-

rics, Sweden). In order to give all variables the same impor-
tance, the variables were “auto scaled”, i.e. the average was
subtracted from each variable and each variable was divided
by its standard deviation.

2.6.2. logD and pKa predictions
Predictions of pKa and log D were calculated using Ad-

vanced Chemistry Development software programme version
6.0 (Toronto, Canada).

3. Results and discussion

3.1. Column characterization parameters

In contrast to standard C18 phases (for example see ref-
erences[21–23,31–35]), there have been limited studies
i dded
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polar embedded and corresponding alkyl phases bonded
onto the same base silica were employed in the study, this
was achieved with XTerra, Polaris, Symmetry, HyPURITY,
Zorbax, Nucleosil and Discovery materials.

A low ionic strength (i.e. 5 mM PO4 pH 2.5 in
MeOH–water (35:65, v/v), 40◦C) containing mobile phase
was employed to exacerbate any ionic interactions that the
stationary phase may have with the anionic analytes.

The selectivity factors (α) for the following analyte pairs
were calculated;αCA/HC, αBN/S, ασ/BN, ασ/ρ, αP/DMP, αPP/P
(seeTable 2). An αBN/S value of 1 was obtained for all the
alkyl phases evaluated, whereas, without exception, all the
PEG phases generated anαBN/S value >1. In addition, the
αCA/HC value for the PEG phases was always greater than
that for their corresponding C-alkyl analogues. Largeασ/BN,
ασ/ρ values were indicative of nitrogen containing PEG
phases that possessed amino functionality on the phase;
the most plausible explanation for this would be that these
phases had been synthesed using a two-stage procedure.
See Fig. 3A–D for a comparison of two manufacturers
polar embedded phases against their C-alkyl analogues
bonded onto the same base silica. The Advance material

Fig. 3. Representative chromatograms of the acid mixture 1 using the phases:
(A) HyPURITY C8; (B) HyPURITY Advance; (C) Symmetry C8; (D) Sym-
metry RP8 Shield. SeeFig. 2 for peak assignments and Section2 for chro-
matographic conditions.
nto the characterization and comparison of polar embe
hases[2,8,13,24]. It has been previously reported that ac
robes, such as maleic acid, 2-hydroxybenzoic acid an
thylpyridinedicarboxlic acid, can highlight differences
ydrogen bonding capacity and/or any secondary interac
rising from ionic interactions with the phase[2,4,16,25]. The
aters selectivity factor for butyl paraben/dipropyl phtha
hen plotted against the retention factor of acenaphthen
een shown to discriminate between classical alkyl ph
nd those incorporating polar groupings[8]. It is postulated

hat the enhanced retention of phenolic analytes such as
araben (i.e. an H-bonding donor) may be attributed to

nteraction of the phenolic proton and the highly polari
arbonyl oxygen of the polar embedded amide, urea and
amate groupings[4,13].

We have utilized a modified column characterization
ocol based on that described by Layne[2], the Waters grou
8] and Tanaka[21,22] to characterize 18 commercia
vailable PEG phases which contain a diverse range of
unctionality/alkyl chain lengths, 13 corresponding stand
-alkyl phases and four polar endcapped phases.

.2. Acid mixture 1

Selected parameters from the chromatographic prot
f Neue [4,8,20,23] and Layne[2] were performed o
4 differing stationary phases including 15 contain
olar embedded groups (i.e. amide, urea, phenyl
ulphonamide and carbamate moieties), and nine sta
lkyl phases (seeTables 1 and 2). Where possible, th
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Table 2
Column characterization results using the acid mixtures 1, 2, the Tanaka protocol plus Tanaka partial modification

Column no. Column Acid mixture 1 Acid mixture 2

αCA/HC αBN/S ασ/BN ασ/ρ αP/DMP αPP/P αBSA/TI αP/BA αP/Tl αBA/Tl

1 XTerra MSC8 1.27 1.00 0.76 3.01 0.30 9.47 0.00 1.00 0.17 0.17
2 XTerra RP8 1.48 1.18 1.001 1.68 0.55 7.71 −0.01 1.45 0.27 0.19
3 Prism RP 1.65 1.25 4.97 10.75 0.54 9.60 2.50 1.29 0.28 0.22
4 BetaMax Acid 1.89 1.54 7.15 17.40 0.70 7.90 9.54 1.40 0.34 0.24
5 Polaris C18 A 1.30 1.01 1.10 4.24 0.38 10.71 0.00 1.28 0.15 0.12
6 Polaris Amide C18 1.67 1.40 11.79 36.91 0.67 9.31 2.39 1.50 0.23 0.15
7 MetaSil Basic 1.35 1.08 1.05 3.32 0.36 8.79 0.03 1.00 0.23 0.23
8 Synergi Polar-RP 1.35 1.07 0.75 2.37 0.20 8.72 −0.01 1.00 0.25 0.25
9 Symmetry C8 1.18 1.05 1.08 4.97 0.38 9.31 0.16 1.00 0.18 0.18
10 Symmetry Shield RP8 1.43 1.19 1.13 2.05 0.54 9.47 0.08 1.39 0.28 0.20
11 HyPURITY C8 1.21 1.00 0.80 3.80 0.37 9.17 0.00 1.00 0.19 0.19
12 HyPURITY Advance 1.80 1.30 5.25 6.85 0.76 6.98 3.81 1.44 0.50 0.35
13 Zorbax SB C18 1.29 0.97 0.79 3.51 0.27 11.27 −0.01 1.00 0.12 0.12
14 Zorbax Bonus RP 1.73 1.34 6.29 16.93 0.53 11.08 1.17 1.33 0.27 0.20
15 Nucleosil C18 HD 1.23 1.00 0.79 3.90 0.33 10.87 0.00 1.00 0.12 0.12
16 Nucleosil Nautilus C18 1.56 1.26 2.48 4.60 0.64 10.03 0.48 1.44 0.27 0.19
17 Discovery C18 1.25 1.00 0.81 3.76 0.34 10.64 0.00 1.00 0.13 0.13
18 Discovery RP amide C16 1.44 1.16 1.76 3.55 0.62 9.41 0.14 1.45 0.26 0.18
19 Purospher RP-18 3.04 1.00 0.13 0.13
20 Thermo BS535 13.35 1.00 0.20 0.20
21 Purospher RP-18e 0.01 1.00 0.10 0.10
22 Symmetry C18 0.06 1.00 0.12 0.12
23 Symmetry Shield RP18 1.39 1.15 1.35 3.20 0.55 8.91 0.12 1.41 0.21 0.15
24 Polaris C8 Ether 0.00 1.00 0.25 0.25
25 Polaris C18 Ether 0.00 1.00 0.14 0.14
26 HyPURITY Aquastar −0.01 1.00 0.17 0.17
27 Atlantis dC18 0.00 1.00 0.15 0.15
28 Suplex pKb
29 Lichropsher RP Select B 0.00 1.00 0.24 0.24
30 Supelcosil ABZ 1.52 1.14 1.74 4.55 0.65 8.05
31 Synergi Max RP 1.24 1.00 0.85 3.96 0.30 10.99
32 XTerra MS18 1.27 1.00 0.82 3.66 0.31 11.26
33 XTerra RP18 1.47 1.19 1.04 2.18 0.50 9.49
34 HyPURITY C18

35 Acclaim PA C16 1.46 1.2 1.91 4.54 0.47 8.66 0.11 1.45 0.21 0.15

Column no. Column Tanaka column characterisation protocol

kPB αCH2 αT/O αC/P αB/P at pH 7.6 αB/P at pH 2.7

1 XTerra MS C8 1.15 1.30 0.87 0.42 0.33 0.10
2 XTerra RP8 1.10 1.26 1.73 0.30 0.17 0.07
3 Prism RP 2.54 1.33 1.66 0.38 0.59 0.01
4 Beta Max Acid 2.84 1.33 2.04 0.29 0.55 −0.03
5 Polaris C18 A 3.20 1.44 1.85 0.34 0.33 0.11
6 Polaris Amide C18 2.87 1.43 2.43 0.20 0.15 −0.02
7 MetaSil Basic 2.03 1.32 1.25 0.32 0.29 0.09
8 Synergi Polar-RP 1.18 1.22 1.35 2.53 1.00 0.14
9 Symmetry C8 3.47 1.38 0.95 0.39 0.40 0.02

10 Symmetry Shield RP8 2.30 1.32 1.87 0.27 0.19 0.04
11 HyPURITY C8 1.59 1.35 1.00 0.34 0.30 0.11
12 HyPURITY Advance 1.13 1.00 1.59 0.39 0.80 0.13
13 Zorbax SB C18 6.00 1.49 1.20 0.65 1.46 0.13
14 Zorbax Bonus RP 1.74 1.43 1.60 0.31 0.30 0.04
15 Nucleosil C18 HD 6.04 1.48 1.54 0.40 0.47 0.10
16 Nucleosil Nautilus C18 3.37 1.40 1.98 0.33 0.48 0.01
17 Discovery C18 3.32 1.48 1.51 0.39 0.28 0.10
18 Discovery RP amide C16 1.65 1.35 1.81 0.49 0.44 0.19
19 Purospher RP-18 4.78 1.44 1.93 0.72 1.29 −0.07
20 Thermo BS535 1.35 1.36 2.71 0.67 0.86 −0.07
21 Purospher RP-18e 6.51 1.48 1.75 0.46 0.34 0.08
22 Symmetry C18 6.51 1.46 1.49 0.41 0.68 0.01



M.R. Euerby, P. Petersson / J. Chromatogr. A 1088 (2005) 1–15 7

Table 2 (Continued)

Column no. Column Tanaka column characterisation protocol

kPB αCH2 αT/O αC/P αB/P at pH 7.6 αB/P at pH 2.7

23 Symmetry Shield RP18 4.66 1.41 2.22 0.27 0.20 0.04
24 Polaris C8 Ether 0.82 1.29 1.49 0.50 0.56 0.31
25 Polaris C18 Ether 2.98 1.45 1.63 0.46 0.38 0.10
26 HyPURITY Aquastar 1.32 1.39 2.65 1.25 2.66 0.13
27 Atlantis dC18 3.74 1.45 1.23 0.61 0.56 0.11
28 Suplex pKb 1.24 1.35 2.84 0.34 0.29 0.00
29 Lichropsher RP Select B 2.76 1.32 1.21 0.66 1.40 0.14
30 Supelcosil ABZ 3.14 1.37 2.23 0.24 0.20 0.03
31 Synergi Max RP 4.91 1.44 1.15 0.33 0.32 0.08
32 XTerra MS 18 3.52 1.42 1.26 0.42 0.35 0.10
33 XTerra RP 18 2.38 1.29 1.83 0.33 0.20 0.07
34 HyPURITY C18 3.20 1.47 1.60 0.37 0.29 0.10
35 Acclaim PA C16 4.16 1.40 2.71 0.34 0.27 0.04

Column no. Column Modified partial Tanaka testinga

αB/P at pH 7.6 αB/BA at pH 7.6 αP/BA at pH 7.6 αB/P at pH 2.7 αB/BA at pH 2.7 αP/BA at pH 2.7

1 XTerra MS C8

2 XTerra RP8 0.13 0.18 1.45 0.07 0.10 1.46
3 Prism RP 0.58 0.78 1.33 0.00 0.00 1.34
4 BetaMax Acid 0.36 0.53 1.47 −0.04 −0.06 1.46
5 Polaris C18 A
6 Polaris Amide C18 0.18 0.26 1.49 0.00 0.00 1.51
7 MetaSil Basic
8 Synergi Polar-RP
9 Symmetry C8

10 Symmetry Shield RP8
11 HyPURITY C8

12 HyPURITY Advance 0.36 0.54
13 Zorbax SB C18

14 Zorbax Bonus RP
15 Nucleosil C18 HD 0.39 0.39
16 Nucleosil Nautilus C18 0.52 0.78
17 Discovery C18 0.39 0.39
18 Discovery RP amide C16 0.26 0.36
19 Purospher RP-18
20 Thermo BS535 0.86 0.93
21 Purospher RP-18e
22 Symmetry C18 0.43 0.42
23 Symmetry Shield RP18 0.24 0.32
24 Polaris C8 Ether
25 Polaris C18 Ether 0.56 0.60
26 HyPURITY Aquastar 2.08 1.89
27 Atlantis dC18 0.40 0.38
28 Suplex pKb
29 Lichropsher RP Select B
30 Supelcosil ABZ
31 Synergi Max RP
32 XTerra MS18
33 XTerra RP18
34 HyPURITY C18 0.37 0.37
35 Acclaim PA C16 0.27 0.37

a Where possible the same column was used for the modified Tanaka as us g
batches of columns or as an “ageing” of the columns.

has been reported to be an amide-based polar embedded
group[13], however it is not specified by ThermoElectron
as such, whereas the Symmetry RP Shield C8 possesses a
carbamate polar group formed by a single stage bonding
[4,20].

e 24
d aphic
v lot
h r sub-
g

1.50 −0.06 −0.10 1.52

1.00 0.11 0.11 1.00
1.50 0.04 0.06 1.53
0.98 0.11 0.11 1.00
1.42 0.06 0.09 1.44

1.08 −0.07 −0.07 1.08

0.98 0.05 0.05 1.00
1.36 0.03 0.04 1.41

1.07 0.16 0.17 1.08
0.91 0.12 0.13 1.13

0.94 0.12 0.12 0.96

1.00 0.11 0.11 1.00
1.38 0.04 0.06 1.42

ed in the standard protocol. Differences in theαB/P results are attributed to differin

It can be concluded that the PC1–PC2 model for th
isparate phases describes over 90% of their chromatogr
ariability (seeFig. 4A and B). The PC1–PC2 score p
ighlights that these phases can be categorised into fou
roups (seeFig. 4A).
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Fig. 4. PC1–PC2 plots for the acid mixture 1 evaluation: (A) score plot; (B)
loading plot.

(i) Group A is a tight sub-grouping of phases containing
alkyl phases with C12 and above ligands. Surprisingly
this grouping contains the Polaris C18 A phase (column
no. 5), which behaves more like a C18 phase than a PEG
one as claimed by the manufacturer.

(ii) Group B is a cluster of C8 or equivalent phases [i.e. the
mixed alkyl phase MetaSil Basic (column 7) and the
Synergi Polar RP which contains a phenyl ether moiety
(column 8)].

(iii) Group C is a grouping of polar embedded phases many of
which are known to be produced via a one-step bonding
technology (i.e. Symmetry RP18, RP8 (columns 23 and
10, respectively) and XTerra RP18 and RP8 (columns
33 and 2, respectively) Shield phases from Waters).
The other PEG phases in this cluster include the two
amide phases from Supelco–Discovery RP Amide C16
and Supelcosil ABZ (columns 18 and 30, respectively)
and the Acclaim PA C16 (column 35), which contains a
sulphonamide and alkyl ether linkage. It is known that

the Supelco phases are prepared via a two-step synthesis
[26], however, any residual unreacted amino function-
ality is minimised by a further acylation step involv-
ing their reaction with a small acylating reagent (i.e.
CH3COCl).

(iv) Group D consisted of phases such as Polaris Amide C18
(column 6, amide), Zorbax Bonus (column 14, amide),
Prism RP (column 3, urea), BetaMax Acid (column 4,
not specified), HyPURITY Advance (column 12, be-
lieved to be an amide) and Nautilius C18 (column 16,
not specified) that possess a wide variability in their
chromatographic properties. The fact that they exhibit
strong retention of 2-hydroxybenzoic acid compared to
4-hydroxybenzoic acid or benzoic acid suggests that
these phases possess a high concentration of amino func-
tionality presumably as a result of a two-step bonding
technology.

The loading plot (seeFig. 4B) highlights that the group-
ings A–D (shown inFig. 4A) possess the following dominant
chromatographic properties:

(i) Group A: High hydrophobicity (positively correlated
with the αPP/P parameter), low shape/steric, low phe-
nolic selectivity (negatively correlated with theαCA/HC,
αBN/S andαP/DMP parameters) and low anionic selectiv-

ex-

( at
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ned.
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to
ely
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with
t
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y ited
e e C
T hases
i hape
a ult of
i nge
f a di-
r ropyl
s
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a ibited
e hown
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p

ity (low ασ/BN andασ/ρ).
(ii) Group B: Moderate hydrophobicity, correlations as

hibited for group A.
iii) Group C: Is located close to the origin highlighting th

columns in this group do not correlate strongly with
of the parameters examined, i.e. they do not show a
nounced selectivity in any of the parameters exami

iv) Group D: High anion exchange capacity (positively c
related with theασ/BN, ασ/ρ parameters) moderate
high shape/steric and phenolic selectivity (positiv
correlated with theαCA/HC, αBN/S andαP/DMP param-
eters), low hydrophobicity (negatively correlated w
theαPP/Pparameter).

These findings relating to Group D are in agreement
hose of Neue[4,8,20,23], Layne[2] and Gruner[27] who ob-
erved that certain acidic analytes (i.e. maleic acid when
sed at pH 2.5 and 2-hydroxybenzoic acid at pH 3) exhib
nhanced retention on phases such as the Polaris Amid18.
he presence of a residual positive charge on these p

s supported by the fact that they yield excellent peak s
nd low retention of protonated basic analytes as a res

onic repulsion[21]. As stated previously, the anion excha
unctionality of the polar embedded phases may arise as
ect consequence of incomplete acylation of the aminop
ilica of the phases prepared by the two-stage reaction.

The nitrogenous PEG phases (i.e. amide, urea, carb
nd sulphonamide phases) examined in this study exh
nhanced retention of phenolic analytes as previously s

23], in comparison, the ether-based PEG did not exhibi
henolic selectivity.
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The PC1–PC2 loading plot (Fig. 4B) also showed that
the chromatographic parametersαCA/HC and αBN/S corre-
lated suggesting that they measured the same shape/steric
chromatographic property of the phase (to be discussed
later). The anion exchange parametersασ/BN, andασ/ρ also
showed a moderate correlation. At the mobile phase pH of
2.5 (measured in the aqueous portion), it was assumed that
all the acids would be in their unionized form, except for 2-
hydroxybenzoic acid (pKa= 3, approximately 24% ionized at
pH 2.5). The latter analyte displayed considerable difference
in retentivity depending on the stationary phase (the same
affect was noted with the other acids on increasing the mo-
bile phase to pH 3.5 and 4.5 and that the retention was as a
function of the phosphate concentration) suggesting the en-
hanced retention was attributed to electrostatic interactions
of the ionized acids with a positive charge on the phase.

The difference between a polar embedded phase and an
alkyl phase bonded onto the same base silica can be clearly
seen in the PCA contribution plot (seeFig. 5A and B) which
shows that the PEG phases are less retentive (i.e. lowαPP/P)
and possess more shape/steric (i.e.αCA/HC andαBN/S) and
phenolic (αP/DMP) selectivity and, in the case of the HyPU-
RITY Advance (seeFig. 5A), a high anion-exchange capac-
ity (high ασ/BN andασ/ρ). In comparison, the contribution
plots for the Symmetry Shield RP8 and the Symmetry C8
(seeFig. 5B) exhibited the same differences as for the Hy-
P did
n o all
o etry
C y than
t m a
o nt

F
(

findings of Mendez et al.[28] who showed that the Symme-
try C18 material possessed anion exchange sites as a result
of basic residues on the phase which arose from the bond-
ing process—this may partially explain why the Symmetry
C8 and C18 phases exhibit such good peak shape for basic
analytes (ionic repulsion) see reference[1].

3.3. Acid mixture 2

In order to compliment the previous tests and to rapidly
assess the phenolic selectivity and anionic exchange capacity
of a wide range of structurally dissimilar polar embedded
phases, enhanced polar selectivity phases (often quoted has
being polar endcapped) and to discriminate them from their
corresponding alkyl analogues bonded onto the same base
silica a new column characterization protocol was developed
that utilized the analytes benzene sulphonic acid, toluene,
phenol and benzylalcohol (seeFig. 2).

Thirty-one columns including 16 PEG, 9 alkyl, 2 Aqua
phases with enhanced polar selectivity and 2 amino end-
cappped phases were characterized (seeTable 2). A low
ionic strength phosphate buffer (5 mM PO4 pH 2.5 in
MeOH–water, 65:35) was employed to maximise any ionic
interactions of the stationary phase with the anionic analytes.

The selectivity factor of the fully ionized benzene sul-
phonic acid with the neutral marker tolueneα was
s ionic
c nal-
i eas
f end-
i The
n reac-
t RP,
c the
n lumn
8 rated
l (col-
u umn
1 ino
f yla-
t ohol
s olic
c y)
w
l utral
m
p

o ous
P ow an-
i C1
p -
i ted
(
C f hy-
d pher
URITY material except that the Symmetry Shield RP8
ot possess a lower retentivity—this was anomalous t
ther PEG/alkyl column pairings. In addition, the Symm
8 appeared to possess more anionic exchange capacit

he corresponding Shield material, which is prepared fro
ne-step reaction[4]. This is exactly in line with the rece

ig. 5. Contribution plots: (A) HyPURITY Advance vs. HyPURITY C8;
B) Symmetry RP8 Shield vs. Symmetry C8.
BSA/TI
hown to be a good indicator of the phase’s degree of an
haracter (i.e. the concentration of residual amino functio
ty). TheαBSA/Tl value was <0.02 for the alkyl phases wher
or the PEG phases the value varied from 0 to 9.5 dep
ng on the residual amino functionality of the phase.
itrogenous PEG phases prepared from a single step

ion (i.e. XTerra RP, columns 2 and 33; Symmetry Shield
olumns 10 and 23 and the Acclaim PA, column 35) and
on-nitrogenous PEG phases (i.e. Synergi Polar RP, co
and Polaris ether phases, columns 24 and 25) all gene

ow αBSA/TI values. Phases such as the BetaMax Acid
mn 4), Advance (column 12) and Zorbax Bonus RP (col
4) gave highαBSA/Tl values indicating considerable am
unctionality possibly as a result of the incomplete ac
ion step in the two-stage reaction. The phenol/benzyl alc
electivity factor (αP/BA) demonstrated the phase’s phen
haracter (i.e.αP/BA > 1.2 highlighted phenolic selectivit
hereas the phenol/toluene selectivity factor (αP/Tl) was far

ess discriminating. The selectivity between the two ne
arkers benzylalcohol and toluene (αBA/Tl ) highlighted the
hase’s hydrophilicity.

PC1–PC2 for the dataset (seeTable 2andFig. 6) explained
ver 80% of the variation; the standard alkyl, non-nitrogen
EG and nitrogenous PEG phases which possessed a l

onic character lay on a straight line in the direction of the P
arameters—hydrophilicityαBA/Tl , αP/Tl. The hydrophilic

ty parameterαBA/Tl , as expected, was inversely correla
r2= 0.80,n= 29) to the Tanaka hydrophobicity termαCH2.
olumns that lay on the line showed varying degrees o
rophobicity, i.e. those on the left as typified by the Puros
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Fig. 6. Combined score and loading PC1–PC2 plots for the acid mixture 2
evaluation.

RP-18e phase (column no. 21) possessed low hydrophilicity
whereas those on the right typified by the Polaris ether C8
(column no. 24) possessed high hydrophilicity. It was inter-
esting to note that the ether-based polar embedded groups
(i.e. Synergi Polar-RP, column 8; Polaris C18 and C8 ether
phases, columns 24 and 25) behaved more like a standard
alkyl phase in that they failed to exhibit any phenolic selec-
tivity or anionic exchange capacity. The PEG phases pos-
sessing a low anionic character and high phenolic selectivity
were located in sub-group A (seeFig. 6). There was a wide
variation in chromatographic properties (i.e. hydrophilicity,
phenolic selectivity and anionic character) of the remaining
polar embedded phases (i.e. BetaMax Acid and Advance,
columns 4 and 12, respectively) and the amino endcapped
phase (Purospher RP18, column 19). The enhanced polar se-
lectivity phases such as HyPURITY Aquastar and the Atlantis
dC18 (columns 26 and 27, respectively) did not exhibit any
enhanced phenolic selectivity. In contrast to the Purospher
RP-18e phase (column 21), which lay on the straight line,
the Purospher RP-18 phase (column 19) exhibited a marked
anion-exchange capacity (i.e.αBSA/Tl value of 3.04 compared
to 0.01 for the RP18e material). This was presumably due to
the fact that the Purospher RP-18 phase possesses an amino
endcapping[10,23]seeFig. 7A and B. In order to verify this,
an experimental C18 phase with a high degree of endcapping
with an amino functionality was examined (Thermo BS535,
c dded
r -
i ected
b

3
n
t

e aca

Fig. 7. Representative chromatograms of the acid mixture 2 using the phases:
(A) Purospher RP18; (B) Purospher RP18e; (C) experimental amino end-
capped phase Thermo BS535.

demic groups, stationary phase manufacturers such as Ther-
moElectron, Merck, Phenomenex, Macherey Nagel, Dionex
and end users to assess and characterize stationary phases.
The combined results of the testing described in this pa-
per were correlated with the results obtained previously for
identical stationary phases[21] and, where appropriate, new
phases were characterized according to our previously pub-
lished protocol (seeTables 1 and 2). The PC1–PC2 of this
dataset is shown inFig. 8A and B. The PC1–PC2 model de-
scribes nearly 70% of the chromatographic variability of the
data. The PC1–PC2 score plot highlights that the 20 columns
can be categorized into four well-defined sub sets as de-
scribed inFig. 8A. The loading plots (seeFig. 8B) show
that the groupings are categorized by their following chro-
matographic properties:

(i) Group A standard C18 phases plus the Polaris C18 A
are characterized by high hydrophobicity, low silanol
activity, low shape/steric, low phenolic selectivity and
low anion exchange capacity. The manufacturers of the
Polaris C18 A phase (column 5) claim that it is a po-
lar embedded phase, however, our results suggest that it
may only contain a limited degree of amide functional-
ity as it possesses a slightly higher steric and phenolic
selectivity than for standard C18 phases.

(ii) Group B standard C8 phases plus the phenyl ether phase
ase
rate
ric,
ac-

( with
od-

eno-
olumn 20). The phase was located in the polar embe
egion of the PCA score plot (seeFig. 6) and chromatograph
cally showed a high anionic exchange capacity as exp
ut no enhanced phenolic retention (seeFig. 7C).

.4. Correlation of the combined Layne/Neue and the
ew anion-exchange/phenolic selectivity protocol with
he Tanaka protocol

The Tanaka characterization protocol[22] is a well-
stablished approach that has been favoured by many
 -

(Synergi Polar-RP, column 8) and the mixed alkyl ph
(MetaSil Basic, column 7) are characterized by mode
hydrophobicity, higher silanol activity, low shape/ste
low phenolic selectivity and low anion-exchange cap
ity.

iii) Group C, containing the polar embedded phases
low anion exchange capacity, is characterized by a m
erate hydrophobicity, high shape/steric and high ph
lic selectivity.
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Fig. 8. PC1–PC2 plots for acid mixtures 1 and 2 and the Tanaka column
characterization protocols: (A) score plot; (B) loading plot.

(iv) Group D contains polar embedded phases of widely dif-
fering chromatographic properties but all possess high
anion-exchange capacity and high shape/steric and high
phenolic selectivity.

The loading plot (Fig. 8B) highlighted that the follow-
ing chromatographic parameters are correlated with one
another—the hydrophobicity parametersαPP/P,kPB andαCH2

are positively correlated to one another and, as expected,
negatively correlated to the hydrophilicity parametersαBA/Tl
andαP/Tl. The silanol/hydrogen bonding capacity parame-
tersαB/P at pH 2.7,αC/P, andαB/P at pH 7.6 were positively
correlated as previously shown[21]. The new shape/steric
selectivity parametersαCA/HC andαBN/S correlated but did
not correlate to the Tanaka shape/steric selectivity parame-
ters αT/O. The phenolic selectivity parametersαP/DMP and
αP/BA were observed to be correlated to one another. The an-
ionic exchange capacity parametersασ/BN, αBSA/Tl andασ/ρ
showed moderate correlation to each other.

Since the PC1–PC2 score plot only explained 69% of the
variation, the PC1–PC3 plots were constructed and high-

Fig. 9. PC1–PC3 plots for acid mixtures 1 and 2 and the Tanaka column
characterization protocols: (A) score plot; (B) loading plot.

lighted further differentiation of the phases (seeFig. 9A and
B). The third PC contributed to 10% of the variability of
the data. The standard alkyl phases with more silanol activ-
ity, such as the Zorbax SB C18 and the Synergi Polar-RP
(columns 13 and 8) could be grouped together (Group E) as
these possessed higher total silanol/hydrogen bonding activ-
ity. A group of low silanol activity alkyl phases were clustered
together (Group F). The polar embedded phases could be sep-
arated into two groupings, those possessing low (columns
18, 23, 30, 10, 16 and 2) and high anion-exchange capacities
(columns 4, 6, 12, 3 and 14) (Groups G and H, respectively).
The loading plot (Fig. 9B) showed the same correlations as
observed in the PC1–PC2 plot (Fig. 8B).

3.5. Phenolic selectivity using a modified Tanaka
protocol

Due to the enhanced phenolic retention on nitrogenous
containing polar embedded phases the Tanaka column char-
acterization parametersαB/P at pH 2.7,αC/P andαB/P at pH
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7.6, which use phenol as their neutral marker, may be inap-
propriate for this class of phase. In order to assess this, 17
phases consisting of 10 polar embedded phases (i.e. carba-
mate, urea, amide, ether and sulphonamide moieties), four
standard C18 phases, two “Aqua” phases and the experimen-
tal amino endcapped phase were chromatographed using the
neutral marker benzylalcohol in addition to phenol. The re-
sults can be seen inTable 2.

The enhanced phenolic selectivity of the nitrogenous
containing PEG phases such as the carbamate, amide,
sulphonamide and urea-based phases could be easily detected
from their αP/BA parameter at either pH 2.6 or 7.6 which
gave values >1.3. In comparison, no separation of phenol
and benzylalcohol was observed on standard C18 phases (i.e.
αP/BA= 1) using these chromatographic conditions. The more
diverse amino endcapped, the two Aqua phases and the C18
ether, in contrast, exhibited marginal separation of the two
components (i.e.αP/BA= 1± 0.1).

The PC1–PC2 model for the 17 phases describes over 86%
of the chromatographic variability within these phases (see
Fig. 10A and B). The score plot (Fig. 10A) clearly highlighted
two distinct groupings. Group A containing the standard C18
phases (plus the C18 ether, Atlantis dC18 “Aqua” phase) and
Group B containing the experimental amino endcapped phase
Thermo BS535 and the polar embedded phases, which pos-
sess a nitrogen atom in the polar moiety. There is a striking
d rom
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Fig. 10. PC1–PC2 plots for the modified Tanaka column characterization
protocols: (A) score plot; (B) loading plot.

dividing thek values of the steric probes by thek value of the
hydrophobic marker—n-pentylbenzene: it can be seen from
Table 3that it is the retention of the triphenylene analyte that
increases rather than that of�-terphenyl in the case of the
polar embedded phases (as can be seen when one compares
the αT/PB andαO/PB values). TheαT/PB value of the alkyl
phases ranged from 0.88 to 1.54 whereas the value for the
PEG phases ranged from 1.58 to 2.71. This implies that the
insertion of a polar embedded group increases the “slot size”
so that a greater portion of the triphenylene molecules can
access the phase, whereas, the increase in size is not great
enough to significantly alter the retention of the�-terphenyl
molecules. This is reflected in the effect of temperature on
the αT/O value for Symmetry C8 and the Symmetry Shield
RP8 materials (seeFig. 11). Lower temperatures were found
to promote enhanced selectivity in the case of the polar em-
bedded phase whereas no obvious improvement in selectivity
was noted for the standard C8 phase. At lower temperatures,
the phase would be more rigid and hence it would exhibit a
greater shape/steric selectivity supporting the use of temper-
ifference between the two “so-called” Aqua phases; f
he loadings plot the HyPURITY Aquastar phase posse

significantly higher silanol activity at pH 7.6 compared
he Atlantis dC18 phase (seeFig. 10A).

The fact that the original Tanaka silanol capacity
ametersαB/P at both pH 2.7 and 7.6 correlated with
ew benzylamine/benzylalcohol parameterαB/BA confirms

he validity of using the former parameters (seeFig. 10B).
owever, it is strongly recommended that the Tanaka
rotocol should be modified to incorporate benzylalco

n the benzylamine/phenol test mixture in order to as
henolic selectivity in the future.

.6. Steric/shape selectivity parameters

The worthiness of various probes in order to as
teric/shape selectivity in RP chromatography has been
ebated[21,29]. The probes that are used in the Tanaka

ocol differ in their degree of planarity, i.e. the triphenyle
s much more planar than the puckered�-terphenyl molecul
nd as such, it has been suggested that triphenylene can
etween the alkyl chains whereas with the puckered an

his is less likely. Hence, triphenylene has a greater affi
or the C18 phase and elutes later than�-terphenyl. We hav
reviously[21] shown that theαT/O value is larger for the n

rogen containing polar embedded groups (αT/O value >1.8
ompared to their corresponding alkyl phases (αT/O value
1.5). If we compare the retention of triphenylene and�-

erphenyl by correcting for the column’s hydrophobicity
he polar embedded phases are inherently less retentiv
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Table 3
The Tanaka steric/shape retention and selectivity factors corrected for the phase hydrophobicity

Column no. Column kPB kT kO αT/PB αO/PB RatioαT/PB/αO/PB

15 Nucleosil C18 HD 6.04 7.72 5.01 1.28 0.83 1.54
16 Nucleosil C18 Nautilis 3.37 6.24 3.16 1.85 0.94 1.97
9 Symmetry C8 3.47 2.77 2.93 0.80 0.84 0.95

10 Symmetry Shield RP8 2.30 4.16 2.23 1.81 0.97 1.87
24 Polaris C8 ether 0.82 1.23 0.83 1.50 1.01 1.48
25 Polaris C18 ether 2.98 4.36 2.68 1.46 0.90 1.63
7 MetaSil Basic 2.03 2.41 1.93 1.19 0.95 1.25
6 Polaris Amide C18 2.87 6.17 2.54 2.15 0.89 2.43
5 Polaris C18 A 3.20 5.11 2.76 1.60 0.86 1.85
1 XTerra MSC8 1.15 0.98 1.12 0.85 0.97 0.88
2 XTerra RP8 1.10 2.04 1.18 1.85 1.07 1.73

33 XTerra RP18 2.38 4.62 2.52 1.94 1.06 1.83
35 Acclaim PA C16 4.16 13.02 4.81 3.13 1.16 2.71
8 Synergi Polar RP 1.18 2.55 1.88 2.16 1.59 1.36

31 Synergi Max RP 4.91 4.85 4.20 0.99 0.86 1.15
11 HyPURITY C8 1.59 1.34 1.34 0.84 0.84 1.00
34 HyPURITY C18 3.06 4.07 2.57 1.33 0.84 1.58
32 XTerra MSC18 3.52 3.55 2.83 1.01 0.80 1.25
14 Zorbax Bonus RP 1.74 4.19 2.62 2.41 1.51 1.60
23 Symmetry Shield RP18 4.66 9.74 4.38 2.09 0.94 2.22
18 Discovery RP amide C16 1.65 2.90 1.60 1.76 0.97 1.81
17 Discovery C18 3.32 4.25 2.81 1.28 0.85 1.51
4 BetaMax Acid 2.84 6.02 2.95 2.12 1.04 2.04
3 Prism RP 2.54 4.13 2.48 1.63 0.98 1.67

ature as a significant operating variable in method optimi-
sation. As previously observed for other shape/steric probes
[30] the selectivity factor for�-terphenyl and triphenylene
(αT/O) failed to be highly correlated with the cinnamic acid
and 3-phenylpropionic acid (αCA/HC) and benzoic acid and
sorbic acid (αBN/S) parameter (r2 > 0.5). However, the latter
two tests were observed to be highly correlated (i.e.r2= 0.90)
with one another.

When one corrects the retention factor for cinnamic acid,
3-phenylpropionic acid, benzoic acid and sorbic acid for the
hydrophobicity of the phase (i.e. divide thek of the analyte
by thek of the neutral marker dimethylphthalate) it is ap-
parent that it is the analytes cinnamic and benzoic acid that
are retained longer on the polar embedded phases than on
the corresponding alkyl phases (seeTable 4) and to a greater
extent than 3-phenylpropionic acid and sorbic acid. There

F
S
(
�

was an excellent correlation betweenαBN/DMP andαCA/DMP
(r2= 0.99) andαS/DMP andαHC/DMP (r2= 0.93) selectivity
parameters.

From the three shape/steric parameters used in this study,
the probes cinnamic acid, benzoic acid and triphenylene are

Table 4
The acid mixtures 1 and 2 steric/shape selectivity factor corrected for the
phase hydrophobicity

Column
no.

Phase αC/DMP αHC/DMP αBN/DMP αS/DMP

5 Polaris C18 A 1.74 1.34 0.71 0.71
6 Polaris Amide C18 3.34 2.00 1.54 1.10

13 Zorbax SBC18 1.40 1.09 0.57 0.58
14 Zorbax Bonus RP 3.17 1.83 1.44 1.07
9 Symmetry C8 1.61 1.37 0.71 0.68

10 Symmetry Shield RP8 1.94 1.35 0.88 0.74
7 MetaSil Basic 1.55 1.15 0.70 0.65

23 Symmetry Shield RP18 2.00 1.44 0.87 0.76
1 XTerra MS8 1.27 1.00 0.58 0.58
2 XTerra RP8 1.81 1.23 0.83 0.70

30 Supelcosil LC-ABZ 2.41 1.59 1.05 0.93
32 XTerra MS18 1.52 1.19 0.61 0.61
33 XTerra RP18 1.87 1.27 0.82 0.69
8 Synergi Polar RP 0.93 0.69 0.36 0.34

31 Synergi Max RP 1.44 1.16 0.58 0.58
15 Nucleosil C18 HD 1.61 1.31 0.65 0.65
16 Nucleosil C18 Nautilius 2.66 1.70 1.21 0.95
1
1
1
1

ig. 11. Retention factor vs. the reciprocal of temperature. Key: (�) kT on
ymmetry RP8 Shield; (�) kO on Symmetry C8; (©) kT on Symmetry C8;
�) kO on Symmetry RP8 Shield; (�) �T/O on Symmetry RP8 Shield; (�)

T/O on Symmetry C8.
7 Discovery C18 1.65 1.31 0.66 0.66
8 Discovery Amide C16 2.30 1.59 1.02 0.88
1 HyPURITY C8 1.58 1.30 0.69 0.69
2 HyPURITY Advance 2.84 1.58 1.43 1.09
3 Prism RP 2.54 1.54 1.17 0.94
4 BetaMax Acid 4.12 2.18 2.02 1.32



14 M.R. Euerby, P. Petersson / J. Chromatogr. A 1088 (2005) 1–15

Table 5
Molecular properties of the steric/shape selectivity probes

Molecule name Dipole moment (1) Molecule volume (2) Total surface area (3) log D at 2.5 (4)

Sorbic acid (S) 2.49 186.08 159.05 1.34
Benzoic acid (BN) 2.34 185.01 144.61 1.89
Phenylpropronic acid (HC) 3.15 252.55 189.73 1.84
Trans-cinnamic acid (CA) 3.13 235.13 181.59 2.39
�-Terphenyl (O) 1.25 409.68 270.27 5.30
Triphenylene (T) 0.99 392.26 241.73 5.90

Molecular descriptors (1–3) calculated using an AstraZeneca in-house programme. Descriptor 1: topical dipole moment; descriptors 2 and 3: van der Waals
radius-based volume and total surface area, respectively; Descriptor 4: log D at pH 2.5 calculated using ACD software.

retained to a greater extent compared to their counterparts
3-phenylpropanoic acid, sorbic acid and�-terphenyl on the
polar embedded phases. A rationale for this chromatographic
behaviour may lie in the fact that the latter probes possess a
larger total surface area and molecule volume than the for-
mer ones (seeTable 5), i.e. the bigger the molecule, the more
difficulty it has in penetrating into the alkyl layer and hence it
will not be retained to the same extent as a smaller molecule.
Simple molecule modelling of the nitrogen containing phases
compared to a straight alkyl phase suggests that the former
phase possesses a much more open architecture in which the
smaller probes can penetrate, the elution order on the PEG
phases mirrors closely the log D of the molecules at pH 2.5
(seeTable 5) suggesting that the retention is primarily domi-
nated by partitioning rather than by an additional secondary
retention mechanism.

4. Conclusion

The modified column characterization protocols by
Layne, Waters and Tanaka, when combined with the chemo-
metrical tool of PCA, have been shown to be a powerful and
easy way of discriminating between commercially available
PEG phases, standard C-alkyl and amino endcapped phases.
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incorporation of amino endcapping by the stationary phase
manufacturers or from residual traces of amino catalysts
trapped within the matrix of the phase, this may account for
the excellent peak shape of these phases for the analysis of
basic analytes whereas peak symmetry may be poor for the
analysis of ionized acids.

The PCA loading plots for the correlation of the column
characterization protocols evaluated in this study have shown
that many of the parameters correlate with one another; there-
fore it is possible to simplify the number of tests performed
on each column to fully characterize it. One such approach
would be to standardise on the Tanaka protocol with the
addition of the following tests—anion exchange parameter
(αBSA/Tl), phenolic selectvity (αP/BA) and possibly an extra
shape/steric term (αBN/S). From this work, it is highly rec-
ommended that this approach be adopted in future column
characterization protocols when diverse phases are being ex-
amined.
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10] Á. Sandi, L. Szepesy, J. Chromatogr. A 818 (1998) 1.
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[34] H. Engelhardt, H. L̋ow, W. Gőtzinger, J. Chromatogr. 544 (1991)
371.

[35] R.G. Brereton, D.V. McCalley, Analyst 123 (1998) 1175.


	Chromatographic classification and comparison of commercially available reversed-phase liquid chromatographic columns containing polar embedded groups/amino endcappings using principal component analysis
	Introduction
	Experimental
	Chemicals and reagents
	Preparation of phosphoric acid/potassium dihydrogenphosphate buffer, pH 2.5 and 50mM ionic strength

	Instrumentation
	Liquid chromatography
	Tanaka protocol
	Retention factor for n-pentylbenzene, kPB
	Hydrophobicity or hydrophobic selectivity, alphaCH2
	Shape selectivity, alphaT/O
	Hydrogen bonding capacity, alphaC/P
	Total cation-exchange capacity, alphaB/P pH 7.6
	Acidic cation-exchange capacity, alphaB/P pH 2.7

	Acid mixtures 1 and 2
	Phenolic selectivity, alphaP/DMP, alphaP/BA, alphaP/Tl
	Hydrophobicity, alphaPP/P
	Hydrophilicity, alphaBA/Tl
	Shape/steric selectivity, alphaCA/HC, alphaBN/S
	Anion-exchange capacity, alphasigma/BN, alphasigma/rho alphaBSA/Tl

	Software employed
	Principal component analysis
	logD and pKa predictions


	Results and discussion
	Column characterization parameters
	Acid mixture 1
	Acid mixture 2
	Correlation of the combined Layne/Neue and the new anion-exchange/phenolic selectivity protocol with the Tanaka protocol
	Phenolic selectivity using a modified Tanaka protocol
	Steric/shape selectivity parameters

	Conclusion
	Acknowledgements
	References


