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Retention behavior of small polar compounds on polar stationary
phases in hydrophilic interaction chromatography
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Abstract

Retention characteristics of four polar stationary phases (i.e., amide, amino, silica and sulfobetaine) were studied by using a group of small
polar compounds in hydrophilic interaction chromatography (HILIC). Different polar stationary phases shared certain degrees of similarity,
but also exhibited differences in retentivity and selectivity for the model compounds. Among the four columns studied, HILIC Silica column
had the least retention for the model compounds, but also showed different selectivity from other three columns. Experimental data also
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rovided some evidences that functional groups on the stationary phases might have certain degrees of influence on selectiv
hrough secondary interactions with the model compounds. The retention of the acids on the amino phase decreased with inc
oncentration in the mobile phase due to the ion-exchange effect, and the retention process was endothermic as opposed to e
ther phases. This study also systematically investigated the effect of various experimental factors on the retention of the pola
hases, such as acetonitrile content, column temperature, buffer pH, salt type and concentration in the mobile phase.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Small polar compounds are often very challenging to
ethod development due to lack of retention on conventional

eversed-phase columns. Although very effective in separat-
ng polar compounds, normal-phase liquid chromatographic
NPLC) methods are generally not desirable for routine QC
pplications in the pharmaceutical industry due to poor re-
roducibility and difficulty in interfacing with mass spec-

rometric (MS) detectors. The so-called “polar embedded”
r “polar end-capped” stationary phases can enhance the re-

ention of polar compounds with a mostly aqueous mobile
hase in reversed-phase liquid chromatography (RPCL), but

his approach is not feasible for the compounds with low
queous solubility. In addition, the sensitivity of MS detec-

ors may be significantly reduced with low level of organic

∗ Corresponding author. Tel.: +1 908 704 4309; fax: +1 908 704 1612.
E-mail address:yguo2@prdus.jnj.com (Y. Guo).

solvents in the mobile phase in LC/MS experiments.
drophilic interaction chromatography (HILIC) provides
alternative approach to effectively separate small polar c
pounds on polar stationary phases. Similar to NPLC,
lar compounds are more strongly retained in HILIC,
non-aqueous mobile phase in NPLC is replaced with
aqueous–organic mixture with water being the stronger
vent[1]. This feature not only helps to eliminate the prob
associated with low aqueous solubility, but also makes H
more amenable to MS detection and improves the MS
sitivity [2–6]. Early HILIC applications mainly focused o
the area of carbohydrates and peptides analysis[1,7–17]. Re-
cent applications have expanded to include many small
compounds, such as drugs, toxins, plant extracts, and
compounds important to food and pharmaceutical indus
[2–6,18–26].

HILIC separation employs polar stationary phases
as silica, amino or cyano phases traditionally used in N
[2,4,6,13,18,21]. Other types of stationary phases such
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amide and aspartamide have also been used for small polar
compounds[1,3,6,10,14,17,22,26,27]. More recently, some
column manufacturers have started to market stationary
phases specifically designed for HILIC, notably, Atlantis
HILIC Silica and ZIC HILIC columns[2,25]. The availabil-
ity of different stationary phases provides analytical chemists
with more choices to meet specific needs; at the same time it
is also challenging to choose the “right” column for the com-
pounds of interest. Most literature reports on HILIC focused
on a single column, and only a few studies evaluated multiple
columns for the purpose of selecting the appropriate column
for the compounds of interest[3,4,6,21]. Obviously, there is
a need for more studies on different types of polar station-
ary phases in order to gain better understanding of HILIC
separation.

A major objective of this study was to investigate the reten-
tion characteristics of polar stationary phases and hopefully
gain some insights into chromatographic process of HILIC.
To this end, four different polar stationary phases were se-
lected including amide, amino, silica, and sulfobetaine that
contained different functional groups on the silica surface. A
group of polar compounds including salicylic acid and deriva-
tives, some nucleosides and nucleic acid bases were selected
as the model compounds because they were traditionally very
difficult to retain on reversed-phase columns.
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2.2. Equipment and method

All experiments were conducted on an Agilent HPLC
system (Model HP1100), which was equipped with a qua-
ternary pump (Model G1311A), a DAD detector (Model
G1315B), a degasser (Model G1322A), a column heater
(Model G1316A), and an auto-injector (Model G1313A). The
ChemStation software (Rev. A.09.01) was used for data ac-
quisition and analysis.

Mobile phases were prepared by mixing appropriate vol-
umes of acetonitrile and stock salt solutions to reach desired
organic levels and salt concentrations. The stock solution of
buffer salt was made by dissolving appropriate amounts of
various salts (e.g., ammonium acetate, formate and bicar-
bonate) in water. The pH of the salt solution was not adjusted
before mixing with acetonitrile in most cases, except for the
pH effect study. In this case, a stock solution of 100 mM am-
monium formate was first prepared (pH∼ 6.5), then the pH
of the stock solution was adjusted to desired pH values (pH
4.8, 4.0 and 3.3) by adding formic acid. The salt concentra-
tion in the text refers to the final concentration of the salt in
the mobile phase.

The acid mixture including salicylamide was prepared
by dissolving the acids in acetonitrile/water (90/10, v/v)
at the following concentrations: salicylamide∼0.5 mg/mL,
salicylic acid∼1 mg/mL, 4-aminosalicylic acid∼1 mg/mL,
a cid
∼ d at
∼
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. Experimental

.1. Chemicals and materials

HPLC grade acetonitrile was obtained from EM Scie
Hawthorne, NY), and HPLC grade water from a Millipo
illi-Q Gradient purification system (Bedford, MA). Am
onium salts (i.e., acetate, formate and bicarbonate)
f ACS grade from Aldrich (Milwaukee, WI). Salicylamid
alicylic acid, 4-aminosalicylic acid, acetylsalicylic acid (
irin), 3,4-dihydroxyphenylacetic acid, uracil, adenosine

osine, guanosine, uridine and cytidine were obtained
ldrich. YMC-Pack NH2 and Atlantis HILIC Silica column
ere purchased from Waters (Milford, MA). TSKgel Amid
0 column was obtained from Tosoh Bioscience (M
omeryville, PA), and ZIC HILIC column was purchas

rom SeQuant AB (Sweden) through The Nest Group (So
orough, MA). All columns were equilibrated with mob
hases prior to use and washed with acetonitrile and w
60/40, v/v) after use.

able 1
roperties of polar stationary phases

olumn name Phase type Dimension (mm)

ILIC Silica Silica 4.6× 250
MC-Pack NH2 Amino 4.5× 250
SKgel Amide-80 Amide 4.6× 250
IC-HILIC Sulfobetaine 4.6× 250
spirin ∼1 mg/mL, and 3,4-dihydroxyphenylacetic a
2 mg/mL. The nucleoside/base mixture was prepare
1 mg/mL in acetonitrile/water (80/20, v/v).

. Results and discussion

.1. Selectivity of polar stationary phases

Four commercially available columns representing di
nt polar stationary phases were selected for this study
olumns are all silica-based and have the same dimen
nd similar basic properties in terms of particle size, pore
nd surface area as presented inTable 1, except that the ZIC
ILIC column has a relatively larger pore size and sma
urface area. The surface chemistry of the stationary p
n these columns, however, is very different. The HILIC
ca column contains unmodified silica phase, which un
hat used in NPLC, is packed and stored in acetonitrile.
MC-Pack NH2 column has an aminopropyl phase with
ndcapping and is also stored in a mixture of water and

Particle size (�m) Surface area (m2/g) Pore size (̊A)

5 345 93
5 335 120
5 313 80
5 135 200
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tonitrile instead of normal-phase solvents (e.g., hexane). The
amide phase in the TSKgel Amide-80 column consists of
carbamoyl groups attached to the silica surface through an
aliphatic carbon chain[27]. In addition, the stationary phase
in the ZIC-HILIC column is zwitterionic with sulfobetaine
groups covalently attached to the silica surface[28].

A group of salicylic acid derivatives was separated on the
four columns under HILIC conditions, as shown inFig. 1.
All the components in the acid mixture were well resolved,
but the retention and elution order varied from column to col-
umn. The acids were most retained on the YMC-Pack NH2
column; however, all peaks were relatively broad and had
small tailing. Since the amino phase was positively charged
under the mobile phase condition, it was possible that the
negatively charged acids might interact with the amino phase
through ion exchange, resulting in stronger retention as well
as different selectivity towards the acids. The ion-exchange
effect of the amino phase on the acidic compounds has also
been observed by Olsen[21]. In comparison, the acids had
weaker retention on the TSKgel Amide-80 column, and as-
pirin and 4-aminosalicylic acid were only partially resolved.
It was also noted that 3,4-dihydroxyphenylacetic acid eluted
as a split peak with a severe tailing. The fact that peak split-
ting was only observed on the amide phase indicated that
this phenomenon might be specific to the amide phase, pos-
sibly due to some secondary interactions with the functional
g acid
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and uridine was reversed and guanosine eluted even before
cytosine, indicating different selectivity of the silica phase.
Surface silanol groups have been shown to influence the re-
tention and selectivity of nucleosides and nucleic acid bases
on silica based reversed-phase columns[29]. It was reason-
able to assume that the silanol groups might also interact with
the model compounds in HILIC, thus leading to the unique
selectivity of the silica phase. More studies are in progress to
further understand the interactions on the silica phase.

3.2. The effect of acetonitrile content on retention

Similar to reserved-phase separation, HILIC separation
commonly employs water and acetonitrile as the mobile
phase, but requires much higher organic content (>60%) to
ensure significant hydrophilic interaction[1]. The level of or-
ganic solvent in the mobile phase is probably the factor that
has the largest influence on retention. In this study, the effect
of acetonitrile content on retention was investigated by vary-
ing the percentage of acetontrile in the mobile phase while
keeping ammonium acetate concentration constant at 5 mM.
Low salt concentration was necessary to accommodate low
solubility of salt in the mobile phase with high acetonitrile
content (e.g., 95%). The logarithmic capacity factors of two
model compounds (i.e., aspirin and cytosine) were plotted
against the acetonitrile content in the mobile phase for the
f x-
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roups. The resolution of aspirin and 4-aminosalicylic
as much improved on the ZIC-HILIC column, where
irin was less retained and 4-aminosalicylic acid was m
etained than on the TSKgel Amide-80 column. This m
e the result of electrostatic interaction between the a
nd negatively charged sulfonate groups on the sulfobe
hase. In comparison, the HILIC Silica column had the l
etention for the acids, however, the elution order was
imilar to that on the YMC-Pack NH2 column. Different elu
ion patterns of the acids on the four columns indicated
he polar stationary phases had significant difference in r
ion and selectivity. Specific interactions between the a
nd surface functional groups were most likely respon

or the selectivity difference, for example, the ion-excha
ffect on the YMC-Pack NH2 column and electrostatic effe
n the ZIC-HILIC column.

Another test mixture consisting of uracil, cytosine, ade
ine, cytidine, guanosine and uridine was also separat
our HILIC columns under the same HILIC conditions.
hown inFig. 2, the model compounds displayed stronge
ention on the TSKgel Amide-80 column than on the YM
ack NH2 column, but elution patterns were very similar w
denosine and uridine co-eluting on both columns. In c
arison, the ZIC-HILIC column showed less retention

he model compounds, but completely resolved aden
nd uridine. It was also interesting to note that the HI
ilica column was least retentive among the four colum
owever, all the components in the mixture were nearly b

ine separated with an elution pattern quite different f
hat on other three columns. The elution order of adeno
our columns as shown inFig. 3. Both aspirin and cytosine e
ibited typical HILIC behaviors of decreasing retention w

ncreasing water content in the mobile phase on the TS
mide-80, ZIC-HILIC and HILIC Silica columns. Howeve
spirin displayed an unusual behavior on the YMC-Pack2
olumn. Its retention decreased initially as the aceton
ontent decreased from 90 to 80%, but leveled off when
cetonitrile content further decreased to 65%. Similar be

ors were also observed for other acids. This unusual beh
f the acids on the YMC-Pack NH2 column was probably re

ated to the ion-exchange interaction between the acid
he amino phase.

.3. The effect of column temperature on retention

Column temperature is also an important parameter
ffects the retention of polar compounds in HILIC sep

ion. The relationship between capacity factor (k′) and col-
mn temperature (T) in RPLC is often described by van
off equation:

n k′ = −�Ho

RT
+ �So

R
+ ln φ

here�Ho and�So are retention enthalpy and entropyR
as constant andφ phase ratio. If the retention of polar co
ounds in HILIC is through partitioning between the mo
rganic mobile phase and a water-rich liquid layer on
acking surface as proposed by Alpert[1], the van’t Hoff
quation should apply to HILIC. In this study, the tempe

ure effect on retention was investigated by varying colu
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Fig. 1. Separation of acidic compounds on: (A) YMC-Pack NH2; (B) TSKgel Amide-80; (C) ZIC-HILIC; and (D) HILIC Silica columns. Mobile phase:
acetonitrile/water (85/15, v/v) containing 20 mM ammonium acetate. Column temperature: 30◦C. Flow rate: 1.5 mL/min. UV detection at 228 nm. Compounds:
(1) salicylamide, (2) salicylic acid, (3) 4-aminosaliclyic acid, (4) acetylsalicylic acid, and (5) 3,4-dihydroxyphenylacetic acid.
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Fig. 2. Separation of nucleic acid bases and nucleosides on: (A) YMC-Pack NH2, (B) TSKgel Amide-80, (C) ZIC-HILIC, and (D) HILIC Silica columns.
Mobile phase: acetonitrile/water (85/15, v/v) containing 10 mM ammonium acetate. Column temperature: 30◦C. Flow rate: 1.5 mL/min. UV detection at
248 nm. Compounds: (1) uracil, (2) adenosine, (3) uridine, (4) cytosine, (5) cytidine, and (6) guanosine.
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Fig. 3. The effect of acetontrile content on the retention of aspirin (top)
and cytosine (bottom) on (�) TSKgel Amide-80, (�) YMC-Pack NH2, (�)
HILIC Silica, and (×) ZIC-HILIC columns. Column temperature was 30◦C
and the mobile phase contained 5 mM ammonium acetate.

temperature from 20 to 70◦C, and the retention data for the
model compounds were used to construct van’t Hoff plots for
the four columns.Fig. 4shows the van’t Hoff plots for aspirin
and cytosine on the four columns. A decrease in retention was
observed for cytosine on all four columns and for aspirin on
three columns as the column temperature increased. Interest-
ingly, the retention of aspirin increased with the temperature
on the YMC-Pack NH2 column. This phenomenon was also
observed for other acidic compounds (e.g., salicylic acid and
4-aminosalicylic acid), but not for nucleosides and nucleic
acid bases. In addition, a linear relationship between lnk’
and 1/T was observed in the temperature range of 20–70◦C

Fig. 4. The van’t Hoff plots for aspirin (top) and cytosine (bottom) on (�)
TSKgel Amide-80, (�) YMC-Pack NH2, (�) HILIC Silica, and (×) ZIC-
HILIC columns. Mobile phase: acetontrile/water (90/10, v/v) containing
10 mM ammonium acetate.

for the model compounds on all four columns withr2 rang-
ing from 0.960 to 0.998. This is similar to what is usually
observed in RPLC[30,31]even though non-linear van’t Hoff
plots have also been reported and attributed to the tempera-
ture dependency of both enthalpy(∆Ho) and phase ratio (φ)
in RPLC [32,33]. It is not clear whether non-linear behav-
ior exists in HILIC based on the data from this study. More
detailed studies in a wider temperature range are currently
under way to gain better understanding of thermodynamics
in HILIC.

Based on the slope of the van’t Hoff plots, the retention
enthalpy values were calculated for three model compounds
on the four columns as presented inTable 2. With the ex-
ception of salicylic acid and aspirin on the YMC-Pack NH2
column, all three model compounds exhibited negative re-
tention enthalpy ranging from−0.3 to −8.0 kJ/mol on the
four columns, indicating an exothermic process of transfer-

Table 2
Retention enthalpy of test compounds on different columnsa

YMC-Pack NH2 TSKgel Amide-80 HILIC Silica ZIC-HILIC

Salicylic acid 21.0± 1.2 −6.2 ± (−0.4) −7.9 ± (−0.3) −0.3 ± (−0.2)
Aspirin 7.7± 0.1 −8.0 ± (−0.2) −2.8 ± (−0.3) −4.4 ± (−0.2)
Cytosine −5.0 ± (−0.1) −7.5 ± (−0.2) −5.1 ± (−0.2) −4.6 ± (−0.1)

a Mobile phase: acetonitrile/water (90/10, v/v) with 10 mM ammonium acetate.
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Table 3
Retention time of the model compounds with different ammonium saltsa

Column Ammonium Salt Salicylic acid (min) Aspirin (min) Cytosine (min)

TSKgel Amide-80 Acetate 2.39 3.65 7.19
Formate 2.47 3.64 7.05
Bicarbonate 1.39 1.68 6.99

YMC-Pack NH2 Acetate 4.78 11.56 6.04
Formate 6.26 16.35 6.26
Bicarbonate 2.51 4.57 5.87

HILIC Silica Acetate 2.06 3.51 5.78
Formate 2.16 3.82 5.59
Bicarbonate 1.28 1.57 5.87

ZIC-HILIC Acetate 2.44 3.22 5.59
Formate 2.50 3.28 5.61
Bicarbonate 1.37 1.56 5.63

a Mobile phase: acetonitrile/10 mM ammonium salt solution (85/15, v/v). Column temperature: 30◦C. Flow rate: 1.5 mL/min.

ring solutes from the mobile phase to the stationary phase.
Despite of large differences in stationary phase structure, the
enthalpy values of the model compounds were similar on
different columns, except salicylic acid on the ZIC-HILIC
column (−0.3 kJ/mol). These data might imply that there
were not very strong specific interactions between the so-
lutes and functional groups on the stationary phases in HILIC.
This interpretation is consistent with the retention model pro-
posed by Alpert[1]; however, more data are needed to extract
meaningful information regarding the retention mechanism
in HILIC. In addition, positive retention enthalpy was found
for the acids on the amino phase, indicating an endothermic
process of transferring solutes from the mobile phase to the
stationary phase. Further investigation also found that the en-
thalpy value of salicylic acid on the YMC-Pack NH2 column
decreased from 21.0± 1.2 kJ/mol to 11.1± 1.1 kJ/mol when
the acetonitrile content was reduced from 90 to 75% (v/v)
at 10 mM ammonium acetate. The enthalpy value dropped
further to 7.6± 0.2 kJ/mol upon increasing the salt concen-
tration to 40 mM in 75% acetonitrile. The positive enthalpy
of salicylic acid was another evidence for the ion-exchange
effect of the amino phase, and both ion-exchange and hy-
drophilic partition contributed to the retention of the acids on
the amino phase. The large decreases in the enthalpy value of
salicylic acid possibly reflected the change in the degree of
relative contribution to the overall retention from two types
o
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formate and bicarbonate on the retention of the model com-
pounds on the polar stationary phases. The mobile phases
used in this study contained 85% acetonitrile and 10 mM
ammonium salts. The pH of the salt stock solution was 6.5
for ammonium formate, 6.9 for ammonium acetate and 7.9
for ammonium bicarbonate and was not adjusted before mix-
ing with acetonitrile.Table 3shows the retention time of the
model compounds (i.e., salicylic acid, aspirin and cytosine)
on the four columns in the mobile phases containing three
ammonium salts. For cytosine, there was virtually no change
in the retention time using different ammonium salts on all
four columns. However, different ammonium salts had sig-
nificant different impact on the retention time of the acids on
different columns. For example, replacing the acetate with
formate salt resulted in little change in the retention time of
the acids on the TSKgel Amide-80, HILIC Silica and ZIC-
HILIC columns, but led to a significant increase in the re-
tention time on the YMC-Pack NH2 column possibly due
to different eluting strength of the competing ions (formate
versus acetate) in the ion-exchange interaction. In addition,
ammonium bicarbonate in the mobile phase caused drastic
decrease in the retention time of the acids on all the columns,
leading to deteriorated separation. Ammonium bicarbonate
has been shown to cause a decrease in the retention time on
the amide phase[6]; however, it was a little surprising that
the bicarbonate salt destroyed the separation of the acids
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.4. The effect of salt type and concentration

Many salts typically used in reversed-phase chromato
hy are not suitable for HILIC due to poor solubility in t
obile phase containing high level of acetonitrile. In addi

o ammonium acetate, other salts with relatively high s
ility at high organic levels have also been used for HIL
uch as ammonium formate and bicarbonate salts, trie
mine phosphate and sodium perchlorate, but the las
re not compatible with MS detection. This study inve
ated the effect of different ammonium salts, namely, ace
In addition to salt type, the effect of salt concentra
n the retention was also investigated by varying ammon
cetate concentration from 5 to 20 mM in the mobile ph
f acetonitrile/water (85/15, v/v). Further increase in the
oncentration was not possible due to solubility limita
n the mobile phase. The retention time of three model c
ounds (i.e., aspirin, salicylic acid and cytosine) was obta
n the four columns at three concentration levels, as pres

n Table 4. For aspirin and salicylic acid, the retention ti
ncreased by about 20–40% on the TSKgel Amide-80, HI
ilica and ZIC-HILIC columns, but decreased sharply on
MC-Pack NH2 column. As discussed in previous sectio

he ion-exchange interaction on the amino phase contrib
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Table 4
Retention time of the model compounds at different ammonium acetate con-
centrations in the mobile phasea

Column Concentration
(mM)

Salicylic acid Aspirin Cytosine

TSKgel Amide-80 5 2.07 3.06 6.84
10 2.39 3.65 7.19
20 2.61 4.14 8.01

YMC-Pack NH2 5 7.59 20.21 6.03
10 4.72 11.50 6.10
20 3.56 7.17 6.45

HILIC Silica 5 1.78 2.94 5.51
10 2.06 3.51 5.78
20 2.49 4.21 6.62

ZIC-HILIC 5 2.16 2.78 5.52
10 2.44 3.22 5.59
20 2.64 3.55 5.98

a Mobile phase: acetonitrile/ammonium acetate solution (85/15, v/v). Col-
umn temperature: 30◦C. Flow rate: 1.5 mL/min.

significantly to the retention of the acids. Higher salt concen-
trations increased the eluting strength of the mobile phase,
thus leading to decreasing retention. Interestingly, no ion-
exchange effect was observed for the acids on the ZIC-HILIC
column, which contains positively charged quaternary amine
groups and has been used for the separation of inorganic an-
ions by ion chromatography[28]. It was possible that unlike
smaller inorganic anions, electrostatic repulsion from neg-
atively charged sulfonate groups on the sulfobetaine phase
prevented the relatively lager acid molecules from reaching
the quaternary amine groups located closer to the silica sur-
face. Meanwhile, higher salt concentrations weakened the
electrostatic repulsion, thus leading to stronger retention of
the acids. The electrostatic repulsion could potentially ex-
plain the retention increase on the HILIC Silica column since
the silica phase was negatively charged due to deprotonation
of surface silanol groups under the experimental condition
[34]. Theoretically, the amide phase could also bear negative
charges due to ionization of residual surface silanol groups.
However, the electrostatic interaction with the acids would be
much weaker on the amide phase, compared to the silica or
sulfobetaine phases. Nevertheless, the increase in retention
on the percentage basis was very similar on the amide and
silica phases. This indicated that the electrostatic repulsion
was probably not the only factor that caused the increase
in retention. In addition, the data inTable 4indicated that
i sig-
n sine
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t that
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f ning
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uid layer on the packing surface[1]. High levels of organic
content in the mobile phase made the salt prefer to be in
the water-rich liquid layer. Higher salt concentration would
drive more solvated salt ions into the water-rich liquid layer.
This would result in an increase in volume or hydrophilic-
ity of the liquid layer, leading to stronger retention of the
solutes.

3.5. The effect of buffer pH

Mobile phase pH can have very significant impact on re-
tention and selectivity in reversed-phase chromatography by
influencing solute ionization in the mobile phase. Similarly,
mobile phase pH also plays an important role in affecting se-
lectivity in HILIC. The effect of the mobile phase pH on the
HILIC separation was investigated in this study by changing
the pH of stock salt solutions before mixing with acetonitrile.
Ammonium formate was selected over ammonium acetate
for its lower buffering range (pH 2.8–4.8). The pH of the
stock solution (100 mM ammonium formate, pH∼ 6.5) was
adjusted with formic acid to pH 4.8, 4.0 and 3.3. The appar-
ent pH of the mobile phase was not directly measured, but
would presumably deviate from the pH of the stock solution
[35]. Table 5shows the retention time of the model com-
pounds obtained on the four columns in the mobile phase
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ncreasing salt concentration resulted in a smaller, but
ificant (8–20%) increase in the retention time of cyto
n all four columns. The electrostatic effect was not ap
able since cytosine was not charged in the mobile p
he fact that the retention increase was observed on th

ionary phases with different functional groups indicated
he retention increase might be related to hydrophilic p
ioning process instead of any specific interactions with
unctional groups on the stationary phases. The partitio
odel for HILIC assumed the presence of a water-rich
ade of formate buffers of various pHs. For salicylic a
ith a pKa ∼2.8 [36], the retention time remained ess

ially unchanged on all the columns because there we
ignificant changes in ionization in the pH range. Howe
he retention time of aspirin gradually decreased with
uffer pH on the TSKgel Amide-80, HILIC Silica and ZI
ILIC columns. Aspirin has a pKa ∼3.5 in water[36] and
ay be slightly higher in the mobile phase containing h

evels of acetonitrile[37]. When the mobile phase was aci

able 5
etention time of the model compounds at different buffer pHsa

olumn pH Salicylic acid Aspirin Cytosine Cytidin

SKgel Amide-80 6.5 3.18 5.53 11.95 20.78
4.8 3.18 5.33 11.92 20.74
4.0 3.23 4.58 12.39 21.88
3.3 3.16 3.05 12.37 21.52

MC-Pack NH2 6.5 6.08 9.77 16.50 17.03
4.8 5.98 9.69 15.56 16.82
4.0 5.86 9.98 12.00 17.49
3.3 5.75 6.57 9.74 16.94

ILIC Silica 6.5 2.66 6.02 8.70 9.71
4.8 2.64 5.67 8.44 9.25
4.0 2.68 4.89 8.73 9.53
3.3 2.64 3.29 8.49 8.91

I-HILIC 6 .5 2.89 4.49 8.23 13.65
4.8 2.83 4.25 8.00 13.03
4.0 2.87 3.71 8.29 13.66
3.3 2.82 2.59 8.33 13.43

a Mobile phase: acetonitrile/10 mM ammonium formate (90/10, v/v).
mn temperature: 30◦C. Flow rate: 1.5 mL/min.
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enough, aspirin was protonated and became less hydrophilic,
thus leading to a decrease in retention. In comparison, the
retention time of aspirin remained relatively unchanged in
the buffer pH from 6.5 to 4.0, but dropped sharply when the
buffer pH was lowered to 3.3 on the YMC Pack-NH2 col-
umn. The slight increase at the buffer pH 4.0 might be due
to small differences in the acetonitrile content in the mobile
phase as the retention time was very sensitive to the ace-
tonitrile content. As discussed earlier, there was a significant
ion-exchange effect on the amino phase. When the mobile
phase pH was above its pKa (3.5), the ion-exchange effect
contributed significantly to the overall retention; therefore the
retention time did not change significantly in the pH range of
4.0–6.5. However, when the mobile phase pH dropped below
its pKa (3.5), aspirin was protonated and the ion-exchange
effect no longer existed, leading to a sharp decrease in re-
tention. For cytosine and cytidine, the retention time only
fluctuated slightly on the TSKgel Amide-80, HILIC Silica
and ZIC-HILIC columns in the pH range used in this study.
However, the retention time of cytosine decreased signifi-
cantly, especially from pH 4.8 to 4.0 on the YMC Pack-NH2
column. Cytosine has two pKa values, pKa1 ∼4.6 and pKa2
∼12.2 in water[36]. At the mobile phase pH below pKa1,
cytosine bore positive charges, which induced the electro-
static repulsion from the similarly charged amino groups.
Hence, the electrostatic repulsion from the amino phase re-
d wer
p

4

s of
f ion.
T n for
a owed
s ide
p entive
a r the
n ctions
b tudies
o tion
p effect
w om-
p other
u
A the
e -the-
b the
m . This
w raphy
w d by
t om-
p ith
s , the
i d an

indirect evidence to support the Alpert retention model for
HILIC.
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