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a  b  s  t  r  a  c  t

A  simple  approach  was  developed  for rapid  preparation  of polymeric  monolithic  columns  in  UV-
transparent  fused-silica  capillaries  via  photoinitiated  thiol-acrylate  polymerization  of  pentaerythritol
diacrylate  monostearate  (PEDAS)  and trimethylolpropane  tris(3-mercaptopropionate)  (TPTM)  within
10 min,  in  which  the  acrylate  homopolymerized  and  copolymerized  with  the  thiol  simultaneously.  The
morphology,  permeability  and  chromatographic  performance  of the  resulting  poly(PEDAS-co-TPTM)
monoliths were  studied.  It could  be  observed  from  SEM  that the morphology  of  poly(PEDAS-co-
TPTM) monolith  was  rather  different  from  that  of  poly(PEDAS)  monolith,  which  was  fabricated
via photo-induced  free  radical  polymerization  using  PEDAS  as  the  sole  monomer.  Compared  with
poly(PEDAS)  monolith,  poly(PEDAS-co-TPTM)  monolith  possessed  better  permeability  when  they  were
ris(3-mercaptopropionate)
hiol-acrylate polymerization
,2-Dimethoxy-2-phenylacetophenone
hotoinitiated

fabricated  under  the same  preparation  conditions.  By  adjusting  the  composition  of  porogenic  sol-
vents,  poly(PEDAS-co-TPTM)  monolith  exhibited  lower  plate  heights  (15.7–17.7  �m)  than  poly(PEDAS)
monolith  (19.1–37.9  �m)  in  �LC.  In  addition,  66  unique  peptides  were  positively  identified  on
poly(PEDAS-co-TPTM)  monolith  when  tryptic  digest  of  four proteins  was  separated  by  �LC-MS/MS,
demonstrating  its  potential  in proteome  analysis.

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

Since monolithic columns emerged in the 1990s, they have
eceived great attention in the separation field. Compared with
acked columns, monoliths are easier and faster to fabricate in a
apillary format, do not require retaining frits, exhibit faster mass
ransfer (depending on the monolith morphology), lower pres-
ure drop, and richer chemistry for variety of selectivity [1–7].
mong three kinds of monoliths, namely, organic monoliths, silica-
ased inorganic monoliths and organic-silica hybrid monoliths, the

orous polymeric monoliths (PPMs) are remarkably versatile as
hey can be readily prepared with different pore sizes, varying
orosity, and a wide variety of chemical functionalities through the

∗ Corresponding authors. Fax: +86 411 84379620.
E-mail addresses: junjieou@dicp.ac.cn, oujunjie2002@163.com (J. Ou),

anfazou@dicp.ac.cn (H. Zou).

ttp://dx.doi.org/10.1016/j.chroma.2016.01.063
021-9673/© 2016 Elsevier B.V. All rights reserved.
control of precursors and chemistry during polymerization, becom-
ing important materials in separation science, sample enrichment
and biocatalysis [8–15].

Particularly, PPMs are ideal media for the separation of large
molecules, such as proteins, peptides, nucleic acids and synthetic
polymers, due to their good convective mass transfer and broad
selectivity. However, PPMs typically demonstrate low column effi-
ciency for the separation of small molecules under LC conditions,
which has been attributed to their high gel porosity and low
mesopores (2–50 nm)  volume. Gel porosity corresponds to micro-
pores (<2 nm)  within the solvated monolithic stationary phase,
which does not affect the separation of large molecules, but plays
vitally important roles on the separation of small molecules [16,17].
Great efforts have been made to improve the chromatographic
performance of PPMs for the separation of small molecules, for

example, optimizing the preparation conditions or adopting hyper-
crosslinking technique [18–22].

dx.doi.org/10.1016/j.chroma.2016.01.063
http://www.sciencedirect.com/science/journal/00219673
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-co-TPTM) monolith via thiol-acrylate polymerization.
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Fig. 1. The schematic preparation of poly(PEDAS

PPMs are usually prepared by thermal- or photo-initiated
adical polymerization of monovinyl and crosslinking divinyl
onomers in the presence of porogenic solvents. A large number

f monomers are available for preparation of polymeric mono-
iths with a variety of surface chemistries [23–26]. The most
onvenient and simple way to obtain the desired surface chem-
stry is the direct synthesis by using a single functional monomer
nd a crosslinker, such as divinylbenzene, ethylene dimethacry-
ate (EDMA), methylene bisacrylamide, poly(ethylene) diacrylate,
isphenol A dimetacrylate and bisphenol A ethoxylate diacrylate.
he monomer of pentaerythritol diacrylate monostearate (PEDAS)
Fig. 1), having a C17-alkyl chain, two acrylate groups and one
ydroxyl group, has been selected as the crosslinker to copoly-
erize with other monomers for preparation of anionic, cationic

nd neutral PPMs and widely applied in both CEC [27–31] and �LC
32,33]. However, they exhibited relatively low efficiency (46,000
lates/m at a linear flow rate of 0.85 mm/s) in �LC.

Photopolymerization of multifunctional thiols and enes is
n efficient method for rapid preparation of films and plastics
ith unprecedented physical and mechanical properties because

he polymerization occurs in air almost as rapidly as in an
nert atmosphere, which is one of obstacles in traditional free
adical polymerization [34,35]. Herein, a multi-thiol monomer,
rimethylolpropane tris(3-mercaptopropionate) (TPTM) (Fig. 1),
as selected, and thiol-based photopolymerization approach was
rst adopted to fabricate poly(PEDAS-co-TPTM) monoliths. Com-
ared with the morphology of poly(PEDAS) monolith, those of
oly(PEDAS-co-TPTM) monoliths were remarkably changed, lead-

ng to the improvement of both permeability and separation
fficiency for small molecules in �LC.

. Experimental

.1. Reagents and materials

PEDAS, TPTM, methacryloxypropyl trimethoxysilane (�-MAPS)
≥98%), 2,2-dimethoxy-2-phenylacetophenone (DMPA), bovine
erum albumin (BSA), myoglobin (horse heart), ovalbumin, ˛-
asein and polystyrene standards were purchased from Sigma
St Louis, MO,  USA). Dithiothreitol (DTT) and iodoacetamide

IAA) were products of Sino-American Biotechnology Corpora-
ion (Beijing, China). Ethylene glycol, n-hexanol, ethanol, thiourea,
enzene, toluene, ethylbenzene, propylbenzene, butylbenzene,
hloroglucinol, catechol, phenol, m-cresol, 2,6-xylenol, caffeine,
Fig. 2. FT-IR spectra of (A) PEDAS, (B) TPTM, (C) poly(PEDAS-co-TPTM) monolith
and (D) poly(PEDAS) monolith.

1,4-phenylenediamine, benzidine, carbamazepine, o-nitroaniline
and other standard analytes were of analytical grade, and obtained
from Tianjin Kermel Chemical Plant (Tianjin, China). Methanol,
acetonitrile (ACN) and tetrahydrofuran (THF) were HPLC-grade
and acquired from Merck (Darmstadt, Germany). Deionized water
was prepared with a Milli-Q system (Milli-pore, MA,  USA). A UV-
transparent fused-silica capillary with 75 �m i.d. and a polyimide
coated fused-silica capillary with 50 �m i.d. were the products of
Reafine Chromatography Ltd. (Hebei, China).

2.2. Instrumentation
The photopolymerization was  performed in a UV-curing instru-
ment (XL-1500A, � = 365 nm,  Spectronics Corporation, New York,
USA). The microscopic image and energy-dispersive X-ray spec-
trum (EDX) of monolithic materials were obtained by scanning
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ig. 3. SEM images of poly(PEDAS) and poly(PEDAS-co-TPTM) monoliths. (A) Colu
agnification: 5000×.

lectron microscopy (SEM, JEOL JSM-5600, Tokyo, Japan). Fourier-
ransformed infrared spectroscopy (FT-IR) characterization was
arried out on a Thermo Nicolet 380 spectrometer using KBr pel-
ets (Nicolet, Wisconsin, USA). Thermogravimetry (TG) data were
ollected on a Setsys 16/18 (Setaram, Caluire, France).

The �LC experiments were performed on a LC system coupled
ith an Agilent 1100 micropump, a 7725i injector with a 20 �L

ample loop and a K-2501 UV detector (Knauer, Berlin, Germany).
 T-union connector was used as a splitter, with one end connected

o the monolithic column and the other connected to a blank cap-
llary (150 cm × 50 �m i.d.). The detection window was  made by
emoving the polyimide coating of fused-silica capillary tubing. All
hromatographic data were collected and analyzed using the soft-
are program HW-2000 from Qianpu Software (Shanghai, China).

Size-exclusion chromatography (SEC) on polymeric monoliths
as carried out by using a LC10AT pump (Shimadzu, Kyoto, Japan),
 7725i injector and a K-2501 UV detector from Knauer (Berlin,
ermany). All experiments were performed with THF as the mobile
hase at the flow rate of 0.1 mL/min. Polystyrene standards with a

ig. 4. Separation of alkylbenzenes in �LC on poly(PEDAS) (A) and poly(PEDAS-co-TPTM
enzene  and butylbenzene with different concentrations. The mobile phase was  60% (v/v)
I  and VII were 581 and 353, respectively. Column dimensions: column II, 17.5 cm × 75 �m
, (B) column V, (C) column VII, (D) column VIII, (E) column IX and (F) column XI.

molecular weight ranging from 800 to 900,000 Da  were dissolved
in THF. Benzene was  adopted for the evaluation of the total porosity
of the columns. The UV detection was set at 214 nm.

To inspect the permeability of the monoliths, pressure drop
measurements were carried out on an Eksigent one dimensional
Plus Nano-HPLC system (Eksigent, Dublin) at room temperature
using ACN as the mobile phase. The permeability was calculated
according to Darcy’s Law by the following, B0 = F�L/(�r2�P), where
F (m3/s) is the flow rate of the mobile phase, � is the viscosity of
the mobile phase, L and r (m)  are the effective length and inner
radius of the column, �P  (Pa) is the pressure drop of the column.
The retention factor (k) was defined as (tr–t0)/t0, where tr and t0
represent the retention times of the analytes and thiourea in this
work, respectively.
) (B) monoliths. The analytes are thiourea, benzene, toluene, ethylbenzene, propyl-
 ACN/H2O, and the flow rate was 175 �L/min (before split). The split ratio of column

 i.d.; column VII, 25.8 cm × 75 �m i.d. On-column UV detection at 214 nm.
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.3. Preparation of monolithic columns and bulk monoliths via
hoto-initiated polymerization reaction

Before preparing monolithic columns, the inner wall of UV-
ransparent fused-silica capillary was pretreated and modified with
-MAPS for anchoring monolith matrix. Briefly, the capillary was
insed using 0.1 mol  L−1 NaOH, water, 0.1 mol  L−1 HCl and water
or 2 h, successively. After being dried under nitrogen stream, the
apillary was filled with �-MAPS solution in methanol (50%, v/v),
ealed with rubbers at both ends and submerged in water bath at
0 ◦C for 12 h. Finally, the capillary was rinsed with methanol to
ush out the residual reagent and dried under nitrogen flow.

For preparation of poly(PEDAS) monoliths, the prepolymeriza-
ion solution containing PEDAS (51.0 mg,  0.1 mmol), n-hexanol
nd ethylene glycol (as listed in Table 1) was mixed in a small
ransparent glass vial and sonicated for 15 min. Then 1.5 �L
MPA/n-hexanol (0.4 mol  L−1) solution was added. The obtained
repolymerization mixture was further sonicated for 2 min  and

ntroduced into the pretreated capillary with a certain length by
 syringe. After sealing both ends with rubbers, the capillary was
rradiated with UV light (� = 365 nm,  120 mJ  cm−2) for 10 min. The
esulting monolithic columns were then flushed with methanol to
emove residuals.

For preparation of poly(PEDAS-co-TPTM) monoliths, the pre-
olymerization solution containing PEDAS (51.0 mg,  0.1 mmol),
-hexanol and ethylene glycol (as listed in Table 1) was mixed in

 small transparent glass vial and sonicated for 15 min. Then an
mount of TPTM (as listed in Table 1) and 1.5 �L DMPA/n-hexanol
0.4 mol  L−1) were also added. The resulting prepolymerization

ixture was further sonicated for 2 min  and introduced into the
retreated capillary with a certain length by a syringe. Poly(PEDAS-
o-TPTM) monoliths were finally prepared as the above-mentioned
rocedures for preparation of poly(PEDAS) monoliths.

Bulk monoliths were polymerized by irradiation of the UV-
ransparent centrifuge tube (4 mL)  with UV light (� = 365 nm,
20 mJ  cm−2) for 10 min. To remove the residuals, the synthesized
atrix was dipped into ethanol for 3 days, and repeated for 4

imes. For the calculation of the polymer conversion, the obtained
aterials were dried under vacuum at 60 ◦C for 24 h. The poly-
er  conversion of monolithic materials was determined according

o the following equation: polymer conversion = weight material
dry)/weight precursors × 100%. For FT-IR characterization or TG
nalysis, the bulk monoliths were cut into small pieces and ground
sing mortar and pestle. Then the ground powders were dried in a
acuum at 60 ◦C for 24 h.

.4. Tryptic digestion of four proteins and �LC-MS/MS Analysis

The tryptic digest procedure of four proteins (BSA, myoglobin,
valbumin and �-casein) was according to that previously reported
y us with minor modifications [36]. The 2 mg  of four proteins
BSA, myoglobin, ovalbumin, ˛-casein) and 1 mL  of denaturing
uffer containing 8 mol/L urea and 0.1 mol/L ammonium bicarbon-
te were added into a 10 mL  centrifuge tube. After the addition of
0 �L DTT (50 mmol  L−1), the mixture was incubated at 60 ◦C for

 h. After that, 3.7 mg  IAA was added, and the mixture was then
ncubated at room temperature in the dark for 40 min. Finally, the

ixture was diluted 8-fold with 0.1 mol  L−1 ammonium bicarbon-
te buffer (pH 8.2) and digested at 37 ◦C for 20 h with trypsin at
he enzymeto-substrate ratio of 1:40 (w/w). After digestion, the
H value of the obtained tryptic digest solution was adjusted to 2.7
y 10% TFA aqueous solution. Followed by a solid-phase extraction

SPE) of the tryptic digest with a homemade C18 cartridge, the col-
ected peptides elution was dried under vacuum and dissolved into

 0.1% formic acid aqueous solution (1 mL), and then stored in a
20 ◦C freezer before �LC-MS/MS analysis.
A 1436 (2016) 100–108 103

The tryptic digest was  separated on a micro ultra-performance
(�UPLC) system (Waters Corp., Milford, MA). Mobile phase A was
water (0.1% formic acid), and mobile phase B was ACN (0.1% formic
acid). An online C18 trap column (2 cm × 200 �m i.d., 5 �m C18
particulate, Waters Corp.) was used for sample injection. The tryptic
digest of four proteins was automatically injected onto the trap
column at a flow rate of 5 �L/min for 20 min  with mobile phase A.
After that, the trapped peptides were then separated at a flow rate
of 100 �L/min on a polymeric monolith (column VII) or a packed
column with an integrated emitter, which was  prepared by directly
tapering the tip from the outlet of the monolith (or the packed
column) according to the previously reported approach [37]. The
outlet of the monolith (or the packed column) was  heated to adhere
to a bare capillary by using a flame torch, and the tapered tip from
the monolith (or the packed column) was prepared by drawing the
bare capillary. Then an orifice diameter of 3–5 �m was cut, and the
monolith (or the packed column) with an integrated emitter was
ready for use.

3. Results and discussion

3.1. Preparation of poly(PEDAS)-based PPMs via photo-initiation
mode

The poly(PEDAS)-based monolithic column has been prepared
via free radical polymerization by several researchers [27–33].
In order to dissolve PEDAS, a binary porogenic system of n-
hexanol/ethylene glycol was generally utilized for preparation of
polymeric monoliths. In our case, poly(PEDAS) monoliths were ini-
tially prepared via photo-induced free radical polymerization using
PEDAS as the sole monomer (as columns I–III, Table 1). It could be
observed that the permeability of poly(PEDAS) monoliths slightly
decreased from 1.17 to 0.64 × 10−14 m2 when the content of n-
hexanol increased from 155 to 165 �L, indicating that n-hexanol
served as a microporogenic solvent, while ethylene glycol as a
macroporogenic solvent. The permeability of poly(PEDAS) mono-
lith was far lower than those of other common polymethacrylate
[31], polystyrene [38] and polyacrylate [39] monoliths, which was
not satisfied even if the preparation conditions were further opti-
mized.

More recently, photoinitiated thiol-acrylate polymerization was
exploited for preparation of hybrid monolithic columns, in which
the acrylate not only homopolymerized, but also coupled with the
thiol [36]. This offered a simple way  to fabricate various PPMs. As a
result, we had a try to add a few multi-thiol monomer (TPTM) into
the prepolymerization solution of poly(PEDAS) monoliths. Com-
pared with the permeabilities of poly(PEDAS) monoliths, those of
the resulting poly(PEDAS-co-TPTM) monoliths were remarkably
improved, and the results were given in Table 1. As for columns
IV–VIII, they were fabricated with the same prepolymerization
solution except that the amount of TPTM was  different. It could
be found that the permeabilities of poly(PEDAS-co-TPTM) mono-
liths dramatically increased from 1.41 to 3.67 × 10−14 m2 when
more and more TPTM was added into the prepolymerization solu-
tion. As for column IV, the amount of TPTM was 4 mg  (thiol/vinyl,
0.15/1.0, mol/mol). As a result, most of PEDAS homopolymerized,
and a little part of PEDAS would participate in copolymeriza-
tion with TPTM [34,35]. With an increase of thiol monomer,
more PEDAS would take part in the thiol-acrylate addition reac-
tion. When the amount of TPTM was  20 mg  (thiol/vinyl, 0.75/1.0,
column VIII), it was  possible that the formation of poly(PEDAS-

co-TPTM) monolith was dominantly controlled by thiol-acrylate
addition reaction mechanism, changing the pore structure and
morphology of poly(PEDAS)-based monoliths, which was  in favor
of the enhancement of permeability. However, the permeability
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Table 1
Composition of the polymerization mixtures for the preparation of PEDAS-based monolithic columns.

Columna TPTM (mg) n-Hexanol (�L) Ethylene glycol (�L) Permeability ( × 10−14 m2)

I – 155 25 1.17
II  – 160 20 0.92
III  – 165 15 0.64
IV  4 160 20 1.41
V  8 160 20 1.68
VI  12 160 20 1.82
VII  16 160 20 2.25
VIII  20 160 20 3.67
IX  24 160 20 1.57
X  16 155 25 4.92
XI  16 165 15 0.73

a The 51 mg  PEDAS and 1.5 �L DMPA/n-hexanol solution (0.4 mol  L−1) were added.

Fig. 5. The dependence of plate height of five alkylbenzenes on the linear velocity of mobile phase on (A) poly(PEDAS) and (B–D) poly(PEDAS-co-TPTM) monoliths. (A) column
I ACN/H
X  split
i V dete
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w
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I,  (B) column V, (C) column VII and (D) column XI. The mobile phase was  60% (v/v) 

I,  from 15 to 135 �L/min (before split); column VII, from 15 to 115 �L/min (before
.d.;  column VII, 25.8 cm × 75 �m i.d.; column XI, 19.5 cm × 75 �m i.d. On-column U

f poly(PEDAS-co-TPTM) monolith decreased to 1.57 × 10−14 m2

hen the amount of TPTM was 24 mg  (thiol/vinyl, 0.90/1.0, col-
mn  IX). It was probably related to the remarkable increase of the
otal content of precursors (PEDAS and TPTM), which reached 33.0%
w/w).

The effect of the composition of porogenic system on the perme-
bility of poly(PEDAS-co-TPTM) monoliths was also investigated.
s for columns X, VII and XI, the permeability also decreased from

−14 2
.92 to 0.73 × 10 m when the content of n-hexanol increased
rom 155 to 165 �L. Thus, it was also deduced that n-hexanol served
s a microporogenic solvent, while ethylene glycol as a macroporo-
enic solvent. In a word, the permeability of poly(PEDAS-co-TPTM)
2O. The flow rates, column II, from 15 to 175 �L/min (before split); columns V and
). Column dimensions: column II, 17.5 cm × 75 �m i.d.; column V,  21.8 cm × 75 �m
ction at 214 nm.

monoliths could be enhanced by adding a few TPTM when com-
pared with those of poly(PEDAS) monoliths, which were prepared
with the same porogenic system (columns II and IV–IX). In addi-
tion, the polymer conversions of poly(PEDAS) (column II) and
poly(PEDAS-co-TPTM) monoliths (column VII) were measured, and
reached 94.6% and 93.2%, respectively, indicating that two  kinds
of monoliths might be efficiently crosslinked by either homopoly-
merization of PEDAS or thiol-acrylate polymerization of PEDAS and

TPTM.

The repeatabilities of both poly(PEDAS) (column II) and
poly(PEDAS-co-TPTM) (column VII) monoliths were evaluated
through the RSD for retention factor (k) of benzene as a model
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Fig. 6. The relationships of (A) B- and (B) C-terms obtained from the van Deemter curves on four monoliths with alkylbenzenes.

Fig. 7. Chromatograms of tryptic digest of four proteins (BSA, myoglobin, ovalbumin, and �-casein) on packed column and poly(PEDAS-co-TPTM) monolith in �LC-MS/MS
analysis. Experimental conditions: (A) C18 packed column, (B) column VII. Column dimension, C18 packed column, 20 cm × 75 �m i.d.; column VII, 42 cm × 75 �m i.d. Mobile
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hase  A, 0.1% formic acid in water, mobile phase B, 0.1% formic acid in ACN; the g
0%  ACN for 10 min; flow rate, 100 �L/min. Protein sequence coverage: (A) BSA (73
valbumin (51%), �-casein (33%).

nalyte (thiourea as the viod time marker) in �LC. The run-to-
un repeatabilities were 0.8% (n = 4) and 0.6% (n = 5), respectively.
esides, the batch-to-batch repeatability was also investigated,
hich gave RSD values of 1.8% (n = 3) and 2.1% (n = 3), respectively,

ndicating satisfactory repeatability for preparation of two poly-
eric monoliths.

.2. Characterization of PPMs

Fig. 2 shows the FT-IR spectra of PEDAS, TPTM, poly(PEDAS-
o-TPTM) and poly(PEDAS) monoliths. The peaks at 1735 and
636 cm−1 (Fig. 2A) indicated the existence of ˛,ˇ-unsaturated
arbonyl in PEDAS, while the peak at 2571 cm−1 (Fig. 2B) was
ssigned to thiol groups in TPTM. In the spectrum of poly(PEDAS-
o-TPTM) monolith (Fig. 2C), the peak signal at 1735 cm−1 was
hanged to 1739 cm−1, and the intensity of the peak at 1636 cm−1

as remarkably decreased. Additionally, the distinct thiol signal in
PTM (2571 cm−1 in Fig. 2B) disappeared in Fig. 2C. These results
ndicated that thiol-acrylate polymerization of PEDAS and TPTM
as carried out in the formation of poly(PEDAS-co-TPTM) mono-
ith. Meanwhile, as shown in Fig. 2D, the shift of the carbonyl signal
rom 1735 to 1743 cm−1 and the decrease of the peak intensity at
636 cm−1 suggested the traditional free radical polymerization of
t was 0–5% ACN in 2 min, 5–35% ACN in 104 min, 35–80% ACN in 2 min, retained
yoglobin (57%), ovalbumin (34%), �-casein (31%); (B) BSA (62%), myoglobin (57%),

acrylate groups in PEDAS was  successfully performed during the
synthesis of poly(PEDAS) monolith, in which ˛,ˇ-unsaturated car-
bonyl was transformed to saturated carbonyl.

Thermal stability of poly(PEDAS) and poly(PEDAS-co-TPTM)
monoliths is illustrated by TGA curves (Fig. S1), which were mea-
sured at a heating rate of 10 K/min from 308 to 1073 K under
flowing argon. The results exhibited that both poly(PEDAS) and
poly(PEDAS-co-TPTM) monoliths lost weight from 593 to 763 K,
exhibiting similar thermal stability of two  monoliths. Fig. S2 shows
a good linear relationship of back pressure against flow rate even at
the high pressure of 35 MPa, implying that both two organic mono-
liths possessed relatively good mechanical stability. Fig. S3 shows
the energy-dispersive X-ray spectrums (EDX) of poly(PEDAS) and
poly(PEDAS-co-TPTM) monoliths. The peaks of elemental carbon
and oxygen appeared in the EDX of poly(PEDAS) monolith (Fig.
S3A). Apart from these two  elements, the peak of elemental sulfur
also appeared in the EDX of poly(PEDAS-co-TPTM) monolith (Fig.
S3B), indicating the incorporation of thiol-containing crosslinker.
Particularly, due to the shrinkage of both dried poly(PEDAS) and

poly(PEDAS-co-TPTM) monoliths (Fig. S4), it is not suitable for
the mercury intrusion porosimetry (MIP) and nitrogen adsorp-
tion/desorption measurements on these two monoliths.
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The hydrodynamic diameters of benzene and the largest
olystyrene standard (Mr  = 900,000) used in this study are cal-
ulated to be 0.32 and 78.0 nm according to the equation [40]:

 = 0.0246Mr0.588, where the hydrodynamic diameter, R, is in
anometer. In SEC measurement, benzene can penetrate into all
ores larger than 0.32 nm and the polystyrene standard with
r = 900,000 (V0) is expected to be excluded from pores smaller

han 78.0 nm.  Usually, the retention volume of benzene is con-
idered as the total pore volume. The total porosity, εT = VM/VC,
s calculated from the elution volumes of benzene, VM, and the
eometrical volumes of the empty columns, VC. In addition, the
xternal porosity, ε0 = V0/VC, is determined from the elution vol-
me of the polystyrene standard with Mr  = 900,000 (V0). As shown

n Fig. S5, εT and ε0 of poly(PEDAS) monolith (column II) were cal-
ulated to 89.9% and 58.3%, respectively. However, the swelling of
oly(PEDAS-co-TPTM) monoliths in THF was observed, and THF as
he mobile phase could not flow through them. As a result, SEC
n poly(PEDAS-co-TPTM) monoliths could not be carried out. The
emarkable compression of poly(PEDAS-co-TPTM) monoliths could
e also observed from the photos of bulk poly(PEDAS-co-TPTM)
onolith, which changed from white (Fig. S4C) to semitransparent

Fig. S4D) after drying treatment.
The morphologies of poly(PEDAS) and poly(PEDAS-co-TPTM)

onoliths are characterized by SEM (Fig. 3 and S6). Fig. 3A
hows the cauliflower-like globular structure of poly(PEDAS)
onolith (column II), which is intricated by typically micrometer-

ized pores. When a small amount of TPTM (8 mg)  was  added
nto the prepolymerized solution, poly(PEDAS-co-TPTM) mono-
ith (column V) exhibited a similar morphology (Fig. 3B) with
oly(PEDAS) monolith (column II). It could be deduced that the
omopolymerization of acrylates is the main reaction during the
ynthesis of this poly(PEDAS-co-TPTM) monolith. As the amount
f TPTM further increased to 16, 20 and 24 mg,  the morpholo-
ies of poly(PEDAS-co-TPTM) monoliths seemed rather different
rom those of poly(PEDAS) monoliths. As shown in Fig. 3C–E, the
eticulated bicontinuous structure could be used to depict the
orphologies of these poly(PEDAS-co-TPTM) monoliths (columns
II–IX). Such bicontinuous structure of poly(PEDAS-co-TPTM)
onoliths was very similar with the morphologies of those hybrid
onoliths synthesized via epoxy-amine ring-opening polymeriza-

ion [41]. The difference between the morphologies of poly(PEDAS)
nd poly(PEDAS-co-TPTM) monoliths is possibly attributed to the
ransition from free radical chain-growth to step-growth polymer-
zation of thiol-acrylate additional reaction, resulting in different
hase separation process. Two poly(PEDAS-co-TPTM) monoliths
column VII and XI) were fabricated with the same amount of

onomer but different composition of porogenic solvents. It could
e observed from Fig. 3C and F that the column XI possessed
hinner skeleton and smaller through-pore. The higher content
f microporogenic solvent (n-hexanol) in polymerization solution
ight delay the phase separation, affecting the domain size of

oly(PEDAS-co-TPTM) monolith.

.3. Chromatographic performance

The chromatographic properties of poly(PEDAS) and
oly(PEDAS-co-TPTM) monoliths were evaluated by �LC sep-
ration of alkylbenzenes as probes. As shown in Fig. 4A and B,
lkylbenzenes were baseline-separated on both poly(PEDAS)
column II) and poly(PEDAS-co-TPTM) monoliths (column VII)
ith the mobile phase of ACN/water (60/40, v/v) at the flow

ate of 175 �L/min (before split) and eluted in the order of their

ydrophobicities. The split ratio of columns II and VII were 581
nd 353, respectively. Furthermore, a decrease in retention was
videnced as the ACN content increased from 50% to 80% (Fig.
7A and B), also demonstrating the reversed-phase retention
A 1436 (2016) 100–108

mechanism of alkylbenzenes on two monoliths. The C17-alkyl
chain of PEDAS could contribute to the hydrophobic property of
them.

The efficiency evaluation for poly(PEDAS) and poly(PEDAS-co-
TPTM) monoliths was  performed by plotting the plate height of
five alkylbenzenes versus the linear velocity of mobile phase in
�LC. As depicted in Fig. 5A, the minimum plate heights for alkyl-
benzenes on poly(PEDAS) monolith (column II) were ranged in
19.1–37.9 �m at the velocity of 0.47 mm/s. When a small amount
of TPTM (8 mg) was  added, minimum plate heights for alkyl-
benzenes on poly(PEDAS-co-TPTM) monolith (column V, Fig. 5B)
were in the range of 19.0–33.2 �m at the velocity of 0.39 mm/s.
As the TPTM was further added (16 mg), minimum plate heights
for alkylbenzenes on poly(PEDAS-co-TPTM) monolith (column VII,
Fig. 5C) were between 21.2–35.8 �m (at 0.22 mm/s). It could be
concluded that the optimum velocity of the monoliths decreased
accordingly with an increase of TPTM. In addition, when the
composition of porogenic solvents was  adjusted, the resulting
poly(PEDAS-co-TPTM) monolith (column XI) exhibited much lower
plate heights (15.7–17.7 �m,  at 0.32 mm/s). Furthermore, it could
be observed that the plate heights for weak-retained compounds
(such as benzene) were higher than those of strong-retained com-
pounds (such as butylbenzene). These results demonstrated a
retention-independent efficient performance for small molecule
separation on poly(PEDAS) and poly(PEDAS-co-TPTM) monoliths.
On one hand, an unexpected effect of extra-column volumes might
impair more column efficiencies of weak-retained compounds than
strong-retained compounds [42]. On the other hand, the hyper-
crosslinking degree of poly(PEDAS) monolith might impede the
generation of gel porosity probed by small molecules, reducing the
mass transfer resistance [38]. Also, the bicontinuous structure of
poly(PEDAS-co-TPTM) monoliths would provide a shorter diffusion
distance and greatly accelerate the mass transfer, leading to a lower
C-term [43–46].

The values of A-, B- and C-terms in the van Deemter equation,
which represent eddy dispersion, longitudinal diffusion, and mass
transfer resistance, respectively, were obtained by nonlinearly
fitting the plate height curves of poly(PEDAS) and poly(PEDAS-co-
TPTM) monoliths. The A-terms of these monoliths are not discussed
here due to their unregularity. The relationships of B- and C-
terms on four monoliths with hydrophobicity of alkylbenzenes are
shown in Fig. 6. It could be found that B-terms of poly(PEDAS)
monolith (column II) decreased from 8.60 to 3.15 × 103 �m2 s−1

with an increase of hydrophobicity of alkylbenzenes, while B-
terms of poly(PEDAS-co-TPTM) monoliths (columns V, VII and XI)
decreased more gently. Especially, B-terms of alkylbenzenes for
column XI were almost kept as a constant, which slightly varied
from 1.53 (benzene) to 1.31 × 103 �m2 s−1 (butylbenzene). In addi-
tion, B-terms of poly(PEDAS) monolith (column II) were higher
than those of poly(PEDAS-co-TPTM) monoliths (columns V, VII and
XI). Similarly, C-terms of poly(PEDAS) monolith (column II) also
decreased more dramatically (from 30.4 to 13.6 ms)  than those
of poly(PEDAS-co-TPTM) monoliths (columns V, VII and XI). How-
ever, C-terms of benzene and butylbenzene were 12.7 and 15.0 ms
for column XI, respectively. Both B- and C-terms for poly(PEDAS)
and poly(PEDAS-co-TPTM) monoliths might be closely related with
their morphologies and pore structures. The bicontinuous struc-
ture of poly(PEDAS-co-TPTM) monoliths and the cauliflower-like
globular structure of poly(PEDAS) monoliths played vital influences
on the communication of the small molecules and the stationary
phase, leading to differential B- and C-terms.
3.4. Application of PPMs

Fig. S8 presents the separations of phenols and basic compounds
on poly(PEDAS-co-TPTM) monoliths by �LC, which were baseline
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eparated. Besides the separations of these small molecules, the
eparation of complex sample, a tryptic digest of four proteins
BSA, myoglobin, ovalbumin and �-casein), was  also performed
n poly(PEDAS-co-TPTM) monolith by �LC-MS/MS. As a compar-
son, a packed column was also investigated in the separation of
he tryptic digest of these four proteins. The chromatograms are
llustrated in Fig. 7. Based on the database search of the chro-

atogram, 82 unique peptides were positively identified with
rotein sequence coverages (BSA 73%, myoglobin 57%, ovalbumin
4% and �-casein 31%) on packed column (Fig. 7A), while 66 unique
eptides were positively identified with protein sequence cover-
ges (BSA 62%, myoglobin 57%, ovalbumin 51% and �-casein 33%)
n poly(PEDAS-co-TPTM) monolith (Fig. 7B). Although the separa-
ion performance on poly(PEDAS-co-TPTM) monolith is not as good
s that on packed column, the good permeability and low back
ressure of poly(PEDAS-co-TPTM) monolith could enable the use
f longer columns, thereby achieving higher column efficiency and
eparation performance. All these results demonstrated the poten-
ial of poly(PEDAS-co-TPTM) monoliths in the analysis of complex
iosamples.

. Conclusion

A novel approach of photo-initiated thiol-acrylate polymer-
zation was employed for preparation of polymeric monoliths.
he results indicated rapid reaction and high conversion of the
orresponding monomers in thiol-acrylate polymerization. The
btained poly(PEDAS-co-TPTM) monolith exhibited homogeneous
icontinuous structure, which was distinct from cauliflower-like
lobular structure of poly(PEDAS) monolith prepared via tradi-
ional free radical polymerization. Compared with poly(PEDAS)

onolith, poly(PEDAS-co-TPTM) monolith possessed better per-
eability when they were synthesized under the same preparation

onditions. Besides, by adjusting the composition of porogenic sol-
ents, poly(PEDAS-co-TPTM) monolith could exhibit lower plate
eights for alkylbenzenes than poly(PEDAS) monolith. In a word,
hiol-acrylate polymerization is a feasible and useful approach
or preparation of polymeric monoliths with high efficiency. It is
nticipated that various commercially available acrylate monomers
ould be introduced to the fabrication of several polymeric mono-

iths by thiol-acrylate polymerization.
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