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a b s t r a c t

A set of five new sulfobetaine exchangers with inner quaternary amines and outer sulfonic acids have
been prepared. A series of zwitterionic precursors was attached to highly porous divinylbenzene polymer
using a grafting reaction, which allows a flexible adjustment of the degree of functionalisation. The result-
ing materials have identical spacers to the polymeric backbone and differ only in chain length between the
charged functional groups. Capacities of the stationary phases were analysed by two different methods
based on elemental analysis and the results obtained were found to correlate. The application of combus-
tion elemental analysis proved an identical molar content of sulfur and nitrogen. The distance between
the charged functional groups is varied from one to five methylene groups for a better understanding of
the retention behaviour of inorganic anions on zwitterionic stationary phases. Inorganic anions were sep-
norganic anions
ulfobetaine exchangers
ovalently bond
omologous row

arated using sodium acetate eluents with varying ionic strength and pH and the behaviour of all columns
has been compared to each other and to ZIC-HILIC and ZIC-pHILIC columns from Merck SeQuant. The
exchangers with two and five methylene groups between the charges showed the highest retention fac-
tors. Polarity and accessibility of the anion exchange sites are dependent on the distance between the
charged groups and the flexibility of the chains. These properties have a strong influence on anion sepa-

ith tw
pared
rations. The exchanger w
biggest difference as com

. Introduction

During the last ten years hydrophilic interaction chromatogra-
hy (HILIC) gains growing interest in research and literature [1,2].
he main reason for this interest can be seen in the uncommon
hromatographic conditions concerning polarity of the mobile and
he stationary phase that can be used in HILIC separations.

In general HILIC is a chromatographic method in which separa-
ion of analytes is achieved by partitioning between a water rich,
irtually immobilised layer on a hydrophilic stationary phase and
rather hydrophobic mobile phase containing organic modifiers at
ercentages of 60 and more [3]. The polarities of the mobile and
tationary phases therefore are similar to those in normal phase
PLC (NP-HPLC) [4] without having to deal with the disadvantages
f this technique like the necessity of water free solvents to ensure
eproducibility. In many cases the elution order in HILIC is exactly
nverted compared to the elution order in RP-HPLC [5] and is spe-

ially suited for the separation of polar organic substances, which
lute in or near the hold-up volume in RP-HPLC. Among this group
f analytes are carbohydrates [6,7], amino acids [8], peptides [9] as
ell as miscellaneous pharmacological agents [10]. A large number

∗ Corresponding author. Tel.: +49 6421 28 25661; fax: +49 6421 28 22124.
E-mail address: seubert@staff.uni-marburg.de (A. Seubert).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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o methylene groups between the charged functional groups showed the
to the commercially available ZIC-HILIC and ZIC-pHILIC exchangers.

© 2011 Elsevier B.V. All rights reserved.

of physiologically important substances can be separated using this
technique which has contributed to its popularity.

In HILIC, there is a large variety of materials used as stationary
phases. Differences can be found in the utilised functional groups
as well as in the core materials. Beside classical exchangers like
diol- or amido-materials, zwitterionic materials have been in HILIC
separations for a few years now. Zwitterionic exchangers give an
additional advantage beyond the polarities of the phase. They carry
ionic groups which can influence the chromatographic process by
providing the possibility of electrostatic interactions with charged
analytes. Therefore they can be utilised detached from the HILIC
mechanism using completely aqueous eluents. This process has
been called zwitterionic ion chromatography (ZIC) by Cook [11,12].
When zwitterionic materials are used for HILIC separations, the
method can be described as ZIC-HILIC.

The first exchanger carrying both quaternary amine and sul-
fonic acid functionality was developed in 1951 by Stach [13]. More
recently, zwitterionic stationary phases were prepared by cova-
lent attachment of �-amino acids to silica gel [14,15]. In addition, a
large number of studies have been carried out using C18-materials
dynamically coated with zwitterionic tensides [16,17]. Although

widely applied, these materials suffer some disadvantages. Amino
acid exchangers show a strong dependency of their charge with
changing eluent pH [18] while dynamically coated materials suf-
fer from bleeding tensides. In 1986 Hartwick was able to develop
the first material in which zwitterionic sulfobetaines were cova-

dx.doi.org/10.1016/j.chroma.2010.12.101
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:seubert@staff.uni-marburg.de
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Fig. 1. Synthesis of th

ently bond to a silica core [19]. Further improvements were made
n the 1990’s from which the nowadays commercially available
ulfobetaine-type materials ZIC-HILIC and ZIC-pHILIC from Merck
eQuant derived [20].

These covalently bond stationary phases allowed the application
f ZIC-HILIC materials in routine analysis. However the synthe-
is of such covalently bond exchangers having zwitterionic groups
ttached to silica or polymeric cores still is a challenging task [18].
ence, scientific progress in the field of ZIC and ZIC-HILIC is mainly

imited to application development using these existing commer-
ial exchangers. Despite the increased number of applications of
hese zwitterionic stationary phases, there still is much work to be
one in the study of the mechanisms involved and in the improved
nderstanding of the principles governing the separation in ZIC and
IC-HILIC.

To reduce complexity of the separation mechanisms, it is useful
o study ZIC separations in completely aqueous environments with-
ut regarding the influence of hydrophilic partitioning. ZIC plays
n important role in the characterisation of zwitterionic materials.
tilising dynamically coated C18-materials Hu et al. carried out a

arge number of experiments on this field [21,22]. These studies led
o the proposed mechanism of ZIC [22].

When investigating the principles governing a separation, cer-
ain factors have the potential to influence the retention and
eparation. One such parameter is the core material used. In ZIC
ilica and polymeric phases as well as dynamically coated C18-
aterials are currently used. While silica gel provides a very high

tability versus organic modifiers, polymers like PS/DVB are more
table concerning eluent pH. Dynamically coated C18-materials
an easily be prepared and offer the ability to perform ZIC sepa-
ations but suffer from bleeding and cannot be used for ZIC-HILIC.
n sulfobetaine based materials, having both quaternary amine and
ulfonic acid functionality, the distance between the amine and
he sulfonic acid is expected to influence retention. The effect of
his distance has been previously studied using dynamically coated
18-materials [23]. For coating tensides having three respectively
en methylene groups between the charged functional groups were
repared and compared under ZIC conditions but no significant
ifference in behaviour was found. The goal of our work is to
etermine the chromatographic properties of covalently bond sul-
obetaine exchangers with a more narrow range of intercharge
hain lengths.

For short distances from one up to five methylene groups, it can
e expected that the polarities of the materials as well as their abil-

ty to saturate the charges via inter- and intramolecular interactions
ill show the strongest variation. To determine this, five new zwit-

erionic materials having one to five methylene groups between the
mine and the sulfonic acid, were synthesised and studied.

The chromatographic properties of this series of zwitterionic
ulfobetaine exchangers was evaluated and compared to those of
ommercially available ZIC-HILIC and ZIC-pHILIC phases. While the

repared zwitterionic exchangers are based on PS/DVB, ZIC-HILIC
nd ZIC-pHILIC have both silica and polymeric cores. To be able
o determine the influence of the distance between the charged
roups, it is extremely important to be able to prepare zwitterionic
xchangers having identical core material, identical spacers to the
tterionic precursors.

polymeric backbone as well as comparable capacities, so the inter-
charge chain length is the only difference between the materials to
be compared.

2. Experimental

2.1. Reagents and solutions

Barium bromide (95%) was purchased from ABCR (Karlsruhe,
Germany). Acetic acid (100%) was purchased from Carl Roth (Karl-
sruhe, Germany). Sodium bromide (≥99.0%), sodium hydroxide
(50%) and sodium thiocyanate (≥98%) were obtained from Fluka
(Buchs, Switzerland). Sodium acetate (≥99%) and sodium hydro-
gen phosphate monohydrate (≥99%) were purchased from J.T.
Baker (Deventeer, The Netherlands). Ammonium hydroxide (25%),
sodium fluoride (≥99.5%), sodium iodide (≥99.5%), sodium nitrate
(≥99.5%), sodium nitrite (≥99%) and sodium sulfate (≥99%) were
from Merck (Darmstadt, Germany). Sodium hydrogen carbonate
(≥99.7%) as well as sodium chloride (≥99.8%) were purchased from
Riedel-de Haën (Seelze, Germany). Sodium nitrate (≥99.0%) was
obtained from Sigma–Aldrich (Seelze, Germany). Ultrapure water
having a conductivity of 18.2 M� was prepared using a Milli-Q
water purification system (Millipore, Bedford, MA, USA). Eluents
and stock solutions of sample ions were prepared by dissolving
the salts directly in ultrapure water. Reagents for the synthesis of
the zwitterionic precursors were used in highest available purity
[24]. The core material consisted of highly crosslinked macro-
porous polystyrene/divinylbenzene copolymer. The crosslinking
degree was 55%, particle size was 4.6 �m. ZIC-HILIC and ZIC-pHILIC
columns were obtained from Merck SeQuant (column dimension:
100 mm × 4.6 mm I.D., 5 �m particle size).

2.2. Synthesis of zwitterionic precursors

The preparation of covalently bond zwitterionic exchangers is
based on the synthesis of the corresponding zwitterionic precursors
[24]. They provide on one hand the zwitterionic groups with the
expected distances between the charged groups and on the other
hand the functionality for the attachment to the polymeric resin by
a grafting reaction.

Therefore zwitterionic precursors are prepared as aromatic
monomers by simple nucleophilic substitution reactions between
a monomeric styrene derivative as a spacer and tertiary amines.
These tertiary amines with one to five methylene groups between
the amine and the sulfonic acid are prepared via simple organic
reactions. Afterwards they are attached to the spacer. In doing so,
the substitution of a chloride atom gives the quaternary amines as
shown in Fig. 1.

2.3. Characterisation of the precursors via RP-HPLC
These precursors have the great advantage of being monomeric
and therefore analysable by molecule methods like NMR-
spectroscopy and RP-HPLC using UV detection. For HPLC separa-
tions a standard HPLC system (Hewlett Packard 1100 series, Agilent,
Santa Clara, CA, USA) was used. The separations of the precur-
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Fig. 2. Scheme of the grafting reac

ors shown in Fig. 1 are carried out under isocratic conditions
n a Nucleosil C18 column (250 mm × 4 mm I.D., 7 �m particle
ize, Macherey Nagel, Düren, Germany). The eluent consists of
ethanol/water/phosphate buffer (20 mM, pH 3) at percentages of

0:50:20. Detection is performed at 254 nm. The concentration of
he analytes is about 10 mg/l using a 20 �l injection loop.

.4. Functionalisation of polymeric particles by grafting

Functionalisation of the resin is performed by a grafting reaction
ollowing a preparation invented by Raskop et al. [25]. By doing
o, the zwitterionic precursors are covalently bond to the poly-
eric resin. The stationary phases are packed using PEEK columns

100 mm × 4 mm I.D.).

.5. Determination of capacities

Determination of the capacities of zwitterionic exchangers is
challenging task. All known methods of determining capacities
ynamically in chromatography cannot be applied. Therefore, two
on-dynamical methods were tested. For both methods the mate-
ial was first washed with 500 ml (per 3.0 g of the resin) of 100 mM
queous sodium acetate solution (pH 4.75) followed by 500 ml of
cetonitrile.

The first method is combustion elemental analysis (vario EL,
lementar, Hanau, Germany). For this, 40 mg of the dried polymer
re combusted and the content of nitrogen as well as the content
f sulfur are determined. The nitrogen content is determined by
igh temperature combustion, separation and determination via
hermal conductivity detector. The sulfur content is determined by
xidative decomposition and photometric titration of sulfate with
arium perchlorate.

The second method is the determination of sulfur via X-ray
uorescence (XRF) (ARL Optim’X, Thermo Fisher, Waltham, MA,
SA). 250 mg of the dried polymers are put into sampling cups and
etected directly by XRF on the sulfur K�1,2 line at 5.3731 Å using
he PET crystal.

.6. Chromatographic conditions

All chromatographic separations – except the ones described
efore for the characterisation of the zwitterionic precursors –
re carried out using a Modular IC System (Metrohm AG, Herisau,
witzerland). For pumping the eluent a 709 IC pump is used. The
njection valve (5 �l injection loop) as well as the column heater
318 K) are located in the 820 IC separation center. For conductiv-
ty detection a 833 liquid handling unit (suppression of the eluent)
nd a 819 IC detector are connected to the outlet of the column. For

V/VIS detection the outlet is connected to a 844 UV/VIS compact

C of which only the detector cell is used. To perform anion sepa-
ation, aqueous sodium acetate and sodium carbonate eluents are
sed at a concentration range of 10–40 mM and a pH in the range
f 3.00–8.40.
n = 1 - 5

ading to zwitterionic exchangers.

3. Results and discussion

3.1. Preparation of zwitterionic exchangers

The preparations of all zwitterionic sulfobetaine precursors with
one to five methylene groups between the charged functionalities
are done by simple nucleophilic substitutions. The five precursors
can be synthesised in two to three stages starting from readily
available starting materials [24]. The precursors carry a quater-
nary amine and a sulfonic acid functionality at certain distances
between the charges. The rest of the different precursors – includ-
ing the spacer – is identical. In order to enable attachment to the
core material the zwitterionic moiety is attached to a hydrophobic
styrene derivative as a spacer. The bonding reaction is a grafting
reaction, by which selected amounts of zwitterionic precursors –
and by this selected amounts of functional groups – can be attached
to the core material. This is schematically shown in Fig. 2.

The utilised grafting reaction [25] allows the variation of the
exchange capacity by varying the amount of zwitterionic precursor
used in this reaction. This allows the synthesis of five zwitterionic
exchanger materials of identical capacities with only one difference
– the chain length between the charged groups.

The spacers to the polymeric backbone, the core material, capac-
ity as well as the nature of the covalent bonding are exactly the
same for all prepared materials. Therefore the differences seen in
the behaviour towards the separation of inorganic anions should
only derive from the different distances between the charges.

3.2. Determination of the zwitterionic precursor’s polarities by
RP-HPLC

To be able to get a closer look to the effective polarities of the
prepared zwitterionic precursors (Fig. 1), the molecules are sepa-
rated by RP-HPLC. The separations are performed using an aqueous
eluent with 30% of methanol and a phosphate buffer at pH 3.0 under
isocratic conditions. At low concentrations of the precursors, polar-
ity should be strongly dependent on the ability of the precursors to
compensate their charges via intramolecular interactions. Reten-
tion factors for the five prepared monomers are plotted versus the
chain length in Fig. 3.

An exponential increase in retention factors can be found for
the zwitterionic precursors with two to five methylene groups
between the charged groups. Increasing retention means a decrease
in hydrophobicity of the molecule. The precursor with two methy-
lene groups between the ammonium functionality and the sulfonic
acid is the most polar molecule out of the five investigated. This
C2 distance seems to be long enough to separate the charges effec-
tively. In addition, the distance of two methylene groups is short
and inflexible enough to avoid intramolecular interactions. With
increasing chain length, the molecules get more flexible with an
increasing ability to compensate charges intramolecularly. The out-

come is a reduction of the molecule polarity/hydrophobicity.

The only exception to this exponential increase is sulfobetaine
C1, which exhibits a polarity between sulfobetaine C4 and sulfobe-
taine C5. In contrast to the long chained molecules, the precursor
with one methylene group has a rather inflexible geometry with
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under the given conditions is achieved by all seven materials,
whereas the separation of nitrite, bromide and nitrate can only be
observed for two (sulfobetaine C2) respectively five (sulfobetaine
C5) methylene groups between the charges. In addition to this, it

Table 1
Capacities of the five prepared materials with varying distance between the charged
groups.
ig. 3. Retention factors of the zwitterionic monomers used as precursors. Column:
ucleosil C18 (250 mm × 4 mm); eluent: methanol/water/phosphate buffer (pH 3.0)
0:50:20; flow rate: 1.0 ml/min; detection: UV at 210 nm.

nly a one methylene group distance between the charged groups.
his distance seems to be that short, that the charges get compen-
ated intramolecularly, which leads to a lower total polarity of the
olecule.

.3. Determination of exchanger capacities

Beside the polarity the control and adjustment of capacities is
f major interest for the investigation of chain length effects on
witterionic exchangers. The utilised grafting reaction allows an
djustment of the capacity, but also a reproducible method for the
etermination of the capacities of the prepared materials is still
equired. In cation and anion exchange, it is common to determine
apacities dynamically.

Unfortunately, dynamical methods cannot be applied to
witterionic materials. Zwitterionic materials show intra- and
ntermolecular saturation of their charges, so attached anions as

ell as cations will be flushed off the column using water as the
luent which is applied as a necessary purging step in dynamical
ethods. Therefore a different method for determination of capac-

ty must be found. Whereas dynamical methods provide “effective
apacities” which means they show only the amount of functional
roups available for analytes, non-dynamic methods will represent
he total or bulk capacity of the whole resin.

One method to get this bulk capacity is elemental analysis.
lemental analysis was carried out for all prepared exchangers
etermining the amount of sulfur as well as the amount of nitro-
en. The special advantage of this method is that nitrogen capacity
quaternary amines) and sulfur capacity (sulfonic acids) can be
ompared and should be identical. Both sulfur and nitrogen con-
ents determined by elemental analysis are compared in Fig. 4. In
his figure, the sulfur and nitrogen contents of stationary phases
ith different capacities are plotted for each of the five prepared

ulfobetaines.
Both elements show a good correlation with a linear relation-

hip over a wide range of sulfur and nitrogen contents. The mass
ercentages of sulfur are a little more than twice as high as the mass
ercentages of nitrogen. This means that both elements are present
n the same molar quantity. By this it is verified, that zwitterionic
roups were attached by the utilised grafting reaction. The disad-
antage of elemental analysis is its duration. Therefore a second
ethod for the determination of sulfur based on X-ray fluorescence
as developed.
Fig. 4. Correlation between the sulfur and nitrogen contents of the synthesised
exchangers. Contents determined via combustion elemental analysis.

The matrix matched calibration standards for the XRF method
were prepared by suspending unfunctionalised polymeric resin in
acetone/ammonium sulfate of known concentration and removal
the liquid at 338 K. Both methods give comparable results for the
capacities of the sulfobetaine materials from one to five methylene
groups showing a good correlation with a linear relationship over a
wide range of capacities. A variation of the amount of zwitterionic
precursor used for the grafting reaction allowed the preparation of
five materials with almost identical capacities (Table 1). The differ-
ence in capacities is about six percent regarding highest and lowest
capacity and therefore negligible.

In addition to this, the capacities of the ZIC-HILIC and ZIC-pHILIC
materials were determined using the same techniques. They were
found to be 186 �eq g−1 (ZIC-HILIC) and 201 �eq g−1 (ZIC-pHILIC),
which means they are 43% respectively 54% higher than the capaci-
ties of the prepared series of stationary phases. Although not having
comparable capacities and different core materials, these zwit-
terionic exchangers were analysed as well known benchmarks,
especially since they carry the same functional group as sulfobe-
taine C3.

3.4. Separation of inorganic anions using acetate eluents

Separations of five inorganic anions using sodium acetate elu-
ents are carried out for the characterisation in the ZIC separation
mode. Sodium salts of bromide, iodide, thiocyanate, nitrite and
nitrate, all of them detectable by UV at 210 nm, are used as ana-
lytes. Retention of these analytes can be achieved with all five
prepared materials as well as with the commercial exchangers. The
chromatograms are shown in Fig. 5.

It can be seen that baseline separation of iodide and thiocyanate
Chain length/methylene groups 1 2 3 4 5

Capacitya (�eq g−1) 133 130 133 126 125

a Capacities were found by determination of sulfur contents using X-ray fluores-
cence.
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ig. 5. Separation of inorganic anions. Analytes: nitrite (1), bromide (2), nitrate (3),
odide (4) and thiocyanate (5). Eluent: 40 mM sodium acetate, pH 4.75; flow rate:
.0 ml/min, UV detection at 210 nm, 318 K.

s obvious, that the ability to retain inorganic anions is affected
y the chain length of the functional group. While the prepared
aterial with three methylene groups (sulfobetaine C3) show the

owest retention times for all analytes, with nitrite, bromide and
itrate coeluting, sulfobetaine C5 exhibits that much retention,
hat thiocyanate does not elute within 10 min. The commercially
vailable columns ZIC-HILIC and ZIC-pHILIC allowed the baseline
eparation of iodide and thiocyanate, but both show coelution of
itrite and bromide in the first peak. The difference in retention

actors between sulfobetaine C3 and the ZIC-HILIC and ZIC-pHILIC
aterials is evident and due to the different capacities, whereas

he ZIC-HILIC (silica core) and ZIC-pHILIC (methacrylate core) give
lmost identical chromatograms. Under these conditions the influ-
nce of the core material seems to be negligible.

The dependency of anion retention on intercharge chain length
an be visualised by plotting retention factors versus chain lengths
s shown in Fig. 6. Looking at this plot one should keep in mind that
he series of prepared materials have the same capacities, iden-
ical spacers to the polymeric backbone as well as identical core

aterials. Under the selected conditions (40 mM sodium acetate,
H 4.75) sulfobetaines C3 and C4 as well as the commercially avail-
ble materials with three methylene groups show the lowest anion
etentions of all tested materials. Although having lower capacities,
he sulfobetaines C2 and C5 show higher retention factors than the
IC-HILIC and ZIC-pHILIC phases.

.4.1. Influence of the eluent ionic strength on the separation of
norganic anions

After having shown the chromatograms for the anion separa-
ions, eluent composition is varied. First step of these variations
s the ionic strength of the sodium acetate eluent while holding
he pH constant. The shown difference in retention factors (Fig. 6)
lso becomes obvious when k′ is plotted versus the sodium acetate
oncentration as shown in Fig. 7. All separations are carried out at a
H of 4.75. The commercial exchanger materials as well as the sul-
obetaines C1 and C5 show the expected behaviour. According to
he proposed mechanism in ZIC [22], which was determined using
ynamically coated C18-phases, the formation of an electrical dou-
le layer (EDL) leads to increasing retention factors with increasing

onic strength of the eluent resulting in an asymptotical approxi-
ation to a saturation limit. Once the EDL is formed completely,
further increase in ionic strength does not have any effect on

etention factors. Although not being dynamically coated materials

ulfobetaines C1 and C5 as well as ZIC-HILIC and ZIC-pHILIC station-
ry phases show the same behaviour. For the sulfobetaines C1 and
5 the k′ values plotted in Fig. 6 are close to the maximum reten-
ion factors. This difference compared to the commercial materials
as expected looking at the lower capacities of the prepared sul-
Fig. 6. Dependence of the anion retention factors on the distance between the
charged groups.

fobetaine exchangers. With lower capacities the saturation of the
EDL should be reached at lower eluent ionic strength, therefore the
maximum retention factors are reached earlier.

In contrast to this, the materials with two, three and four
methylene groups between the charges behave different. Reten-
tion factors on the sulfobetaine C2 remain almost constant at quite
high absolute values. The reason can be found when looking back
on the previously determined hydrophobicities of the zwitterionic
precursors (Fig. 3). This experiment showed, that sulfobetaine C2
was the most polar compound of the homologous row. This effect
was previously explained by the C2 distance between the charges,
which is too short and inflexible to allow intramolecular satura-
tion of the charges. This explanation can also be used to explain its
behaviour regarding influence of ionic strength. Due to the inflexi-
bility of the functional groups, the geometrical alignment of these
groups is rather fixed. Intramolecular interactions, that are found
for the sulfobetaines C1 and C5 and that are reduced with increas-
ing ionic strength, do not take place for sulfobetaine C2. Therefore
no effect can be seen with increasing the eluent ionic strength. At
the same time it can be stated, that separation of the anions on this
stationary phase also is not a classical ion exchange mechanism.
Otherwise retention factors would decrease with increasing eluent
ionic strength.

So the mechanism is still a ZIC mechanism but due to the forced
linear alignment of the functional groups caused by the C2 distance,
the accessibility of the anion exchange site is always given. There-
fore retention factors are independent from eluent ionic strength
in the range of ionic strength tested. This leads to the assump-
tion, that accessibility of the ammonia functionality by linearisation
of the zwitterionic groups might be a better explanation of the
ZIC mechanism. The formation of an EDL leads to a linearisation
of the functional groups of zwitterionic exchangers with longer
intercharge chain lengths. Therefore the EDL theory was a proper
way to explain the observations made using dynamically coated
C18-materials with three methylene groups between the charged
centers. But from sulfobetaine C2 we can see, that the linear align-
ment of the functional groups is the real cause for the observed
behaviour.

In contrast to sulfobetaine C2 the curves for sulfobetaines C3

and C4 show an almost linear increase in retention factors with
increasing eluent ionic strength. No asymptotic approximation to a
retention factor limit can be seen for the investigated ionic strength
as it was expected and found for the sulfobetaines C1, C5 and the
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Fig. 7. Influence on retention by eluent ionic strength. Eluent: sodium acetate, pH 4.75; flow rate: 1.0 ml/min, UV detection at 210 nm, 318 K.
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L. Sonnenschein, A. Seubert / J. C

IC-HILIC and ZIC-pHILIC exchangers. Looking closely at the data
oints at an eluent ionic strength of 40 mM (C3 and C4 in Fig. 7)
beginning decrease in slope can be assumed. Therefore sulfo-

etaines C3 and C4 seem to behave as it was expected for ZIC
aterials, but the amount of eluent ions needed to reach saturation

f the EDL or linearisation of the functional groups is much higher
han for the other materials. Due to the limited UV-transparency of
ven higher concentrated sodium acetate eluents, this assumption
annot be confirmed experimentally.

At least it has to be stated, that – although having the same
unctional groups as the ZIC-HILIC and ZIC-pHILIC phases – the
3 exchanger behaves different. As stated before, the influence
f the core material is negligible. Therefore, to explain this dif-
erent behaviour, the capacities of the examined materials have
o be considered. Regarding the lower determined bulk capaci-
ies a linearisation of the functional groups should appear at lower
oncentrations for the sulfobetaines C3 and C4 compared to the
IC-HILIC and ZIC-pHILIC exchangers. An asymptotical approxima-
ion to the saturation limit should appear at lower concentrations
s well, but experimental data is inverted. So the bulk capacities
re not crucial for the observed differences.

The unexpected behaviour of the sulfobetaines C3 and C4 might
hen be explained by looking at the distances between adja-
ent functional groups on the surface of the core materials. Not
nowing the density of occupation of the core material surface
ith functional groups, this generally can only be an assumption,

ut determining this density of occupation is almost impossible
egarding covalently bond functional groups. Using dynamically
oated C18-phases, the areas occupied by zwitterionic tensides and
herefore the distance between the functional groups could be cal-
ulated from adsorption isotherms of these tensides. Nesterenko
t al. determined the distances between zwitterionic tensides on a
ompletely coated surface with a homogeneous mono-layer distri-
ution of the adsorbed molecules to be in the range of 10.4–11.6 Å
epending on the tenside used [23]. This distance is in the range of
he intercharge distances. Obviously dynamically coated materi-
ls with C18-cores cannot be compared directly to covalently bond
tationary phases. But Nesterenko et al. at least showed that func-
ional groups can occupy surfaces in a quite dense way. Therefore
t is possible, that covalently bond functional groups can have a
omparable density of occupation.

Assuming a high density of functional groups concerning the
xamined commercial exchangers, differences between sulfobe-
aines C3/C4 and these commercial materials can be explained. The
IC-HILIC and ZIC-pHILIC exchangers have slightly higher capaci-
ies than the PS/DVB materials. By this the functional groups of
he commercial phases might be close enough together to provide
ntermolecular interactions between adjacent functional groups.
aving lower capacities, the functional groups of sulfobetaines C3
nd C4 do not provide these interactions and therefore have an
ncreased tendency to form inner ion pairs. Especially for these
wo sulfobetaines the ion pairs formed would be six and seven ring
pecies, which are expected to be very stable. Due to the inter-
olecular interactions taking place on the commercial materials,

ntramolecular interactions are hindered, linearisation of the func-
ional groups can be achieved easily. The stability of the inner ion
airs of C3 and C4 make them hard to linearise and therefore a
igher eluent ionic strength is needed to reach linearisation of
he functional groups. By this – although having lower capacities
nd leading to lower retention factors – an approximation to the
etention factor limit is reached at higher ionic strength for the sul-

obetaines C3 and C4. Apart from that these two exchangers show
he typical ZIC behaviour.

Besides this comparison of the sulfobetaines C3/C4 with the
ommercial exchangers, the differences between the series of sul-
obetain exchangers are interesting. Although having the same
togr. A 1218 (2011) 1185–1194 1191

capacities, the five materials do not show a linear behaviour looking
at Fig. 6, even at much higher ionic strengths of the eluent.

In addition to that the comparison between sulfobetaine C1 and
sulfobetaine C5 leads hopefully to a better understanding of the
mechanisms in zwitterionic ion chromatography. Cook et al. [11]
proposed the formation of a Donnan membrane having an influ-
ence on ion separation in ZIC using dynamically coated stationary
phases. For sulfobetaine C1 with a rigid alignment of the short
chained functional groups, a similar Donnan membrane might be
localised as rigid as the functional groups their selves. Looking at
the sulfobetaine C5 this should not be the same. Sulfobetaine C5 has
very flexible functional groups with large intercharge distances.
The formation of a Donnan membrane for this alignment should
not be that fixed, maybe the proposed membrane even does not
form for this distance. The lack of such a membrane or at least
the lower potential of the membrane would explain the extremely
high retention factors observed for this exchanger concerning anion
separation. A Donnan membrane being less strong will not hin-
der anions as effectively as it can be seen for shorter distances.
This also might be an additional explanation for the behaviour of
sulfobetaines C3 and C4.

3.4.2. Separation of inorganic anions with varying eluent pH
Another factor expected to have an influence on the reten-

tion factors is the eluent pH. Therefore the retention of inorganic
anions using 40 mM sodium acetate eluents with pH in the range of
3.00–6.00 was determined. The ionic strength of the eluents utilised
corresponds to the highest concentration in Fig. 7. The highest pH
of 8.4 is realised using a 40 mM sodium hydrogen carbonate eluent.
The results are shown in Fig. 8. Nitrite is not shown in this figure due
to the pKa of nitrous acid (3.4) which has an influence on retention
factors at pH in the range of 4.00–3.00.

Again the results for some of the prepared exchangers are sim-
ilar, while others show appreciable differences. The sulfobetaine
C1 shows a unique behaviour, while plots for sulfobetaine C2 and
C5 are quite similar. Similarities can also be found for the sulfobe-
taines C3 and C4. The commercially available materials ZIC-HILIC
and ZIC-pHILIC show comparable behaviours as well, while they
give completely different results compared to the sulfobetaines
C2/C5 and C3. The curves of the ZIC-pHILIC material have analogies
to the curves of the C1 and C4 sulfobetaines.

The C1 exchanger – as mentioned before – has a rigid coordi-
nation of the exchanger groups, which should cause the different
behaviour of this material. At a low pH retention factors are low and
growing with increasing pH. The maximum is reached near pH 4.75
and decreases in both directions to almost equal retention factors
at pH 3.0 and pH 8.4 (hydrogen carbonate eluent).

A change in eluent pH from 3.00 to 6.00 renders the
hydron/hydroxide ratio as well as the amount of acetate compared
to the amount of acetic acid. The hydron concentration is lowered
whereas the hydroxide concentration is increased. In addition to
that, the sodium acetate concentration is increased. An increase in
acetate concentration should result in curves as the ones shown in
Fig. 7. A 40 mM sodium acetate eluent at pH 3.00 has fewer acetate
ions in it than a 10 mM sodium acetate eluent at pH 4.75. Hence, the
increase in retention factors from pH 3.00 to 4.75 can be explained.
With further increase in eluent pH a reduction in retention times
can be observed. From pH 4.75 to 6.00 the sodium acetate concen-
tration increases, but retention factors are reduced. If the behaviour
of the C1 exchanger was stringent, a further increase in reten-

tion factors would be expected, but the change in sodium acetate
concentration does not seem to have an influence at higher pH.
Therefore the reason for the decrease in retention factors can only
be seen in the increase in hydroxide concentration or the decrease
in hydron concentration.
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Fig. 8. Influence on retention by eluent pH. Eluents: sodium acetate and sodium carbonate (pH 8.4). Ionic strength: 40 mM; flow rate: 1.0 ml/min, UV detection at 210 nm,
318 K.
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Cook et al. [11] investigated dynamically coated materials and
ave an explanation for changing retention factors with chang-
ng concentrations of different eluent ionic species. In their work,
hey examined cation retention on zwitterionic exchangers with
n outer positive charge and an inner negative charge, which is
pposite to the exchangers examined here. They argued the forma-
ion of positive or negative Donnan membranes, depending on how
trong the shielding of the positive and negative functional group
s. Different eluent anions and cations have different shielding
ffects according to the Hofmeister chaotropic series [26]. For our
xchangers, the same argument can be used regarding the location
f the charges. With identical cations, namely sodium, the Donnan
embrane should become least negative or even positive, if the
obile phase anion only weakly shields the inner positive group.

y increasing the concentration of hydroxide, which is even more
eakly shielding compared to the competing acetate, the shielding

f the inner positive group should be reduced which should result
n a weak negative or more positive Donnan membrane. Retention
actors for the analyte anions should increase, because they should

ore easily be able to reach the inner ammonia group.
The effect we observed is inverted, with a decrease in reten-

ion factors with increasing pH which cannot be explained by the
ncrease of hydroxide concentration. However we still have to keep
n mind, that a change to higher pH not only means an increase in
ydroxide concentration but also a decrease in hydron concentra-
ion. Cook et al. did not examine H+, because they say it is a special
ase. Hydron was investigated by Hu et al. [27] who found, that
+ was highly retained on dynamically coated stationary phases
ith inner cation exchange groups, which means that the hydron

s shielding the negative charge strongly. A better shielding of the
egatively charged sulfonic acid of the sulfobetain C1 by H+ will

ead to a less negative or more positive charged Donnan membrane,
hich in the end leads to a stronger retention of anionic analytes

t low pH. At a pH in the range of 4.75–8.40, the H+ concentration
ecreases which results in a decrease in retention factors due to
he formation of a less positive or more negative charged Donnan

embrane which explains the observed behaviour. At a pH in the
ange of 3.00–4.75 the effect of increasing acetate concentration
utweighs the influence of the Donnan membrane. The reason for
his is, that the oppositely charged functional groups of the sulfo-
etaine C1 compensate each other at low eluent ionic strength due
o the short intercharge chain length. With directly compensated
harges, the formation of Donnan membranes is hindered, while
he direct compensation is reduced with increasing eluent ionic
trength.

The sulfobetaines C2 and C5 show decreasing retention factors
ith increasing pH, which is similar to the behaviour of sulfobe-

aine C1 at pH values higher than 4.75. As shown before, using the
2 material, the retention factors are independent from eluent ionic
trength. For this stationary phase a decrease in retention times can
nly be caused by hydron/hydroxide concentrations. A decreasing
ydron concentration resulting in a decreasing shielding of the sul-

onic acid functionality leads to decreasing retention factors over
he whole range of pH. By this behaviour of the sulfobetaine C2 it
an be proven, that Donnan membranes according to Cook et al.
11] also exist on covalently bond stationary phases. The influence
f the shielding of exchange functionalities by eluent ions is similar
o the effects observed using dynamically coated materials.

Contrary to the sulfobetaine C2, the sulfobetaine C5 shows a
′ versus [NaOAc] plot that is quite similar to the plot for the C1
aterial (Fig. 7). Retention factors of this phase are dependent on
luent ionic strength. Anyway the effect of eluent pH on sulfo-
etaine C5 is more similar to C2. A decreasing H+ concentration
educes retention factors. The effect of Donnan membranes out-
eighs the linearisation of the functional groups by eluent ionic

trength for this stationary phase. The reason for this must be found
togr. A 1218 (2011) 1185–1194 1193

in the long intercharge chain length. As stated before, the prepared
series of stationary phases does not provide the ability of inter-
molecular interactions between adjacent sulfobetaine groups. In
addition to this, the sulfobetaine C5 does not form stable inner ion
pairs which results in a retention factor limit that is reached at quite
low eluent ionic strength (Fig. 7). The sodium acetate eluent used
for the variation of eluent pH has a high eluent ionic strength by
what linearisation of the functional groups is already reached for
the sulfobetaine C5. Therefore the shielding of the sulfonic acid by
H+ is the main effect that can be seen.

Completely different results are found for the sulfobetaines C3
and C4. As mentioned before, both materials have not yet reached
saturation concerning the EDL or the linearisation of the functional
groups at 40 mM of sodium acetate at a pH of 4.75. This was due to
the formation of stable inner ion pairs and the lack of the ability to
saturate charges intermolecularly. With changing eluent pH, these
materials behave as they did with changing eluent ionic strength.
The effect of linearisation of the functional groups outweighs the
formation of Donnan membranes. Obviously Donnan membranes
can only form on stationary phases that show at least a minimum
of symmetry. Due to the formation of inner ion pairs the functional
groups are bend and do not show a linear alignment. This hinders
the formation of Donnan membranes, the shielding effect by H+ is
not important in the range of pH tested.

In the end concerning the commercially available columns, no
stringent results can be observed. Both materials show plots that
seem to be more or less a mixture of previously shown effects.
Their behaviour can be compared to the behaviour of sulfobetaine
C1, having maxima of k′, although the commercial materials have
the same functional groups as sulfobetaine C3. Contrary to sulfobe-
taine C3 for the ZIC-HILIC and ZIC-pHILIC materials linearisation of
the functional groups does not completely overweight formation of
Donnan membranes. The reason for this is the earlier stated higher
density of functional groups on the exchanger’s surface due to the
higher bulk capacity of the commercial materials. This higher den-
sity provides the ability of saturating charges of adjacent functional
groups by intermolecular interactions. Therefore the formation of
inner ion pairs is reduced. As shown in Section 3.4.1, by this the
complete linearisation of the functional groups is reached at lower
eluent ionic strength.

This is what happens at a pH in the range of 4.50–5.00 for both
commercial exchangers. In this range of pH the linearisation of
the functional groups is reached. Therefore, the stationary phases
reach the required symmetry to provide the formation of Donnan
membranes. At a pH in the range of 4.75–8.40 the reduced shield-
ing effect by the decrease of H+ concentration occurs. As a result
the graphs for variation in eluent pH show competitive effects of
the influence of eluent ionic strength and the formation of Don-
nan membranes depending on the degree of linearisation of the
functional groups.

Due to the different core material, this specially affects the ZIC-
HILIC phase. For the ZIC-HILIC exchanger not only the shielding of
the sulfonic acid is reduced at higher pH, but also the dissociation
of residual silanols in this silica based stationary phase occurs. This
changes the polarity and the whole electronic structure of the core
material which results in the distinct reduction in retention factors.

4. Conclusion

A series of sulfobetaine exchangers with identical core mate-

rials, identical spacers to the polymeric backbone as well as
comparable capacities allows the examination of the influence of
intercharge chain length on the separation of inorganic anions. It
was found, that the zwitterionic precursor with two methylene
groups between the charges is the most polar compound of all.
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his leads to a unique behaviour concerning the influence of ionic
trength on anion retention, using the material grafted with this
2 precursor. Sulfobetaine C2 shows constant retention factors
ith changing sodium acetate concentrations, over a concentra-

ion range of 10–40 mM. This leads to a new interpretation of the
IC mechanism by stating that linear alignment of the functional
roups is more important than the formation of an EDL. It could
lso be found, that the sulfobetaines C3 and C4 reach the reten-
ion factor limit at higher eluent ionic strength although having
ower capacities than the commercially available ZIC-HILIC and
IC-pHILIC exchangers from Merck SeQuant. This was expected
o be due to a lower density of functional groups on the surface
f the prepared series of sulfobetain exchangers resulting in dis-
ances between adjacent functional groups that are too big to allow
ntermolecular interactions. In addition the formation of a Don-
an membrane could be investigated and confirmed clearly by the
esults observed using the sulfobetain C2. A special influence of H+

n the exchanger’s ability to separate inorganic anions due to the
hielding effect of hydron on the sulfonic acid functionality could
e found. Especially the sulfobetaines C2 and C5 are found to be
ighly capable of separating inorganic anions while also showing a
trong influence of H+ concentration on retention factors.
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