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a  b  s  t  r  a  c  t

Two  commercial  stationary  phases  possessing  a sulfobetaine  zwitterionic  bonded  ligand  (ZIC-HILIC  and
Nucleodur  HILIC)  were  compared  under  hydrophilic  interaction  chromatographic  (HILIC)  conditions.  First
of  all,  the  separation  of  12  model  compounds  chosen  among  neurotransmitters  and  presenting  a diversity
of  ionization  states  (anionic,  cationic  and  zwitterionic)  was  studied  under  varied  operating  conditions.
The  effects  of the  percentage  of  acetonitrile,  ammonium  acetate  concentration  and  temperature  of  the
mobile  phase  were  compared  on the two columns.  Secondly,  a generally  applicable  retention  model  was
established,  based  on chromatographic  retention  data  (log  k)  acquired  for  76  model  compounds.  The  cho-
olvation parameter model
SER

sen  compounds  are  small  molecules  presenting  a  wide  diversity  of molecular  structures  and  are  relevant
to biomedical  and  pharmaceutical  studies.  To  account  for  their  retention  behaviour,  a modified  version
of the  solvation  parameter  model  was  designed:  two additional  molecular  descriptors  were  introduced,
to account  for ionic  interactions  with  anionic  and  cationic  species.  The  retention  equations  obtained
allow  a rationalization  of the  interactions  contributing  to  retention  and  separation  in  the  HILIC  systems
considered.
. Introduction

The mechanism of retention in hydrophilic interaction chro-
atography (HILIC) appears to be complex. The primary retention
echanism in HILIC is supposed to be partition of the ana-

yte between the organic-rich mobile phase and the immobilized
queous layer at the surface of the stationary phase, as per the
peculation by Alpert [1].  Any polar stationary phase which can
etain water could be used in the HILIC mode. Interaction between
he solute and the functional groups of the stationary phase
dipole–dipole, hydrogen bonding and electrostatic interactions)
lso occurs, as evidenced by the different separations observed
hen the stationary phase is varied [2–5]. Both partition and

dsorption mechanisms are thus believed to contribute to the over-
ll retention of analytes in HILIC conditions.

Among the existing HILIC stationary phases, phases with zwit-
erionic ligands bonded on silica (ZIC-HILIC) or polymer substrates

pZIC-HILIC) were first introduced by SeQuant/Merck. Macherey-
agel has recently introduced an identical sulfobetaine-bonded

ilica phase (Nucleodur HILIC). Nesterenko et al. [6] recently

∗ Corresponding author. Tel.: +33 238494778.
E-mail address: caroline.west@univ-orleans.fr (C. West).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.04.002
© 2011 Elsevier B.V. All rights reserved.

reviewed zwitterionic stationary phases used in ion separations
(ion chromatography and HILIC). True zwitterionic stationary
phases contain equal amounts of groups bearing opposite perma-
nent charges in their ligands. Indeed, these functional groups are
not sensitive to pH, as is the case with the quaternary ammo-
nium and sulfonate groups present in the sulfobetaine stationary
phases. In the latter stationary phase, the positive charge is
closest to the silica surface, while the sulfonate groups are the
terminal end of the bonded ligand and are thus more acces-
sible for interaction with the analytes. As a result, cations are
generally more retained than anions on this stationary phase.
However, oppositely charged functional groups may  also self-
associate, yielding a weak ion-exchanger. Sulfobetaine phases have
proven to be useful for the HILIC separation of a variety of polar
compounds [4,7–17].

A major objective of this study was to investigate the reten-
tion characteristics of sulfobetaine stationary phases and hopefully
gain some insights into chromatographic retention mechanisms in
the HILIC mode. The zwitterionic columns were chosen for their
popularity, as a starting point to develop a stationary phase char-

acterization method.

First of all, the retention of 12 model analytes was systematically
investigated on the above two commercial sulfobetaine phases, by
varying the chromatographic conditions. Plots of k as a function

dx.doi.org/10.1016/j.chroma.2011.04.002
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:caroline.west@univ-orleans.fr
dx.doi.org/10.1016/j.chroma.2011.04.002
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f chosen operating parameters were expected to provide some
tarting information on retention mechanisms.

In addition, a better understanding of the mechanisms that gov-
rn the retention of solutes in a particular chromatographic system
an be achieved through the use of quantitative structure–retention
elationships (QSRRs). A QSRR is a mathematical model relating
he retention of a given analyte to physicochemical and structural
arameters. Thus QSRRs can help us to gain some insights into the
eparation mechanisms that occur at the molecular level.

HILIC has only rarely been the topic of QSRR studies. The devel-
pment of retention prediction models on unmodified silica, diol-,
olyvinyl alcohol- and polyamine-bonded stationary phases under
he HILIC mode has been described [18–22].  Models were derived
sing multiple linear regression analyses and artificial neural net-
orks. Jandera et al. [23] used linear solvation energy relationships

LSERs) to describe retention of phenolic acids and flavone com-
ounds on a variety of columns, including the ZIC-HILIC stationary
hase. They compared the models obtained for each column used
ither in the RPLC mode, or in the HILIC mode. Michel et al. used
SRRs to compare different stationary phases, comprising the ZIC-
ILIC phase, for the separation of peptides [24]. However, as the

atter study was carried out in the RPLC mode, it is not very infor-
ative regarding the HILIC retention mechanism. In another study,
ichel [25] performed QSRR studies to describe the retention of

esticides, this time using the ZIC-HILIC phase in the HILIC mode
nd comparing it to other polar stationary phases used in RPLC
ode. But in this work, eight-descriptor models were used to

escribe the retention of only five solutes, which does not seem
 reasonable basis for drawing generally applicable conclusions.

The second purpose of this work was thus to develop a reason-
ble and chemically sound QSRR for the description of retention in
ILIC and to ascertain the possibility of using this model for the
onjoint modelling of the retention of neutral compounds and ion-
zed compounds with different charge state (anions, cations and
witterions).

. Experimental

.1. Chemicals and reagents

HPLC-grade acetonitrile (ACN) and methanol (MeOH) were pur-
hased from J.T. Baker (Noisy-le-Sec, France) and perchloric acid
rom VWR  Prolabo (Darmstadt, Germany). Ammonium acetate
nd acetic acid were purchased from Fluka (St.-Quentin-Fallavier,
rance).

The 76 solutes used in this study are presented in Table 1, along
ith their structures and molecular descriptors. The chemicals
ere obtained from several different manufacturers.

Deionized (18 M�)  water, purified using an Elgastat UHQ II sys-
em (Elga, Antony, France) was used for preparation of analyte and

obile phase solution.

.2. Standards

Stock standard solutions of each analyte prepared at a concen-
ration of 1000 �g mL−1 were obtained by dissolving a weighed
mount of each compound with the appropriate solvent. For com-
ounds 8, 9, 27–32, 37, 39, 50–52 and 57–59 MeOH was used; for
atecholamine, indolamine, and metabolite (compounds 65–76)
.2 M perchloric acid was used; for all the other compounds in
able 1 the standard solutions were prepared in deionized water.
The use of perchloric acid, for catecholamine dissolution, is dic-
ated by the fact that the neurotransmitter analysis was inscribed in

 larger study aiming at analyzing these molecules in brain extracts,
hich are prepared in perchloric acid. We  wished to maintain
 A 1218 (2011) 5939– 5963

identical conditions throughout the whole method development
process. All catecholamine stock solutions were stored at −80 ◦C.

The solutions used were obtained by diluting the correspond-
ing stock standard solutions in buffer/organic modifier mixture in
order to have an injection solvent as close as possible to the mobile
phase and a final analyte concentration of 10 �g mL−1 for the cat-
echolamines and 50 �g mL−1 for all the other compounds. In the
HILIC mode the injection solvent composition is very important.
Retention time shift can be caused by the slightest difference in the
organic phase/aqueous phase ratio between the injection solvent
and the mobile phase, particularly for solutes experiencing little
retention. Moreover, it is imperative to have similar salt concen-
tration and nature in the injection solvent and the mobile phase in
order to obtain good peak symmetry [26].

The mobile phase was  a mixture of acetonitrile and ammo-
nium acetate buffer w

wpH 4. PhoEBus, an application program aid for
buffer studies (Analis, Namur, Belgium) was used for the prepara-
tion of aqueous salt solutions. It was  prepared by specifying the salt
concentration and w

wpH. The w
wpH value of the ammonium acetate

solution was adjusted with 1 M acetic acid aqueous solution. The
buffer w

wpH was then adjusted before the addition of organic sol-
vent, then the buffer–acetonitrile S

wpH was  measured, with the
pH-meter calibrated in aqueous buffers. When mixing the w

wpH 4
buffer to 80% acetonitrile, the resulting S

wpH was 6.2.

2.3. Instrumentation

The chromatographic systems consisted of a Merck-Hitachi qua-
ternary pump model Lachrom L-7100 (Darmstadt, Germany), a
Rheodyne (Cotati, CA, USA) model 7725 injection valve fitted with a
20 �L loop, column oven Jet Stream 2 Plus, a 785A UV–visible HPLC
Detector (Applied Biosystems, Courtaboeuf, France) and an evap-
orative light scattering detector ELSD model Sedex 55 (SEDERE,
Alfortville, France). The UV detection was  carried out at 280 nm
for catecholamine analysis and 254 nm for the rest of the analysed
compounds. The usual ELSD settings were as follows: photomulti-
plier, 7; evaporative temperature, 50 ◦C; air pressure, 2.3 bar. The
chromatographic data handling was accomplished using EZChrom
Server software (Merck, Darmstadt, Germany).

The two  columns studied were: ZIC-HILIC (SeQuant/Merck)
150 × 4.6 mm,  5 �m and Nucleodur HILIC (Macherey-Nagel)
125 × 3 mm,  3 �m.  The mobile phase flow rate was 0.5 mL  min−1

for the ZIC-HILIC column (in accordance with recommendations
from the manufacturer) and 0.3 mL  min−1 for the Nucleodur HILIC
column.

2.4. Methods

The neurotransmitters (solutes 65–76 in Table 1) were injected
one-at-a-time, and no experimental design was considered. The
effect of acetonitrile percentage was studied with a w

wpH 4 40 mM
ammonium acetate buffer; temperature was  set at 20 ◦C. Tem-
perature effect was investigated with a mobile phase comprised
of ACN and 25 mM  aqueous solution of ammonium acetate w

wpH
4 80:20 (v/v). Salt concentration effect was investigated with a
mobile phase comprised of ACN and aqueous solution of ammo-
nium acetate w

wpH 4 80:20 (v/v) at 20 ◦C. Retention factors (k) were
recorded under all conditions tested.

For the linear solvation energy relationship (LSER) characteriza-
tion, all solutes in Table 1 were analyzed under the following mobile
phase conditions: ACN/100 mM ammonium acetate aqueous solu-
tion w

wpH 4, 80:20 (v/v) at 20 ◦C. As our aim was to investigate

the differences in stationary phase properties, it was important
to choose some operating conditions that would be suitable to
both columns under investigation. The operating conditions also
needed to be consistent with common practice of HILIC today,
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Table 1
Chromatographic solutes, their structures and molecular descriptors.

Compound Structure E S A B V D− D+ log Do/w

(pH 6.2)
Acid pK Basic pK Charge

state at pH
6.2

1 Aucubin O
OH

H

H
O

OH

OHOH
OH

OH

2.33 2.34 1.62 2.62 2.4208 0.00 0.00 −1.94 0

2  Glucose

O OHOH

OH

OHOH
1.31 1.68 1.33 1.77 1.0567 0.00 0.00 −2.42 0

3  Fructose

O

OH

OH OH

OHOH

1.30 1.61 1.31 1.83 1.1976 0.00 0.00 −2.51 0

4  Saccharose O

O O

OH

OH

OH

OH
OH

OH

OH

OH

1.97 2.50 2.10 3.00 2.2279 0.00 0.00 −3.81 0

5  Lactose
O

O

O

OH

OH

OH

OH

OH

OH

OH

OH

2.12 2.44 1.76 3.10 2.3101 0.00 0.00 −2.92 0

6  Ribose

O

OH OH

OH
OH

1.13 1.39 1.04 1.54 0.9980 0.00 0.00 −2.33 0

7  Cytidine
N NO

OH OH
O

OH

NH2

2.09 2.21 0.87 2.62 1.6234 0.00 0.02 −2.52 4.4 0

8  Cytosine
NH

N ONH2
1.43 1.90 0.60 1.02 0.7927 0.00 0.02 −1.02 4.4 0



5942
R

.-I.
 Chirita

 et
 al.

 /
 J.

 Chrom
atogr.

 A
 1218 (2011) 5939– 5963

Table 1 (Continued)

Compound Structure E S A B V D− D+ log Do/w

(pH 6.2)
Acid pK Basic pK Charge

state at pH
6.2

9 Uracil

N
H

NH

O

O

0.81 1.00 0.44 1.00 0.7516 0.00 0.00 −4.54 9.7 0

10 Lysine  (Lys)
O

OH

NH2

NH2 0.58 1.26 0.99 1.48 1.2280 1.00 1.00 −3.24 2.3 10.6 Zwi

11 Methionine (Met)
S

OH

O

NH2

0.72 1.08 0.78 1.06 1.1508 1.00 1.00 −2.48 2.3 9.1 Zwi

12  Serine (Ser) OH OH

O

NH2

0.60 1.15 1.03 1.30 0.7642 1.00 1.00 −3.64 2.1 9.1 Zwi

13  Taurine
OH

S
NH2

O

O

0.49 1.64 0.52 1.34 0.8298 1.00 1.00 −3.25 1.7 8.8 Zwi

14  �-Aminobutyric
acid (GABA)

NH2 OH

O

0.37 0.94 0.78 0.91 0.8464 1.00 1.00 −2.88 3.8 10.6 Zwi

15  Leucine (Leu)
OH

O

NH2

0.39 0.92 0.78 0.97 1.1282 1.00 1.00 −1.78 2.3 9.9 Zwi

16  Glutamine (Gln) NH2 OH

O O

NH2

0.79 1.84 1.27 1.48 1.1028 1.00 1.00 −4.03 2.3 9.1 Zwi



R
.-I.

 Chirita
 et

 al.
 /

 J.
 Chrom

atogr.
 A

 1218 (2011) 5939– 5963
5943

17 Glutamic acid (Glu) OH OH

O O

NH2

0.55 1.37 1.35 1.26 1.0617 2.00 1.00 −4.75 2.3/3.8 9.9 Zwi

18 Aspartic acid (Asp) OH

O

NH2OH

O
0.55 1.37 1.18 1.26 0.9208 2.00 1.00 −5.25 2.3/2.5 9.9 Zwi

19  Isoleucine (Ile) OH

O

NH2

0.39 0.92 0.78 0.97 1.1282 1.00 1.00 −1.78 2.3 9.9 Zwi

20 Arginine (Arg) NH2 N
H

OH

O

NH2

NH

1.06 1.24 1.26 1.95 1.3846 1.00 1.00 −3.84 1.9 12.1 Zwi

21  Glycine (Gly)

OH

O

NH2
0.37 0.93 0.78 0.90 0.5646 1.00 1.00 −3.26 2.3 9.9 Zwi

22  Asparagine (Asn) OH

O

NH2

O

NH2

0.80 1.84 1.27 1.48 0.9619 1.00 1.00 −4.05 2.3 9.9 Zwi

23  Glufosinate OH
P

OH

O

NH2

O

0.73 1.25 1.09 1.76 1.3093 2.00 1.00 −4.23 2.3/3.5 9.9 Zwi

24  Caffeine

N

N
N

N O

O

0.50 1.72 0.05 1.28 1.3632 0.00 0.00 −0.45 0
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Table 1 (Continued)

Compound Structure E S A B V D− D+ log Do/w

(pH 6.2)
Acid pK Basic pK Charge

state at pH
6.2

25 Theophylline

N

N
H

N

N O

O

1.50 1.60 0.54 1.34 1.2223 0.00 0.00 0.12 8.7 0

26 Theobromine

N

N
NH

N O

O

1.50 1.60 0.50 1.38 1.2223 0.00 0.00 −0.80 9.9 0

27 Salicylic acid

O OH

OH 0.89 0.84 0.71 0.38 0.9904 1.00 0.00 −1.16 3.0 −

28 Acetylsalicylic acid

O OH

O

O

0.78 0.80 0.49 1.00 1.2879 1.00 0.00 −1.48 3.5 −

29 Barbituric acid NH NH

O

OO

1.09 1.19 0.46 1.16 0.8103 0.99 0.00 −8.25 4.0 −

30  Phenobarbital
N
H

N
H

O

O

O 1.63 1.80 0.73 1.15 1.6999 0.05 0.00 1.40 7.5 0

31  Paracetamol

OH

N
H

O
1.06 1.63 1.04 0.86 1.1724 0.00 0.00 0.23 10.2 0

32  Propranolol

O N
H

OH 1.88 1.43 0.17 1.42 2.1480 0.00 1.00 −0.36 9.6 +
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33 Ascorbic acid

O
O

OHOH

OH

OH H

1.23 1.68 1.12 1.65 1.1116 0.99 0.00 −4.60 4.2 −

34  Methylparaben

OH

O

O 0.90 1.37 0.69 0.45 1.1313 0.00 0.00 1.60 8.5 0

35  Ethylparaben

OH

O

O 0.86 1.35 0.69 0.45 1.2722 0.00 0.00 2.08 8.5 0

36  Propylparaben

OH

O

O 0.86 1.35 0.69 0.45 1.4131 0.00 0.00 2.57 8.5 0

37  Butylparaben

OH

O

O 0.86 1.33 0.71 0.46 1.5540 0.00 0.00 3.05 8.5 0

38  Aniline

NH2
0.96 0.96 0.26 0.41 0.8162 0.00 0.02 1.14 4.6 0

39  Phenol

OH

0.81 0.89 0.60 0.30 0.7751 0.00 0.00 1.59 10.3 0

40  Benzoic acid

O

OH 0.73 0.90 0.59 0.40 0.9317 0.99 0.00 −0.06 4.1 −
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Table 1 (Continued)

Compound Structure E S A B V D− D+ log Do/w

(pH 6.2)
Acid pK Basic pK Charge

state at pH
6.2

41 Resorcinol

OHOH

0.98 1.11 1.09 0.52 0.8338 0.00 0.00 0.84 9.6 0

42 Phloroglucinol

OH

OH

OH

1.36 1.12 1.40 0.82 0.8925 0.00 0.00 −0.04 9.0 0

43 2-Nitrophenol

OH

NO2

1.02 1.05 0.05 0.37 0.9493 0.05 0.00 1.99 7.5 0

44 3-Nitrophenol

OH NO2

1.05 1.57 0.79 0.23 0.9493 0.00 0.00 1.85 8.6 0

45  4-Nitrophenol

OH

NO2

1.07 1.72 0.82 0.26 0.9493 0.09 0.00 1.65 7.2 0

46 Cinnamic acid

O

OH 1.14 1.00 0.58 0.57 1.1705 0.99 0.00 0.16 4.2 −

47 o-Coumaric acid

OH

O

OH 1.13 1.39 1.07 0.79 1.2292 0.99 0.00 −0.46 4.2 −

48  p-Coumaric acid

O

OH

OH

1.13 1.39 1.07 0.79 1.2292 0.99 0.00 −0.46 4.2 −

49  Ferulic acid

OH

O

O

OH 1.11 1.46 0.85 0.87 1.4288 0.99 0.00 −0.61 4.2 −
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50 Pyridine

N

0.63 0.84 0.00 0.52 0.6753 0.00 0.07 0.83 5.1 0

51  2-Aminopyridine

N NH2
0.98 1.10 0.32 0.63 0.7751 0.00 0.83 −0.38 6.9 +

52  4-Aminopyridine

N

NH2
0.90 1.21 0.23 0.71 0.7751 0.00 1.00 −2.96 9.3 +

53  2-Hydroxypyridine

N OH

0.83 1.03 0.50 0.67 0.7340 0.00 0.00 0.40 3.5 +

54  4-Hydroxypyridine

N

OH

0.83 1.03 0.50 0.67 0.7340 0.00 0.00 0.08 3.5 +

55  Benzenesulfonamide
S

O

O

NH2
1.13 1.55 0.55 0.80 1.0971 0.00 0.00 0.47 9.7 0

56  1,4-Benzoquinone OO 0.75 0.55 0.00 0.81 0.7908 0.00 0.00 0.43 0

57  Nitrobenzene

NO2
0.87 1.11 0.00 0.28 0.8906 0.00 0.00 2.00 0

58  1,4-Dinitrobenzene

NO2

O2N
1.13 1.63 0.00 0.46 1.0648 0.00 0.00 1.73 0

59  Benzamide

O

NH2 0.99 1.50 0.49 0.67 0.9728 0.00 0.00 0.59 0
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Table 1 (Continued)

Compound Structure E S A B V D− D+ log Do/w

(pH 6.2)
Acid pK Basic pK Charge

state at pH
6.2

60 Nicotinamide N

O

NH2 1.01 1.09 0.63 1.00 0.9317 0.00 0.00 −0.27 3.4 +

61 Nicotinic acid N

O

OH 0.79 1.21 0.57 0.73 0.8906 1.00 0.03 −0.67 2.0 4.7 −

62 Phenylurea
N
H

O

NH2
1.11 1.33 0.79 0.79 1.0726 0.00 0.00 0.95 0

63 Urea

NH2

O

NH2
0.50 1.49 0.83 0.84 0.4648 0.00 0.00 −1.68

64  1,1,3,3-
Tetramethylthiouruea

N

S

N
0.81 0.80 0.00 1.41 1.1332 0.00 0.00 0.79 0

65  Hydroxyvanillic
acid (HVA)

OH
O

OHO
0.96 1.35 0.85 0.80 1.3309 0.99 0.00 −1.13 4.3 −

66  5-Hydroxyindole-
3-acetic acid
(5HIAA)

N
H

OH

OH

O 1.64 1.70 1.38 0.93 1.3613 0.98 0.00 −1.01 4.6 −

67  3,4-
Dihydroxyphenylacetic
acid (DOPAC)

OH

OH
O

OH

1.12 1.47 1.35 0.86 1.1900 0.99 0.00 −1.44 4.3 −

68  3-
Methoxytyramine
(MT)

OH

NH2O
0.99 1.23 0.49 1.02 1.3563 0.00 1.00 −1.96 10.0 8.8 +
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69 Serotonine (S)

N
H

OH
NH2

1.67 1.58 1.02 1.15 1.3867 0.00 1.00 −2.14 10.5 8.8 +

70  Dopamine (DA)

OH

OH

NH2

1.35 1.46 1.20 1.04 1.2154 0.00 1.00 −2.28 10.5 8.8 +

71  Adrenaline (A)

OH

N
H

OH

OH
1.35 1.34 1.15 1.51 1.4150 0.00 1.00 −2.81 10.0 8.6 +

72 3,4-
Dihydroxybenzylamine
(DHBA)

OH

OH

NH2

1.15 1.34 0.98 1.08 1.0745 0.00 1.00 −3.01 10.0 9.0 +

73  Noradrenaline (NA)

OH

NH2
OH

OH 1.40 1.49 1.23 1.61 1.2741 0.00 1.00 −3.29 10.0 8.6 +

74  3,4-
Dihydroxyphenylalanine
(DOPA)

OH

NH2

O OH

OH

1.33 1.77 1.56 1.44 1.4307 1.00 1.00 −1.93 2.1 9.1 Zwi

75  Tryptophan (Trp)

N
H

OH

O

NH2

1.62 1.80 1.09 1.23 1.5433 1.00 1.00 −1.31 2.1 9.1 Zwi

76  Tyrosine (Tyr)

OH

OH

NH2

O

1.18 1.60 1.28 1.29 1.3720 1.00 1.00 −2.01 2.1 9.1 Zwi

E, excess molar refraction; S, dipolarity/polarizability; A, hydrogen bond acidity; B, hydrogen bond basicity; V, McGowan’s characteristic volume; D− ,  Negative charge; D+, positive charge.
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hus acetonitrile was selected as the preferred organic solvent,
nd ammonium acetate was selected for its compatibility with
S detection. Another important point is that the chosen mobile

hase should allow measuring appropriate retention factors for
ll columns: the elution strength must be sufficient, so that the
nalysis time remains reasonable, but not too short otherwise the
recision on the measurement of retention factors is poor.

.5. Data analysis

Abraham descriptors, pK and log Do/w values at S
wpH 6.2 were

etermined using Absolv Webboxes program, based on ADME
oxes version 3.5 (Pharma Algorithms, ACD Labs, Toronto, Canada).
henever an exact match was found in the Absolv database, the

xperimental values were preferred. When no exact match could
e found, the descriptors calculated by Absolv were used. Extra
escriptors (negative and positive charge) were computed using pK
alues as indicated below. log Do/w is the logarithm of the ratio of
he equilibrium concentrations of the neutral species of a molecule
n octanol to all species (unionized and ionized) in the water phase
t 25 ◦C. It differs from log Po/w in that ionized species are consid-
red as well as the neutral form of the molecule and thus is more
epresentative of hydrophobic character in buffered conditions.

Multiple linear regression analyses were performed with
LSTAT 2009.2.03 software (Addinsoft, New York, NY, USA). The

ogarithm of the retention factor (log k) was used as the dependent
ariable.

. Theory

The QSRR approach furnishes a detailed and reliable description
f the role and extent of the different molecular interactions that
an be established between the analytes and the chromatographic
ystem. Among QSRRs, the solvation parameter model using Abra-
am descriptors has gained acceptance as a general tool to explore
he factors affecting retention in chromatographic systems [27–29].
he retention of selected probes in a dense fluid can be related
hrough this relationship, also known as linear solvation energy
elationship (LSER), to specific interactions by the following equa-
ion:

og k  = c + eE + sS + aA + bB + vV (1)

In this equation, capital letters represent the solute descriptors,
elated to particular interaction properties, while lower case let-
ers represent the system constants, related to the complementary
ffect of the phases on these interactions. c is the model intercept
erm, which when the retention factor is used as the dependent
ariable is dominated by the phase ratio. E is the excess molar
efraction (calculated from the refractive index of the molecule)
nd models polarizability contributions from n and � electrons. S
s the solute dipolarity/polarizability. A and B are the solute overall
ydrogen-bond acidity and basicity. V is the McGowan character-

stic volume in units of cm3 mol−1/100; it is the actual volume of
 mole when the molecules are not in motion. The system con-
tants (e, s, a, b, and v), obtained through a multilinear regression
f the retention data for a certain number of solutes with known
escriptors, reflect the magnitude of difference for that particular
roperty between the mobile and stationary phases. Thus, if a par-
icular coefficient is numerically large, then any solute having the
omplementary property will interact very strongly with either the
obile phase (if the coefficient is negative) or the stationary phase

if the coefficient is positive). Eq. (2) can be deduced from Eq. (1):
og ˛  = e �E  + s �S  + a �A  + b �B  + v �V  (2)

here  ̨ is the separation factor between two solutes and �X  repre-
ents the difference in the X coefficient between these two  solutes.
 A 1218 (2011) 5939– 5963

Consequently, the coefficients also reflect the system’s selectivity
towards any particular molecular interaction.

Moreover, characterising different stationary phases while
always using the same mobile phase and operating conditions
ensures that the LSER coefficients can be compared to provide a
comparison of the stationary phase properties.

Furthermore, based on the method suggested by Ishihama
and Asakawa [30], the angle between two solvation vectors (ω)
associated with two chromatographic systems can be calculated
according to the following equation, based on the solvation param-
eter model coefficients of the two systems noted i and j:

cos �ij =
�ωi × �ωj∣∣ �ωi

∣∣× ∣∣ �ωj

∣∣
= eiej + sisj + aiaj + bibj + vivj√

e2
i

+ s2
i

+ a2
i

+ b2
i

+ v2
i

√
e2

j
+ s2

j
+ a2

j
+ b2

j
+ v2

j

(3)

The angle between two columns provides a mean to measure the
informational equivalence of different chromatographic systems.
However, this information is not sufficient to judge whether two
stationary phases are similar, as it does not take into account the
confidence limits associated with the system constants.

The similarity between two  chromatographic systems is thus
evaluated through the calculation of the J similarity factor, deter-
mined through Eqs. (4)–(6):

J  = cos �ij − cos(�di + �dj) (4)

cos(�di + �dj) =

√√√√(1 − D2
i∣∣ �ωi

∣∣2
) (

1 −
D2

j∣∣ �ωj

∣∣2
)

− DiDj∣∣ �ωi

∣∣ ∣∣ �ωj

∣∣ (5)

D = TINV(1 − 0.99, N)SE (6)

where TINV is the inverse of the Student’s t-distribution for the
specified degrees of freedom N, and SE is the average of the standard
errors of the solvation parameter model coefficients.

In Eq. (4), when J is positive, the systems compared are found to
be similar; in the opposite case, they are considered to be different.

When two  stationary phases are similar, it indicates that the
elution order of analytes will be very similar in the two  chromato-
graphic systems. However, retention times might be different. The
global intensity of the interactions can be compared through the
values of the solvation vector length, calculated as follows:

ui =
√

e2
i

+ s2
i

+ a2
i

+ b2
i

+ v2
i

(7)

Thus when ui and uj are close, retention will be similar on both
phases (provided phase ratio is close), while different values of vec-
tor length indicates that retention and separation factors will be
larger in the chromatographic system providing larger values of u.

Eq. (1) and the five Abraham descriptors were designed to
describe neutral molecules. As such, Eq. (1) is not sufficient for
a complete description of HILIC processes as most compounds of
interest for the HILIC mode are ionic or ionizable species.

To account for extra interactions associated with the presence of
charges present on totally or partially ionized species, two elements
must be considered:

(i) The E, S, A, B and V descriptors of the neutral form of one species
may  vary when this species is in its ionized form.
(ii) Additional descriptors could be introduced to account for elec-
trostatic interactions that are not properly taken into account
in Eq. (1).  For consistency with the rest of the equation the new
solute descriptor(s) should be related to free energy.
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Zhao et al. [31,32] have considered the first point for partitioning
olvent systems. First of all, the molecular volume is different when

 compound is in its ionized form. Anions are slightly larger than
he neutral atoms or molecules they are derived from. This is essen-
ially due to the repulsive forces resulting from the introduction
f additional electrons. Cations, on the contrary, are much smaller
han the corresponding atoms or molecules, due to the attraction
f extra valence charge on the electrons. As a result, some recal-
ulation of the McGowan volume used in Eq. (1) was required for
ons. The authors determined it for a set of compounds [31].

The E descriptor can be obtained from the ionic molar refraction
[33].
S, A, and B were determined for a series of anions and cations
through an experimental method [34].

The S values thus obtained were generally much larger for
nions and cations than for the corresponding neutral species.
ndeed, it seems reasonable that the ionized form of an acid or base
hould have more capabilities for dipole–dipole interactions than
he neutral form.

The A values should be small or zero for anions but large for
ations, which is in accordance with the definition of the A descrip-
or. Indeed, although A is generally associated to the Bronsted
efinition of hydrogen bond acidity (proton donor), it is actually
ased on the more general definition of acidity according to Lewis
electron acceptor). Besides, it seems logical that the ionized form
f an acid (carboxylic acid or phenol, for instance) should contain
ewer hydrogen-bond acid donor sites than the neutral form. On
he other hand, the protonated form of a base has more hydrogen-
ond acid donor sites than the neutral form. Bolliet et al. [35] have
uggested that the A descriptor be modified using the proportion
f the species in its neutral form at the mobile phase S

wpH However,
his can only work for molecules having only one acidic function
o it would not be a correct assumption for molecules possessing
ifferent functional groups contributing to the A character, such as
henolic acids.

In the same manner, the B values should be small or zero for
ations but large for anions (electron donors).

In this respect, the experimental values obtained by Abraham
nd Zhao [32] were not entirely chemically reasonable and some
ther means to estimate them is still wanted. As a result, even using
he modified E, S, A, B and V descriptors, no satisfying correlation
oefficients could be obtained for ionic species, leading the authors
o conclude that using only descriptors that are the same in kind as
hose for neutral compounds was not a satisfactory solution. Thus
wo additional terms were introduced. The following equation was
dopted:

og SP = c + eE + sS + aA + bB + vV + j+J+ + j−J− (8)

+ and J− were not introduced simultaneously in the equation.
+ was used for univalent cations (it is zero for anions and neu-
ral molecules), and seemed to be related to structural effects of
ations, such as hydrophobic hydration. It was  reasonably corre-
ated to cation radius. J− was used for univalent anions (it is zero
or cations and neutral molecules) and apparently accounted for
pecific interactions between anions and hydroxylic solvents.

To determine J− and J+ values the authors set j− = +3 in the par-
ition systems where anions should experience extra interactions,
nd j+ = −3 in the partition systems where cations should experi-
nce extra interactions, then back-calculated J− and J+ based on the

artition coefficient of the considered ionic species. This procedure
roduced much more reasonable descriptor values. However, the
ystem constants j− = +3 and j+ = −3 were general constants used by
braham and Zhao, and there is no reason why these should be the
 A 1218 (2011) 5939– 5963 5951

same for all partitioning systems. On the contrary, it is preferable to
let these system constants vary, as the authors later showed [36].

Other authors have suggested additional descriptors and inter-
action terms for Eq. (1),  without modifying the usual Abraham
descriptors. Rosés et al. [35,37] also looked for an additional
descriptor, which would be zero for neutral solutes and non-zero
for ionic species, to study retention of ionizable species in RPLC.
They suggested two different descriptors. The first one they intro-
duced was  the P descriptor or “scaled effective acid dissociation
constant” [35]. It is equivalent to an effective dissociation constant
and was  defined for acidic species. For a weak acid, P is defined as
follows:

P = 14 − pK∗
10

(9)

where pK* is the dissociation constant of the acid in the hydro-
organic mobile phase prepared at pH*. The latter is the effective
S
SpH obtained after mixing buffer and organic solvent, and is thus
different from the aqueous w

wpH of the buffer, measured before mix-
ing with the organic solvent. For P to be zero for neutral compounds,
it was  arbitrarily decided that pK* would be equal to 14 for these
solutes. The 10 value at the denominator is also arbitrary, but was
retained because it produced a convenient P scale on a comparable
range to other Abraham descriptors.

P is then introduced in the LSER equation to yield:

log k = c + eE + sS + aA + bB + vV + pP (10)

Eq. (10) proved useful to describe the retention of neutral and
acidic ionizable compounds on a large pH scale. However, the
P descriptor requires multiple definitions for different types of
solutes: the above definition does not stand, neither for neutral
species nor for fully ionized solutes such as strong acids, bases, or
salts of strong acids and bases.

Rosés et al. [37] thus introduced another descriptor, defined as
follows:

D = 10(pH∗−pK∗)

1 + 10(pH∗−pK∗)
(11)

Then D was introduced in the LSER equation according to Eq.
(12):

log k = c + eE + sS + aA + bB + vV + dD (12)

As the correlations obtained were still not satisfactory, and actu-
ally worse than those obtained with Eq. (10), the authors modified
this equation in the following manner:

log k = c + eE + sS + aA + bB + vV + d log[1 − D(1 − f )] (13)

where f is a parameter that is characteristic of the chromatographic
system and equal to the ratio of retention factors for the ionic
species and the neutral species. The f parameter is supposed to be
constant for one pair of compounds in defined chromatographic
conditions.

The authors have shown that Eq. (13) was much more satisfy-
ing than Eq. (10), and that the new descriptor could be used in a
single equation to describe retention of acids, bases and amphipro-
tic compounds. It also pointed out that the degree of ionization
of the analyte was a key parameter in the retention of ionizable
compounds.

Still there are some constraints associated with the D descriptor:
(i) An accurate measurement of pH* and pK* is required.
(ii) The retention of the neutral and ionic species in the chro-

matographic system must be known, requiring additional
experiments.
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iii) No distinction is made between cationic and anionic species, as
solute ionization was expected to cause a retention reduction
in RPLC, whatever the solute charge.

Li proceeded differently [38]. The objective was to propose a
olecular descriptor that would not require knowledge of the pK*,

he dissociation constant of ionizable compounds in the hydroor-
anic mobile phase, but would rather rely on aqueous pK. The
quation proposed was the following:

og k = c + eE + sS + aA + bB + vV + U

1 + V10∓(pH−pK)
(14)

here U and V are regression coefficients, calculated as follows:

og

(
1 + f 10±(pH−pK)

1 + 10±(pH−pK)

)
= U

1 + V10∓(pH−pK)
(15)

And where f is defined as previously described.
As the proposed model (Eq. (14)) is not linear, the data treatment

s more complex than the usual multiple linear regression used for
q. (1).

In this paper, we sought to modify the solvation parameter
odel to enable retention to be described for both neutral and

onic species, in which the latter could be anionic, cationic or zwit-
erionic. Indeed, it is expected that the presence of a positive or
egative charge could have different effects on solute retention

n the HILIC mode, especially with stationary phases possessing
harged ligands such as the sulfobetaine phases investigated here.

e thus suggest yet another equation, derived from Eqs. (11) and
12):

og k = c + eE + sS + aA + bB + vV + d−D− + d+D+ (16)

here D− represents the negative charge carried by anionic and
witterionic species, and D+ represents the positive charge car-
ied by cationic and zwitterionic species, according to the following
quations:

− = 10(pH∗−pK∗)

1 + 10(pH∗−pK∗)
(17)

+ = 10(pK∗−pH∗)

1 + 10(pK∗−pH∗)
(18)

For neutral species, D− and D+ are zero so that Eq. (16) reverts
o Eq. (1).

pH* is the effective pH in the mobile phase, also known as S
SpH

ccording to IUPAC notation. However, for purposes of simplicity,
he mobile phase S

wpH (pH measured in the hydro-organic mix-
ure, with the electrode calibrated in aqueous buffers) and aqueous
onization constants were used in the following.

. Results and discussion

.1. Comparison of chromatographic behaviours in varied
perating conditions

The columns are both silica-based and have the same bonded
igands, although they differ in column dimensions (150 × 4.6 mm
s. 125 × 3 mm),  particle size (5 vs. 3 �m),  pore size (200 vs.  110 Å)
nd specific surface area (135 vs. 340 m2/g), for ZIC-HILIC and
ucleodur HILIC respectively. Bonding density may  also be dif-

erent: based on the information provided by the manufacturer,
he Nucleodur HILIC phase has a 7% carbon content. The manufac-
urer of the ZIC-HILIC phase remains vague on this point, indicating

approximately 10% carbon content”. Lämmerhofer et al. [39] indi-
ate a 8.74% value of unknown origin, possibly measured in their
aboratory by elemental analysis. Based on these data, the bond-
ng density in ZIC-HILIC would be larger than that of Nucleodur
 A 1218 (2011) 5939– 5963

HILIC. But the exact surface chemistry might be different for the
two columns: for instance, the length of spacer arm, which is a
carbon chain thus participating in the measured carbon content,
is unknown to us. Hemström and Irgum [40] indicate that, in the
ZIC-HILIC phase, the sulfoalkylbetaine moieties reside on grafted
organic polymer chains, thus providing a thick interactive layer.
The exact surface chemistry and the concentration of residual –
and accessible – silanol groups of both stationary phases is how-
ever unknown to us. The ZIC-HILIC column has been reported in
varied HILIC applications [10,13–16,41–47], while the Nucleodur
HILIC column, having appeared more recently on the marketplace,
has not yet been reported in any publication (to the best of our
knowledge).

A few experimental parameters were selected to study in more
detail their influence on retention and selectivity of 12 selected
compounds (compounds 65–76 in Table 1). The same test com-
pounds were previously studied on eleven other stationary phases,
in a variety of chromatographic conditions [3].

4.1.1. ACN percentage
The effect of the ACN fraction in the mobile phase was studied

in the range 60–85%, with a 40 mM ammonium acetate buffer w
wpH

4. Thus total salt concentration in the mobile phase varies between
6 and 16 mM,  and the mobile phase S

wpH varied between 5.4 and
6.6. Fig. 1 exemplifies the results obtained on an acid (DOPAC), a
base (DA) and an amino-acid (DOPA). In all the following figures,
the same acid, base and amino-acid were selected as an example, as
their congeners all provided parallel curves. All 12 test compounds
experienced a marked increase in retention when acetonitrile per-
centage is increased. This is naturally in line with a HILIC-type
retention mechanism. However, it appears that the slope of the
retention increase is not identical for all compounds, leading to
reversals in the elution order of some solutes when the mobile
phase composition is changed.

It also appears that the two  columns exhibit very similar reten-
tion behaviour, and that peak shapes are marginally improved
when the proportion of water in the mobile phase is increased.

According to the fundamental relationships between retention
and elution strength established for partitioning and adsorption
chromatography, a gross picture of the prevailing HILIC retention
mechanism can be obtained by plotting different graphs:

(i) a plot of log k vs. volume fraction of ACN in the eluent. A linear
plot indicates a predominantly partitioning process. Indeed, the
retention in partition-like mechanisms like RP chromatography
can be described by the empirical equation:

log k = log kw − Sϕ (19)

where ϕ is the volume fraction of solvent in the mobile phase
and kw is the hypothetical retention factor when the mobile
phase is purely aqueous.Alternately, the second order empirical
equation proposed by Schoenmakers et al. [48] can also be used
to describe partitioning mechanisms:

log k = Aϕ2 + Bϕ + C (20)

where ϕ is the volume proportion of water in the mobile phase.
(ii) a plot of log k vs. logarithm of the mole fraction of ACN in the elu-

ent. A linear plot indicates a predominantly adsorption process,
according to the Snyder-Soczewinski expression, when water
is the stronger member in the eluent:

log k = log kw − AS log Nw (21)

nw

where AS and nw are the cross-sectional areas occupied by the
solute molecule on the surface and the water molecules, and
Nw is the mole fraction of water in the eluent.
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ig. 1. Variation of log k with the proportion of water in the mobile phase for th
epending on volume fraction of water, (b) ZIC-HILIC retention depending on the log
raction of water and (d) Nucleodur HILIC retention depending on the logarithm of 

Fig. 1a and c shows the retention of the selected three com-
ounds (log k) plotted against the volume fraction of water, while
ig. 1b and d shows the retention (log k) plotted against the loga-
ithm of the mole fraction of water. Trying to fit the log–log curves
Fig. 1a and c) to a linear regression curve (Eq. (19)) provides poor
orrelation coefficients, typically ranging between 0.90 and 0.98.
owever, the second order Eq. (20) provides much better correla-

ion coefficients, all over 0.99.
On another hand, it is clear from Fig. 1b and d that the log–log

urves also fit very well to a linear regression curve, with corre-
ation coefficients over 0.999 in most cases. The only exception is
he small deviation observed for the three acidic compounds (HVA,
HIAA and DOPAC) when the fraction of water is the largest. Exclud-

ng the last point from the regression restores excellent correlation
oefficients. This small deviation can result from two facts:

(i) Because of the way the solutions were prepared, the total salt
concentration is significantly different when increasing the
water content from 15% to 40%. Indeed, the total salt concen-
tration varies from 6 to 16 mM.  As will be discussed in the next

section, the retention mechanism at low and high salt concen-
trations might be somewhat different.

ii) The mobile phase S
wpH was reduced from 6.6 to 5.4 when the

proportion of water increased from 15% to 40%. Judging from
ndards. Buffer: ammonium acetate 25 mM, w
wpH 4; 20 ◦C. (a) ZIC-HILIC retention

 of the mole fraction of water, (c) Nucleodur HILIC retention depending on volume
ole fraction of water.

the aqueous pK of the acidic compounds (4.3 and 4.6), it is possi-
ble that they would be partly neutral in the largest proportion of
water (lowest S

wpH values) while they would be in their anionic
form in the smallest proportion of water (largest S

wpH values).
As a result, the possible interactions they would establish with
the chromatographic system would be different.

Hemström and Irgum [40] indicate that, when adsorption is the
prevailing mechanism and Eq. (21) is adequate to fit retention data,
the slope of the regression lines should be related to the polar-
ity of the solute. Indeed, solutes having a higher number of polar
sites should interact with polar interaction sites on the stationary
phase to a greater extent. To further investigate the possibility of
an adsorption mechanism, we thus plotted the slope of the log–log
curves (Eq. (21)) vs. the log Do/w values at pH 6.2 (Fig. 2). Although
the fits are far from perfect linearity, it appears that, within the dif-
ferent compound families (acids, bases and amino-acids), a linear
tendency exists with a negative slope. This indicates that increased
polarity of the solute (decreased log Do/w values) is related to larger
slopes in Eq. (21). This seems to indicate a rather good compliance

of our retention data to an adsorption mechanism. Besides, acids
and amino-acids seem to fit to an identical regression line, possi-
bly indicating that they interact with the same adsorption sites of
the stationary phase, while bases fit to a different regression line
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ig. 2. Variation of the slope of Eq. (21) (see Fig. 1b and d) with solute polarity expr
ILIC

nd thus would interact with other adsorption sites, or that the
nteraction may  not involve adsorption at all.

Based on all these observations, it seems reasonable to assume
 kind of “mixed-mode” retention mechanism, composed of both
artitioning and adsorptive interactions. This is in accordance with
cCalley’s observations on the ZIC-HILIC column [49], that some

ompounds fitted better to Eq. (19) while other compounds fit-
ed better to Eq. (21). Further discussions on this point will be
eveloped in the following sections.

.1.2. Salt concentration
Upon addition of salt in the buffered mobile phase, the general

rend observed is an improvement in peak shape (asymmetry is
educed and column efficiency is slightly improved) passing from
ater to a “critical” salt concentration, which is different from the

ituation when the ACN percentage changes [8].  Also the nature
f salt was critical, even at large salt concentrations, as replacing
mmonium formate by ammonium acetate caused a marked dete-
ioration of peak shapes and changes in the elution order (data not
hown). As for retention changes with salt concentration, they were
ifferent for different compound types (acids, bases and amino-
cids) but again quite consistent between the two stationary phases
Fig. 3). Although salt concentration impacts retention to a minor
xtent, compared to ACN concentration, it was significant because it
ould also induce elution order changes. Again the protonated bases
ppear to behave differently from the acids and amino-acids: reten-
ion of the latter increases with salt concentration, while retention
f the former decreases. This supports the above hypothesis that
cids and amino-acids interact with the same adsorption sites of
he stationary phase, or may  establish the same type of interactions
ith the stationary phase.

For all solutes, the retention variation is most significant up to a
ertain point then levels off. The curves are a little different between

he two columns because the plateau seems to be reached at lower
alt concentrations on the Nucleodur HILIC (10 mM)  than on the
IC-HILIC (15 mM).  The concentration of charges at the surface of
he two stationary phases may  be different, possibly due to a higher
 by log Do/w at w
wpH 6.2 for solutes 65–76 in Table 1. (a) ZIC-HILIC and (b) Nucleodur

bonding density of the sulfobetaine ligands on the ZIC-HILIC phase.
Whatever the origin of the difference, it takes less salt to titrate the
ionic groups and eliminate electrostatic effects with the Nucleodur
HILIC column than with the ZIC-HILIC column.

The proposed mechanism is the following:
At low salt concentrations, there exist electrostatic interactions

between the sulfobetaine ligands and the solutes. These interac-
tions may  be attractive (particularly between protonated bases and
the sulfonate groups) or repulsive (particularly between depro-
tonated acids and the sulfonate groups). However, hydrophilic
interactions must also be present, or else anionic acids would
not be retained, as mentioned by McCalley [49]. This combina-
tion has been described by Alpert [26] as ERLIC (electrostatic
repulsion–hydrophilic interaction chromatography). This is also
consistent with others observations [4].  Increasing salt concentra-
tion suppresses both electrostatic attraction and repulsion, causing
decreasing retention of basic compounds and increasing retention
of acidic ones [4,7,49,50].  Moreover, an increase in retention with
salt concentration increases can also be related to hydrophilic par-
titioning. Presumably high concentrations of organic solvent in the
mobile phase cause salt to partition preferentially into the water-
rich pseudo-stationary phase. The presence of more solvated ions
in this phase would increase its volume, potentially leading to
stronger retention of polar solutes [7,49].

Besides, similarly to the observations of McCalley on the ZIC-
HILIC column [49], plotting the retention factors (k) against the
inverse of the counter-ion concentration in the mobile phase did
not produce straight lines as should be the case for an ion-exchange
mechanism, but produced curves (data not shown). This supports
the hypothesis that a hydrophilic-partition mechanism is super-
imposed on the adsorption mechanism related to electrostatic
interaction.
4.1.3. Column temperature
Column temperature was  investigated in the range of 10–50 ◦C

(Fig. 4) with a mobile phase comprised of 80% acetonitrile and 20%
25 mM ammonium acetate buffer, w

wpH 4 (S
wpH 6.2). This corre-
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ig. 3. Variation of log k with the total concentration of salt in the mobile phase for 

.2);  20 ◦C. (a) ZIC-HILIC and (b) Nucleodur HILIC

ponds to an overall salt concentration of 5 mM.  As a result, in these
onditions, electrostatic interactions should be a significant part of
he retention mechanism.

The relationship between retention factor and column temper-
ture in RPLC is often described by the van’t Hoff equation:

n(k) = −�H◦

RT
+ �S◦

R
+ ln(˚)  (22)

here �H◦ and �S◦ are retention enthalpy and entropy changes
or the retention interaction, R is the gas constant and  ̊ the phase
atio.

If the retention in HILIC is through partitioning, the van’t Hoff
quation should apply.

Linearity of the van’t Hoff plots was reasonable for all the ana-
ytes concerned on both columns under the conditions applied.
nly the amino-acids on Nucleodur HILIC displayed a marked
urvature. Deviations from linearity mostly appear in the low tem-
erature range. This is however consistent with the behaviour of
onizable species, as reported previously [8].
Among our 12 test-solutes, different compound families

xhibited different retention behaviour, while column efficiency
enerally improved for all solutes with increasing temperature.

ZIC HILIC
2.0 2
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0 0

0.5

1/T

DOPAC

0 

0

0.0
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0

a

ig. 4. Variation of log k with column temperature (10–50 ◦C) for three standards. ACN
IC-HILIC and (b) Nucleodur HILIC.
example compounds. ACN percentage: 80%; ammonium acetate buffer w
wpH 4 (S

wpH

Even more surprising, although the two columns had shown com-
parable properties up to this point, they display here a marked
difference. Indeed, the six bases behave identically on both columns
(retention increases when temperature increases, although the
slopes are greater on ZIC-HILIC than on Nucleodur HILIC) while the
acids and amino-acids have opposite behaviour between the two
columns: on ZIC-HILIC, their retention increases with increasing
temperature while on Nucleodur HILIC, their retention decreases
with increased temperature. Exothermic transitions of solutes from
the mobile to the stationary phase are generally observed in the lit-
erature on ZIC-HILIC column used in HILIC mode [4,7]. Endothermic
transitions could result from adsorptive interactions superimposed
on the HILIC partitioning mechanism [51–53].  Based on the discus-
sion on the salt concentration effect, it is reasonable to assume that
the retention mechanism in the current mobile phase is of the ERLIC
type, thus comprising a combination of hydrophilic partitioning
and electrostatic interaction. The extent of electrostatic interaction
relative to the hydrophilic partitioning may  be different between

the two columns, resulting in different slopes of van’t Hoff plots
for the two  columns. Indeed, different elements discussed in the
preceding paragraphs suggest that the bonding density is larger on
the ZIC-HILIC column than on the Nucleodur HILIC column. At 5 mM

Nucleodu r HIL IC
.0

.5

ln(k )
DOPA

.0
DA

0

.5

1/T

DOPAC

.0

0.003 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

b

-buffer 80:20 (v/v); buffer was ammonium acetate 40 mM, w
wpH 4 (w

wpH 6.2). (a)
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alt concentration, a greater concentration of free sulfonate groups
ight thus remain on the ZIC-HILIC phase than on the Nucleodur
ILIC phase. As a result, electrostatic interaction might represent

 greater part of the retention mechanism of the former than the
atter, resulting in different transferring enthalpy.

Moreover, control of phase temperature can affect the separa-
ion selectivity on a zwitterionic stationary phase, as the flexibility
f the intercharge spacer arm increases with increased tempera-
ure (if sufficiently long), permitting the formation of internal salts
nd leading to reduced interactions with cationic analytes [6]. This
ould be in accordance with our observations because higher tem-
eratures would favour a partitioning mechanism, thus linear van’t
off plots. On the contrary, lower temperatures would favour pos-

ible electrostatic interactions, that is to say a more adsorption-like
echanism, resulting in non-linear van’t Hoff plots. This too implies

hat the length of the ligands is shorter in the Nucleodur HILIC
oating than in the ZIC-HILIC coating. This can however not be con-
rmed as, again, the exact surface chemistry of the two stationary
hases remains unrevealed by the manufacturers.

In the whole study presented in Section 4.1,  different arguments
hus suggest the existence of a mixed-mode retention mecha-
ism. To further evaluate this hypothesis and possibly quantify
he part taken by each process in the retention mechanism on sul-
obetaine stationary phases used in the HILIC mode, quantitative
tructure–retention relationships were established.

.2. Comparison based on quantitative structure–retention
elationships

.2.1. Choice of analytes
The compounds selected are small molecules having, for the

ost part, properties relevant for biomedical and pharmaceutical
tudies (Table 1). The set of analytes investigated here was never
sed before and was especially designed for this study. Thus some
alidation must be performed, to ensure that it is appropriate to
stablish QSRRs. Indeed, there are some essential rules to follow in
rder to obtain meaningful results from multiple linear regression
nalyses. One is that the set of probe solutes must be sufficiently
arge to ensure the statistical significance of the calculated system
onstants. A rule of thumb indicates that a minimum of four solutes
er variable should be used, although it is clearly better to over-
etermine the system by using more input retention factors. In our
ase, intending to use as many as seven independent variables, we
ave chosen to use a much larger solute set with more than 10 probe
olutes per variable. Besides, the system constants, particularly in
mall data sets, are strongly influenced by statistical outliers. This
s another reason for increasing the initial data set so experimental
rrors have less weight on the final equation.

Size of the solute set is not the only requirement: an equilibrated
et of solutes should have a wide variety of chemical functions,
o that the introduction of additional solutes would not signif-
cantly modify the results. Additionally, the applicability of the
alculated model is much larger when the data set that served to
stablish the coefficients is more diverse. This means that the cho-
en solutes must differ in physico-chemical properties and have
ifferent three-dimensional structures in order for the LSER to be
onsidered general. As a counter-example, the equations calcu-
ated by Jandera et al. on the ZIC-HILIC stationary phase [23] were
nly based on two compound families with little diversity, thus
he obtained models cannot be applicable to any other compound
amily than the ones that served to establish the equations. While
uilding our solute set, we have been careful to introduce a great

ariety of functional groups, sizes and shapes. Besides, positional
somers and slightly different functional groups were intended to
rovide subtle details of factors influencing retention and selec-
ivity. Fig. 5, showing the repartition of the solutes of Table 1 in
 A 1218 (2011) 5939– 5963

each descriptor space, demonstrates this point. It should be clear
from this figure that the solutes are distributed in such a manner
that each descriptor covers a wide range. Also, clustering should be
avoided as much as possible. The only exceptions to this rule are
the D− and D+ descriptors, because, due to the very definition of
these parameters, a large proportion of solutes have at least one D
value equal to zero. Also, as a result of the working pH (S

wpH 6.2),
most species are either completely neutral or completely ionized.
Actually, the final set comprises compounds which are:

(i) Neutral in the operating S
wpH conditions (47.4%)

(ii) Partly or totally anionic (17.1%)
iii) Partly or totally cationic (13.2%)

(iv) Partly or totally zwitterionic (22.4%).

Minima, maxima, average and standard deviation values for
each descriptor can be found in Table 2. It was  found reasonable
to compare the D− and D+ average and standard deviation values
only for charged species. Each descriptor covers a wide range that
defines the applicability domain of the models to be established,
which in turn will ensure the predictability from the models.

The property being studied (log k) should also span a wide range
in values. In the present study, log k values range from −1.5 to 1.5
on both columns, and no cluster of values is observed.

Another essential rule of QSRRs is that the variables employed
in the regression be independent, that is to say the descriptors
used in one equation should be as orthogonal as possible. Cross-
correlation must be avoided because it results in difficulties in the
interpretation of the coefficients, as the multiple linear regression
analysis is unable to distinguish between correlated descriptors.
Thus it is necessary that the probe solutes be chosen so as to mini-
mize correlation between the variables. Generally, a solute set with
large functional diversity guarantees little cross-correlation among
the descriptor values. This point is demonstrated in Table 3, rep-
resenting the correlation matrix for the solutes in Table 1. Each
descriptor was also plotted against another, and non-correlation
was reflected by the random scatter of the data, without any par-
ticular compounds acting as levers. Only the E and V descriptors
appear to present some correlation. However, it must be pointed
out that covariance measured through the correlation coefficient is
somewhat overestimated because this coefficient can be strongly
influenced by a few points acting as levers, while the rest of the
points are scattered. We  have thus checked that the points on each
plot of descriptors taken two by two were indeed widely scattered.

As a conclusion, we believe we have compiled a set of test solutes
that is sufficiently wide and diverse for the characterization of the
selected HILIC systems. The present solute set is thus suitable for
retention description of the sulfobetaine stationary phases. How-
ever, whether it is appropriate for describing retention in any HILIC
chromatographic system remains to be determined. Additional
solutes may  need to be introduced to this data set for stationary
phases or mobile phase conditions which would be more or less
retentive than the ones used here, in order to retain a reasonable
range of retention factors.

4.2.2. Comparison to log Do/w (w
wpH 6.2)

Since hydrophilic interaction is one of the mechanisms that gov-
ern the retention in the HILIC mode, the hydrophilic properties
of a compound should at least partly determine its behaviour in
this chromatographic system. log Do/w, like log Po/w, is a measure of
the hydrophilic character of a compound: high log Do/w values are
measured for compounds with low hydrophilic character. In HILIC,

the solutes are postulated to partition between the organic-rich
mobile phase and the water-rich pseudo-stationary phase that is
immobilized on the stationary phase. Thus, the more hydrophilic
the compound, the lower the log Do/w value and the longer the
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Fig. 5. Distribution of descriptor values among the solute set in Table 1.
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Table 2
Figures of merit for the solute set in Table 1. (The average and standard deviation values for D− and D+ were calculated using only charged species.).

E S A B V D− D+

Minimum 0.37 0.55 0.00 0.23 0.46 0.00 0.00
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Maximum 2.33 2.50 2.1
Average 1.05 1.38 0.8
Standard deviation 0.42 0.38 0.4

hromatographic retention. If the HILIC retention mechanism is
nalogous to a partition mechanism, then the analytes partition
etween the aqueous pseudo-stationary phase of unknown pH and
he buffer–acetonitrile mobile phase at S

wpH 6.2. In addition, the
etention data were acquired with a mobile phase composed of 80%
cetonitrile and 20% 100 mM ammonium acetate buffer. This corre-
ponds to an overall salt concentration of 20 mM.  Judging from the
bove observations, the retention mechanism on both stationary
hases in these conditions should be essentially of the HILIC type
t such high salt concentration, and not of the ERLIC type.

Fig. 6 is well in accordance with theory, as log k is inversely
orrelated to log Do/w. The relationship with retention on both
olumns is shown. The plots also make it clear that no partic-
lar group of solutes is responsible for the poor fit as neutral
pecies, anions, cations and zwitterions all scatter in a homoge-
eous fashion about the regression line. The worst correlation
oefficient obtained for the ZIC-HILIC phase seems to result essen-
ially from the least retained neutral species, for which accuracy of
he retention measurement might be an issue. However, the cor-
elation coefficient (R2 = 0.70 and 0.87 for ZIC-HILIC and Nucleodur
ILIC respectively) suggests that hydrophilic partitioning is only
ne of the mechanisms involved in retention in the HILIC mode,
hus log Do/w cannot furnish more than a rough estimate of solute
etention. This seems to indicate that, even at the highest salt con-
entration, where the ionic groups of the stationary phase should
e titrated, some adsorption interactions might still participate in
he retention mechanism.

Indeed, the water layer is not built on an inert stationary phase;
hus all functional groups of the stationary phase, the sulfobetaine
igands and the residual silanol groups, cannot be prevented by the
mmobilized water layer from interacting with analytes.

Similarly to the results presented in Fig. 6, in a study of Kadar
t al. [54] correlation coefficients of about 0.7 were obtained when
rying to correlate log k to log Do/w. Lämmerhofer et al. obtained
omparable correlation coefficients [39]. Besides, when Quim-
ng et al. [19] elaborated models to describe retention in the
ILIC mode, log Do/w did not prove sufficient to achieve a com-
lete description of the retention mechanism. Other interaction
erms had to be taken into account, namely hydrogen bonding,
ipole–dipole interactions and other electrostatic interactions. In
he following, we have devised a retention model to try and quan-
ify these interactions.
.2.3. Retention models
There are different approaches to QSRRs. One of them is to

tart from numerous molecular descriptors and selecting the
ombination of descriptors providing the best correlation to reten-

able 3
ovariance matrix (determination coefficients R2) for the solutes in Table 1.

E S A 

E 0.69 0.40 

S  0.69 0.57 

A  0.40 0.57 

B  0.54 0.64 0.59 

V  0.72 0.63 0.45 

D− −0.37 −0.13 0.30 

D+ −0.21 −0.05 0.22 
3.10 2.42 2.00 1.00
1.07 1.15 1.10 0.99
0.59 0.37 0.31 0.03

tion. This is, for instance, the approach taken by Quiming et al.
[18–22]. This leads to certain difficulties as different chromato-
graphic systems would be best described by different molecular
descriptors, thus comparison between different systems is quite
complicated.

Another method is to start from a reduced number of selected
solute descriptors, based on a priori knowledge of the interac-
tions contributing to retention. We  generally favour the latter
approach, as comparison between different chromatographic sys-
tems is much easier this way.

Besides, we  chose to focus principally on an existing model, the
relevance of which has already been established, rather than try-
ing to conceive a completely new model for the chromatographic
system we wished to characterize. The solvation parameter model,
fully described in the theory section above, has the advantage of
having been widely used for the characterization of chromato-
graphic systems in the liquid phase, thereby providing numerous
references and comparison points for any new system.

The system constants for both sulfobetaine columns are pre-
sented in Table 4. Three equations are provided for each column.
The first one was established based on Eq. (1),  the usual solvation
parameter model limited to Abraham descriptors, retaining only
those compounds that are neutral at the mobile phase S

wpH. The
second one was  calculated with the same Eq. (1),  but for all com-
pounds in Table 1, whatever their ionization state. The third one
was calculated again for all compounds in Table 1, but based on
our suggested equation comprising two  additional descriptors to
account for ionic interactions with anions and cations, Eq. (16).

The goodness of fit can be estimated with the adjusted deter-
mination coefficient (R2

adj), standard error in the estimate (SE) and
Fischer F statistic. If the fits are rather good when using only neutral
compounds with Eq. (1),  they seriously deteriorate upon introduc-
tion of the ionic species in the model calculation. This is natural
because the solvation parameter model was  designed for neutral
species and is not appropriate to describe retention of ionic species.
It should however be clear from these parameters that, when ion-
izable compounds are present in the data set, the goodness of fit is
greatly improved on moving from Eqs. (1) to (16). On the Nucleo-
dur HILIC phase, equally good correlation is obtained between the
first and third equations. This is also visible on Fig. 7, where the fits
associated to the six calculated models can be compared. It appears
on these figures that the experimental retention of all ionic species
is larger than the retention calculated when no term is present to

account for ionic interactions (Fig. 7b and e). When the ionic inter-
actions are taken into account, the scattering of points about the
first bisector is more homogeneous (Fig. 7c and f). This suggests
that the two additional terms d−D− and d+D+ adequately describe

B V D− D+

0.54 0.72 −0.37 −0.21
0.64 0.63 −0.13 −0.05
0.59 0.45 0.30 0.22

0.64 0.07 0.21
0.64 −0.06 0.02
0.07 −0.06 0.43
0.21 0.02 0.43
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Fig. 6. Relationship between retention and the octanol–water partition coefficient of ionized species at S
wpH 6.2 (log Do/w) for the solutes in Table 1. The red line is the first
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isector; the black line is the regression line. Open diamonds are neutral species at th
lue  triangles are zwitterionic species. (a) ZIC-HILIC and (b) Nucleodur HILIC. (For i
eb  version of this article.)

xtra ionic interactions in the studied HILIC systems. This also indi-
ates that the change in retention caused by the ionization of an
cidic or basic compound is too great for the predicted retention
rom the standard solvation parameter model (Eq. (1))  for the neu-
ral form of the compound to be a reasonable estimate of retention
hen appreciably ionized.

Possible outliers were detected by inspecting the plot of the
tandardized residuals against the fitted values. Standardized
esiduals with absolute values higher than 2.0 (at 95% confidence
evel) can be considered outliers and removed from the data set.
he regression must then be repeated using the remaining cases.

It was also ascertained that the normalized residuals in no way
orrelated with any of the descriptors used as independent vari-
bles.

Judging from the correlation coefficient values (R2
adj = 0.940 and

.934 respectively for ZIC-HILIC and Nucleodur HILIC), more than
0% of the variance observed in these chromatographic systems

s explained with Eq. (16). The missing 6–7% can have different
rigins:
(i) For the purpose of simplicity, the E, S, A, B and V descriptor
of the neutral species were used, although it was mentioned
above that they should be somewhat different for ionic species.

able 4
ystem constants and statistics for both columns n is the number of solutes considered in
n  the estimate, F is Fischer’s statistic and the numbers in italics represent 99.9% confiden

Stationary phase c s a b v 

ZIC-HILIC −0.673 0.355 0.950 −0.915
0.076  0.062 0.050 0.085
0.253 −0.578 0.629 1.185 −1.103
0.191  0.183 0.137 0.118 0.180

−0.385 −0.323 0.277 1.024 −0.727
0.104  0.098 0.069 0.059 0.082

Nucleodur HILIC −0.765 0.468 0.889 −0.861
0.092  0.076 0.063 0.106
0.243 −0.702 0.788 1.136 −0.973
0.193  0.184 0.147 0.122 0.194

−0.388 −0.395 0.375 0.951 −0.611
0.109  0.102 0.073 0.062 0.087
bile phase w
wpH red diamonds are anionic species, black squares are cationic species,

etation of the references to color in this figure legend, the reader is referred to the

Indeed, the Abraham descriptors were calculated with a soft-
ware program that is unable to cope with ionized forms of an
acid or base. For future works, they should thus be determined
experimentally to possibly improve the retention description.
For this purpose, a number of partitioning or chromatographic
systems should be characterized with Eq. (16) so as to back-
calculate the solute descriptors.

(ii) Again for the purpose of simplicity, the mobile phase S
wpH and

aqueous pK values were used, rather than S
SpH and pK* val-

ues. This is questionable, because the S
SpH experienced by the

solutes in the hydro-organic mobile phase is somewhat differ-
ent from the S

wpH measured with the electrode calibrated in
aqueous buffers, and the pK* values are different from aque-
ous pK. Indeed, as a general rule, pK* of acids increase and
pK* of bases decrease when the percentage of organic solvent
increases [55]. However, pH* may  be different in the organic-
rich mobile phase from what it would be in the water-rich
pseudo-stationary phase, which is probably close to 4 (the
prepared buffer w

wpH). Moreover, ionic species could be sur-

rounded by “shells” of solvent of a different composition from
the bulk mobile phase [56]. Thus using the S

SpH value in the
mobile phase may  well be as wrong as sticking to the mobile
phase S

wpH because the solutes would experience different

 the regression, R2
adj is the adjusted correlation coefficient SE in the standard error

ce limits.

d− d+ n R2
adj SE F

 30 0.966 0.124 279

 68 0.743 0.365 49

 0.335 0.497 67 0.940 0.176 173
 0.046 0.052

 33 0.934 0.173 151

 74 0.715 0.400 47

 0.283 0.550 70 0.934 0.189 164
 0.047 0.055
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Fig. 7. Model fits (experimental vs. calculated log k) for the equations in Table 4. (a) ZIC-HILIC retention of neutral species calculated with Eq. (1),  (b) ZIC-HILIC retention of
all  species in Table 1 calculated with Eq. (1),  (c) ZIC-HILIC retention of neutral species calculated with Eq. (16), (d) Nucleodur HILIC retention of neutral species calculated
w q. (1)
d  specie
i to the

(

ith  Eq. (1), (e) Nucleodur HILIC retention of all species in Table 1 calculated with E
iamonds are neutral species at the mobile phase w

wpH red diamonds are anionic
nterpretation of the references to color in this figure legend, the reader is referred 

pH environments when moving from the mobile phase to the
pseudo-stationary phase.

iii) Simply using the ionization degree of a species as a measure
of its ability to participate in ionic interactions is also a gross
simplification because it does not take into account the pos-
sible shielding of the charge by other functional groups in the

molecule, preventing it from direct interaction with the mobile
and stationary phase. For most compounds in Table 1, however,
this should be of little significance because most ionic entities
should be easily accessible.
 and (f) Nucleodur HILIC retention of neutral species calculated with Eq. (16). Open
s, black squares are cationic species, blue triangles are zwitterionic species. (For

 web version of this article.)

Still, we consider these results as reasonably good, and it is
worth noting that the sign and magnitude of each regression coef-
ficient obtained are in accordance with the chemical nature of the
stationary–mobile phase systems under investigation, as will be
further detailed below. As each coefficient is significantly larger
than its standard deviation, the results are amenable to interpreta-

tion. It is also significant that the coefficients do not vary strongly
between the first and third equations (neutral species with Eq. (1)
compared to all species with Eq. (16)). The differences observed are
most certainly due to the fact that some of the descriptor values in
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he neutral species set are more strongly correlated than in the
omplete solute set. In particular, the S descriptor is strongly cor-
elated to the V descriptor. As a result, it is impossible to keep them
oth in one linear regression. The suppression of the s coefficient
hus mechanically results in a decreased value of the v coefficient,
o compensate for this absence.

Since the descriptors represent the solute effect on various
olute-phase interactions, the coefficients obtained from the mul-
iple linear regression analyses correspond to the complementary
ffect of the stationary and mobile phases on these interactions. The
egression coefficients thus encode chromatographic system prop-
rties. As the chromatographic conditions and mobile phase were
ept constant for the two columns, the comparison of coefficients
rovides a comparison of the stationary phases.

The intercept, c, is not assigned any chemical significance. It rep-
esents a part of the retention factors that is not accounted for
y the solvation parameters. Therefore, the c coefficients are not
asily compared or interpreted, and they will be omitted in this
iscussion.

First of all, the general repartition of the coefficient val-
es between positive and negative values is characteristic of a
ormal-phase type system. Indeed, most polar-type interactions
re positive indicating that increased polarity of the solute causes
ncreased retention, while non-polar interactions (dispersive inter-
ctions represented by the v coefficient) are negative, indicating
hat increased non-polar molecular volume causes decreased
etention. This is an intuitive outcome because polar compounds
re expected to have longer retention on the polar stationary phase
han less polar ones in HILIC.

Besides, the dominant and opposite parts taken by the b and v
oefficients are characteristic of partitioning systems where water
s one of the two phases. Such large and opposite b and v coefficients
re always observed, for instance, in RPLC systems. However, in
he latter, b is negative and v is positive. This confirms that HILIC
ehaviour is a sort of “reversed RPLC” system.

The statistical significance of individual coefficients was evalu-
ted using the t-ratio, which is defined as the ratio of the regression
oefficient to its standard error. Based on this factor, the e coeffi-
ient appeared not to be a significant factor in explaining retention
n both columns. This can have two possible meanings: either
-type interactions (interactions through � and non-binding elec-
rons) do not participate to the retention mechanism in this
hromatographic system, or e-type interactions have the same
agnitude between the solute and stationary phase as between

olute and mobile phase.
The s coefficient gives the tendency of the phase to interact with

ipolar and/or polarizable solutes. In the present case, it is small
nd negative, indicating that dipole–dipole interactions are slightly
tronger between solute and mobile phase than between solute and
tationary phase.

The a coefficient denotes the hydrogen-bond basicity of the sta-
ionary phase (or pseudo-stationary phase), because acidic solutes
having a positive A coefficient) will interact with a basic phase. The
ositive contribution to such interactions by the stationary phase
an stem from: (i) the immobilized aqueous layer or (ii) the sul-
onate terminal functions of the sulfobetaine ligands. It must be
ointed out that, in the definition of the A term, all chemical func-
ions related to the overall acidity are taken into account: not only
arboxylate but also hydroxyl and primary and secondary amine
roups, for instance, contribute to the A descriptor. Moreover, as the

 descriptor qualifies neutral species, the “acidic” species defined
y a positive A value are protonated acids, not anionic species. This
s obviously a defect in the present work because, as mentioned
bove, some descriptor values should be recalculated for the ion-
zed species. In particular, the A values should be recalculated for
he anionic acidic functions.
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The b coefficient is a measure of the hydrogen-bond acidity
of the phase, because basic solutes (having large B values) will
interact with an acidic phase. Similarly to the above situation,
large B values qualify electron-donor species in their neutral form
and no correction of the descriptor was  applied for the proto-
nated bases. The large b coefficient observed here can be largely
attributed to the aqueous pseudo-stationary phase, because the
strong (Lewis) acidic character of water is generally responsible
for large b coefficients. Besides, it is suspected that the electron-
acceptor quaternary amine function at the base of the sulfobetaine
ligand may  not be fully accessible to interact with basic solutes.

In the QSRR analyses conducted by Quiming et al. [19], the
hydrogen-bond acceptor character (equivalent to the B descriptor
here) was  found to have a significant influence on retention on a
silica stationary phase used in the HILIC mode, while the hydrogen-
bond donor character (equivalent to the A descriptor here) was not
significant. This could be consistent with our observation that the
a coefficient, although positive, is smaller than the b coefficient.

However, on a diol stationary phase [22], both the hydrogen-
bond donor and acceptor characteristics had an influence
on retention. On a polyvinylalcohol stationary phase [21],
the hydrogen-bond donor character was  significant, while the
hydrogen-bond acceptor character was not. These comparisons do
actually not make much sense, because log Do/w, which was also
used as a solute descriptor in the above QSRRs, also comprises some
hydrogen bonding component, which is not clearly quantified.

Jandera et al. [23] found much larger a coefficients than b coeffi-
cients when describing the HILIC retention of phenolic acids on the
ZIC-HILIC phase. However, the significance of LSER equations based
on only 12 solutes with little structural diversity is questionable.

The v coefficient is a combination of exoergic dispersion forces
that make a positive contribution and an endoergic cavity term
making a negative contribution. Clearly, dispersive interactions
with the stationary and mobile phases here should be negligible,
and the large negative value of the v coefficient is most probably
associated with the difficulty in inserting the solute in the highly
cohesive aqueous pseudo-stationary phase.

Both d coefficients are positive, indicating that the presence of a
permanent charge in the solute structure induces increased reten-
tion. This can be attributed to enhanced solubility in the aqueous
layer and reduced solubility in the acetonitrile-rich mobile phase,
leading to hydrophilic partitioning. The d+ coefficient is larger than
the d− coefficient, possibly due to remaining attractive electrostatic
interactions occurring between cations and the sulfonate function
of the stationary phase, while the latter would cause repulsive
interactions with anions. Indeed, the sulfonate groups on the out-
side of the sulfobetaine ligands give the column cation-exchange
properties despite the overall zwitterionic nature of the bonded
ligand. Nevertheless the negatively charged acids do not elute in
the dead volume, suggesting that the retention conferred by the
hydrophilic interaction is stronger than the electrostatic repulsion
with the concentration of ACN used here. Moreover, the possibil-
ity of an ion-pairing mechanism involving the buffer ions (acetate
and ammonium) cannot be excluded to explain the significant d
values.

For the purpose of clarity, the coefficients obtained with Eq.
(16) on both columns were also represented in Fig. 8. Very little
difference is observed between the two  columns. Indeed, upon cal-
culation of the � angle between the two  chromatographic systems,
based on Eq. (3) adapted to take account of the two  extra system
constants, a 8◦ angle is found between the two columns. Moreover,
the calculation of J based on Eqs. (4)–(6) indicates that the two

columns are similar and cannot be distinguished based on their
interaction properties measured with Eq. (16). Thus replacing one
column by the other should provide essentially identical elution
orders when working with mobile phase conditions comparable
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ith  Eq. (1), (b) ZIC-HILIC retention of neutral species calculated with Eq. (16), (c)
ILIC  retention of neutral species calculated with Eq. (16).

o the ones used here. This is also confirmed by Fig. 9, where the

etention factors on both columns appear to be highly correlated,
ndicating highly similar retention behaviour of the two columns

hen used in identical operating conditions.

2
log  k 

Nucleodu r 
HILIC

y = 0.9548x + 0.0298
R2 = 0.9456

1

0

-1

log  k 
ZIC-HILIC

-2
-2 -1 0 1 2

C C

ig. 9. �–� plot comparing the retention on the ZIC-HILIC phase to the reten-
ion  on the Nucleodur HILIC phase for the solutes in Table 1. Mobile phase:
cetonitrile–100 mM ammonium acetate buffer w

wpH 4 80:20 (v/v), 20 ◦C.
factors of solutes in Table 1 on (a) ZIC-HILIC retention of neutral species calculated
odur HILIC retention of neutral species calculated with Eq. (1) and (d) Nucleodur

In addition, the calculation of the u vector length according to
Eq. (7),  again adapted to take account of the d coefficients, pro-
vides the following values: u (ZIC-HILIC) = 1.46 and u (Nucleodur
HILIC) = 1.40. This indicates that retention and separation factors
should be essentially of the same order between the two  columns,
which is in accordance with Fig. 9 where most data points appear
to be close to the first bisector, indicating comparable retention on
both columns, despite different specific surface area and possibly
different bonding density.

5. Conclusion

Although the two sulfobetaine-bonded stationary phases
appeared essentially identical, displaying identical retention
behaviour under different operating conditions, some differences
appear as regards temperature effect on retention, possibly result-
ing from different bonding density.

Generally better peak efficiency is noticed on the Nucleodur
HILIC column, which was based on smaller silica particles, although
significant salt concentrations were necessary to obtain symmetric
peaks for some compounds (for instance A, DOPA, DHBA or NA).

A modified version of the solvation parameter model appeared
to provide significant improvement to correlate the retention data
measured in the HILIC mode.
The general repartition of all LSER coefficients is in accordance
with good chemical sense. The large and opposite values of the b
and v coefficients suggest that partition of the solutes between the
organic-rich mobile phase and the water-rich pseudo-stationary
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hase does occur, as initially suggested by the correlation between
etention factors and octanol–water partition coefficients. Other
ystem constants evince the multi-modal retention mechanism
f the sulfobetaine stationary phases used in the HILIC mode. As

 result, all polar compounds, whether they are neutral, anionic,
ationic or zwitterionic, could prospectively experience sufficient
etention to achieve a separation on these columns, rendering them
uitable stationary phases for varied applications.

The degree of ionization as indicated by the pK values of the com-
ounds seems an appropriate descriptor for describing the ionic

nteractions of the analytes with the stationary and mobile phase
omponents. The significant contribution of d− and d+ to retention
ndicate that coulombic interaction is one mechanism of reten-
ion in the studied system that was not correctly assessed with
he standard solvation parameter model.

There is currently no standardized HILIC characterization test.
hether the above suggested method is to become a standardized
ethod remains to be demonstrated with further experiments on

ifferent stationary phases and with different operating conditions.
his will be the object of future work.
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