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Covalent-organic  frameworks  (COFs)  are  a newfangled  class  of  intriguing  microporous  materials.  Con-
sidering their  unique  properties,  COFs  should  be  promising  as  packing  materials  for  high  performance
liquid  chromatography  (HPLC).  However,  the  irregular  shape  and  sub-micrometer  size  of  COFs  synthe-
sized  via  the  traditional  methods  render  the main  obstacles  for  the  application  of  COFs  in HPLC.  Herein,  we
report  the  preparation  of  methacrylate-bonded  COF  monolithic  columns  for HPLC  to  overcome  the  above
obstacles.  The  prepared  COF  bonded  monolithic  columns  not  only  show  good  homogeneity  and  perme-
eywords:
ovalent-organic frameworks
tationary phase
onolithic column
igh-performance liquid chromatography

ability,  but  also  give  high  column  efficiency,  good  resolution  and  precision  for HPLC  separation  of small
molecules  including  polycyclic  aromatic  hydrocarbons,  phenols,  anilines,  nonsteroidal  anti-inflammatory
drugs  and  benzothiophenes.  Compared  with  the  bare  polymer  monolithic  column,  the  COF  bonded  mono-
lithic columns  show  enhanced  hydrophobic,  �-� and  hydrogen  bond  interactions  in  reverse  phase  HPLC.
The  results  reveal  the  great  potential  of  COF  bonded  monoliths  for HPLC  and  COFs  in separation  sciences.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Covalent organic frameworks (COFs) are a newfangled class of
ntriguing microporous materials which are constructed from light
lements (N, O, B, C, H and Si) and linked with covalent bonds [1–5].
heir unique properties including large surface area, good ther-
al  and solvent stability, low density and accessible pores make

hem highly promising in wide applications including gas storage
6] catalysis [7,8], photoelectricity [9], and drug delivery [10]. The
pplications of COFs in separation science have gained increasing
oncerns recently [11–13]. COFs have been successfully applied as
ovel stationary phases in high resolution gas chromatography and
apillary electrochromatography [11–13]. High performance liquid
hromatography (HPLC) is a separation technology widely used in
ood, chemical, medical and environmental sciences [14]. Consid-
Please cite this article in press as: L.-H. Liu, et al., Methacrylate-bon
performance liquid chromatography, J. Chromatogr. A (2016), http://d

ring the intriguing structure and unique properties of COFs, COFs
hould be promising packing materials for HPLC. However, the COFs
ynthesized via the traditional methods often show irregular shape
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ciences, State Key Laboratory of Medicinal Chemical Biology, Tianjin Key Laboratory
f Molecular Recognition and Biosensing, Nankai University, Tianjin 300071, China

E-mail addresses: cxyang@nankai.edu.cn (C.-X. Yang), xpyan@nankai.edu.cn,
iupingyan@gmail.com (X.-P. Yan).

ttp://dx.doi.org/10.1016/j.chroma.2016.12.004
021-9673/© 2016 Elsevier B.V. All rights reserved.
or sub-micrometer size, so direct packing of these COFs in HPLC
columns may  cause low column efficiency and high column back-
pressure, which are the main obstacles for the application of COFs
in HPLC.

Monolithic columns with continuous porous structure not only
have the merits of simple synthesis and good stability in a wide
pH range, but also give good permeability and rapid mass trans-
fer, which make them promising in fast HPLC separation of large
molecules [15–19]. However, the low surface area of polymer
monoliths leads to poor efficiency in isocratic separations of small
molecules [20]. Incorporation of porous nanoparticles into mono-
lithic materials to fabricate the hybrid monolithic columns has been
proved to be an efficient and convenient way  to enhance the per-
formance of small molecules separation [21–23]. Recently, porous
carbonaceous nanoparticle-based monoliths [24–26], metallic
nanoparticle-based monoliths [27,28], silica nanoparticle-based
monoliths [29] and metal-organic frameworks-based monoliths
[30–33] have been studied for enhanced separation of small
molecules.

The combination of the distinctive architecture of polymer
monolithic column and the specific merits of COFs is a potential
ded covalent-organic framework monolithic columns for high
x.doi.org/10.1016/j.chroma.2016.12.004

approach to solve the aforementioned problems. On one hand, the
incorporation of COFs into polymer monolithic columns reduces
the column backpressure and enhances the column efficiency of
the COFs packed columns. On the other hand, the incorporated

dx.doi.org/10.1016/j.chroma.2016.12.004
dx.doi.org/10.1016/j.chroma.2016.12.004
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:cxyang@nankai.edu.cn
mailto:xpyan@nankai.edu.cn
mailto:xiupingyan@gmail.com
dx.doi.org/10.1016/j.chroma.2016.12.004
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OFs increase the interaction sites and the surface area of polymer
onolithic column.

Herein, we report the synthesis of methacrylate-bonded COF
onolithic column not only to overcome the main obstacles for the

pplication of COFs in HPLC, but also to improve the performance
f conventional polymer monolithic columns. TpPa-1, synthesized
ia the aldehyde-amine condensation reaction between the 1, 3, 5-
riformylphloroglucinol (Tp) and p-phenylenediamine (Pa-1) [34],
as used as a typic COF as its good solvent stability and large surface

rea make TpPa-1 suitable for HPLC. In this work, HPLC separation
f small molecules on the methacrylate-bonded COF TpPa-1 mono-

ithic column is achieved with excellent resolution, good precision
nd high column efficiency.

. Experimental

.1. Reagents

All the used reagents were analytical grade at least. 1, 3, 5-
riformylphloroglucinoland (Tp) and meso-tetra (4-aminophenyl)
orphine were purchased from Chengdu Tongchuangyuan phar-
aceutical technology Co. (Chengdu, China). Ultrapure water
as produced by Tianjin Wahaha Foods Co. (Tianjin, China).

yrene, naphthalene, chrysene, fluorene, 2-nitroaniline, 2,6-
imethylphenol, acetanilide, aniline, resorcinol, 1-naphthylamine,
,6-dichlorophenol, 1-naphthol, m-cresol, aspirin, salicylic acid, tri-
uoroacetic acid (TFA), 2,2′-Azobis(2-methylpropionitrile) (AIBN),
thylene dimethacrylate (EDMA), methyl methacrylate (MMA),
ethacrylic anhydride (MA), styrene (St), divinylbenzene (DVB),

odecanol, and p-phenylenediamine (Pa-1) were produced by
laddin Chemistry Co. (Shanghai, China). Polyethylene glycol (PEG
000), ribonuclease A, bovine hemoglobin and myoglobin were
ought from Sinopharm Chemical Reagent Co. (Shanghai, China).
hiourea, toluene, chlorobenzene, benzene were from Guangfu
ine Chemical Research Institute (Tianjin, China). Ketoprofen
nd fenbufen were from Energy Chemical Co. (Shanghai, China).
ethanol, ethanol, acetonitrile (ACN), dimethyl sulfoxide (DMSO)

nd ethyl acetate were from Concord Fine Chemical Research Insti-
ute (Tianjin, China).

.2. Instrumentation

The powder X-ray diffraction spectrometry (PXRD) data were
btained on a D/max-2500 diffractometer (Rigaku, Japan) using
uK� radiation. The Fourier transform infrared spectroscopy (FT-

R) spectra were obtained on the Magna-560 spectrometer (Nicolet,
adison, WI). Scanning electron microscopy (SEM) images and
ass spectra were acquired on a Shimadzu SS-550 scanning elec-

ron microscope and an Agilent 6520 Q-TOF LC/MS (Agilent, USA),
espectively. BET surface areas data were collected on the NOVA
000e surface area and pore size analyzer (Quantachrome, USA)
sing N2 adsorption at 77 K. Nuclear magnetic resonance (NMR)
nalysis was carried out on the AV400 NMR  spectrometer (Bruker,
witzerland). Size distribution was observed on a Zetasizer Nano-
S (Malvern, UK). Elemental analysis was carried out on a Vario EL
UBE analyzer (Elementary, Germany).

HPLC experiments were performed on Waters 510 HPLC pump
tted with 486 tunable UV detector. An N2000 chromatography
ata system was applied for data acquisition and processing. Col-
Please cite this article in press as: L.-H. Liu, et al., Methacrylate-bon
performance liquid chromatography, J. Chromatogr. A (2016), http://d

mn  temperature was controlled by a CO-5060 column heater
Ameritech, USA). The commercial C18 silica gel (Baseline, Tian-
in, China) was employed to pack the HPLC column (50.0 mm
ong × 4.6 mm i.d.) for comparison.
 PRESS
. A xxx (2016) xxx–xxx

2.3. Synthesis of Tp-MA

MA (184.8 mg,  1.2 mM)  and Tp (21.0 mg,  0.1 mM)  were sepa-
rately dissolved in 20 mL  THF, and then mixed in a 50 mL  flask under
stirring at 60 ◦C. After stirring for 48 h, the product was  extracted
with ethyl acetate. The obtained extract was dried over MgSO4 and
evaporated to give Tp-MA with a yield of 74%. FT-IR (powder): 2983,
1722 and 1115 cm−1. MS  (ESI+): 415.10 [M+H]. 1H NMR  (400 MHz
CDCl3): 10.15 (s, 3H), 6.25 (s, 3H), 5.69(d, 3H), 1.96 (s, 9H).

2.4. Synthesis of TpPa-MA

Tp-MA (41.4 mg,  0.10 mM)  and Pa-1 (16.2 mg, 0.15 mM)  were
separately dissolved with 20 mL  ethanol, then mixed in a 100 mL
flask under stirring. After refluxing for 4 h, the light brown sus-
pension was  obtained by 5-min centrifugating at 10,000 rpm. The
collected brown powder was thoroughly washed with ethanol.
The obtained TpPa-MA was dried in vacuum at room temperature
overnight to remove ethanol. FT-IR (powder): 1722, 1581, 1448 and
1257 cm−1. PXRD (2 theta): 4.6◦, 8.1◦, 25.8◦.

2.5. Synthesis of poly (TpPa-MA-co-EDMA) monolithic columns

The monomers TpPa-MA and EDMA, and porogen PEG 6000
were dispersed in DMSO via ultrasonication for 2 h to create a
homogeneous dispersion. The initiator AIBN was then added and
ultrasonicated for 5 min  to dissolve AIBN. The obtained poly-
merization mixture was  injected to the stainless-steel column
(50.0 mm  × 4.6 mm i.d.) with a syringe. The both ends of the
stainless-steel column were then sealed. After 24-h polymeriza-
tion in water bath at 60 ◦C, the column was washed with methanol
to remove unreacted monomer and the porogen. A poly (MMA-co-
EDMA) monolithic column prepared in parallel by adding 10.9 mg
MMA  instead of TpPa-MA dispersion (the molar content of double
bonds in MMA  is equal to those in TpPa-MA with the concentration
of 15 mg  mL−1) into polymerization mixture was  used for compar-
ison.

2.6. Synthesis of poly (St-co-DVB) monolithic column [35]

St (264 �L) and DVB (174 �L) as monomers, dodecanol (504 �L)
as macroporogen, toluene as microporogen (208 �L) and AIBN
(10 mg) as initiator were mixed via ultrasonication to create a
homogeneous dispersion. The obtained polymerization mixture
was injected to the stainless-steel column (50.0 mm × 4.6 mm i.d.)
with a syringe. The both ends of the stainless-steel column were
sealed. After 24-h polymerization in water bath at 70 ◦C, the column
was washed with acetonitrile to remove the porogen and unreacted
monomer.

2.7. Calculation of permeability

The permeability (B0, m2) was obtained based on Darcy’s Law
[36]:

B0 = u�L/�P (1)
ded covalent-organic framework monolithic columns for high
x.doi.org/10.1016/j.chroma.2016.12.004

where u, �, L and �P  are the superficial velocity of mobile phase
(m s−1), the viscosity of mobile phase (Pa s), the length of the mono-
lithic column (m)  and the back pressure of the monolithic column
(Pa), respectively.

dx.doi.org/10.1016/j.chroma.2016.12.004
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.8. Calculation of thermodynamic parameters

The enthalpy change (�H, KJ mol−1), the Gibbs free energy
hange (�G, KJ mol−1) and entropy change (�S, J mol−1 K−1) for
PLC separation were obtained based on van’t Hoff equation [37]:

nk’ = −�H/RT + �S/R + ln  ̊ (2)

G  = �H  − T�S  (3)

here k’, R, T and  ̊ are the retention factor, the gas constant, the
bsolute temperature and the phase ratio, respectively.

’ = (t − t0)/t0 (4)

here t and t0 are the retention time and the column void time,
espectively.

 = Vs/V0 (5)

s = VCol − V0 (6)

0 = t0 × F (7)

here Vs, V0, VCol and F are the volume of the stationary phase,
he column void volume, the column’s geometrical volume and the

obile phase flow rate, respectively.

. Results and discussion

.1. Optimization of preparation condition of poly
TpPa-MA-co-EDMA) monolithic columns

The dispersion of polymerization precursor is a key factor to fab-
icate the homogeneous nanoparticles-based monolithic columns.
n our preliminary experiment, we tried to use a simple mixture
f TpPa-1 and the polymerization precursor solution to prepare
onolithic columns. However, the poor dispersion of TpPa-1 in the

olymerization precursor solution led to inhomogeneous mono-
ithic columns with the use of such simple mixture (Fig. S1). To
btain the homogeneous TpPa-1 monolith column, we  prepared
he methacrylate-bonded TpPa-1 for subsequent fabrication of poly
TpPa-methacrylic anhydride co-ethylene dimethacrylate) (poly
TpPa-MA-co-EDMA)) monolith (Fig. 1).

The Tp was first reacted with methacrylic anhydride (MA) via
sterification to give Tp-MA. The obtained Tp-MA was applied to
onstruct the MA-containing COF TpPa-MA. The TpPa-MA was then
dded into the polymerization precursor to synthesis poly (TpPa-
A-co-EDMA) monolithic column with improved homogeneity

Fig. S1).
The effects of porogen mass and TpPa-MA concentration on the

ermeability of poly (TpPa-MA-co-EDMA) monoliths were stud-
ed (Table 1). Increase of the porogen content from 230 to 450 mg
mproved the permeability of poly (TpPa-MA-co-EDMA) monoliths.
owever, further increase of the porogen content to 560 mg  led

o no more improvement of the permeability. Therefore, 450 mg
f PEG-6000 was used for further experiments. The permeabil-

ty of poly (TpPa-MA-co-EDMA) monolithic columns increased
rom 13.2 × 10−15 to 14.9 × 10−15 m2 as the TpPa-MA concentration
ncreased from 5 to 15 mg  mL−1. However, further increase of the
pPa-MA concentration to 20 mg  mL−1 led to a significant decrease
Please cite this article in press as: L.-H. Liu, et al., Methacrylate-bon
performance liquid chromatography, J. Chromatogr. A (2016), http://d

f the permeability, which likely resulted from the aggregation of
pPa-MA nanoparticles at high concentration [32]. Therefore, TpPa-
A concentration of 15 mg  mL−1 was used for the preparation of

oly (TpPa-MA-co-EDMA) monoliths.
 PRESS
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3.2. Characterization of Tp-MA, TpPa-MA and poly
(TpPa-MA-co-EDMA) monoliths

The synthesized Tp-MA, TpPa-MA and poly (TpPa-MA-co-EDMA)
monolithic columns were characterized by powder PXRD, FT-IR,
SEM, EA, size distribution analysis and N2 adsorption experiments
(Fig. 2; Figs. S2–S9). The appearance of the characteristic bands of
C O at 1722 cm−1, C O at 1115 cm−1 and C H at 2983 cm−1 in the
FT-IR spectra of Tp-MA (Fig. S2A) suggests the successful synthe-
sis of Tp-MA. The high-resolution mass spectra (m/z = 414.10) and
1H NMR  data (Figs. S3–S5) also confirm all the three OH groups
on Tp were substituted with MA.  The characteristic PXRD peaks
at 4.6, 8.1 and 25.8 of the as-prepared TpPa-MA well agreed with
the simulated pattern (Fig. 2A), indicating the successful synthe-
sis of TpPa-MA. The characteristic FT-IR peaks of C O stretching
at 1722 cm−1 also indicate the successful synthesis of TpPa-MA
(Fig. 2B). The particle size of TpPa-MA is about 210 nm (Fig. S6). The
characteristic PXRD signal of TpPa-MA at 4.6 and 8.1 (Fig. S7) and
FT-IR bands of TpPa-MA at 1581, 1448 and 1257 cm−1 of poly (TpPa-
MA-co-EDMA) (Fig. 2B) confirm that the methacrylate-bonded
TpPa-1 monolithic column was successfully prepared (1730 and
1151 cm−1 from the poly (MMA-co-EDMA)) (Fig. S2B). The larger
surface area of the poly (TpPa-MA-co-EDMA) monolithic column
(224 m2 g−1) than the poly(MMA-co-EDMA) monolithic column
(175 m2 g−1) also demonstrates the successful bonding of TpPa-MA
(317 m2 g−1) into the poly (TpPa-MA-co-EDMA) monolithic column
(Fig. S8). SEM images reveal the presence of the TpPa-MA nanopar-
ticles in the monolithic column (Fig. 2C and D; Fig. S9). Elemental
analysis shows the ratio of TpPa-MA in poly (TpPa-MA-co-EDMA)
monolithic column is about 6.8% (Table S1).

3.3. Enhanced chromatographic separation of small molecules on
poly (TpPa-MA-co-EDMA) monoliths

The effect of TpPa-MA concentration on HPLC separation of
small molecules from non-polar to polar compounds was stud-
ied (Figs. 3 and 4; Table S1). The poly (MMA-co-EDMA) monolithic
column (0 mg  mL−1 of TpPa-MA) gave poor resolution and reten-
tion to the tested small molecules. In contrast, the resolution and
retention of these small molecules increased with the TpPa-MA
concentration (Figs. 3 and 4), showing improved separation on
the synthesized poly (TpPa-MA-co-EDMA) monolithic columns. In
addition, the poly (TpPa-MA-co-EDMA) monoliths also provided
higher column efficiency than the poly (MMA-co-EDMA) monolith
without TpPa-MA (Table S2). Increase of the TpPa-MA concentra-
tion from 5 to 15 mg  mL−1 resulted in the increase of the retention,
column efficiency and resolution of poly (TpPa-MA-co-EDMA)
monolithic columns, which indicates higher TpPa-MA concentra-
tion is beneficial for the preparation of poly (TpPa-MA-co-EDMA)
monolithic columns (Table S2). However, high TpPa-MA concentra-
tion (20 mg  mL−1) led to a significant decrease of the permeability
(Table 1), which is negative for the application of poly (TpPa-MA-
co-EDMA) monolithic column. The difference in column efficiency
mainly resulted from the pore size distribution and morphology
[38], which can be reflected in the Van Deemter curves (Fig. S10).
The three parameters A-term, B-term, and C-term represented eddy
dispersion, longitudinal diffusion, and mass transfer resistance,
respectively [38]. Compared with poly (MMA-co-EDMA) monolith
(0 mg  mL−1 TpPa-MA) and poly (TpPa-MA-co-EDMA) monoliths
(5 and 10 mg  mL−1 TpPa-MA), poly (TpPa-MA-co-EDMA) monolith
(15 mg  mL−1 TpPa-MA) gave smaller C-term value, which indicates
ded covalent-organic framework monolithic columns for high
x.doi.org/10.1016/j.chroma.2016.12.004

a better mass transfer property between the stationary phase and
analytes. Furthermore, the poly (TpPa-MA-co-EDMA) monolithic
column (15 mg  mL−1 TpPa-MA) also showed better permeability
and lower back pressure in the flow rate range of 1.0–5.0 mL  min−1

dx.doi.org/10.1016/j.chroma.2016.12.004
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Fig. 1. Schematic illustration for the preparation of the poly (TpPa-MA-co-EDMA) monolith for HPLC.

Table 1
Effect of porogen and TpPa-MA content on the permeability of poly (TpPa-MA-co-EDMA) monoliths.

Monomers Porogen Initiator

Column TpPa-MA(mg mL−1) EDMA(�L) PEG-6000(mg) AIBN(mg) Permeability(×10−15 m2)

1 5 400 230 10 8.14
2  5 400 330 10 11.78
3  5 400 450 10 13.16
4  5 400 560 10 13.20
5  10 400 450 10 13.20
6  15 400 450 10 14.92
7  20 400 450 10 6.30

Fig. 2. (A) PXRD patterns of TpPa-MA: (a) Experimental pattern (red curve), refined pattern (blue curve) and the difference plot of the two  patterns (black curve). (b) Simulated
p -IR spe
T  of th
o

t
r

i
r
b

attern  of the eclipsed model. (c) Simulated pattern of the staggered model. (B) FT
pPa-MA; (D) SEM image of poly (TpPa-MA-co-EDMA) monolith. (For interpretation
f  this article.)

han the poly (MMA-co-EDMA) monolith (Fig. S11). These results
eveal the significant roles of TpPa-MA in enhanced separation.
Please cite this article in press as: L.-H. Liu, et al., Methacrylate-bon
performance liquid chromatography, J. Chromatogr. A (2016), http://d

The retention of neutral polycyclic aromatic hydrocarbons
ncreased with the aromatic ring number, showing that the
etention mechanism resulted from the hydrophobic interaction
etween the analytes and the TpPa-1 (Fig. 3A). The introduction
ctra of TpPa, TpPa-MA and poly (TpPa-MA-co-EDMA) monolith; (C) SEM image of
e references to colour in this figure legend, the reader is referred to the web version

of the aromatic TpPa-1 into polymer monolithic column increased
the hydrophobicity of the stationary phase, thus increased the
ded covalent-organic framework monolithic columns for high
x.doi.org/10.1016/j.chroma.2016.12.004

analyte retention. The retention of thiourea, phenol, benzene,
toluene, chlorobenzene and naphthalene decreased as their
polarity increased, revealing the reverse-phase chromatographic
separation mechanism (Fig. 3B). Thiourea, as the most polar ana-

dx.doi.org/10.1016/j.chroma.2016.12.004
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Fig. 3. Effect of TpPa-MA concentration (0, 5, 10, 15 mg  mL−1) for the synthesis of poly (TpPa-MA-co-EDMA) monolithic columns (50.0 mm × 4.6 mm i.d.) on the separation:
(A)  Polycyclic aromatic hydrocarbons using ACN-H2O (60:40) as the mobile phase at the flow rate of 1.0 mL  min−1 and UV detection at 254 nm;  (B) thiourea, phenol, benzene,
toluene,  chlorobenzene and naphthalene using ACN-H2O (40:60) as the mobile phase at the flow rate of 1.0 mL  min−1 and UV detection at 210 nm.

F nti-in
c lumn 

A ection

l
n
b

s
c
s
i
1
r
p
r
a

ig. 4. Separation of (A) basic compounds; (B) acidic compounds; (C) nonsteroidal a
olumn  (i.e. 0 mg mL−1 of TpPa-MA) and poly (TpPa-MA-co-EDMA) monolithic co
CN-H2O (45:55) (C) as the mobile phase at a flow rate of 1.0 mL min−1 and UV det

yte, was eluted first without retention. The strong retention of
aphthalene resulted from the strong hydrophobic interaction
etween naphthalene and the TpPa-1.

The poly (TpPa-MA-co-EDMA) monolithic column not only
howed high resolution for basic compounds, but also for acidic
ompounds (Fig. 4A and B). Four basic compounds were well
eparated (Fig. 4A). The retention increased with their basic-
ty. The stronger �-� interaction between the aromatic ring in
-naphthylamine and the pore walls of TpPa-1 led to stronger
Please cite this article in press as: L.-H. Liu, et al., Methacrylate-bon
performance liquid chromatography, J. Chromatogr. A (2016), http://d

etention of 1-naphthylamine than the other three basic com-
ounds. Increase of the hydrophobicity of acidic compounds
esulted in the increase of hydrophobic interaction between the
cidic compounds and the TpPa-1 (Fig. 4B).
flammatory drugs; and (D) benzothiophenes on poly (MMA-co-EDMA) monolithic
prepared with 15 mg  mL−1 of TpPa-MA using ACN-H2O (50:50) (A, B and D)  and

 at 254 nm (A and D) and 280 nm (B and C).

The poly (TpPa-MA-co-EDMA) monolithic column also gave
good separation performance for nonsteroidal anti-inflammatory
drugs (Fig. 4C) and benzothiophene contaminants (Fig. 4D).
Baseline separation was  realized on poly (TpPa-MA-co-EDMA)
monolithic column due to the hydrophobic interaction and the
hydrogen bond interaction between the analytes and TpPa-1. For
comparison, the poly (MMA-co-EDMA) monolithic column (with-
out TpPa-MA) gave poor column efficiency and resolution for the
separation of all the four groups of small molecule. The above
ded covalent-organic framework monolithic columns for high
x.doi.org/10.1016/j.chroma.2016.12.004

results further underline the enhanced separation performance of
the poly (TpPa-MA-co-EDMA) monolithic column.

As the molecular dimensions of the above analytes (Fig. S12) are
smaller than the pore size of TpPa-MA (∼14 Å) (Fig. S8B), we assume

dx.doi.org/10.1016/j.chroma.2016.12.004
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Fig. 5. Effect of ACN content in the mobile phase (ACN-H2O) on the separation on the poly (TpPa-MA-co-EDMA) monolith (50.0 mm × 4.6 mm i.d.) at a mobile phase flow rate
of  1.0 mL  min−1: (A) polycyclic aromatic hydrocarbons; (B) thiourea, phenol, benzene, toluene, chlorobenzene, naphthalene; (C) acidic compounds; and (D) basic compounds.
UV  detection: (A and C) 254 nm,  (B) 210 nm, (D) 280 nm.

Fig. 6. HPLC chromatograms on the poly (TpPa-MA-co-EDMA) monolith (50.0 mm × 4.6 mm i.d.) at a mobile phase flow rate of 1.0 mL  min−1 for nine replicate separations:
(A)  polycyclic aromatic hydrocarbons, (B) acidic compounds, (C) thiourea, phenol, benzene, toluene, chlorobenzene, naphthalene and (D) basic compounds. Mobile phase:
(A)  ACN-H2O (60:40), (B) ACN-H2O (50:50), (C) ACN-H2O (40:60), (D) ACN-H2O (50:50). UV detection: (A) 254 nm,  (B) 280 nm, (C) 210 nm,  (D) 254 nm.

dx.doi.org/10.1016/j.chroma.2016.12.004
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hat the separation of these small molecules mainly occurred inside
he pores of TpPa-MA. To further confirm this hypothesis, the
eso-tetra (4-aminophenyl) porphine (18.5 Å) with the molecule

iameter larger than TpPa-MA (∼14 Å) was tested (Fig. S13). No
etention (0.76 min) of meso-tetra (4-aminophenyl) porphine on
oly (TpPa-MA-co-EDMA) monolithic column was observed, indi-
ating the size-exclusion effect of TpPa-MA.

The poly (TpPa-MA-co-EDMA) monolithic column (15 mg  mL−1

pPa-MA) also gave better resolution than the commercial C18
ilica gel packed column for the separation of acidic com-
ounds, basic compounds and nonsteroidal anti-inflammatory
rugs under the same conditions (Fig. S14; Table S3). The same
lution orders for these analytes on poly (TpPa-MA-co-EDMA)
onolithic column and C18 column (Figs. 3 and 4 cf. Fig. S14)

urther confirms the reverse-phase separation mechanism on
oly (TpPa-MA-co-EDMA) monolithic column. Moreover, the poly
TpPa-MA-co-EDMA) monolithic column (15 mg  mL−1 TpPa-MA)
howed better resolution and higher column efficiency than the
oly (St-co-DVB) monolithic column [35] for the HPLC separa-
ion of these small molecules under the same conditions (Fig.
15). Meanwhile, the poly (TpPa-MA-co-EDMA) monolithic column
xhibited faster separation than the metal-organic frameworks-
ased [30,32] and the functionalized graphene oxide-based [39]
onolithic columns and higher column efficiency than the func-

ionalized graphene oxide-based monolithic column (Table S4). In
ddition, three proteins were baseline separated on the poly (TpPa-
A-co-EDMA) monolithic column (Fig. S16).

.4. Effect of the composition of mobile phase

The retention and selectivity of the anaiytes decreased with the
ncrease of ACN content in the mobile phase (Fig. 5), indicating
he reverse-phase separation mechanism on poly (TpPa-MA-co-
DMA) monolithic column. The analytes were baseline separated
n poly (TpPa-MA-co-EDMA) monolithic column by changing the
CN content in the mobile phase. The poly (TpPa-MA-co-EDMA)
onolithic column also gave the column efficiency of 20,920 plates
−1 for toluene and good precision for nine replicate separations of

he tested small molecules with 0.39–3.50%, 0.4–1.92%, 0.06–0.61%,
nd 0.11–2.09% (relative standard deviations (RSD)) for peak area,
eak height, retention time, and half peak width, respectively (Fig. 6
nd Table S5).

.5. Effect of temperature

Effect of temperature (25–55 ◦C) was studied to obtain an insight
nto the retention of these tested analytes on the poly (TpPa-MA-
o-EDMA) monolithic column (Fig. S17). The retention time of
he analytes on the poly (TpPa-MA-co-EDMA) monolithic column
ecreased remarkably with the increase of column temperature,
evealing the separation of these small molecules were exothermic.
he peak tailing of these analytes likely resulted from the slow dif-
usion or mass transfer between the stationary phase and analytes
t room temperature. The peak tailing would be improved when
ncreasing the temperature, which was due to higher temperature
eading to enhanced diffusion or better mass transfer between the
tationary phase and analytes [40]. The good linearity of van’t Hoff
lots for all the tested small molecules suggests no variation of
he interaction mechanism in the studied temperature range (Fig.
18). The negative free energy change (Table S6) shows the thermo-
Please cite this article in press as: L.-H. Liu, et al., Methacrylate-bon
performance liquid chromatography, J. Chromatogr. A (2016), http://d

ynamically spontaneous transfer of the analytes from the mobile
hase to the stationary phase. The analytes with more negative free
nergy change show stronger retention on the poly (TpPa-MA-co-
DMA) monolithic column.

[
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4. Conclusions

In summary, we have prepared novel poly (TpPa-MA-co-EDMA)
monolithic columns for enhanced HPLC separation. The poly
(TpPa-MA-co-EDMA) monolithic columns not only show good
homogeneity and permeability, but also give high column effi-
ciency, good resolution and precision for the separation of small
compounds. The good performance of poly (TpPa-MA-co-EDMA)
monolithic columns for HPLC separation relies on the hydropho-
bic, �-�, and hydrogen bond interaction between analytes and the
TpPa-1. These results suggest the poly (TpPa-MA-co-EDMA) mono-
lithic columns offer great potential for HPLC separation.
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