Chromatographia (2016) 79:1263-1269
DOI 10.1007/s10337-016-3150-9

CrossMark

@

ORIGINAL

Preparation of Organic-Silica Hybrid Monolith with Anion
Exchange/Hydrophilic Interaction Mixed-Mode Via
Epoxy—-Amine Ring-Opening Polymerization Using
Polyethylenimine as Functional Monomer

Liang Wang"? - Minghuo Wu'

- Qixue Wang' - Jingjing Zhan' - Hongbo Chen’

Received: 3 May 2016 / Revised: 14 July 2016 / Accepted: 20 July 2016 / Published online: 30 July 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Polyethylenimine (PEI) and 2,4,6,8-tetramethyl-
2,4,6,8-tetrakis(propyl glycidyl ether)cyclotetrasiloxane
(POSS—epoxy) were used as precursors for the preparation
of organic-silica hybrid monolithic columns (PEI-POSS
monolith) via epoxy—amine ring-opening polymerization
(ROP). The high density of amine groups in PEI provides
rich chromatographic interaction sites for the polar or
acidic analytes in hydrophilic interaction (HILIC) and weak
anion exchange (WAX) mechanisms. The column prepara-
tion conditions, such as the porogens, solvent and reaction
temperature, were systematically investigated according to
the morphology, permeability and column efficiency. The
separation mechanisms of HILIC and WAX were evalu-
ated with neutral polar compounds and halogen benzoic
acids. Owing to the existence of reactive amine groups on
the matrix surface, the PEI-POSS monolith is also an ideal
starting material for the preparation of HILIC or strong ani-
onic exchange (SAX) stationary phases by modification.
The modification of PEI-POSS monoliths with iodometh-
ane or bromoacetic acid via the nucleophilic substitution
reaction could achieve the retention mechanisms of SAX or
zwitterionic HILIC, respectively.
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Introduction

Monolithic columns have played a significant role in
micro-scale separation science, such as micro/nano liquid
chromatography (p/nano-LC), capillary electrochroma-
tography (CEC), solid phase micro-extraction and so on,
because they are inherently easy to prepare and have a bet-
ter permeability and faster mass transfer rate compared to
conventional particle-packed columns [1-6]. Generally, the
monoliths could be classified into three types according to
the chemical nature of the matrix: organic polymer-based
[7-9], inorganic (silica) [10-13] and hybrid organic—inor-
ganic monoliths [14-16]. For the preparation of polymer-
based monoliths, in addition to the free radical polymeriza-
tion [8, 17], several “new” approaches, such as the thio-ene
reaction [18-21] and epoxy—amine ring-opening polym-
erization (ROP) [22-28], were introduced because of their
high column efficiency compared to conventional free radi-
cal polymerization. In these new methods, the precursors
and reactions are dramatically different, and satisfying col-
umn efficiency could be achieved without extensive optimi-
zation in column preparation.

In the epoxy—amine ROP, two precursors will become
involved, one containing multiple epoxy moieties and
the other with multiple primary amines. The polar pri-
mary amine functionalized monomers were transformed
to the secondary amine groups. Theoretically, the reaction
between epoxy and amine is at equal molar ratio, which
is more controllable compared to the free radical polym-
erization among the double carbon bonds. If the amount
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of amine precursors is above the equal molar ratio, the
extra primary amine groups will lead to a monolith with
a weak anion exchange (WAX) and hydrophilic interac-
tion (HILIC) mechanism. In virtue of the high reactiv-
ity of amine group via the nucleophilic substitution reac-
tion, the chemical properties of the monolith could be
tuned with modifications. PEI is a polymer containing
multiple primary amine groups, which will be involved in
the crosslinking reaction [29]. The high density of amine
groups (including primary, secondary and tertiary amines)
in PEI provides extensive chromatographic interaction and
post-modification sites.

Polyhedral  oligomericsilsesquioxanes (POSS) as
crosslinkers in monolithic column preparation have been
widely employed because of their unique property of
improving the mechanical stability of organic polymer
monoliths by incorporating fine nano-scale inorganic par-
ticles into the final monoliths [24, 30]. In this work, we
used 2.4,6,8-tetramethyl-2,4,6,8-tetrakis(propyl glycidyl
ether)cyclotetrasiloxane (POSS-epoxy), which is similar
to POSS in structure, and PEI as the precursors to pre-
pare an anion exchange/HILIC monolith via the ROP
reaction (PEI-POSS monoliths). The chromatographic
performances of the prepared PEI-POSS were systemati-
cally evaluated in capillary liquid chromatography (CLC).
PEI-POSS monoliths were also applied as the start-
ing material for further modification with iodomethane
(IM) and bromoacetic acid (BAA) to obtain strong anion
exchange (SAX) and zwitterionic HILIC stationary phases,
respectively.

Materials and Methods
Chemicals and Materials

Polyethylenimine (PEI, Mw = 600), 2,4,6,8-tetramethyl-
2,4,6,8-tetrakis(propyl glycidyl ether)cyclotetrasiloxane
(POSS—epoxy), PEG (Mw = 10,000) and (3-aminopropyl)-
triethoxysilane (APTES) were purchased from Aldrich
(Milwaukee, WI, USA). Analytical standards such as
toluene, thiourea, N,N-dimethylformamide (DMF) and
formamide were purchased from Sigma (St. Louis, MO,
USA). The 4-methylbenzoic acid (4-MBA), benzoic acid
(BA), 4-fluorobenzoic acid (4-FBA), 4-chlorobenzoic acid
(4-CBA), 4-bromobenzoic acid (4-BBA), 4-iodobenzoic
acid (4-IBA), iodomethane (IM) and bromoacetic acid
(BAA), and acetonitrile (ACN) of HPLC grade were all
purchased from Aladdin (Shanghai China). The fused-silica
capillaries were purchased from Ruifeng Chromatographic
Devices (Yongnian, Hebei, China). Doubly distilled water
was further purified by a Milli-Q system and used in all
experiments (Millipore, Milford, MA, USA).
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Preparation of Monolithic Columns

The pretreatment of the fuse silica capillary was similar
to the reported method [24]. In detail, the capillary was
flushed by 0.1 M NaOH for 12 h, water for 30 min, 0.1 M
HCI for 12 h and water for another 30 min in series and
dried with nitrogen. Primer amine groups were covalently
introduced onto the inner capillary wall by reaction with
APTES solution in methanol (50 %, v/v) for 12 h. Finally,
the modified capillary was flushed with methanol and dried
with a nitrogen stream for further use.

To prepare the PEI-POSS monolithic columns, POSS—
epoxy (50 uL), PEI (20 mg), PEG 10000 (20 mg), PEG
200 (120 pL) and ACN (180 pL) were first mixed in a 1.5-
ml centrifugation tube. After vibration and sonication for
15 min to obtain a homogeneous pre-polymerization solu-
tion, the mixture was introduced in a APTES-pretreated
capillary with a syringe. After both ends had been sealed
with rubber stoppers, the capillary was immersed in a
water bath at 55 °C for polymerization for 12 h. Finally,
the resulting hybrid PEI-POSS monolithic columns were
extensively flushed with methanol and water to remove
the porogens and unreacted residuals. The microscale mor-
phologies of the monoliths were characterized by scanning
electron micrographs (SEM, Nova NanoSEM 450, FEI,
Hillsboro, OR, USA) after gold sputter deposition.

The modification of the PEI-POSS monolithic columns
with IM or BAA was followed with the reported methods
via the nucleophilic substitution reaction [31]. In particu-
lar, the IM ethanol solution (20 %, v/v) was pumped into
the PEI-POSS monolithic columns using a manual syringe
pump. Then, a modification reaction was performed at
50 °C for 12 h. Finally, the resulting IM-modified PEI
monolithic columns (IM-PEI-POSS monolith) were
washed with methanol. For the modification with BAA,
the procedure was the same as that of IM except modifier
was replaced by BAA. The BAA-modified monolith (BAA-
PEI-POSS) was expected to be zwitterionic with carboxyl
and amine groups, and the hydrophilic interaction could be
increased compared to the PEI-POSS columns. The sche-
matic synthesis of the PEI-POSS monoliths and the follow-
ing modification with IM or BAA are illustrated in Fig. 1.

CLC System

A CLC system was set up in the laboratory, consisting of a
conventional LC pump, a UV detector (Unimicro, Shang-
hai, China), a chromatography workstation (Unimicro,
Shanghai, China) and an injection valve (model 7125, Rhe-
odyne). A T-joint used as splitter was connected between
the injection valve the capillary column, with one end to
the capillary monolithic column and the other to a sec-
tion of open capillary (50 pm i.d. and 375 pm o.d., 80 cm
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Fig. 1 Preparation of the PEI-POSS monolith and the post modifications. a Preparation of the PEI-POSS monolith; b modification of the PEI-

POSS monolith with IM and BAA, respectively

length). The outlet of the column was connected to an open
silica capillary (75 pwm i.d. and 375 pm o.d.) with a detec-
tion window located at a position 5 cm away from the col-
umn outlet end.

Results and Discussion

Preparation and Characterization of PEI-POSS
Monolithic Columns

The appearance under optical microscopy is closely related
to the performances of the column; for instance, when it
is transparent, the permeability is poor or non-permeable
[16]. Therefore, in the preparation of the PEI-POSS mono-
lith, the conditions involved, such as the porogen, solvent
and reaction temperature, were systematically investigated
based on their morphology under the optical microscopy.
As show in Table 1, the morphology was significantly
affected by PEG 10000, which was used as porogen. The
monoliths became transparent under microscopy when the
PEG 10000 content was too low (column A, 15 mg), but
slack when it was too high (column C, 25 mg). The ratio
of PEG 200 to ACN, which could impact the column

permeability, was optimized by keeping the total volume
at 400 pL. With the increase of PEG 200 content, the per-
meability decreased in the test range. For the polymeriza-
tion temperature, raising the temperature leads to a denser
monolith (transparent under microscope) with poorer per-
meability (column G, 55 °C). Conversely, low temperature
causes the detachment of the monolith from the inner capil-
lary wall (column F, 50 °C). After optimization, the condi-
tions used for column B were adapted for the preparation
of PEI-POSS monolithic columns (Table 1).

The SEM images confirmed that the synthesized mon-
olith with uniform macro-pores was well attached to the
inner capillary wall (Fig. 2a). The porous monolith was
formed with a narrow skeleton diameter of about 0.5 pum
and large cross-connections through pores at 3-5 pm,
which could provide a fast mass transfer rate and good per-
meability. Such morphology was different from that pre-
pared from traditional free radical polymerization, which
consisted of large clusters with small spheres and were
formed through pores between these large clusters [32,
33].

The mechanical stability was evaluated by measuring
the back pressure at different flow rates. When the flow
rate increased from 0.43 to 1.85 mm/s, the back pressure
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Table 1 Monolith preparation conditions and the morphology of prepared capillary monoliths under optical microscopy
Column PEG 10000 (mg) PEG 200 (nL) ACN (pL) Temp (°C) Morphology Optical microscope image
A? 15 120 280 53 Transparent I ——
———
B?* 20 120 280 53 Semitransparent _
ct 25 120 280 53 Slack I —
R
i e e
D® 20 110 290 53 Slight slack —
I ——
————————
E° 20 130 270 53 Semitransparent I —
[t e = )
s e rem—
F° 20 120 280 50 Detached %
G* 20 120 280 55 Transparent ——
et ]
e o o e——
# The effect of PEG 10000 content
b The effect of solvent composition, PEG 200 and ACN content
¢ The effect of temperature
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Fig. 2 The SEM images of the PEI-POSS monoliths (column B).
Magnifications: a x3000; b x 12,000
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Fig. 3 Comparison of the PEI-POSS monolith and modified PEI-
POSS monoliths on the separation of neutral polar solutes. Experi-
mental conditions: effective column length, 30 cm; mobile phase,
ACN/water (90/10, v/v); injection volume, 1.0 pL in split mode;
detection wavelength, 214 nm. Analytes: / toluene, 2 DMF, 3 forma-
mide, 4 thiourea

increased linearly from 4.2 up to 26 MPa (Fig. S1), which
indicated that no crash happened to the monolith within the
tested pressure range. The permeability of the PEI-POSS
hybrid monolithic columns was measured following Dar-
cy’s law of permeability, B = FnL/(nr* AP) [34], where F
is the flow rate (m?/s), 7 is the viscosity of the mobile phase
(Pa s), L is the column effective length (m), r is the inner
radius of the column (m), and AP is the pressure drop (Pa).
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The permeability of the PEI-POSS hybrid monolithic col-
umn was calculated as 7.1 x 107 m? and 2.4 x 10~!* m?
for water (n = 0.89 cP) and ACN (n = 0.38 cP), respec-
tively, indicating the good permeability of these columns
[24, 35].

The Separation of Neutral Polar Analytes

To investigate the hydrophilic properties of the prepared
monolithic columns, neutral polar compounds were used as
analytes. For the PEI-POSS column, with 90 % ACN (v/v)
as the mobile phase, the strong polar solutes formamide
and thiourea were eluted after the nonpolar toluene (Fig. 3),
which is consistent with the HILIC mechanism [36, 37].
However, the weak polar DMF was not separated from tol-
uene. After modification with IM or BAA, the hydrophilic
retentions for the polar compounds were both increased,
and the DMF and toluene were fully separated. The rea-
son is that after modification with IM, some of the amine
groups (probably the secondary and the tertiary amines) on
the matrix surface turned into ionized quaternary amines,
which increased the hydrophilicity, and led to stronger
retention against polar analytes. For the BAA modified col-
umns, the retention of thiourea was further strengthened
compared to IM-PEI-POSS columns because of introduc-
ing polar carboxyl groups onto the matrix surface. We also
observed that the separation of DMF and toluene on the
BAA-PEI-POSS column was inferior to that on the IM—
PEI-POSS column, which pointed out that different func-
tional groups possess different selectivities. The change of
the retention behavior of polar solutes also confirmed that
the modification procedure was successful.

The effect of ACN content on the retention factors (k)
was investigated by using different ACN contents from
50 to 98 % (v/v) in the mobile phase. Figure 4 shows the
retention factor for toluene keeping constant at ACN con-
centrations from 70 to 98 %, which indicates that the col-
umn shows little retention to nonpolar compounds at high
ACN concentration. In contrast, the k of the polar solutes
increased with the increase of the ACN content in the test
range from 50 to 98 %. These results were consistent with
the HILIC retention mechanism, which confirmed that the
desired monolithic columns were successfully prepared
via the epoxy—amine ROP and post modification. For the
IM-PEI-POSS column, the highest column efficiency of
over 56,000 N/m (plate height about 17.5 pm) could be
achieved for neutral polar analytes (Fig. 5).

The Separation of Halogen Benzoic Acids (HBAs)
on the PEI-POSS Monolithic Column

Owing to the existence of amine groups (including primary,
secondary and tertiary amines) on the matrix surface, the
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Fig. 4 Effect of the ACN content in the mobile phase on the retention
of neutral polar analytes on the IM—PEI-POSS monolith. Experimen-
tal conditions were the same as in Fig. 3 except for the ACN content
in the mobile phase
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Fig. 5 The variation of column efficiency with the flow rate in the
separation of neutral polar solutes on the IM—PEI-POSS monolith.
Experimental conditions were the same as in Fig. 3 except for the
flow rate

anionic interaction mechanism could play part of the role in
the separation of acidic compounds. The HBAs were used
as the model analytes to evaluate the separation mechanism.
By using 60 % ACN as the mobile phase, all the HBAs
were eluted after the nonpolar toluene, which confirmed the
existence of the HILIC/WAX mechanism in the separation
on the PEI-POSS column (Fig. 6). Additionally, the elution
order of 4-CBA, 4-BBA and 4-IBA was the same as that
on the conventional C18 column (Fig. S2), which indicated
that reverse phase (RP) retention was also involved in this
separation. The effect of FA content on HBAs’ retention
was evaluated to investigate the WAX mechanism. Figure 7
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Fig. 6 Separation of HBAs on the PEI-POSS monolith. Experimen-
tal conditions: mobile phase, ACN/water (60/40, v/v) with 0.5 % FA;
injection volume, 5 L in split mode. Other conditions were the same
as in Fig. 3. Analytes: / toluene, 2 4-MBA, 3 BA, 4 4-FBA, 5 4-CBA,
6 4-BBA, 7 4-IBA
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Fig. 7 Effect of FA concentration on the retention factor of HBAs on
the PEI-POSS monolith. Experimental conditions were the same as
in Fig. 6 except for the FA concentration (v/v)

shows that the retention factor decreased with the increase
of FA content from 0.1 to 2 %. The increase of FA in the
mobile phase could lower the pH (from 2.5 to 1.8) and raise
the ionic strength of the mobile phase, both of which could
weaken the interaction between the analytes and the sta-
tionary phase and shorten the retention time. Furthermore,
the separation of HBAs at different pHs (2, 3 and 4) was
tested. With the increase of pH from 2 to 4, the retention
factors of HBAs increased remarkably (Fig. 8, k increased
from 3.2 to 8.1 for 4-IBA). These results were all consist-
ent with the typical ion exchange mechanism, confirming
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Fig. 8 Separation of HBAs at different pHs on the PEI-POSS mono-
lith. Experimental conditions were the same as in Fig. 6 except for
the pH of the mobile phase. Analytes and the elution order were the
same as in Fig. 4
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Fig. 9 Effect of the ACN content on the retention factor (k) of HBAs
on the PEI-POSS monolith. Experimental conditions were the same
as in Fig. 6 except for the ACN content in the mobile phase

the existence of the WAX mechanism in the separation of
acidic compounds [35, 38].

The effect of the ACN concentration on the retention
factor separation of HBAs was investigate to check whether
an RP retention mechanism existed on the PEI-POSS col-
umn. Figure 9 shows that retention factors first decreased
when ACN increased from 50 to 80 % and then kept con-
stant up to 95 %. The reason is probably that under a rela-
tively low ACN concentration, the hydrophilic interaction
is weak, and the RP retention dominated the separation.
At high ACN concentration (80-90 %), the hydrophilic
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interaction became stronger and finally compensated
the decrease of RP retention, which stopped the further
decrease of retention factors of these HBAs. So, for the
separation of acidic compounds on the PEI-POSS column,
three retention mechanisms including WAX, HILIC and RP
retention were all involved. For the separation of HBAs on
the IM-PEI-POSS column, the retention of analytes was
extremely strong because of the SAX mechanism. The
HBAs could not be fully eluted out in 60 min at the same
chromatographic conditions for the PEI-POSS column
(data not shown).

Conclusion

We prepared a set of organic-silica hybrid monolithic
columns with HILIC and an ion exchange mechanism
via the expoy-amine ROP. By using the PEI as the func-
tional monomer, the amine groups with high density were
incorporated into the monoliths, which provide abundant
chromatographic interaction sites. The prepared columns
exhibited good mechanical stability under working pres-
sure over 25 MPa. After systematic characterization and
chromatographic evaluation, the existence of mixed sepa-
ration modes of WAX and HILIC were confirmed when
the mobile phase contains high ACN content (>60 %). The
chemical property of the PEI-POSS monolith could be eas-
ily modified via the nucleophilic substitution reaction. The
modification with BAA and IM showed that the PEI-POSS
monolith was an idea starting material, especially suitable
for the preparation of the HILIC or SAX chromatographic
stationary phase.
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