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a  b  s  t  r  a  c  t

This  work  aims  at characterizing  interactions  between  a  select  set  of  probes  and  22  hydrophilic  and  polar
commercial  stationary  phases,  to  develop  an understanding  of  the  relationship  between  the  chemical
properties  of  those  phases  and  their  interplay  with  the eluent  and  solutes  in  hydrophilic  interaction  chro-
matography.  “Hydrophilic  interaction”  is  a somewhat  inexact  term,  and  an  attempt  was  therefore  made
to characterize  the  interactions  involved  in  HILIC  as hydrophilic,  hydrophobic,  electrostatic,  hydrogen
bonding,  dipole–dipole,  �–� interaction,  and  shape-selectivity.  Each  specific  interaction  was  quantified
from  the  separation  factors  of  a pair  of  similar  substances  of  which  one  had  properties  promoting  the
interaction  mode  being  probed  while  the  other  did  not.  The  effects  of  particle  size  and  pore  size  of  the
phases  on  retention  and  selectivity  were  also  studied.  The  phases  investigated  covered  a wide  range
of  surface  functional  groups  including  zwitterionic  (sulfobetaine  and  phosphocholine),  neutral  (amide
and hydroxyl),  cationic  (amine),  and  anionic  (sulfonic  acid  and  silanol).  Principal  component  analysis  of
the  data  showed  that  partitioning  was  a dominating  mechanism  for  uncharged  solutes  in  HILIC.  How-
ever,  correlations  between  functional  groups  and  interactions  were  also  observed,  which  confirms  that

the HILIC  retention  mechanism  is  partly  contributed  by adsorption  mechanisms  involving  electrostatic
interaction  and  multipoint  hydrogen  bonding.  Phases  with  smaller  pore  diameters  yielded  longer  reten-
tion of  solutes,  but  did  not  significantly  change  the  column  selectivities.  The  particle  diameter  had  no
significant  effect,  neither  on retention,  nor  on  the  selectivities.  An  increased  water  content  in  the  elu-
ent reduced  the  multipoint  hydrogen  bonding  interactions,  while  an  increased  electrolyte  concentration
lowered  the  selectivities  of the  tested  columns  and  made  their  interaction  patterns  more  similar.
. Introduction

Hydrophilic interaction chromatography (HILIC), which
nvolves polar stationary phases and predominantly organic
luents, is a fast-growing sub-technique of HPLC aimed mainly
t separating polar compounds that show weak retention in
eversed-phase liquid chromatography [1].  The term “hydrophilic
nteraction chromatography” was coined by Alpert in 1990 [2],
ut HPLC separations based on the same principle were described
fteen years earlier for the separation of carbohydrates [3,4]. In
eversed-phase chromatography, the separation of polar com-
ounds can be assisted by techniques such as derivatization
ith a hydrophobic ligand [5],  and by ion pairing [6]. However,

hese ancillary techniques make the overall process more compli-
ated, and separation is not always achieved. Thanks to its direct

pproach, HILIC can provide a simpler separation without the need
or derivatization reactions and modifier additions, and will also
ypically afford a higher sensitivity when coupled with a mass

∗ Corresponding author. Tel.: +46 90 154880; fax: +46 90 154883.
E-mail address: tobias.jonsson@merckgroup.com (T. Jonsson).

021-9673/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.chroma.2011.06.037
© 2011 Published by Elsevier B.V.

spectrometric detector [7,8]. As with most new techniques, HILIC
experienced a slow start [1],  but in the past few years HILIC has
become a preferred technique in many life science fields involving
separation of polar compounds such as pharmaceuticals [9] and
toxins [10], and in emerging bioanalytical areas such as glycomics
and glycoproteomics [11–14],  and metabolomics [15].

Although the technique has been widely applied, the retention
mechanism of HILIC is still under debate. Many studies support
a postulated [2] partitioning mechanism between the bulk eluent
and a water-enriched layer immobilized on HILIC phases. How-
ever, those studies also point out that the functional groups on
the phase surface contribute to the selectivity in HILIC [16]. Other
interactions which could be involved in HILIC are electrostatic
interaction, hydrogen-bonding, dipole–dipole interaction, molec-
ular shape selectivity, and even hydrophobic interaction [17,18].
Potentially, for solutes with more than one functionality, the reten-
tion mechanism of HILIC is multimodal, leading to “mixed mode”
retention patterns which make selectivity charting a challenging

task.

Mixtures of acetonitrile (ACN) with a relatively low (typically
5–40%) content of water containing a low concentration of buffer-
ing electrolyte has settled as the typical eluent composition in HILIC

dx.doi.org/10.1016/j.chroma.2011.06.037
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:tobias.jonsson@merckgroup.com
dx.doi.org/10.1016/j.chroma.2011.06.037
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ue to their good selectivity, ability to dissolve many polar solutes,
nd relatively low viscosity [19,20].  The separation materials used
n HILIC are, on the other hand, quite diverse. As reported in a review
our years ago [1],  more than forty stationary phases had already
een used in HILIC mode separations. The majority of those phases
ere silica-based, yet stationary phases based on other materials
ave been also reported such as zirconia [21,22],  titania [23,24], and
ydrophilic polymer [25,26]. HILIC phases can be uncoated (silica,
irconia, or titania) or derivatized with neutral, ionic, or zwitteri-
nic functional groups, and systematic studies of the similarities
nd differences among those phases and the roles of their func-
ional groups on the selectivity have been limited in scope. That
eads to difficulties in column selection for method development
sing HILIC, and also a lack of guidance in development of new
ILIC phases.

In reversed-phase chromatography, many methods have been
eveloped to compare columns, and details of those tests have
een extensively reviewed in the literature [27]. Most methods
ecently devised are based on differences in selectivities for certain
olute pairs, which are selected on the basis of being represen-
ative of specific interaction modes. Chemometric techniques are
hen preferentially applied to classify columns. There have also
een studies which attempted to make such comparisons between
ILIC columns [20,28–32].  However, these comparisons only con-
erned specific classes of compounds such as neurotransmitters
29], peptides [30], or organic acids [31].

The aims of this work were to develop a system for comparing
he selectivity of the major categories of current HILIC phases, and
lso to widen the understanding of interactions occurring in HILIC.
s in reversed phase chromatography [27], the method chosen to
lucidate selectivity and interaction modes was developed based
n selectivity factors for pairs of similar chemical substances, one
ith properties promoting the particular interaction mode being
robed, and the other member lacking such properties. Principal
omponent analysis (PCA) was thereafter used on the obtained
ata to classify HILIC columns. This work also investigated the rela-
ionship between functional groups of stationary phases and the
nteraction mode in HILIC.

. Experimental

.1. Chemicals and reagents

Adenosine (≥99%), uracil (≥99%), cytosine (≥99%),
-thiocytosine (≥99%), methylglycolate (98%), �-hydroxy-�-
utyrolactone (99%), 1-methylimidazole (99%), 1-ethylimidazole
99%), 1-vinylimidazole (99%), sorbic acid, and cis-  and trans-
iamminedichloroplatinum (II) were from Aldrich (Steinheim,
RG). Phenyltrimethylammonium chloride and dl-tryptophan
ere from Fluka (Buchs, Switzerland). Adenine, benzoic acid,

enzyltrimethylammonium chloride, benzenesulfonic acid, and
ihydroxyacetone were obtained from Merck (Darmstadt, FRG).
mmonium acetate was purchased from Scharlau (Barcelona,
pain). Toluene and HPLC grade ACN were from Fisher (Loughbor-
ugh, UK) and deionized water (18 M� cm−1) was supplied by a
illipore Ultra-Q (Bedford, MA)  purification system.

.2. Instrumentation

Chromatographic experiments were carried out on an HP 1050

C system (Agilent, Palo Alto, CA) consisting of a quaternary pump,
n autosampler, and a diode array detector. The ChemStation
10.01 software was used to control the HPLC system and to acquire

he chromatographic data.
 1218 (2011) 5880– 5891 5881

2.3. Selection of pairs of substances

Substances were selected in pairs that were expected to vary in
their interactions in ways that might affect retention in HILIC. The
test probes chosen are listed in Table 1 along with their calculated
octanol–water distribution coefficients (log D) and negative loga-
rithm of the acid dissociation constants (pKa), and their structures
are shown in Fig. 1. The potential interactions studied in this work
were hydrophilic, hydrophobic, hydrogen-bonding, dipole–dipole
interaction, �–� interaction, electrostatic interaction, and molec-
ular shape selectivity.

2.4. Standards

All standard solutions of the selected test probes were prepared
in the eluent at the lowest concentrations that would give a reason-
able signal in UV detection. The dihydroxyacetone standards were
prepared freshly every day due to their instability. The other stan-
dards were considered to be stable at room temperature except the
cis- and trans-diamminedichloroplatinum (II) complexes, which
were stored in a freezer at −20 ◦C when not in use.

2.5. Chromatographic tests

In order to make the comparison of all HILIC columns as fair as
possible, the same mobile phase was  used throughout; a 80:20 (v/v)
mixture of ACN and 25 mM aqueous ammonium acetate, which was
left in the weakly buffering neutral range with a measured pH of
approximately 6.8. The eluent flow rate was  fixed at 0.5 mL/min for
all columns. Absorbance detection wavelengths were adjusted to
obtain appropriate sensitivity and selectivity for all solutes. Reten-
tion factors were determined as the average of two  injections and
toluene was  used as unretained marker to determine t0. All runs
were done at room temperature (22 ± 2 ◦C) without active ther-
mostatting of the columns.

The chromatographic tests were performed on 22 different com-
mercially available columns, listed in Table 2. These columns cover
a wide range of properties with regards to both surface chem-
istry (neutral, anion exchange, cation exchange, and zwitterionic)
and physical properties (particle size and pore size), and were
acquired new shortly before the tests commenced. The columns
were flushed with methanol, followed by 80:20 (v/v) ACN/aqueous
250 mM ammonium acetate (pH ∼ 6.8) to ensure that all counter-
ions loaded on the columns in previous treatment steps were
exchanged, and thereafter conditioned with at least thirty column
volumes of eluent prior to the chromatographic evaluation.

In the study of the effect of eluent composition on selectiv-
ity, the full probe set was  run on eight of the 22 columns at two
additional compositions of acetonitrile and aqueous buffer, with
the aqueous component consisting of either 20% (v/v) of 100 mM
ammonium acetate or 30% (v/v) of 16.7 mM ammonium acetate,
both at pH ∼ 6.8. Those eight columns were selected from the com-
plete column set to include members from all the groups indicated
by the PCA of the columns under the common running conditions.
Effects of variations in pH and temperature were not studied in
this work because changes in these variables could lead to altered
properties of both the test substances and the columns; as a result,
the original differences in properties between members of pairs of
probe solutes might no longer pertain.

2.6. Data evaluation
Principal component analysis (PCA), a multivariable analy-
sis technique, was used to evaluate data using the SIMCA-P+
Ver.12.0.0.0 software package from Umetrics (Umeå, Sweden). The
scaling of data was  set at mean-centering to shift the data towards
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Table 1
Distribution coefficients and aqueous pKa of the test solutes.

Chemical names Abbreviations log Da pKa
b

Cytosine CYT −1.24 4.83, 9.98
Uracil URA −0.86 9.77, 13.79
2-Thiocytosine S-CYT −0.52 6.45, 9.48
Adenine ADI −0.55 3.15, 5.43, 9.91
Adenosine ADO −2.1 2.73, 5.2
N-Vinylimidazole V-IMI 0.41 5.92d

N-Ethylimidazole E-IMI 0.14 7.25d

N-Methylimidazole M-IMI −0.23 6.82
1,3-Dihydroxyacetone DHA −1.53  N/A
Dimethyl formamide DMF −0.63 N/A
Methylglycolate M-GLY −0.89 N/A
�-Hydroxy-�-butyrolactone HBL −0.79 N/A
Phenyltrimethylammonium chloride PTMA −5.87 N/A
Benzyltrimethylammonium chloride BTMA −6.15 N/A
Benzyltriethylammonium chloride BTEA −5.08 N/A
Benzoic  acid BA −1.09 4.08
Sorbic  acid SA −0.35 5.01
Benzenesulfonic acid BSU −1.22 −2.36
Tryptophan TRP −3.7 2.54, 9.4, 16.6
cis-Diamminedichloroplatinum (II) CDDP −2.19c N/A
trans-Diamminedichloroplatinum (II) TDDP – N/A
Toluene TOLU 2.49 N/A

N/A, not applicable. When not otherwise noted, the log D, and pKa values were calculated by Marvin Calculator Plugins from ChemAxon [50].
a log D, logarithm of octanol–water partition coefficient at pH 6.8 including ionic species.
b pKa, negative logarithm of acid dissociation constants determined in water.
c The value is from Ref. [49].
d Values from Ref. [34].

Fig. 1. Structures of test solutes used in this work.
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(Å
) 

Su
rf

ac
e 

ar
ea

 

(m
2
/g

) 

C
ol

u
m

n

 

si
ze

a
(m

m
)

1
ZI

C
-H

IL
IC

M
er

ck
Si

li
ca

Po
ly

m
er

ic

 

su
lf

oa
lk

yl
be

ta
in

e 

zw
it

te
ri

on
ic

5
20

0
13

5 

4.
6 

× 

10
0

2 

ZI
C

-H
IL

IC

 

M
er

ck

 

Si
li

ca

 

Po
ly

m
er

ic

 

su
lf

oa
lk

yl
be

ta
in

e 

zw
it

te
ri

on
ic

 

3.
5 

20
0 

13
5 

4.
6 

× 
15

0
3 

ZI
C

-H
IL

IC

 

M
er

ck

 

Si
li

ca

 

Po
ly

m
er

ic

 

su
lf

oa
lk

yl
be

ta
in

e 

zw
it

te
ri

on
ic

 

3.
5 

10
0 

18
0 

4.
6 

× 
15

0
4 

ZI
C

-p
H

IL
IC

 

M
er

ck

 

Po
ro

u
s 

p
ol

ym
er

 

Po
ly

m
er

ic

 

su
lf

oa
lk

yl
be

ta
in

e 

zw
it

te
ri

on
ic

 

5 

– 

– 

4.
6 

× 
50

5 

N
u

cl
eo

d
u

r 

H
IL

IC

 

M
ac

h
er

ey
-N

ag
el

 

Si
li

ca

 

Su
lf

oa
lk

yl
be

ta
in

e 

zw
it

te
ri

on
ic

 

5 

11
0 

34
0 

4.
6 

× 

10
0

6
PC

 

H
IL

IC
Sh

is
ei

d
o

Si
li

ca
Ph

os
p

h
or

yl
ch

ol
in

e 

zw
it

te
ri

on
ic

 

5 

10
0 

45
0 

4.
6 

× 

10
0

7 

TS
K

ge
l A

m
id

e 

80

 

To
so

h

 

B
io

sc
ie

n
ce

 

Si
li

ca

 

A
m

id
e 

(p
ol

ym
er

ic

 

ca
rb

am
oy

l)

 

5 

80

 

45
0 

4.
6 

× 

10
0

8
TS

K
ge

l A
m

id
e 

80
To

so
h

 

B
io

sc
ie

n
ce

Si
li

ca
A

m
id

e 

(p
ol

ym
er

ic

 

ca
rb

am
oy

l)
3

80

 

45
0 

4.
6 

× 

50
9 

Po
ly

H
yd

ro
xy

et
h

yl

 

A

 

Po
ly

LC

 

Si
li

ca

 

Po
ly

(2
-h

yd
ro

xy
et

h
yl

 

as
p

ar
ta

m
id

e)

 

5 

20
0 

18
8 

4.
6 

× 

10
0

10
Li

C
h

ro
sp

h
er

 

10
0 

D
io

l
M

er
ck

Si
li

ca
2,

3-
D

ih
yd

ro
xy

p
ro

p
yl

5
10

0
35

0
4.

0 

×
12

5
11

 

Lu
n

a 

H
IL

IC

 

Ph
en

om
en

ex

 

Si
li

ca

 

C
ro

ss
-l

in
ke

d

 

d
io

l 

5 

20
0 

18
5 

4.
6 

× 

10
0

12

 

Po
ly

Su
lf

oe
th

yl

 

A

 

Po
ly

LC

 

Si
li

ca

 

Po
ly

(2
-s

u
lf

oe
th

yl

 

as
p

ar
ta

m
id

e)

 

5 

20
0 

18
8 

4.
6 

× 

10
0

13

 

C
h

ro
m

ol
it

h

 

Si

 

M
er

ck

 

Si
li

ca

 

m
on

ol
it

h

 

U
n

d
er

iv
at

iz
ed

 

N
/A

 

13
0 

30
0 

4.
6 

× 

10
0

14

 

A
tl

an
ti

s 

H
IL

IC

 

Si

 

W
at

er
s 

Si
li

ca

 

U
n

d
er

iv
at

iz
ed

 

5 

10
0 

33
0 

4.
6 

× 

10
0

15
Pu

ro
sp

h
er

 

ST
A

R

 

Si
M

er
ck

 

Si
li

ca

 

U
n

d
er

iv
at

iz
ed

 

5 

12
0 

33
0 

4.
0 

× 

12
5

16

 

Li
C

h
ro

sp
h

er

 

Si

 

10
0 

M
er

ck

 

Si
li

ca

 

U
n

d
er

iv
at

iz
ed

 

5 

10
0 

40
0 

4.
0 

× 

12
5

17
Li

C
h

ro
sp

h
er

 

Si

 

60
M

er
ck

Si
li

ca
U

n
d

er
iv

at
iz

ed
5

60

 

70
0 

4.
0 

× 

12
5

18

 

C
og

en
t 

Ty
p

e 

C

 

Si
li

ca

 

M
ic

ro
so

lv

 

Si
li

ca

 

Si
li

ca

 

h
yd

ri
d

e 

(“
Ty

p
e 

C
” 

si
li

ca
) 

4 

10
0 

35
0 

4.
6 

× 

10
0

19
Li

C
h

ro
sp

h
er

 

10
0 

N
H

2
M

er
ck

Si
li

ca
3-

A
m

in
op

ro
p

yl
5

10
0

35
0

4.
0 

× 

12
5

20
Pu

ro
sp

h
er

 

ST
A

R

 

N
H

2
M

er
ck

 

Si
li

ca

 

3-
A

m
in

op
ro

p
yl

 

5 

12
0 

33
0 

4.
0 

× 

12
5

21

 

TS
K

ge
l N

H
2
-1

00

 

To
so

h

 

B
io

sc
ie

n
ce

 

Si
li

ca

 

A
m

in
oa

lk
yl

 

3 

10
0 

45
0 

4.
6 

× 

50
22

Li
C

h
ro

sp
h

er

 

10
0 

C
N

 

M
er

ck

 

Si
li

ca

 

3-
C

ya
n

op
ro

p
yl

 

5 

10
0 

35
0 

4.
0 

× 

12
5

N
/A

, n
ot

 

ap
p

li
ca

bl
e.

 

A
ll

 

d
at

a 

on

 

p
ar

ti
cl

e 

si
ze

, p
or

e 

si
ze

, a
n

d

 

su
rf

ac
e 

ar
ea

 

ar
e 

ta
ke

n

 

fr
om

 

ca
ta

lo
gu

es

 

an
d

 

w
eb

si
te

s 

of

 

m
an

u
fa

ct
u

re
rs

.
a

C
ol

u
m

n

 

d
im

en
si

on
s 

ar
e 

gi
ve

n

 

as

 

in
n

er

 

d
ia

m
et

er

 

by

 

le
n

gt
h

.

 1218 (2011) 5880– 5891 5883

the mean, and unit-variance to equalize the variances of variables.
Thereby, the mean of distribution of observation would shift to
the center of axis system and the data would be more objective.
Because of the mean-centering and scaling, axis scales are omitted
in Figs. 3–9;  the shaded circles represent unit variance.

3. Results and discussion

3.1. HILIC columns

Based on information on the type of surface functional groups,
the 22 columns selected for this test were preliminarily classi-
fied into four groups; zwitterionic (columns 1–6), neutral (columns
7–11 and 22), cation exchange (columns 12–18), and anion
exchange (columns 19–21). Since the pH of all the eluents used
was  close to neutral (pH of the aqueous part prior to mixing was
∼6.8), silanol groups on the underivatized silica columns were
expected to be deprotonated, yielding negatively charged surface
groups that are capable of acting as cation exchange sites. Con-
versely, the amino columns would have their functional groups
protonated as positively charged, and would therefore have anion
exchange properties. Some columns possessed similar functional
groups but differed in particle size, pore size, bed morphol-
ogy (particulate/monolithic), or manufacturer. The LiChrospher
CN cyanopropyl column was  initially included as well. However,
on this column some of the hydrophilic test solutes (notably
uracil, cytosine, and dihydroxyacetone) were eluted faster than the
toluene used as hydrophobic void volume marker. This verified
the low potential of cyanopropyl silica as a material for HILIC, and
the LiChrospher CN column was therefore excluded from further
study.

3.2. Substance pairs selected as probes for investigation of
interaction modes

The choice of substances for investigating the interaction modes
was  based on principles similar to those used for selection of
test solutes in reversed phase [27], with appropriate modifications
made for the kind of interactions expected to be pertinent to HILIC.
A primary selection criterion was  a low (preferably negative) log-
arithm of the octanol–water partitioning coefficient (see below).
Although it is virtually impossible to find solute pairs which differ
only in a single interaction mode and otherwise behave identically,
we  have tried to find a range of substance pairs that are as close
to the ideal as possible, which are also commercially available in
sufficient purity at reasonable cost. The substance pairs and pri-
mary interactions intended to be probed by each pair are listed in
Table 3.

Hydrophilic interaction is generally accepted as being imple-
mented by the distribution of solutes between the bulk eluent
and the water-enriched layer on the surface of the stationary
phase [1,2], and the retention in HILIC has recently been shown
to correlate well with the octanol–water partition coefficient of
the compounds being separated [33]. Hydrophobic interaction is
normally assessed by the selectivity for two  solutes which dif-
fer by one –CH2– group, denoted as �CH2 . Ethylbenzene and
toluene, or pentylbenzene and butylbenzene have often been used
as pairs in reversed-phase HPLC to determine �CH2 . In this work,
1-ethylimidazole and 1-methylimidazole were chosen to serve as
the �CH2 probe pair, since the diazole ring is polar enough to afford
acceptable retention in HILIC. Alkylation has little influence on the

pKa of the 1N (pyridine-like) amine functionality in imidazoles
(the pKa of imidazole is 7.12 and that of 1-ethylimidazole 7.25)
[34]. These diazole solutes are therefore expected to be slightly
protonated (to a similar degree) and hence possess some posi-
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In an “inverted” scrutiny of the data, the PCA was done with the
dataset involving the columns as variables and the retention factors
of the substances as observations. Although the functionalities of
the columns are diverse, it should be noted that the distribution of
884 N.P. Dinh et al. / J. Chroma

ive charge under the test conditions in this work. The retention
f imidazoles in HILIC should mainly be attributable to resonance-
ediated charge separation in the diazole ring, and the hydrogen

ond acceptor properties of the 3N imine nitrogen. The hydrogen
ond donor properties prominent in unsubstituted imidazole are
xpected to be disrupted by the alkyl substitution of the selected
robes [35].

The degree of hydrogen bonding was probed by three solute
airs; dimethylformamide/dihydroxyacetone, adenosine/adenine,
nd dihydroxyacetone/methylglycolate, which all differ in the
umber and type of potential hydrogen bonds. Adenosine and
denine differ by one ribose residue which thus was assumed
o significantly increase the hydrogen bonding interaction.
henyltrimethyl, benzyltrimethyl, and benzyltriethyl ammonium
ons were used to probe cation exchange interaction. The advan-
age of using quaternary ammonium ions instead of the amines
ften used in reversed-phase is that their charge is independent of
H. Benzenesulfonic acid, benzoic acid, and sorbic acid are nega-
ively charged at pH 6.8 and therefore suitable for determination
f anion exchange interactions. In the study of electrostatic inter-
ction (cation exchange, anion exchange), cytosine was  used as
eference in all pairs to compensate for the hydrophilic interaction.
ytosine was chosen for this task because it is neutral at the test-

ng conditions, and in comparison with other neutral substances
elected it has the highest hydrophilicity and a greater structural
imilarity to the substances that were selected for probing electro-
tatic interaction. Tryptophan (TRP) has a pI of 5.89 in water [36]
nd exists almost solely in the zwitterionic form in water at neu-
ral pH [37]. Since the ratio of zwitterionic to undissociated form
s a function of the dielectric constant of the medium [38], it will
e lower at elevated ACN concentrations. Its prototropic ratio is
lso most likely affected by the chemical microenvironment in the
tationary phase interaction layer [39]. Still TRP constitutes a rea-
onable choice for probing selectivity for zwitterions, paired with
denine, due to their similar structures. Vinyl- and ethylimidazole
iffer only by the double bond in the substituent and were chosen
o probe �–� interaction.

The solutes chosen to probe dipole–dipole interaction were cis-
nd trans-diamminedichloroplatinum (II), which are both planar,
ncharged complexes. Because of the asymmetric orientation of the
mmine- and chloro-ligands, cis-diamminedichloroplatinum (II)
as a dipole moment, which is lacking in the trans isomer because
f the symmetric ligand pattern. The difference in retention of
is- and trans-diamminedichloroplatinum (II) should therefore be
epresentative of dipole–dipole interaction. This solute pair could
ossibly also be a probe set for differences in steric accessibility of
he preferred binding site to the stationary phase. Molecular shape
electivity was determined by two pairs; sorbic acid and benzoic
cid (differing in the size and shape of the hydrophobic part of the
olecule), and methylglycolate and �-hydroxy-�-butyrolactone

which differ in the orientation and flexibility of the hydrophilic
art).

It should be realized that all chosen pairs are likely to probe
ther interactions to some extent, in addition to those primarily
ntended. It has for instance recently been shown that substances
an be oriented while approaching HILIC phases during the elution
42], which could affect the intended probing interactions.

.3. Retention on HILIC columns

Retention was first evaluated by the average retention factor
f neutral test substances on all twenty-one columns left after

he cyanopropyl column had been excluded (Fig. 2). Among the
olumns tested, LiChrospher Si 60 showed the overall strongest
etention, while Chromolith Silica and Luna HILIC showed the low-
st overall retention for neutral compounds. Among the remaining
 1218 (2011) 5880– 5891

columns, ZIC-HILIC (3 �m,  100 Å), TSK-Amide 80 (3 �m),  and Poly-
Sulfoethyl A provided the longest retention for neutral solutes.
As opposed to the results reported by Alpert [2],  PolySulfoethyl A
showed 30% higher retention in our experiments than did PolyHy-
droxyethyl A.

Although this work focused on classification of columns in terms
of retention and selectivity, and thus did not consider peak shape as
evaluation criterion, some columns showed peak tailing or fronting
for some substances under the test conditions used in this work.
Notably, the cation exchange probes PTMA, BTMA and BTEA exhib-
ited a tailing on several of the tested columns so severe that it would
be hard to use them for the purpose of separating these substances
(data not shown).

Retention on HILIC columns was  also evaluated by PCA of the
retention data set of the test substances. Initial fittings (Fig. 3a)
showed that the LiChrosphere Si 60 column caused a strong bias due
to its high retention relative to the other columns. It was therefore
excluded in this analysis to allow a clearer modeling. The score-
loading biplot of the remaining columns and all substances (Fig. 3b)
shows that the columns could be classified into three distinct
groups according to their surface chemistry: (a) unfunctionalized
silica, with Chromolith Si and the Cogent Type C positioned in each
end of a rather drawn-out banana-shaped cluster; (b) columns with
amino functionality; and (c) the remaining columns including neu-
tral, zwitterionic, and PolySulfoethyl A. As can be seen in Fig. 3b
this grouping was to a large extent based on the retention of the
cationic and anionic test substances, and confirms that electrostatic
interaction plays an important role for the retention of charged
solutes in HILIC, on columns with distinct anion or cation exchange
functionality.

3.4. Correlation between retention of substances and log D
Fig. 2. Average retention of neutral solutes on HILIC columns.
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Fig. 3. Score and loading biplot of the two  first components of the model where
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log D values of the substances, and constitute a direct evidence that
partitioning is the main retention mechanism in HILIC.
he variables were the retention factors of the selected probe substances, and the
bservations were (a) the entire column set or (b) all columns except the LiChrospher
ilica 60 Å (column 17). For column numbering, see Table 2.

ubstances in each of the groups identified was surprisingly linear,
s hinted by the dotted lines in Fig. 4a. A hidden parameter may  still
xist that influenced the distribution of substances. As mentioned
n the introduction, partitioning is now generally believed to be the
rimary retention mechanism in HILIC. It is therefore not unlikely
hat a latent variable related to partitioning had impact on the dis-
ribution of columns in each of the groups identified in the model in
ig. 4a. Therefore, an additional PCA was carried out on a modified
ata set, where log D, the logarithm of the octanol–water distri-
ution coefficient at pH 6.8, was added as a variable. Test solutes

DDP and TDDP were excluded due to unavailability of their log D
alues. The score and loading biplot of the two first components
Fig. 4b) showed that the log D variable was located in the lower left
uadrant, almost on an extension of the distribution of the neutral
 1218 (2011) 5880– 5891 5885

substances, i.e.,  on the distribution line for HILIC interactions not
affected by electrostatic interaction. It should also be noted that
the inclusion of log D in the model caused practically all columns to
move further away towards the upper right quadrant, yet their rela-
tive positions was largely maintained. A tempting and also rational
interpretation is that positive log D values, which in a general sense
means higher hydrophobicity, counteracts HILIC interactions. The
retention times would then be based mainly on the differences in
Fig. 4. Score and loading biplot of the two first components of the model where the
variables were (a) all retention factors on all columns or (b) the retention factors of
selected substances on the columns and log D of those substances, and the observa-
tions were (a) all test solutes or (b) all test solutes with the exception of CDDP and
TDDP. For column numbering, see Table 2.
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Table 3
Test solutes selected for selective probing of interactions in HILIC sorbents.

Targeted primary interaction Probing pairsa log D ratiob

“Hydrophilic” CYT/URA 1.4
“Hydrophilic” CYT/S-CYT 2.4
Hydrophobic E-IMI/M-IMI −0.6
Hydrogen bond donor DHA/M-GLY 1.7
Multipoint hydrogen bonding DHA/DMF 2.4
Multipoint hydrogen bonding ADO/ADI 3.8
Hydrophilic shape selectivity

(oriented hydrogen bonding)
M-GLY/HBL 1.1

Dipole–dipole interaction CDDP/TDDP N/A
�–�  interaction V-IMI/E-IMI 2.9
Cation exchange PTMA/CYT 4.7
Cation exchange BTMA/CYT 5.0
Cation exchange BTEA/CYT 4.1
Anion exchange BSU/CYT 1.0
Anion exchange BA/CYT 0.9
Anion exchange SA/CYT 0.3
Zwitterionic (quadrupolar

electrostatic)
TRP/ADI 6.7

Hydrophobic shape selectivity SA/BA 0.3
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a For designations, log D values, and structures, see Table 1 and Fig. 1.
b Calculated from the log D values given in Table 1.

.5. Selectivity on HILIC columns

A PCA was thereafter made on the data set constructed from the
eparation factors of the pairs of substances selected to probe for
electivity (Table 3) as variables and the columns as observations.
here were a total of 15 variables and 21 observations. With the
wo first principal components, the model covered more than 70%
f the total variance and the validity was also high with a Q2 cross-
alidation value of 0.486. The score-loading biplot (Fig. 5) shows
hat the columns were now clustered in four main groups: (1) the
eutral columns; (2) the amino columns; (3) the silica columns

ncluding Chromolith; and (4) ZIC-HILIC, ZIC-pHILIC, and PolySul-

oethyl A. Groups 2, 3, and 4 formed a triangle with the “neutral”
olumns (Group 1) in the center. The Nucleodur HILIC and Shiseido
C HILIC columns were situated close to the center of the plot and

ig. 5. Score and loading biplot of the two first component of the model where the
bservations were the columns and the variables were the retention ratios of all test
ubstance pairs. For column numbering, see Table 2.
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thus grouped with the neutral columns, but slightly offset in the
same direction as the other zwitterionic columns (Group 4). Both
the Nucleodur HILIC and Shiseido PC HILIC columns are described
by the manufacturers as being zwitterionic, but in this study they
turned out to be more similar to the neutral columns than to the
ZIC-HILIC and ZIC-pHILIC columns, which made up the larger part
of a tight cluster that was  oriented towards the dipole–dipole probe
pair CDDP/TDDP. To our knowledge, both the Shiseido PC HILIC [40]
and Nucleodur HILIC [41] columns are made by the conversion
of silanol groups into ligands with single phosphorylcholine and
sulfobetaine moieties, respectively, through conventional silane
chemistry, whereas the interactive layers of the ZIC-HILIC and ZIC-
pHILIC columns are made up by a polymer layer carrying one
sulfobetaine moiety for each monomeric unit. In contact with
water, such polyelectrolyte layers are prone to form hydrogels.
This is a substantial difference in attachment chemistry, which
may explain the different selectivity patterns of the monomerically
functionalized zwitterionic columns compared to the ZIC-HILIC and
ZIC-pHILIC columns. This also suggests that zwitterionic columns
with low ligand loading behave as if they are essentially neutral,
which is also reasonable since zwitterions are balanced in charge.

The grouping of PolySulfoethyl A within the rather tight clus-
ter formed by all the ZIC-HILIC and ZIC-pHILIC columns was rather
surprising. The intended sulfoethyl functionality of PolySulfoethyl
A should make it a strong cation exchanger, and we  therefore
expected to see a retention pattern more similar the unmodified
silica columns, which are assumed to express substantial cation-
exchange properties at the eluent pH used. The similarity of the
PolySulfoethyl A selectivity pattern with those of the polymeric
sulfobetaine zwitterionic columns could perhaps be accounted for
by reviewing the synthesis procedure of PolySulfoethyl A, which
involves as the first step a modification of aminopropyl silica parti-
cles with poly(succinimide), followed by reaction with taurine [43].
It is quite unlikely that all the amine groups of the aminopropyl
silica starting material are occupied by binding to the polymeric
coating after the first reaction step. If such residual amine groups
exist, they would be positively charged under the test conditions
and could, together with the sulfonate groups, form a polymeric
phase that possesses zwitterion-like properties. The relative posi-
tion for the PolyHydroxyethyl A column (which is synthesized using
a similar procedure [2]) situated between the zwitterionic column
group and the amino column cluster do support this rationale.
However, weak but distinct cation exchange properties caused by
sufficient ion exchange capacity in the ZIC-HILIC and ZIC-pHILIC
columns could also contribute to the grouping of these columns
together with the PolySulfoethyl A column. The unexpected group-
ing of the PolySulfoethyl A column highlights that not only distal
and intended functional groups contribute to the retention of
solutes in HILIC, but possibly also functional groups buried deeper
inside, or underneath, the coating layer.

By looking at the loading of the two  first components of the
model, we could gain more knowledge on the factors that dif-
ferentiate HILIC columns. The first principal component, which
accounted for more than 50% of the variance in the data, had
significant contributions from all solute pairs except SA/CYT and
CDDP/TDDP. The second principal component which covered 21%
of the variance in the data was  mainly contributed by CDDP/TDDP
and V-IMI/E-IMI, and by the anion exchange probe pairs. The pairs
intended to probe for cation exchange properties had the largest
positive contribution to the first component, while the pairs cho-
sen to probe for anion exchange properties had the largest positive
contribution to the second principal component. The narrow clus-

ters reveal that pairs designed to probe cation exchange properties
were well correlated, as were the probe pairs for anion exchange.
The locations of both these tight clusters close to the perimeter of
the plot indicates that ion exchange was  a dominant component in
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he HILIC retention model for charged solutes separated on columns
ith unipolar charge. It also tells us that ion exchange per se offers

imited selectivity apart from electrostatic interaction based on net
harge, which was also noted by Alpert and Andrews [43]. A parallel
an be drawn to 2D-HPLC separation of peptides using strong cation
xchange in the first dimension, where peptides with different net
harges tend to cluster in rather narrow elution windows because
electivity in ion exchange is driven mainly by solute charge [44].

The next observations worth pointing out are that the tight clus-
ers containing the anion exchange and cation exchange solute
airs were not situated diametrically opposite each other on the

oading plot, and that the anion and cation exchange propensities
ere resolved as positive contributors to separate principal com-
onents. That tells us that at least one additional strong interaction
ode contributed to the selectivity among the columns, and the

robe pairs responsible for this would be found in the left/lower
eft or right/upper right parts of the loading plot in Fig. 5. As a mat-
er of fact, in these two regions, two diverse, yet distinct clusters
f solute pairs could be identified. To the right, with high positive
cores in the first principal component, probe pairs for shape selec-
ivity, “hydrophilic”, and hydrophobic interactions were clustered
n a rather wide region overlapping the cation exchange probes.
ommon to the probe pairs in this cluster were the relatively similar
olute structures and close relative position of the individual probes
long the distribution line for neutral solutes coordinating with the
og D value (cf. Fig. 4b). Most of the probe pairs in this cluster also
ad small log D ratios (cf. Table 3), ranging from −0.6 for E-IMI/M-

MI  to 2.4 for CYT/S-CYT, highlighting their similarity in structure
nd thus also in relative hydrophilicity. The positioning of the pair
robing hydrophilic shape selectivity (M-GLY/HBL), together with
ther pairs with limited flexibility in their hydrogen bond donor
nd acceptor groups (e.g., CYT/URA), in this group also indicates
hat the hydrogen bonding is more oriented, and that interaction
f the probes with the stationary phase take place on only a few
ositions, i.e.,  quite similar to an adsorption mechanism. The fact
hat this group of structurally similar pairs pulled the model in
he same direction as the cation exchange probes should not be
nterpreted as a connection between cation exchange and these
nteractions, but rather indicate a correlation between both these
robe pair categories and the underivatized silicas, among those
olumns included in this study. Situated to the left, almost oppo-
ite to the above group, was a similarly diverse cluster of probe
airs with high negative scores in the first principal component.
his left cluster contained solute pairs aimed to probe zwitteri-
nic interactions, multipoint interaction, and hydrogen bond donor
nteractions. Common to the probe pairs in this cluster were a rel-
tively larger structural diversity and corresponding larger log D
alue ratios (between 1.7 and 6.7; cf. Table 3). All probe pairs in
his cluster were molecules with multiple and flexible positions for
heir hydrogen bond donor and acceptor groups, indicating that
everal interaction points can, and probably are, responsible for the
electivity. In summary, we interpret these two clusters of probe
airs as assessing selectivity dominated by partitioning (left clus-
er) vs. selectivity dominated by oriented hydrogen bonding and
ltimately adsorption (right group).

The two pairs CYT/URA and CYT/S-CYT aimed at probing
ydrophilicity were not correlated as strongly as expected. At
he near neutral eluent pH chosen for these tests, S-CYT should
e substantially protonized (its aqueous pKa1 is 6.45), whereas
YT (pKa1 4.83) should be very little protonated. CYT/S-CYT might
herefore also inversely probe cation exchange interactions, so
YT/URA appears to be the more proper pair to use as probes
or hydrophilic interaction under these test conditions. The V-
MI/E-IMI pair turned out to be strongly correlated with the anion
xchange probe pairs rather than with �–� interaction, which was
he intended probe function. On reviewing their pKa values [34],
 1218 (2011) 5880– 5891 5887

this was  found to be rational, since the pKa of V-IMI is 5.92 and that
of E-IMI is 7.25. Under the eluent conditions used in the present
study, the degree of positively charge of E-IMI should therefore
be substantially higher than that of V-IMI, and the V-IMI/E-IMI
pair would thereby act inversely as a probe for cation exchange
interactions. Since electrostatic interactions seemed to overshadow
other interaction modes for charged solute pairs, the V-IMI/E-IMI
pair must be considered as unfit for the purpose of probing for
�–� interactions, at least on columns expressing pronounced ion
exchange properties and at pH values where they differ in charge.
No conclusions can thus be drawn on this interaction type from the
full model based on probe pairs in Fig. 5, since V-IMI/E-IMI was the
only probe pair selected with this intended function.

By matching the loading to the score (Fig. 5), one can thus
discern two  main trends in the distribution of columns on the
score plot. The first trend was  electrostatic interaction, with (i)
the silica columns separated from the other columns due to the
cation exchange properties of dissociated silanols and (ii) the
amino columns exhibiting anion exchange properties. The other
prevailing selectivity trend seemed to be hydrophilic partition-
ing by multipoint interaction and dipole–dipole interaction vs.
adsorption-like selectivity by oriented hydrogen bonding and sin-
gle point interaction. It was furthermore possible to discriminate
between the zwitterionic columns and the others due to those
interactions, where the zwitterionic columns (including PolySul-
foethyl A) were distributed in the direction of the solute pair
intended to probe for dipole–dipole interactions. Compared to the
score plot of the model based on raw retention factors only (Fig. 3b),
the model based on retention ratios of selective solute pairs in Fig. 5
provided a different and considerably clearer characterization of
the HILIC columns. The substantial difference between these two
models also implies that retention and selectivity were not related
in a way  that could be immediately uncovered by comparing the
models. This is, on the other hand, quite reasonable since retention
and selectivity are not necessarily strongly correlated.

3.6. Discrimination in electrostatic interactions

Since the interaction mode of the amino and unmodified silica
columns appeared to be dominated by electrostatic interactions,
we  decided to carry out a couple of principal component analyses
on different sub-sets of the data, and in the first one of these we
excluded all probe pairs designated for testing anion and cation
exchange interactions. This should to a large extent remove con-
tributions to selectivity from strong electrostatic interactions (ion
exchange), and we expected to see a clearer correlation between
the columns and the remaining polar interaction modes. The model
produced by this reduced data set is shown in Fig. 6a. Observa-
tions that can be made in this model is that the silica columns are
still clustered as tightly as before, with high positive contributions
to the first principal component, and that the positive correlation
with the single point interaction probes and a negative correla-
tion with multipoint probes remained essentially unchanged. This
persistent juxtaposition of the single- and multipoint interaction
probe pairs strengthens our conclusions of (a) a larger contribu-
tion of adsorptive interactions on the unmodified silica columns
and (b) better opportunities for multipoint interactions on materi-
als with highly hydrophilic polymeric interactive layers that likely
are prone to swell into hydrogels in partly aqueous eluents. When
the structures of the probes are studied, it also becomes appar-
ent that a common feature of several of the probe pairs associated
with the silica columns is their pronounced possibilities for oriented

hydrogen bonding. This applies in particular to the M-GLY/HBL pair,
where the ring will lock the orientation of both the hydrogen bond
donating and the two  hydrogen bond accepting groups. Strong ori-
entation of the hydrogen bonding donor and acceptor capabilities
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Fig. 6. Score and loading biplot of the two first component of the model where
the  observations were (a) all tested columns or (b) only neutral and zwitterionic
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olumns, including PolySulfoethyl A, and the variables were the retention ratios of
a)  all probe pairs except the anion and cation exchange probe pairs or (b) all probe
airs. For column numbering, see Table 2.

s also a prominent feature of the CYT/URA pair. Since CYT/S-CYT
as not included in the design as a cation exchange probe, it was

eft in the model when all the dedicated anion and cation exchange
airs were masked, but its association with the silica columns could
ery well be due to the unintended dual function as an ion exchange
robe, as elaborated above. The association of the plain silicas with
he hydrophobic probe pair (E-IMI/M-IMI) and the hydrophobic
hape selectivity probe pair (SA/BA), plus the fact that the Chro-

olith Si column, which showed the lowest retention of all tested

olumns (cf. Fig. 2) is the rightmost column in Figs. 4 and 5a are
lso highly interesting observations. We  do not primarily interpret
his as hydrophobic interactions being important for selectivity on
 1218 (2011) 5880– 5891

the unmodified silicas, but rather as the silica columns having less
hydrophilic selectivity than the other columns. It is also worth not-
ing that Cogent Type C Silica (which is marketed as having some
hydrophobic retention power) showed a selectivity pattern that
clustered it with the other silica columns, both in the presence and
absence of the ion exchange probe pairs. In other words, under the
conditions of this test and with the probes selected, it was not pos-
sible to distinguish the HILIC retention pattern of the Type C silica
from the other (Type A and B) silicas.

The amino columns remained well clustered together when the
ion exchange probe pairs had been removed. However, the clus-
ter had now moved substantially closer to the center of the plot
and overlapped the rather diffuse cluster containing the neutral
columns and the monomerically modified zwitterionic columns
Shiseido PC HILIC and Nucleodur HILIC. An interesting observa-
tion is that the �–� interaction probe pair V-IMI/E-IMI was  located
alone in the same direction as the amino columns. However, as it
was  concluded above that this pair probably primarily acted as an
inverse probe for cation exchange interaction selectivity, this is not
interpreted as any interaction of the vinyl group of V-IMI with the
lone pair electrons on the amino group.

Another way  to study the polar retention mechanisms involved
in HILIC without overshadowing by electrostatic interactions
would be to eliminate all columns that were identified as being
strongly correlated with ion exchange in Fig. 5. This would entail
the amino and silica columns being masked out and a PCA being
run on the remaining neutral and zwitterionic columns against all
the probe pairs. This model also included PolySulfoethyl A, since
this column had shown properties (Figs. 4 and 5a) that positioned
it within the group of zwitterionic columns, notwithstanding being
marketed as a cation exchange material. As expected, this maneu-
ver of creating a model involving only the neutral/zwitterionic
columns changed the appearance of the score-loading biplot quite
radically, as seen in Fig. 6b.

All the zwitterionic columns, with the exception of Nucleodur
HILIC, now grouped with the CDDP/TDDP, PTMA/CYT, BTMA/CYT,
and BTEA/CYT probe pairs, and quite closely to the DHA/M-GLY,
DHA/DMF and TRP/ADI probe pairs. In other words, all these
columns showed a combination of dipole–dipole interaction, cation
exchange properties, and multipoint (partitioning) interaction.
Although electrostatic interactions attributable to cation exchange
were evident, they were much weaker than for the underivatized
silicas (Fig. 5). PolySulfoethyl A column was  now clearly distin-
guished from Fig. 5 the neutral and zwitterionic columns, and
was  grouped with the probe pairs ADO/ADI and CYT/URA, which
were designed to probe multipoint hydrogen bonding and general
hydrophilic interactions. Thus, this model confirmed that cation
exchange was not the most prominent interaction mode for the
PolySulfoethyl A column, since it was  located quite far away from
the cation exchange probe pairs. The Nucleodur HILIC column was
situated closer to the neutral columns than to the other zwitte-
rionic columns. Although located in the same region of the plot,
the polymer-based ZIC-pHILIC column showed somewhat differ-
ent selectivity compared to the silica-based ZIC-HILIC columns,
which all grouped very tightly together. Among the columns that
were now located in the zwitterionic cluster, the Shiseido col-
umn  with phosphocholine functionality was closer to the neutral
columns. Together this strengthens the conclusion that zwitteri-
onic columns with low ligand loading essentially behave as neutral,
having limited contribution to selectivity from any ionic inter-
actions and it furthermore indicates that the Nucleodur HILIC
column would have lower zwitterionic density than any of the

other zwitterionic columns. This conclusion would also imply that
zwitterionic columns with high ligand density could expose mea-
sureable ionic interaction properties despite their presumed overall
neutrality.
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Fig. 7. Score and loading plot of simplified model based on separation factors of
test substance pairs after elimination of all but one each of the anion and cation
N.P. Dinh et al. / J. Chroma

Somewhat surprising was to find the Luna HILIC, claimed to be
ased on a “crosslinked diol” functionality, closely associated with
he anion exchange probes BA/CYT and SA/CYT and almost directly
pposite to the multipoint hydrogen bonding probes ADO/ADI and
he hydrophilic CYT/URA probes. If this would be due to ionic
nteractions, it would have been more rational to find traces of
ation exchange properties in a silica-based column with intended
eutral ligands. A more probable explanation for this clustering
ould thus be that the column had a negative correlation with

he multipoint hydrogen bonding and hydrophilicity probes, mean-
ng that selectivity for the Luna HILIC column mainly is derived
rom single point interactions and adsorption rather than partition-
ng. This is well in line with recent work on retention prediction

odels using molecular descriptors in HILIC separations on diol
nd poly(vinylalcohol)-based columns [45], where strong contribu-
ions from hydrogen bonding (particularly hydrogen donor) have
een reported. Similarly, a significantly reduced tendency for diol
olumns to interact with ion exchange probes has been noted [32].
till it cannot be ruled out that also the stationary phase support
nd/or unrevealed functionalities contributed to their HILIC reten-
ion mechanism to some extent.

.7. Effect of pore diameter and particle size

The pore diameter of a separation material is inversely related
o its specific surface area [46]. For example, the specific surface
rea of LiChrospher Si used in this work is 400 m2/g for the 100 Å
aterial and 700 m2/g for the packing with 60 Å pore diameter.

ores of smaller diameter might also lead to more shape selective
nteractions. In Fig. 2 the effect of pore size is evident with the ZIC-
ILIC (columns 2 and 3) and LiChrospher Silica (columns 16 and 17)
here the retention times increased with decreasing pore diame-

er. As shown on the score plot unraveling selectivity (Fig. 5), the
IC-HILIC columns with 100 and 200 Å pore size were less different
rom each other than they appear in Fig. 2, which only accounts for
etention. This was also true for the 60 and 100 Å LiChrospher Silica
olumns. This again confirms that retention and selectivity are not
ecessarily related, and also shows that changes in pore diameter
id not significantly change the selectivities of the HILIC materials
or the low molecular weight probes used in this work.

Variations in the particle size should ideally affect neither the
etention nor the selectivity of solutes on a set of columns with
dentical surface chemistry. Therefore, if a change in particle size
ffects the retention, other properties (specific surface area, den-
ity of surface functional group, etc.) of particles of different sizes
ust be different. In this work, the effects of particle size were stud-

ed on ZIC-HILIC with 3.5 and 5 �m particle size (columns 1 and 2)
nd TSKgel Amide 80 at 3 and 5 �m particle size (columns 7 and
). As shown in Fig. 2, overall retentions for hydrophilic solutes on
he two ZIC-HILIC columns were almost identical while those on
he two TSKgel Amide 80 columns differed somewhat, with longer
etention on the smaller particle size TSKgel Amide 80 column. The
eason for this is unknown due to a lack of information about the
omposition and preparation of the materials. However, it was  also
oted that the difference in particle size did not change the selec-
ivity of the TSKgel Amide 80 columns, since they were still located
lose to each other on the score plot (Fig. 5). This serves as valida-
ion of the model, which is intended to group columns based on
electivity.

.8. Simplification of the model based on retention ratio
Since the ion-exchange solute pairs had been highly corre-
ated in the earlier models (cf. Fig. 5), it was decided to keep only
TMA/CYT as cation exchange probe pair and BA/CYT as probe pair

or anion exchange, to simplify the model for further studies. The
exchange markers. A filled column symbol denotes that this column was  selected
for  the tests of electrolyte and water concentration, reported in Figs. 7 and 8. For
column numbering, see Table 2.

SA/BA pair was further excluded due to a low contribution to the
model (Fig. 5). The model resulting from this reduced probe pair set
(Fig. 7) still gave a very similar classification of the HILIC columns,
but using a substantial lower number of probes. The R2 and Q2
of the refined model with two first components were 0.706 and
0.441, respectively, which means the validity of the model was still
acceptable.

3.9. Effect of electrolyte concentration on retention and
selectivity of HILIC columns

In order to assess how variation in electrolyte concentration
affected the different classes of HILIC columns, eight columns were
selected from the complete column set, based on their scoring in
the selectivity test (Fig. 5). These included ZIC-HILIC 5 �m,  PolySul-
foethyl A, TSKgel Amide 80 5 �m,  LiChrospher Diol, Purospher NH2,
LiChrospher Si, Atlantis HILIC Si, and Chromolith Si, identified by
filled symbols in Fig. 7. On these columns, all solutes were reinjected
in an eluent composed of 80:20 (v/v) ACN/H2O with ammonium
acetate (pH ∼ 6.8) at 20 mM instead of 5 mM  total concentration.
Fig. 8 shows the scores for the runs at 5 and 20 mM when the reten-
tion times were fitted to the simplified model shown in Fig. 7 (see
Section 3.8 above).

The displacements of the apparent column characteristics as a
result of increasing the electrolyte concentration were in different
directions, but the general trend was that all columns with high
scores moved towards the central (neutral) area of the plot. The
interpretation must be that higher electrolyte concentration caused
a decrease in the discrimination power between the columns
(which means a decrease in selectivity) by reducing both ion
exchange and multipoint hydrogen bonding interaction. The scores
of the ZIC-HILIC and PolySulfoethyl A columns exhibited greater

changes than did the other six columns. The cation exchange prop-
erties and multipoint interactions of these two columns appeared
to be quite similar at 5 mM ammonium acetate, whereas the Poly-
Sulfoethyl A column exhibited a greater cation exchange, and
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ig. 8. Predicted score plot of columns run with the complete test solute set in
luents composed of ACN/H2O 80:20 (v/v) with 5 mM (�) or 20 mM (�) ammonium
cetate, pH ∼ 6.8.

ignificantly lower multipoint interaction than the ZIC-HILIC col-
mn  at 20 mM ammonium acetate. This would again be consistent
ith shielding of residual opposite charges on the PolySulfoethyl A

olumn. The reduced influence of ionic interactions at higher buffer
alt concentrations have been noted previously and utilized to tune
electivity for charged species on zwitterionic columns [47]. The
emaining strong influence of multipoint interactions on selectivity
ith the ZIC-HILIC column, could possibly be explained by a mech-

nism similar to the “anti-polyelectrolyte” or “salting-in” behavior
hat sulfobetaine type zwitterionic polymers show in aqueous solu-
ions [48]. An increase in buffer salt concentration could thus lead
o less self-association of the charges in the zwitterionic station-
ry phase, which potentially could result in a thicker and/or more
ydrophilic layer for HILIC partitioning, provided that the station-
ry phase loading is sufficiently high.

.10. Effect of eluent water content on retention and selectivity of
ILIC columns

The same reduced column set used above was finally tested
ith an eluent consisting of ACN/H2O 70:30 (v/v) and 5 mM ammo-
ium acetate (pH ∼ 6.8), and the retention times were then fitted
o the simplified model, as above. The score plot with the eluents
iffering in water content is shown in Fig. 9. When the water con-
ent of the eluent was increased from 20 to 30%, all eight columns
xhibited displacements in a direction involving less contribu-
ion from hydrogen bonding and dipole–dipole interactions. This
nsurpringly verifies that hydrogen bonding and dipole–dipole

nteractions contribute significantly to the retention mechanism
n HILIC. The ZIC-HILIC column was most affected by the increase
n water content, and at 70:30 ACN/H2O its selectivity pattern
pproached that of the neutral columns (LiChrosphere Diol and
SKgel Amide 80) chosen in the reduced column set. The Poly-
ulfoethyl A column, which started out being very similar to the

IC-HILIC column at 80:20 ACN/H2O hardly changed its apparent
electivity on increasing the water content by 50%. It therefore
ppears as if the zwitterionic material responds more strongly than
he other columns in the reduced test to changes in eluent water
Fig. 9. Predicted score plot of columns run with the complete test solute set in elu-
ents composed of 80:20 (�) or 70:30 (�) (v/v) ACN/H2O containing 5 mM ammonium
acetate, pH ∼ 6.8.

contents, and also required water concentrations below 30% to sig-
nificantly express its characteristic selectivity.

4. Conclusions

Models based on the retention ratios of substance pairs showed
better discrimination of columns than the retention factors of
single substances, since selectivity and retention are not neces-
sarily closely related in chromatography. The combination of test
solutes in pairs plus principal component analysis has proven to
be a valuable tool for characterizing HILIC columns with regards
to interaction modes. Under the test conditions, the columns fell
into four functional groups with respect to their main selectivity,
as follows:

(i) Cation exchange – unmodified silicas;
(ii) Anion exchange – columns with amino functionality;
iii) Dipole–dipole and multipoint hydrogen bonding – polymeric

sulfobetaine, poly(2-sulfoethyl aspartamide);
(iv) Low specific interaction – hydroxyl, diol, amide, and

monomeric zwitterionic.

A significant discrimination between HILIC columns could be
made in terms of whether they rely mainly on adsorption and
oriented hydrogen bonding for selectivity vs. if selectivity was
established primarily via hydrophilic partitioning and multipoint
interactions. All plain silica columns grouped close to adsorp-
tion selectivity, whereas zwitterionic columns generally showed
a selectivity pattern that could be attributed to partitioning. In this
respect, the neutral and amino columns occupied an intermedi-
ary position between the unmodified silicas and the zwitterionic
columns.

This study also further confirmed that partitioning is the dom-
inant mechanism in HILIC, with ion exchange being a powerful

and orthogonal selectivity factor that can be used concurrently
with the water content and combined with varying electrolyte
concentrations to tailor-fit the retention for charged solutes. We
failed to see any pronounced effects from �–� interaction. This
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ould either be due to such interactions being insignificant or to
n unfortunate choice of probes. It should also be remarked that
ot only the intended functional groups but also “obscure” polar

unctionalities can contribute to the retention mechanism in HILIC.
his was most obvious for PolySulfoethyl A which showed simi-
arities to the zwitterionic columns in spite of its manifest strong
ation exchange functionality, a peculiarity that might be ascribed
ither to the existence of residual amine groups or to condition-
ependent cation-exchange behavior of the zwitterionic columns.
he relationship between the selectivity and the HILIC column
hemistry therefore still seems quite complicated, evident from
olumns claimed to possess a certain functional groups that in
eality show a radically different selectivity. The true role of the
unctional group(s) was also an issue when probing the interaction

ode.
Common for all material types tested was that reducing pore

iameter led to longer retention, but did not significantly change
he selectivities. The particle diameter was also demonstrated not
o affect the selectivity of the columns significantly. Increased

obile phase water content primarily reduced the retention con-
ributions attributable to hydrogen bonding and dipole–dipole
nteractions. These interactions therefore appear to play a major
ole in “hydrophilic interaction”. Noteworthy from this study is
lso that an increasing electrolyte concentration led to a reduc-
ion in the disparities between column materials due to shielding
f electrostatic interaction, both attractive and repulsive, as well
s hydrogen bonding and dipole–dipole interactions. Thus, higher
luent salt concentrations led to a decrease in the unique selec-
ivities of the different types of HILIC columns tested and made
heir retention patterns more similar. In other words, eluents with
imited ionic strength should be employed to harvest the inherent
electivity potential in HILIC.
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