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Synthesis of a stationary phase based

on silica modified with branched octadecyl
groups by Michael addition and
photoinduced thiol-yne click chemistry

for the separation of basic compounds

A novel silica-based stationary phase with branched octadecyl groups was prepared by the
sequential employment of the Michael addition reaction and photoinduced thiol-yne click
chemistry with 3-aminopropyl-functionalized silica microspheres as the initial material. The
resulting stationary phase denoted as SiO,-N(C18), was characterized by elemental analysis,
FTIR spectroscopy and Raman spectroscopy, demonstrating the existence of branched oc-
tadecyl groups in silica microspheres. The separations of benzene homologous compounds,
acid compounds and amine analogues were conducted, demonstrating mixed-mode separa-
tion mechanism on SiO,-N(C18),. Baseline separation of basic drugs mixture was acquired
with the mobile phase of acetonitrile/H,0 (5%, v/v). SiO,-N(C18), was further applied to
separate Corydalis yanhusuo Wang water extracts, and more baseline separation peaks were
obtained for Si0,-N(C18), than those on Atlantis dC18 column. It can be expected that
this new silica-based stationary phase will exhibit great potential in the analysis of basic
compounds.
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DOI 10.1002/jssc.201501403

D Additional supporting information may be found in the online version of this article
at the publisher’s web-site

1 Introduction

The analysis of basic compounds by HPLC is of great sig-
nificance, as more than 70% of pharmaceuticals are basic
compounds [1]. The RP mode is the most widely adopted
separation mode in HPLC because it can provide versatile
retention mechanism by regulating the mobile phase pH or
using organic additives, and abundant knowledge and expe-
rience for analysis of a given sample conveniently. However,
the separation of hydrophilic basic compounds by RPLC is
not easy, as these compounds are not sufficiently retained on
the hydrophobic stationary phases. Strong ion pairing agents,
such as surfactants, are necessarily added in mobile phases
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to increase retention of the analytes [2—4]. Unfortunately, the
addition of surfactants into the mobile phase makes the sep-
aration incompatible with mass spectrometric detection. In
addition, surfactants tend to stick strongly to the stationary
phase, which makes it difficult to recover the column [5].
Cation-exchange chromatography has also been applied for
the separation of highly polar basic compounds [6-8], while
it is not compatible with mass spectrometric detection be-
cause of using the mobile phase with high concentration of
salt. HILIC is another approach for the analysis of basic com-
pounds [9], but the use of a high concentration of organic
solvent is not environmentally friendly, which is a detriment
to dissolve the high polar basic compounds.

It should be pointed out that tailing and overloading al-
ways appear in the analysis of basic compounds by RPLC.
These problems are associated with the surface structure of
the RP packings. For silica-based packings, there are still
silanols on the surface because the silanol groups are not
completely reacted for the sake of steric hindrance even end-
capped with smaller silylating agents [10]. The pK, value of
these silanol groups is around 7.1, and the metal impurities
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in the silica can also enhance the acidity. The pH of mo-
bile phases affects the existence forms of silanols and the
basic compounds, such as protonation and deprotonation.
Therefore, the interactions between the mobile phases and
the silica-based stationary phases involve hydrophobic inter-
action and ion-exchange interaction. Especially, the strong
interaction between the deprotonated silanols and the pro-
tonated bases results in slow sorption—desorption kinetics,
which is responsible for tailing [11].

RP packings with polar groups were beneficial for basic
compounds separation, because polar groups could weaken
the interaction of the ionized silanols and the basic ana-
lytes. For instance, the polar copolymerized stationary phase
composed of n-octadecyl and chloropropyl had excellent
performance in alkaloids separation compared to some com-
mercial stationary phases [12]. In addition, silica-based sta-
tionary phases with ionic carboxylate groups embedded
within a hydrophobic ligand (SiELC Primesep™) could also
offer better peak shapes than XTerra RP-18 (with a neutral
carbamate embedded group) for small solute mass at low
pH [13]. As the position of ionic groups embedded within
the alkyl chain (SiELC Primesep™) was quite different from
that of ionized silanols buried beneath the hydrophobic lig-
ands, the exchange kinetics of the two stationary phases were
different. Thus, there might be other synergistic interaction
beyond ion-exchange and hydrophobic interaction. Unfortu-
nately, there was only one type of polar group on each stra-
tionary phase. Encouraged by these results, the stationary
phase with various polar groups embedded might provide
novel mechanism for basic compounds analysis.

Michael addition of primary amine to an a,B-unsaturated
carbonyl compound and thiol-yne click chemistry are pow-
erful techniques for fabricating the versatility of materials
due to the diversity of monomers and mild reaction con-
ditions. Many compounds with polar groups (tertiary amine,
carboxylate esters or vicinal dithioethers) embedded were syn-
thesized by Michael addition and thiol-yne click chemistry
[14-19]. Herein, we fabricated a novel silica-based station-
ary phase with various polar groups embedded in branched
octadecyl groups by sequential employment of Michael addi-
tion reaction and thiol-yne click chemistry (Scheme 1). The
chromatographic retention mechanism and application of
this stationary phase were evaluated, and excellent perfor-
mance for separation of both standard basic drugs and alka-
loids extracted from Corydalis yanhusuo Wang was obtained
as compared to commercially available Atlantis dC18 column.

2 Materials and methods

2.1 Materials

(3-Aminopropyl)triethoxysilane, TFA, 1-octadecanethiol,
uridine, cytosine, cytidine, m-trihydroxybenzene, 2,6-xylenol,
p-tert-butylphenol, 2,4-dichlorophenol, barbital, carba-

mazepine, 2,4-dinitroaniline, 4-amino-biphenyl, alprenolol,
pindolol and propranolol were obtained from Sigma (St.
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Louis, MO, USA). 2,2-Dimethoxy-2-phenylacetophenone
(DMPA) was from Acros Organics (New Jersey, USA).
Spherical silica (particle size, 5 wm; pore size, 20 nm) was
purchased from Fuji Silysia Chemical (Aichi, Japan). A
commercial Atlantis dC18 column (5 pm, 100 A, 4.6 mmx
150 mm) was from Waters (Milford, MA, USA). Anhydrous
ethanol, tetrahydrofuran (THF), acetonitrile (ACN), isopropyl
alcohol, pyridine, phenol, dipotassium hydrogen phosphate,
potassium phosphate monobasic, orthophosphoric acid,
benzene, toluene, ethylbenzene, n-propylbenzene and
n-butylbenzene were obtained from Tianjin Kermel plant
of chemical reagent (Tianjin, China). Propargyl acrylate was
purchased from Alfa Aesar (Ward Hill, MA, USA).

Berberine hydrochloride and palmatine hydrochloride
were obtained from National Institutes for Food and Drug
Control of China (Beijing, China). Methanol (MeOH, HPLC
grade) was purchased from Merck (Darmstadt, Germany).
Deionized water used in all experiments was purified with
a Milli-Q system from Millipore (Milford, MA, USA). The
actual sample of alkaloids was kindly donated by Prof. Xin-
miao Liang (Dalian Institute of Chemical Physics, Chinese
Academy of Science, Dalian, China), which was extracted
from a kind of Chinese herbal medicine, Corydalis yanhusuo
Wang, according to the previous reports [20,21], and the sam-
ple concentration is about 10 mg mL™".

2.2 Preparation of branched octadecyl groups
modified silica-based stationary phase

2.2.1 Synthesis of 3-aminopropyl functionalized
silica microspheres

3-Aminopropyl functionalized SiO, microspheres were syn-
thesized according to the previously reported method [22)].
As seen in Scheme 1, spherical silica (4.60 g) was dispersed
in a mixture of anhydrous toluene (40.0 mL) and anhydrous
pyridine (2.0 mL). After ultrasonic treatment for 10 min, (3-
aminopropyl)triethoxysilane (6.0 mL) was added. The result-
ing suspension was stirred for 48 h at reflux under argon
atmosphere. Finally, the obtained product (SiO,-NH,) was
rinsed by anhydrous ethanol for five times and dried under
vacuum at 50°C for 24 h.

2.2.2 Synthesis of branched propargyl acrylate
modified silica microspheres

The branched propargyl acrylate modified silica microspheres
were prepared by the Michael addition reaction according to
the previous literature [19]. SiO,-NH, (2.40 g) was suspended
in methanol (20.0 mL) by sonication for 10 min, then propar-
gyl acrylate (1.2 mL) was added. The final reaction mixture
was stirred for 24 h at 40°C. After being washed with methanol
five times, the product (SiO,-N(CO,CH,C=CH);) was dried
under vacuum at 40°C for 24 h.

www.jss-journal.com
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2.2.3 Synthesis of branched octadecyl groups
modified silica microspheres

The branched octadecyl groups modified silica microspheres
were synthesized as the literature described [15]. SiO,-
N(CO,CH,C=CH), (2.30 g) was dispersed in anhydrous
ethanol (80 mlL), 1l-octadecanethiol (0.60 g) and DMPA
(0.020 g) were successively added. The resulting mixture was
stirred in ice bath with a magnetic stirrer under the UV irra-
diation crosslinker (80 W ¢cm™2, A\, = 365 nm, Shenzhen,
China). Then, the thiol-yne click chemistry was photoinitiated
by UV irradiation for 1 h. Finally, the product (SiO,-N(C18),)
was washed extensively with THF and ethanol, and dried un-
der vacuum at 40°C for 24 h.

2.3 Equipment and measurements

FTIR spectra were obtained on Nicolet Fourier spectropho-
tometer using KBr pellets (Nicolet, Wisconsin, USA). Ele-
mental analysis was performed on Vario EL III (Elementar,
Hanau, Germany). Chemical structure of the functionalized
silica was characterized by a Raman apparatus LabRAM HR
from Horiba JobinYvon (Longjumeau, France) equipped with
a laser emitting at 785 nm. AB Sciex 5800 MALDI-TOF/TOF
mass spectrometer (AB SCIEX, USA) was equipped with a
pulsed Nd/YAG laser at 355 nm in linear positive ion mode.
HPLC was performed on a Hitachi Primaide HPLC system
with two 5110 pumps, a 5310 column oven, a 5210 UV auto
sampler and a 5410 UV detector (Minato-ku, Tokyo, Japan).
Detection was performed on 214 nm.

2.4 Packing of the column

The slurry method was applied to pack the obtained SiO,-
N(C18), into HPLC columns [23]. Briefly, a slurry of SiO,-
N(C18), (2.30 g) was made with 30 mL of isopropyl alcohol by
stirring for atleast 30 min and then placed in a dynamic reser-
voir system. After sealing the reservoir, an empty stainless-
steel column (150 x 4.6 mm id) was attached. Ethanol was
used as a propelling solvent, and the system was pressured

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Si0,-N(C18),

Scheme 1. lllustration of consecutive steps for the
synthesis of Si0,-N(C18),.

to 47 MPa using a GLK1000 air-driven fluid pump (Wuxi,
China). The pressure was kept until a minimum of 200 mL
of ethanol had passed through the column. The inlet pressure
to the pump was shut-off, and then the system was allowed
to release the pressure gradually.

2.5 Chromatographic evaluation

The Si0,-N(C18), column was evaluated under 20°C of col-
umn temperature and 1.0 mL/min of flow rate. The dead
time was 0.937 min, which was determined by injection of
2 pL MeOH with mobile phase ACN/H,0 at 25:75 v/v.

The RP chromatographic retention of SiO,-N(C18), col-
umn was evaluated by separating benzene homologous com-
pounds, slightly polar compounds, such as phenols and
amine analogues. The mobile phases used for this test were
ACN and H,O0. The retention of these analytes was obtained
with different concentrations of ACN in the mobile phase.

The surface electrostatic properties of SiO,-N(C18), col-
umn were investigated by separating the mixture of aro-
matic acid and basic compounds. During this test, ACN and
NaHPO,/NaH, PO, buffer were employed as mobile phases.
The concentration of NaHPO,/NaH, PO, buffer was 10 mM,
and the pH values of mobile phases were 2.7, 4.0, 5.0, 6.0,
7.0 and 7.8, respectively. The effects of concentrations of
NaHPO,/NaH,PO, buffer on the retention of aromatic acid
and basic compounds were further investigated, the concen-
trations of NaHPO,/NaH,PO, buffer were changed from 5,
10, 15 to 20 mM at pH 2.7.

2.6 Applications

The Si0,-N(C18), stationary phase was further used to inves-
tigate the retention of a mixture of three polar basic drugs,
including pindolol, alprenolol and propranolol, and the alka-
loids extracts from Corydalis yanhusuo Wang, respectively.
At the meantime, the commercially available column At-
lantis dC18 was also applied to separate both samples for
comparison.
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Table 1. Elemental analysis of three kinds of silica-based micro-

spheres
Material C (%) H (%) N (%)
Si02-NH; 4.05 1.056 1.392
Si02-N(C02CH,C=CH), 5.191 1.282 1.431
Si02-N(C18)4 8.361 1.7 1.238

3 Results and discussion
3.1 Characterization

The branched structure of Si0,-N(C18), was first investigated
by elemental analysis (Table 1). As listed in Table 1, compared
to Si0,-NH,, the increase of carbon and hydrogen contents
in Si0,-N(CO,CH,C=CH), showed that propargyl acrylate
was successfully immobilized onto SiO,-NH,. The contents
of carbon and hydrogen in SiO,-N(C18)s were higher than
those of Si0,-N(CO,CH,C=CH),, which also confirmed that
1-octadecanethiol was grafted. FTIR spectroscopy of prod-
ucts in each step also corroborated that reactions showed
in the route happened successfully (Supporting Information,
Fig. S1). Raman spectrum demonstrated that the bis-addition
of 1-octadecanethiol to Si0,-N(CO,CH,C=CH), was the ma-
jor reaction mechanism (Supporting Information, Fig. S2).
As one molecule of primary amine could react with two
molecules of propargyl acrylate and one molecule of alkyne
reacts with two molecules of 1-octadecanethiol [19], SiO,-
N(C18), possesses a branched architecture.

As the surface area of this batch of spherical silica was
159.8 m?/g [24], the surface concentrations of 3-aminopropyl,
propargyl acrylate hyperbranched and octadecyl groups on
the silica support were calculated to be 7.04, 0.99 and
0.92 wmol/m?, respectively [25]. The conversion ratio of 3-
aminopropyl groups in the Michael addition and propargyl
acrylate in the click chemistry was calculated to be 7.04 and
46.3%, respectively [25], thus, a great many 3-aminopropyl
groups and propargyl acrylate remained on the stationary
phase. As the yield of homogeneous Michael addition of n-
butylamine to the methyl 2-acetamidoacrylate was only 41%
after 192 h [26]. In addition, the Michael addition in this study
was heterogeneous reaction, the solubility propargyl acrylate
on the silica was lower than the homogeneous reaction and
the steric hindrance of the heterogeneous reaction was larger
than that of homogeneous reaction. Therefore, the conver-
sion ratio of 3-aminopropyl groups and propargyl acrylate
was reasonable.

3.2 Retention properties of the column

3.2.1 Effect of flow rate on column efficiency

The relationship between flow rate of mobile phases and the
stationary phase can be depicted by the plot of flow rate ver-

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Plots of plate heights versus velocity u.

sus the plate height. A proper flow rate not only made the
column with high column efficiency but also saved the anal-
ysis time. As there were many polar groups on the column,
polar compounds, including uridine, cytosine and cytidine,
were separated on this column. The plot of flow rate ver-
sus the plate height can be obtained by changing the flow
rate. As can be seen in Fig. 1, the optimal resolving power
was obtained with u at 0.82 mmy/s corresponding to the flow
rate of 0.6 mL/min. To reduce the analysis time, a value at
1.37 mm/s was chosen, which corresponded to the flow rate of
1.0 mL/min.

3.2.2 Effect of ACN concentration on retention

Octadecyl groups are known to have hydrophobic properties,
therefore, it was expected that SiO,-N(C18), with octadecyl
groups would exhibit hydrophobic properties. To investigate
the hydrophobic property of SiO,-N(C18),, benzene homol-
ogous compounds, such as benzene, toluene, ethylbenzene,
n-propylbenzene and n-butylbenzene, were employed as test
probes. The ratio of ACN in the mobile phase was changed
from 10 to 30% v/v. Figure 2 showed the plots of logarithmic
k (log k) versus the content of ACN in the mobile phase. The
log k of all test probes linearly decreased with the increase
of ACN content in the mobile phase, indicating a typical RP
chromatographic retention mechanism. In addition, as seen
in Fig. 2A, the slopes of alkylbenzenes were in accordance
with the hydrophobicity of the test probes, also demonstrat-
ing RP separation mechanism on the SiO,-N(C18), column.

Inspired by the multiple polar groups on the SiO,-
N(C18), column, we further evaluated the retention
of phenols and amine analogues on this column. m-
Trihydroxybenzene, 2,6-xylenol, p-tert-butylphenol and
2,4-dichlorophenol were separated on the SiO,-N(C18),
column using a neutral mobile phase with ACN content
at 20 or 30% v/v (Supporting Information, Fig. S3). The
pK, of these compounds was 8.45, 10.62, 10.39 and 7.89,
respectively. 2,4-Dichlorophenol was slightly dissociated
while others were largely undissociated in the neutral mobile

www.jss-journal.com
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Figure 2. Plots of log kfor (A) benzene homologous compounds, (B) phenols and (C) amino analogues versus ACN v/v in the mobile phase.
Mobile phase, ACN and water. Column temperature, 20°C. Flow rate, 1.0 mL/min.

phase. The log k of phenols decreased linearly with the
increase of ACN content in the mobile phase (R?>0.993, Fig.
2B). This was indicative of a typical hydrophobic interaction
appeared between the phenols and the stationary phase.

Amine analogues, including barbital (pK, 8.1), carba-
mazepine (pK, 15.83), 2,4-dinitroaniline (pK, —4.25) and
4-amino-biphenyl (pK, 4.26), were another probe mixture
to evaluate the retention of the SiO,-N(C18), column
(Supporting Information, Figures S4). Barbital and carba-
mazepine were slightly protonated, while 2,4-dinitroaniline
and 4-amino-biphenyl were uncharged under the neutral
mobile phase. The log k of analytes also reduced linearly un-
der these mobile phases with an R*>0.981 (Fig. 2C), which
demonstrated that the separation of amine analogues un-
der this mobile phase was mainly based on RP chromato-
graphic retention mechanism. In addition, the peak shapes
of these amine analogues were not peak tailing under the neu-
tral mobile phases (Supporting Information, Fig. S4), which
demonstrated that this novel stationary phase may show high
potency in basic compounds separation.

3.2.3 Effect of the pH of mobile phase on retention
As mentioned above, some 3-aminopropyl groups remained

on the surface of Si0,-N(C18), column, thus, it was deduced
that the ion-exchange interaction of stationary phase would be

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

generated. For this test, acid and basic compounds, includ-
ing 1,3,5-benzenetricarboxylic acid, 4-carboxybenzaldehyde,
4,4’-methyldianiline and 4-aminobiphenyl, were selected as
test probes. Meanwhile, mobile phases with different pH val-
ues (2.7, 4.0, 5.0, 6.0, 7.0 and 7.8) and sodium phosphate
buffer concentrations (5, 10, 15 and 20 mM) were used to
evaluate the retention of the test probes on the SiO,-N(C18),
column. As seen in Fig. 3A, the retention factors (k) of 4,4’
methyldianiline and 4-aminobiphenyl slightly increased as
the pH increased from 2.7 to 5.0, then tended to be stable at
pH 6.0. This was related to the charge state of the analytes.
The pK, of 3-aminopropyl group, 4,4’ -methyldianiline and
4-aminobiphenyl was 10.37, 5.32 and 4.35, respectively, and
the protonation emerged at pH 2.7. The electrostatic repul-
sion between basic compounds and 3-aminopropyl groups
became weak as the protonation of 4,4’-methyldianiline and
4-aminobiphenyl decreased at pH 5.0. Therefore, the reten-
tion factors of two basic compounds increased. When the pH
of mobile phases was above 6.0, the basic compounds were
not protonated, thus the retention factors tended to level off.

The retention factor of 4-carboxybenzaldehyde increased
as the pH of mobile phase increased from 2.7 to 4.0, and then
reduced with the mobile phase pH increased from 4.0 to 7.8.
This phenomenon was also related to the pK, of analytes (4-
carboxybenzaldehyde, 3.77; 1,3,5-benzenetricarboxylic acid,
3.12). When the pH value of the mobile phase increased

www.jss-journal.com
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from 2.7 to 4.0, the dissociation of 4-carboxybenzaldehyde
gradually emerged, and the electrostatic attraction of 4-
carboxybenzaldehyde and 3-aminopropyl group appeared.
Thus, the retention factor of 4-carboxybenzaldehyde in-
creased. When the pH of mobile phase continued to in-
crease, silanols on the stationary phase were gradually ion-
ized, the ionized silanols tended to form hydrogen bond with
3-aminopropyl group [27], which weakened the interaction
between 3-aminopropyl group and 4-carboxybenzaldehyde.
Therefore, the retention factor of 4-carboxybenzaldehyde
reduced. The variable trend of 1,3,5-benzenetricarboxylic
acid was similar to that of 4-carboxybenzaldehyde, and the
reason for this phenomenon was the same as that of 4-
carboxybenzaldehyde. On the whole, the relationship be-
tween the retention factors of these analytes and the pH of
mobile phase illustrated ion-exchange mechanism of the
Si0,-N(C18), column. In addition, the order of the re-
tention factors of the analytes at pH 2.7 was 1,3,5-
benzenetricarboxylic acid > 4-carboxybenzaldehyde > 4-
aminobiphenyl > 4,4’-methyldianiline, while the reverse or-
der was observed at pH 7.8, which also demonstrated a typical
ion-exchange mechanism of the stationary phase (Fig. 3B and
Q).

3.2.4 Effect of the buffer concentration of mobile
phase on retention

As the pH and buffer concentration of mobile phase have
an impact on the ion-exchange interaction, the influence
of buffer concentration on ion-exchange mechanism could
be confirmed by varying the sodium phosphate buffer con-
centrations (5, 10, 15 and 20 mM) of the mobile phase
at a fixed pH such as pH 2.7. The effect of buffer con-
centrations on the retention of analytes was illustrated in

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 3D. It can be found that the dependence of log k of test
probes on logarithmic buffer concentration was linear. The
log k of 4-aminobiphenyl and 4,4’-methyldianiline linearly in-
creased as the buffer concentration increased, while log k of
1,3,5-benzenetricarboxylic acid and 4-carboxybenzaldehyde
linearly decreased in the same buffer concentration. 4-
Aminobiphenyl (pK, 4.35) and 4,4’-methyldianiline (pK, 5.32)
were protonated at pH 2.7, while 1,3,5-benzenetricarboxylic
acid (pK, 3.12) and 4-carboxybenzaldehyde (pK, 3.77) were
slightly dissociated. At this pH, high concentration of sodium
phosphate buffer could weaken the electrostatic repulsion be-
tween the protonated basic compounds and the protonated
3-aminopropyl groups, thus, the retention of basic com-
pounds enhanced. As the dissociated acids interacted with
the protonated 3-aminopropyl groups through ionic interac-
tion, higher concentrations of sodium phosphate buffer im-
proved the eluting strength of the mobile phase, which led
to a decrease in retention factors. In addition, the influence
of the buffer concentration on the retention of the basic and
acid compounds on this column was the same as that of 3-
aminopropyl stationary phase [28], which also demonstrated
that a great many 3-aminopropyl groups remained in this
column contributed to the ion-exchange property. Most im-
portantly, the slope of 4,4’-methyldianiline with two charges
at pH 2.7 was larger than that of 4-aminobiphenyl with single
charge, which further indicated the ion-exchange mechanism
of the stationary phase.

3.3 Reproducibility of the column
The reproducibility of the SiO,-N(C18), was evaluated

by analysis the RSD for the retention factor of 2,4-
dinitroaniline. The run-to-run (n = 3) and day-to-day (n = 4)
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reproducibilities were 1.96 and 2.59%, respectively. Several
columns were prepared with the same conditions. The RSD
value of the column-to-column (n = 3) and batch-to-batch re-
producibilities (n = 4) were 2.65 and 6.40%, respectively. No
obviously deterioration was observed after continuous use for
5 months, which demonstrated that the performance of col-
umn prepared by the sequential Michael addition and click
chemistry was stable.

3.4 Applications

As mentioned above, the slow sorption—desorption interac-
tion between the deprotonated silanols and the protonated
bases always leads to peak tailing. The SiO,-N(C18), sta-
tionary phase with shielding groups (3-aminopropyl, tertiary
amine, thioether and carboxylic ester) endcapped on the sil-
ica surface or embedded between the silica surface and the
octadecyl group minimizes this interaction. In addition, the
branched octadecyl groups made the mass transfer equilib-
rium can be achieved in a short time, which makes it espe-
cially suitable for analysis of basic compounds. Inspired by
the no tailing peaks of amine analogues appeared in Fig. S4
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(Supporting Information), a mixture of basic drugs with
similar structure, such as pindolol, alprenolol and propra-
nolol, was further separated on Atlantis dC18 column, SiO,-
NHz, SlOZ-N(COZCHzcch)Z and SIOZ-N(C18)4 Stationary
phases, respectively (Fig. 4). It can be seen from Fig. 4A that
three basic drugs were baseline separated on SiO,-N(C18),
phase using an isocratic mobile phase containing low content
of ACN (5%). However, alprenolol and propranolol were co-
eluted on Atlantis dC18 column in an isocratic mobile phase
with the content of ACN (50%) (Fig. 4B). As shown in Fig. 4C,
reducing the content of ACN (20%) could improve the res-
olution and retention of these compounds on Atlantis dC18
column, however, peak tailing with high value of asymmetry
factor was still occurred. As seen in Fig. 4D and E, the sep-
aration efficiency of SiO,-NH, column for this mixture was
inferior to that of SiO,-N(CO,CH,C=CH), under the op-
timized separation condition, which illustrated that Michael
addition of propargyl acrylate to 3-aminopropyl groups on the
Si0,-NH; was beneficial for separation of basic compounds.
The satisfactory separation on SiO,-N(CO,CH,C=CH); col-
umn could not be acquired even under the optimized con-
dition, which demonstrated that the thiol-yne click chem-
istry was the key for success of the preparation protocol. The
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Figure 5. Chromatograms of separation of
protoberberine alkaloids extracted from a
traditional Chinese herbal medicine, Cory-
dalis yanhusuo Wang, (A) and (B) on
Atlantis dC18 column and (C) on SiO,-

N(C18)4. Mobile phases, (A) 0.1% TFA wa-
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kaloids with the molecular weight of 352,

T T T T

0 5 15 20
time/min

different performance for basic compounds analysis could be
attributed to the different structure of these stationary phases.
At these neutral pH conditions, the silanols on the SiO,-
N(C18), were dissociated, while the 3-aminopropyl groups
(pK, = 10.4), pindolol (pK, = 8.8), alprenolol (pK, = 9.6)
and propranolol (pK, = 9.7) were protonated. The positively
charged 3-aminopropyl groups not only shielded the silanols
from interacting with the analyte, but also repelled the analyte
with same charged to be eluted in a short time. In addition,
the shielding effect of the embedded polar groups included
both hydrogen bonding between 3-aminopropyl groups and
the residual silanols [27,29] and w—w interaction between
the polar groups (i.e. carbonyl groups of carboxylic ester and
thioether) and the m active moieties on the aromatic moi-
eties of the analytes [30, 31], which masked the undesirable
effects during the separation process and improved the shape
selectivity. The branched carbonyl groups on the silica were
beneficial for mass transfer, which made the mass transfer
equilibrium can be achieved in a short time and also reduced
the analysis time.

The actual sample of water-extracts of Corydalis yanhusuo
Wang was also separated on both SiO,-N(C18), and Atlantis
dC18 column (Fig. 5). These extracts mainly consist of proto-
berberine alkaloids [32], which are always positively charged.
As the a polar-copolymerized stationary phase C18HCE with
positively charged surface was beneficial for the separation of
alkaloids and basic macrolides [33, 34], TFA was added into
the mobile phase for the protoberberine alkaloids separation.
Figures 5 and C represented the chromatograms of the
Corydalis yanhusuo Wang extracts separated on the Atlantis
dC18 column and SiO,-N(C18), under the optimal chro-
matographic conditions, respectively. Although peaks shapes
in Fig. 5A were symmetry, the number of baseline-separated
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T

25 (3) berberine, (4) dehydrocorydaline and

(5) palmatine.

peaks was far less than that in Fig. 5C. The highest intensity
peak in Fig. 5A was further analyzed to be a mixture of dehy-
drocorydaline, coptisine, berberine and some protoberberine
alkaloids with the molecular weight of 352 by the known
standard samples and MALDI-TOF MS. However, the
protoberberine alkaloids in this extract could be efficiently
separated on SiO,-N(C18), (Fig. 5C). The separation condi-
tions of Fig. 5B were the same as those of Fig. 5C. As shown
in Fig. 5B, the alkaloids could not be eluted under the highly
aqueous eluents, the main peak has also been identified to
be a mixture of alkaloids by the known standard samples
and MALDI-TOF MS, such as palmatine, dehydrocorydaline,
coptisine, berberine and some protoberberine alkaloids with
the molecular weight of 352. While this phenomenon was
changed by increasing the content of organic solvent in the
mobile phase. Unfortunately, the protoberberine alkaloids
in this extract could not be efficiently separated on the
Atlantis dC18 column. In addition, the number and shapes
of baseline-separated peaks of Corydalis yanhusuo Wang
water-extracts obtained by SiO,-N(C18), were superior to
those of a single polar group endcapped reversed-phase C18
columns, such as C18HCE, Spursil EP C18 and TSKgel ODS-
100 V [12]. These results also demonstrated that a variety of
polar groups bonded C18 columns had better performance
than those of a single polar group endcapped C18 columns
in analysis of Corydalis yanhusuo Wang water-extracts.

4 Concluding remarks

A novel silica-based stationary phase with branched oc-
tadecyl groups (Si0,-N(C18)4) was successfully synthesized
by Michael addition reaction and photoinduced thiol-yne
click chemistry. The branched structure was beneficial for
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interaction with analytes. Most importantly, this stationary
phase with shielding groups (tertiary amine, thioether and
ester) on the silica surface makes it especially suitable for
analysis of basic compounds with mixed-mode separation
mechanism. In the analysis of a mixture of three basic drugs,
the SiO,-N(C18), stationary phase could baseline separate
them with the mobile phase containing low content of ACN
(5%). For the separation of Corydalis yanhusuo Wang water
extracts, more baseline separation peaks were obtained on the
Si0,-N(C18), stationary phase than those on Atlantis dC18
column. It is reasonable to believe that SiO,-N(C18), station-
ary phase will play an important role in the separation of other
basic components, and the Michael addition combined with
photoinduced thiol-yne click chemistry can also be extended
to design other types of chromatographic materials.

The authors acknowledge the funding support by the China
State Key Basic Research Program Grant (2013CB911203,
2012CB910601), the National Natural Sciences Foundation of
China (21235006), and the Creative Research Group Project of
NSFC (21321064) to H. Zou as well as the National Natural
Sciences Foundation of China (No. 21175133) to J. Ou.

The authors have declared no conflict of interest.

5 References

[1] Chen, X., Griesser, U. J., Te, R. L., Pfeiffer, R. R., Morris,
K. R., Stowell, J. G., Byrn, S. R., Analysis of the acid-
base reaction between solid indomethacin and sodium
bicarbonate using infrared spectroscopy, X-ray powder
diffraction, and solid-state nuclear magnetic resonance
spectroscopy. J. Pharmaceut. Biomed. 2005, 38, 670-
677.

Saxer, C., Niina, M., Nakashima, A., Nagae, Y., Masuda,
N., Simultaneous determination of levodopa and 3-O-
methyldopa in human plasma by liquid chromatography
with electrochemical detection. J. Chromatogr. B 2004,
802, 299-305.

[3] Ding, X., Tang, Y., Sun, A, Liu, R., Simultaneous deter-
mination of three alkaloids in Huangbo using an ionic
liquid as a mobile phase additive in reversed-phase lig-
uid chromatography. J. Sep. Sci. 2015, 38, 374-380.

[4] Ortiz-Bolsico, C., Ruiz-Angel, M., Garcia-Alvarez-Coque,
M., Adsorption of the anionic surfactant sodium dodecyl
sulfate on a C18 column under micellar and high submi-
cellar conditions in reversed-phase liquid chromatogra-
phy. J. Sep. Sci. 2015, 38, 550-555.

[5] Luo, H., Ma, L., Paek, C., Carr, P. W., Application of silica-
based hyper-crosslinked sulfonate-modified reversed
stationary phases for separating highly hydrophilic basic
compounds. J. Chromatogr. A 2008, 1202, 8-18.

Mashige, E, Matsushima, Y., Miyata, C., Yamada, R.,
Kanazawa, H., Sakuma, I|., Takai, N., Shinozuka, N.,
Ohkubo, A., Nakahara, K., Simultaneous determination
of catecholamines, their basic metabolites and serotonin
in urine by high-performance liquid chromatography us-
ing A mixed-mode column and an eight-channel electro-
chemical detector. Biomed. Chromatogr. 1995, 9, 221-
225.

[2

)

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Liquid Chromatography 1469

[7] Asakawa, Y., Yamamoto, E., Asakawa, N., Selective re-
tention of basic compounds by metal aquo-ion affinity
chromatography. J. Sep. Sci. 2014, 37, 2641-2651.

[8] Long, Z., Guo, Z., Xue, X., Zhang, X., Liang, X,
Two-dimensional strong cation exchange/positively
charged reversed-phase liquid chromatography for al-
kaloid analysis and purification. J. Sep. Sci. 2013, 36,
3845-3852.

Al-Tannak, N. F, Bawazeer, S., Siddiqui, T. H., Watson, D.
G., The hydrophilicinteraction like properties of some re-
versed phase high performance liquid chromatography
columns in the analysis of basic compounds. J. Chro-
matogr. A2011, 1218, 1486-1491.

[10] McCalley, D. V., The challenges of the analysis of basic
compounds by high performance liquid chromatogra-
phy: Some possible approaches for improved separa-
tions. J. Chromatogr. A 2010, 1217, 858-880.

[11] Marchand, D., Snyder, L., Dolan, J., Characterization and
applications of reversed-phase column selectivity based
on the hydrophobic-subtraction model. J. Chromatogr.
A 2008, 1191, 2-20.

[12] Guo, Z., Wang, C., Liang, T, Liang, X., Polar-
copolymerized approach based on horizontal polymer-
ization on silica surface for preparation of polar-modified
stationary phases. J. Chromatogr. A 2010, 1217, 4555—
4560.

Davies, N. H., Euerby, M. R., McCalley, D. V., A study
of retention and overloading of basic compounds with
mixed-mode reversed-phase/cation-exchange columns
in high performance liquid chromatography. J. Chro-
matogr. A 2007, 1138, 65-72.

[14] Han, J., Zhao, B., Gao, VY., Tang, A., Gao, C., Sequen-
tial click synthesis of hyperbranched polymers via the
Ay+CB; approach. Polym. Chem. 2011, 2, 2175-2178.

Hensarling, R. M., Doughty, V. A., Chan, J. W., Patton, D.
L., “Clicking” polymer brushes with thiol-yne chemistry:
indoors and out. J. Am. Chem. Soc. 2009, 131, 14673-
14675.

[16] Yu, B., Chan, J. W., Hoyle, C. E., Lowe, A. B., Se-
quential thiol-ene/thiol-ene and thiol-ene/thiol-yne re-
actions as a route to well-defined mono and bis end-
functionalized poly (N-isopropylacrylamide). J. Polym.
Sci. Part A: Polym. Chem. 2009, 47, 3544-3557.

[17] W'yasov, E., Homolytic addition of 1-alkanethiols to
5-ethynyl-2-methylpyridine. Chem. Heterocycl. Comp.
1999, 35, 1187-1189.

[18] Gonzalez-Paz, R. J., Lligadas, G., Ronda, J. C., Galia, M.,
Cadiz, V., Thiol-yne reaction of alkyne-derivatized fatty
acids: biobased polyols and cytocompatibility of derived
polyurethanes. Polym. Chem. 2012, 3, 2471-2478.

[19] Tomalia, D. A., Baker, H., Dewald, J., Hall, M., Kallos, G.,

Martin, S., Roeck, J., Ryder, J., Smith, P, A new class of

polymers: starburst-dendritic macromolecules. Polym.

J. 1985, 17, 117-132.

Zhang, J., Jin, Y., Liu, Y, Xiao, Y., Feng, J., Xue, X., Zhang,

X., Liang, X., Two-dimensional RPLC-RPLC system with

different pH in two dimensions for separation of alka-

loids from Corydalis yanhusuo WT Wang. J. Sep. Sci.

2009, 32, 2084-2089.

Zhang, J., Jin, Y., Liu, Y, Xiao, Y., Feng, J., Xue, X., Zhang,

X., Liang, X., Purification of alkaloids from Corydalis yan-

&)

=
L

=
o

[20

)
=

www.jss-journal.com



1470

[22]

[23]

[24]

[25]

[26]

[27]

(28]

G. Huang et al.

husuo WT Wang using preparative 2-D HPLC. J. Sep. Sci.
2009, 32, 1401-1406.

Lai, X. H., Bai, Z. W,, Ng, S. C., Ching, C. B., Prepara-
tion and enantioseparation characteristics of two chiral
stationary phases based on mono(6A-azido-6A-deoxy)-
perphenylcarbamoylated a- and y-cyclodextrin. Chirality
2004, 16, 592-597.

Gilpin, R., Sisco, W., Effect of temperature on precision
of retention measurements in liquid chromatography. J.
Chromatogr. A 1980, 194, 285-295.

Huang, G., Ou, J., Zhang, X, Ji, Y., Peng, X., Zou, H.,
Synthesis of novel perphenylcarbamated B-cyclodextrin
based chiral stationary phases via thiol-ene click chem-
istry. Electrophoresis 2014, 35, 2752-2758.

Bai, Z. W., Chen, L., Ching, C. B., Ng, S. C., Preparation
and Enantioseparation Properties of Chiral Stationary
Phases Derived from Arylcarbamoylated B- Cyclodex-
trin. J. Liq. Chromatogr. Relat. Technol. 2005, 28, 883-
897.

Pérez, M., Pleixats, R., FeClz-catalyzed conjugate ad-
dition of secondary amines, imidazole and pyra-
zole to methyl 2-acetamidoacrylate. Preparation of
B-dialkylamino-aalanine and B-(N-heteroaryi)-a-alanine
derivatives. Tetrahedron 1995, 51, 8355-8362.

O’Gara, J. E., Walsh, D. P, Phoebe, C. H., Jr., Alden, B.
A., Bouvier, E. S., Iraneta, P. C., Capparella, M., Walter,
T. H., Embedded-polar-group bonded phases for high
performance liquid chromatography. Lc Ge N. Am. 2001,
19, 632-642.

Vigkova, H., Jezkova, K., Stétkova, K., Tomsikova, H., So-
lich, P, Novakova, L., Study of the retention behavior

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[29]

(30]

(31]

(32]

(33]

(34]

J. Sep. Sci. 2016, 39, 1461-1470

of small polar molecules on different types of stationary
phases used in hydrophilic interaction liquid chromatog-
raphy. J. Sep. Sci. 2014, 37, 1297-1307.

Silva, C. R., Airoldi, C., Collins, K. E., Collins, C. H., Prepa-
ration and characterization of a new C 18 urea phase
based on titanized silica. J. Chromatogr. A 2005, 1087,
29-37.

Horak, J., Maier, N. M., Lindner, W., Investigations on
the chromatographic behavior of hybrid reversed-phase
materials containing electron donor-acceptor systems:
Il. Contribution of w—w aromatic interactions. J. Chro-
matogr. A 2004, 1045, 43-58.

Horak, J., Lindner, W., Investigations on the chromato-
graphic behavior of hybrid reversed-phase materials
containing electron donor-acceptor systems: |. Contri-
bution of sulfur-aromatic interactions. J. Chromatogr. A
2004, 1043, 177-194.

Li, Q.-Y., Li, K.-T., Sun, H., Jin, W., Shi, J.-W., Shi, Y., LC-
MS/MS determination and pharmacokinetic study of de-
hydrocorydaline in rat plasma after oral administration
of dehydrocorydaline and corydalis yanhusuo extract.
Molecules 2014, 19, 16312-16326.

Wang, C., Guo, Z., Zhang, J., Zeng, J., Zhang, X., Liang,
X., High-performance purification of quaternary alka-
loids from Corydalis yanhusuo WT Wang using a new
polar-copolymerized stationary phase. J. Sep. Sci. 2011,
34, 53-58.

Wei, J., Shen, A,, Yan, J., Jin, G., Yang, B., Guo, Z., Zhang,
F, Liang, X., Separation analysis of macrolide antibiotics
with good performance on a positively charged C18HCE
column. J. Sep. Sci. DOI:10.1002/jssc.201500923

www.jss-journal.com



