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Abstract A new stationary phase which contains both

negatively charged phosphate groups and positively

charged amino groups was successfully synthesized by

modification of amino-functionalized silica particles with

trichlorophosphine oxide (POCl3) for hydrophilic interac-

tion chromatography (HILIC). The composition of the

surface grafts was determined by Fourier transform infra-

red spectroscopy and elemental analysis. Various parame-

ters, such as column temperature, water content, pH values

and ionic strength of the mobile phase were investigated to

study the retention mechanism. The results demonstrated

that the stationary phase involved a complex retention

process including surface adsorption, partitioning and

electrostatic interactions. Under optimized conditions, the

separation of nucleobases and nucleosides, water-soluble

vitamins, organic acids on the novel stationary phase could

be achieved in the HILIC mode.
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Introduction

Hydrophilic interaction liquid chromatography (HILIC)

has emerged as a complementary technique to RPLC for

separating polar compounds [1]. The acronym HILIC was

first suggested by Alpert in 1990 when he studied silica

with hydrophilic functional groups [2], although it has been

used since 1975 for analysis of sugar and oligosaccharides

on cyclodextrin and amino bonded phases [3, 4]. The HI-

LIC stationary phases are polar materials, which are the

same as NPLC, while the mobile phases for HILIC are

similar to those used in RP-LC, and high organic solvent

containing mobile phases are normally used to promote

hydrophilic interaction. It overcomes the drawbacks of the

poor retention in RPLC and the poor solubility encountered

in NPLC of polar compounds. Furthermore, it can be

conveniently coupled to electrospray ionization (ESI) mass

spectrometry (MS) [5]. The high organic content mobile

phase necessary to maintain retention in HILIC signifi-

cantly increases ESI–MS sensitivity because of improved

ionization efficiency [6].

Separation materials for HILIC consist of classical bare

silica or silica gels modified with various polar functional

groups, such as diol [7], amino [8], amide [9] and other

polar ligands [10–13]. The structural variations of HILIC-

type stationary phases are wider than those found in RPLC

system; therefore, it may provide more choices for chro-

matographers to find an appropriate stationary phase for the

desired separation. Although the types of commercially

available HILIC columns are continuously growing in

recent years, there is still no versatile stationary phase like

C18 in RPLC. To meet the increasing demands, the

development of novel HILIC stationary phases with

improved hydrophilicity and separation efficiency is

favorable for chromatographic science.
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Zwitterionic HILIC (ZIC-HILIC) stationary phases,

which consist of both positively and negatively charged

groups, have been widely used for the separation of

various polar analytes. This kind of phases has unique

hydrophilic properties and exhibits higher selectivity

over typical HILIC materials for the separation of polar

analytes [9, 13–17]. And they have been proved to

promote weak electrostatic interactions from the charged

groups rather than strong ion exchange contributions, in

addition to hydrophilic interactions [9, 17]. A typical

example is the sulfobetaine phase, which contains both

strongly acidic sulfonic groups and strongly basic qua-

ternary ammonium groups separated by a short alkyl

spacer, has found a wide range of applications in HILIC.

With the sulfonic group at the distal end of the zwit-

terionic moiety, they exhibited slightly negative surface

charge [18]. Another zwitterionic phosphorylcholine

phase which was prepared by graft polymerization of

2-methacryloyloxyethyl phosphorylcholine onto the sur-

face of silica gel has also been reported [19]. The major

difference between those two phases is the spatial

arrangement of positive and negative charged groups,

resulting in different surface charge and chromato-

graphic behaviors. Shen et al. [20] developed a new type

of cysteine-bonded zwitterionic stationary phase with a

uniform distribution of both positive and negative char-

ges that are parallel to the surface of the silica gel. The

new phase exhibited excellent performance in the sepa-

ration of oligosaccharides, peptides and basic com-

pounds. Consequently, other zwitterionic stationary

phases with various functional groups and different

spatial charge orientations are interesting to be studied.

Materials with terminated phosphate groups coordi-

nating with metal ions have been widely used in enrich-

ment and separation of phosphopeptides recently [21, 22].

And other phosphate-functionalized materials, such as

polymer beads, magnetic nanoparticles, porous silicon,

nanoplatelets, monolithic capillary and self-assembled

monolayer, have also been applied in separation fields

[23]. In this study, we successfully introduced phosphate

groups on amino-functionalized silica particles to form a

new zwitterionic stationary phase with both a terminated

negatively charged phosphate group and a positively

charged amino group. The retention characteristics of this

new stationary phase were investigated in the HILIC

mode using a set of charged as well as neutral polar

compounds as test probes. The separation of nucleosides

and nucleobases, water-soluble vitamins and organic acids

was achieved on the new zwitterionic stationary phase,

demonstrating the excellent application potential in the

analysis of polar compounds.

Experimental

Materials

Spherical silica (5 lm particle size, 100 Å pore diameter

and 300 m2g-1 specific surface area) was purchased from

Welch materials, Inc (Maryland, USA). N-b-aminoethyl-c-

aminopropyl-trimethoxysilane was obtained from Wuhan

University Silicone New Material (Wuhan, China). Vita-

mins (B1, B2, B3, B3-amide, B6, B12), deoxynucleosides,

nucleosides, nucleobases and 2,4,6-collidine were pur-

chased from Aladdin (Shanghai, China). Benzoic acid and

its analogues, methanol (MeOH), triethylamine, acetoni-

trile (ACN), trichlorophosphine oxide (POCl3), acetic acid,

ammonium acetate and ammonium formate were pur-

chased from Sinopharm Chemical Reagent Factory

(Shanghai, China). All other reagents were of analytical

reagent grade unless otherwise indicated and were all

obtained from various commercial sources. Deionized

water was purified with a Milli-Q system (Waters, Milford,

MA, USA) and used for all aqueous solutions.

Instrument and HPLC Conditions

All experiments were performed on the Agilent HPLC

series 1200 system (Agilent Technologies, Palo Alto, CA),

which consisted of G1311A Quaternary pump, a G1315B

DAD detector, a G1329A autosampler, a G1330B

thermostated column compartment, and a G1322A degas-

ser. Elemental analysis was measured on a VarioEL III and
31P solid-state NMR MAS spectra was recorded on a

VARIAN Infinityplus 300 solid-state NMR.

For chromatographic evaluations, the flow rate was

1.0 mL min-1 and the column temperature was 30 �C

unless otherwise specified. Mobile phases were prepared

by mixing ACN and buffer solution of ammonium acetate.

The pH of mobile phase referred to the pH of buffer

solution before mixing with acetonitrile. All probes in this

study were prepared in water/acetonitrile (1/4, v/v). Tolu-

ene was used as marker of the dead time. Each measure-

ment was replicated at least twice.

Preparation of Stationary Phase and Column Packing

The synthesis procedure is shown in Fig. 1. Silica gel was

firstly activated by rehydroxylation in hydrochloric acid–

H2O (1:1) under reflux for 12 h, followed by washing with

water to be neutral and drying at 160 �C for 8 h. Then the

pretreated silica gel (10 g) was suspended in 30 mL of

anhydrous toluene, 50 lL triethylamine and N-b-amino-

ethyl-c-aminopropyl-trimethoxysilane (6.39 g) was added.
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Under nitrogen atmosphere, the mixture was kept at 110 �C

with stirring for 13 h to form di-amine-modified silica gel

(NAPTS). Then the NAPTS is filtered and washed with

toluene and acetone. The obtained di-amino-modified

porous silicon surface was further modified with a solution

of 100 mM POCl3 and 100 mM 2,4,6-collidine in anhy-

drous acetonitrile for 12 h to form the phosphonate-ter-

minated structure [24] following by rinsing with ACN,

water, methanol and acetone in sequence. Finally, the

obtained amino-phosphate silica (APS) sorbent was dried

under vacuum at 60 �C overnight.

Both NAPTS and APS sorbents were dispersed in ace-

tone, and then packed into 150 9 4.6 mm (i.d.) stainless-

steel columns under 6,000 p.s.i. pressure for 30 min.

Results and Discussion

Characterization of Amino-Phosphate Silica Particle

The amino-phosphate silica particle was firstly character-

ized by FT-IR. As shown in Fig. S1 (Supporting Informa-

tion), the signal at m & 3,300–3,600 corresponds to N–H

stretching vibrations in amines and O–H vibrations in

hydroxyl groups, absorptions at m & 3,000–2,800 cm-1

being from the C–H stretching bands. Siloxane bending

vibrations are visible at m & 800 cm-1. In addition, the

siloxane asymmetric stretching vibrations are observed at

m & 1,100 cm-1. The characteristic peak at m & 1,640

cm-1 is attributed to bending vibrations of amino groups.

The intensity of this signal decreases for APS when com-

pared to NAPTS.

To quantitate the elemental composition and evaluate

the reproducibility of the preparation strategy, we exam-

ined the elemental contents of nitrogen, carbon, and

hydrogen of the APS silica particles with different batches

by elemental analysis. The content of phosphate was

determined by the molybdenum blue method. The

stationary phase exhibited slightly positive surface charge

because of the –NH– group and the unreacted terminated –

NH2 group. These results clearly demonstrate the suc-

cessful introduction of the organic phosphonic groups to

the silica surface. Similar elemental composition of three

batches of the APS stationary phase indicated satisfactory

reproducibility, as shown in Table 1.

Comparison of the NAPTS and the APS Columns

Benzoic acid and VB1 were firstly chosen for the evalua-

tion on the APS and NAPTS columns under the same

chromatographic conditions. As shown in Fig. 2, benzoic

acid showed entirely different trends on the NAPTS and

the APS columns as the pH of the mobile phase decreased

from 7.9 to 4.5. For NAPTS, the retention of benzoic acid

weakened with the decreasing buffer pH. On the contrary,

as for the APS, when pH decreased from 7.9 to 4.5, the

phosphate ligands on the stationary phase as well as ben-

zoic acid were gradually protonated, thus leading to

decreased electrostatic repulsion and then increased

retention time. An obviously decreased retention for ben-

zoic acid was observed as the buffer pH decreased from 4.5

to 3.5 on both columns, which is because of that benzoic

acid (pKa 4.2) existed in neutral form at lower pH values.

The ionic exchange interaction with benzoic acid on APS

stationary phase was much poorer than NAPTS phase,

indicating that some amine groups on NAPTS phases were

converted to PO3H2 groups. As for VB1, it contained

positive charge in the range of studied pH. Therefore, the

electrostatic repulsion interaction between analyte and APS

phase increased when the pH decreased from 7.9 to 3.5,

which resulted in the decreased retention for VB1. On the

NAPTS, VB1 has poor retention and remains almost

unchanged in the investigated pH range, resulting from a

strong electrostatic repulsion interaction. Therefore, the

developed APS phase could retain both acidic and basic

analytes and could achieve their simultaneous separation.

Fig. 1 The synthesis procedure

of the APS stationary phase
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Effect of Water Content

The strength of mobile phase in the eluent is considered as

the dominant factor that affects retention of polar com-

pounds in HILIC mode. We selected six polar compounds

to study the HILIC properties of the APS stationary phase,

including VB1, VB3, nicotinamide, melamine, clenbuterol

and cytidine. Structures and pKa values of these com-

pounds are listed in Fig. S2 (Supporting Information). The

volume percentage of water in mobile phase was changed

from 5 to 30 % while keeping ammonium acetate con-

centration constant at 15 mM and pH at 3.5, respectively.

Decreasing retention factors were observed with the

increase of water content, demonstrating a typical HILIC

retention characteristic.

As shown in Fig. 3, we made an attempt to plot log

k versus the linear and logarithmic function of the

volume fraction of water in eluent to investigate the

retention mechanism of APS phase under HILIC mode.

Up to now, two principle retention mechanisms have

been proposed: adsorption and partitioning. Alpert [2]

suggested that the retention mechanism for HILIC was a

partitioning between the bulk eluent and a water-rich

layer, partially immobilized on the stationary phase. The

relationship that is established for partitioning can be

described in Eq. (1).

log k ¼ log kw � Su ð1Þ

where kw is the retention factor for the weaker eluent

component only as mobile phase, u is the volume fraction

(concentration) of the stronger member of a binary mobile

phase mixture, and S is the slope of log k versus u when

fitted to a linear regression model [25].

The adsorption mechanism is in fact a displacement

mechanism. It is assumed that the solute molecules and the

modifier molecules are co-adsorbed on the tips of the

hydrocarbon chains displacing solvent molecules. The

relationship between the retention and the mole fraction NB

of the stronger solvent B in the eluent should adhere to the

following expression [26]:

log k ¼ log kB �
AS

nB

log NB ð2Þ

where kB is the solute retention factor with pure B as

eluent, AS and nB are the cross-sectional areas occupied by

the solute molecule on the surface and the B molecules,

Fig. 2 Comparison of the NAPTS and the APS columns with a

mobile phase of acetonitrile/50 mM HCOONH4, 70/30 (v/v). Flow

rate: 1.0 ml/min; UV detection at 254 nm

Fig. 3 a Plot of log k versus the water volume fraction in eluent.

b Plot of log k versus logarithm of the water volume fraction in

eluent. Mobile phase contained 15 mM HCOONH4, pH 3.5, UV

detection: 254 nm
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respectively, and NB is the mole fraction of the stronger

member B in the eluent. Plots made of log k versus the

linear and logarithmical function of the water contents in

the eluents used in HILIC separations should thus give an

indication on whether partitioning or adsorption is the

dominant retention mechanism.

Multiple regression analysis was performed as the

results shown in Table 2. All the regression coefficients of

the six tested probes were constructed based on the above

two models. Different retention patterns were observed

among these probes. The results showed that the adsorption

model seemed to fit better for VB3, melamine and cytidine,

while VB1, clenbuterol and nicotinamide exhibited parti-

tioning mechanism on the stationary phase. The nature of

analytes might affect the types of retention mechanisms on

the APS column in HILIC mode. We can draw a conclu-

sion that retention mechanism of the APS stationary phase

is a combined process with partitioning and adsorption.

Effect of Buffer pH

The pH of the mobile phase plays an important role in the

selectivity and retention of analytes in HILIC, especially

for ionic solutes [27]. In the current study, seven com-

pounds were chosen to investigate the effects of the mobile

phase pH of ammonium acetate with pH values ranging

from 3.5 to 7.9. As shown in Fig. 4, the retention factors of

uncharged analytes, such as nicotinamide and cytidine,

remained almost unchanged. The retention of basic com-

pounds VB1 (pKa 9.0) and clenbuterol (pKa 9.6) increased

with increasing buffer pH. This may be attributed to that

both analytes and the stationary phase were gradually

deprotonated with the increase of buffer pH, which led to

weaker electrostatic repulsion and thus longer retention.

The retention of another weak base melamine (pKa 8.0)

was almost not changed with the increasing pH because its

ionization did not change significantly in the pH range. For

acid compounds VB3 (pKa 3.0) and 2-chlorobenzoic acid

(pKa 2.9), when pH was decreased from 7.9 to 3.5, they

lose their negative charge as well as the phosphate ligands

in the stationary phase, weaker electrostatic repulsion then

occurred, despite the increasing positive charge of the

amino group in the stationary phase.

Effect of Ionic Strength of Mobile phase

The ionic strength of mobile phase also influences the

retention of polar analytes in HILIC [28]. Ammonium

acetate with different concentration ranging from 5 to

25 mM (ACN 80 %, pH 3.5) was employed to evaluate the

effects of the ionic strength of mobile phase on the retention

of polar analytes. The APS stationary phase was positively

charged at this pH value. As shown in Fig. 5, for acidic

analytes of VB3 and 2-chlorobenzoic acid, higher ionic

strength weakened electrostatic attraction interaction, thus

leading to decreasing retention. The basic compounds VB1,

melamine and clenbuterol, showed increasing retention

with the increasing buffer concentration. This is possibly

because higher ionic strength weakened electrostatic

repulsion interaction between the basic compounds and the

positively charged stationary phase. Stronger retention was

also observed in higher buffer concentration condition for

uncharged solute cytidine. The possible reason was that

more salt ions would be driven into the water-enriched layer

with the increasing of salt concentration in HILIC condi-

tion, resulting in increasing hydrophilicity of the surface

water-enriched layer and increasing retention of analytes [2,

10, 16, 28]. These results indicated that the separation

mechanism of the APS might be involved in partitioning,

surface adsorption and electrostatic interactions.

Effect of Column Temperature on Retention

Column temperature is an important parameter that affects

analyte retention in HILIC [29]. The effect of temperature

on the retention of model compounds can be expressed by

the van’t Hoff equation [30].

ln k ¼ �DH

RT
þ DS

R
þ ln U ð3Þ

where DH is the standard partial molar enthalpy of

transfer; DS is the standard partial molar entropy of

transfer; R is the gas constant; T is the absolute tempera-

ture, and U is the phase ratio of the chromatographic col-

umn, respectively. In this study, the relationship between ln

k and 1/T was explored while column temperature varies

Table 1 Elemental analysis of three batches of APS stationary phase

Batches Elemental analysis

N % C % H % P %

1 3.14 8.93 2.39 1.03

2 3.08 8.77 2.32 0.99

3 3.05 8.64 2.32 0.96

Table 2 The regression coefficients of the plot depend on two

retention model

Solute r2 (log k vs. C) r2 (log k vs. log C)

VB1 0.98187 0.97351

VB3 0.83855 0.98927

Melamine 0.95382 0.99980

Clenbuterol 0.98666 0.97704

Nicotinamide 0.95548 0.94721

Cytidine 0.96493 0.99281
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from 20 to 60 �C. The plots (Fig. S3 in Supporting Infor-

mation) showed retention values for four test probes

decreased with an increase in column temperature. The

good linearity for the plots indicated that retention mech-

anism remained unchanged as the temperature varied.

Benzoic acid showed different tendency compared to the

aforementioned four compounds. The possible reason was

that at higher temperature the ionization degree of benzoic

acid increased, more negative charge of benzoic acid then

lead to a stronger retention.

Separation of Water-soluble Vitamins

The separation of six water-soluble vitamins which were

difficult to be separated in RPLC was achieved within only

7 min in the isocratic HILIC mode. This performance was

compatible with the previous reports [13, 31–33]. The

mobile phase consists of acetonitrile/40 mM ammonium

acetate at pH 7.9, 70/30 (v/v). As shown for the separation

chromatogram in Fig. 6a, the new stationary phase exhib-

ited excellent separation selectivity for vitamins.

Separation of Nucleobases and Nucleosides

As shown in Fig. 6b, a set of deoxynucleosides, nucleo-

sides and nucleobases were effectively separated on the

APS column with a mixture of 85 % acetonitrile—

50 mM ammonium acetate buffer solution (pH 4.5),

showing a comparable performance with commercial

ZIC-HILIC phase from Merck SeQuant [13]. This dem-

onstrated a favorable hydrophilic property for the sta-

tionary phase.

Separation of Benzoic Acids

Eight benzoic acid and its analogues were chosen to test the

selectivity of the APS column. Comparing previous reports

[16, 34, 35], on the separation of benzoic acid and its

analogues, the APS column exhibited excellent selectivity

under similar mobile phase conditions. The separation

chromatogram was shown in Fig. 6c. The mobile phase

consists of 90 % ACN and 50 mM buffer solution (pH 4.5)

of CH3COONH4.

Fig. 4 Effect of buffer pH on

the retention factor (k) of tested

analytes. Mobile phase:

acetonitrile/15 mM HCOONH4,

80/20 (v/v); flow rate: 1.0 ml/

min; UV detection at 254 nm

Fig. 5 Effect of buffer

concentration on the retention

factor (k) of tested analytes.

Mobile phase: acetonitrile/

HCOONH4, 80/20 (v/v), pH 3.5;

flow rate: 1.0 ml/min; UV

detection at 254 nm
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Conclusions

A novel zwitterionic stationary phase (APS) was synthe-

sized by further reaction on di-amino-modified porous

silicon surface. This material possesses both a negatively

charged phosphate group and a positively charged amino

group. The successful grafting was further confirmed by

FT-IR, elemental analysis and a chromatographic retention

comparison between the NAPTS and APS. The chro-

matographic retention behaviors in the HILIC mode were

investigated by varying factors such as the mobile phase

composition, the buffer concentration, the buffer pH and

the column temperature, revealing that the retention is a

complex process composed of surface adsorption, parti-

tioning and electrostatic interactions. At last, effective

separation of several small polar compounds including

water-soluble vitamins, nucleosides and nucleobases, and

organic acids was achieved in the HILIC mode, demon-

strating the excellent application potential of the APS

stationary phase in the analysis of polar compounds.
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