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Abstract

A 2 m long open tubular column with a copolymer layer fabricated on the inner surface of silica capillary of 50 pm id has
been prepared. A ligand with a terminal halogen was bound to the capillary inner surface via silanol-isocyanate reaction
and an initiator moiety was introduced by reacting with the terminal halogen. Then a thick layer of linear copolymer chains
was generated on the inner surface of capillary by reversible addition-fragmentation transfer polymerization of styrene and
N-phenyl acrylamide. The resultant open tubular column exhibited a remarkably high separation efficiency for the separation
of a synthetic mixture of five peptides in liquid capillary chromatography (in the pressure mode). The effect of monomer
mixing ratio (styrene versus N-phenyl acrylamide) on the chromatographic separation efficiency has been studied. The col-
umn prepared with the optimum mixing ratio produced the number of theoretical plates (N) of 391,200 per column under
the optimized elution pressure. The column to column repeatability estimated as relative standard deviation in plate count,
retention factor, asymmetry factor, and resolution was found better than 3.0%.

Keywords Open tubular column - Linear polymer ligand - Optimized monomer mixing ratio - Peptides - van Deemter plots

Introduction

Open tubular (OT) capillary columns have been setting their
firm position in various areas of separation science such as
capillary electrochromatography (CEC), capillary liquid
chromatography (CLC), and solid phase extraction. Espe-
cially their application in CEC has attracted a lot of attention
for their outstanding separation performance [1]. Various
formats of OT stationary phase have been used, i.e., in-situ
prepared polymers, molecular imprinted polymers (MIP),
monoliths, brush ligands, host ligands, block copolymers,
nanoparticles, proteins, polysaccharides, aptamers, carbon
nanotubes, tentacles, and polyelectrolyte multi-layers [1].
According to the recent OT-CEC reviews [2—6], the tra-
ditional methods have been continually used for formation
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of OT-CEC columns by making use of silica capillaries of
50-100 pm id and some modified raw materials, hardly
reporting prominent performance progress of the resultant
columns. In recent years (from 2016 to 2018), enormous
attention has been devoted to the development of novel sta-
tionary phases for CEC, open-tubular columns being the
main trend, however, there are no significant breakthroughs
in technology and principles in CEC [2]. Applications of
OT-CEC in specific areas have also been reviewed, for
example, in analysis of peptides and proteins [3], OT station-
ary phases based on alkylthiol gold nanparticles [4], food
analysis [5], and enantio-separation [6].

In the comprehensive overview in 2013 over preparation
and application trends of various open tubular capillary col-
umns, CEC was recommended as the major application area
of OT capillary columns for its excellent separation effi-
ciency secured by the flat eluent velocity distribution across
the capillary diameter [1]. However, CEC/MS is less popular
than nano-LC/MS for its more complicated instruments and
fussy operation although it is regarded as a powerful analyti-
cal method. LC/MS with a miniaturized LC part seems to
be the prototype in analysis of modern complicated samples
frequently encountered in the real world. In this regard, the
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desperate goal of separation science is to realize a miniatur-
ized LC column with high separation efficiency still being
easy to make and handle. OT-LC columns may be the ulti-
mate answer to such an issue.

As introduced in recent reviews [7-9], the general trend
of OT-LC columns is to use capillaries as narrow as pos-
sible to improve its separation efficiency up to an extreme
value (over 10 million plates/m). Under the right conditions,
OT-LC columns have the potential to offer superior column
efficiency, higher overall peak capacity, and higher column
permeability compared to packed capillary and monolithic
columns [7]. Although a variety of preparation methods have
been discussed for open tubular stationary phases, there is
no discussion or suggestion on OT columns based on long
linear polymer ligands attached to the capillary inner surface
in these reviews.

Fast mass transfer kinetics is critical to good separation
efficiency. In the situation of fixed capillary id, fast mass
transfer kinetics in OT columns can be secured by realizing
flexible and/or thin stationary phase in usual OT silica capil-
lary columns, or by providing enough numbers of mesopores
in a well-connected structure in the case of OT columns with
thick stationary phase [1].

Recent outstanding results in OTLC have been mostly
obtained in the long columns with very narrow id of 10 pm
or less. The pioneering work of the Karger group [10-14] in
proteomic analysis with porous layer open tubular (PLOT)
columns of 10 um id was followed by the work of the Des-
met group [15, 16] with the OT columns of 5 pm id, and
the work of the Liu group [17-20] with the OT columns of
2 pm id.

For example, a value of N (number of theoretical plates)
over 10 million/m was obtained with a capillary col-
umn modified with a C18 ligand (44 cm effective length,
2 pm id) in the isocratic elution with 80/20 (v/v) 10 mM
NH,HCOj/acetonitrile [17]. Using a similar column (80 cm
length, 2 pm id), 440 apparent peaks were separated with
a peak capacity of 1640 within 172 min for a sample from
pepsin/trypsin-digested Escherichia coli cell lysate [18].
Ultrafast gradient separation was also successfully carried
out, and a baseline separation was achieved with a 2.7 cm
long column for 6 amino acids in less than 0.7 s [19]. Most
recently, a 2 pm i.d. X 75 cm long OT column modified
with trimethoxy(octadecyl)silane was used for digested
E. coli lysates to show abnormally large peak capacities
(1900 —2000 in 3—5 h) routinely [20].

The above approach (long and very narrow OT capil-
laries) certainly has achieved the best separation efficiency
in the history of liquid chromatography. This approach is
also very useful for analysis of samples with extremely tiny
volume such as a single cell. It may be the only feasible
method for analysis of multiple components of a single
cell. On the other hand, such excellent separation efficiency
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could be unnecessarily high for routine analysis of most
common samples. Those columns are also rather inconven-
ient to make and use for high chance of column clogging.
Therefore, it would be very helpful in most chromatographic
applications if proper OT columns are available showing
rather wide id (ca 50 pm) and comparable separation effi-
ciency to the columns of very narrow id.

Recently, a strategy of binding long polymer chains to
inner surface of capillary was proposed in our laboratory
to accomplish such a goal [21-23]. In our previous studies,
capillaries of 60—120 mm length (50 pm id) were modified
with a monomer mixture by reversible addition-fragmenta-
tion transfer (RAFT) polymerization and the resultant col-
umns were used for the separation of derivatized saccharide
isomers and tryptic digest of cytochrome C in capillary elec-
trochromatography [21-23], and capillary liquid chromatog-
raphy [23]. OT capillary column has the advantage of low
column back pressure, so absolute column efficiency can be
improved through increasing the length of column. An open
tubular column whose length is at least 2 m would be the
right choice in liquid capillary chromatography.

In the present study, we tried to achieve higher column
efficiency through preparation of 2 m long OT column
adopting the similar preparation protocol to that reported
previously [23] with some modification. The successful
growth of a thick polymer layer on the inner wall without
bulk structure formation (column clogging) is the point of
the modification. We adopted to use a heavy-duty syringe
pump for delivery of reaction mixture to prevent the risk of
column clogging that might be frequently encountered in
the course of column preparation through polymerization.
We also adopted RAFT polymerization for OT column to
ensure anchoring long copolymer chains upon the surface
minimizing formation of freed polymer chains. In RAFT
polymerization, the surface is first modified with a ligand
bearing a halogen terminal, then an initiator moiety is intro-
duced upon it, thus the copolymer chains are grown from
the surface. The copolymer layer is composed of styrene
and N-phenylacrylamide in this study. The resultant column
was used for the separation of five standard peptides to result
in an excellent separation efficiency: an average N value of
391,200 per column in capillary liquid chromatography.

Experimental
Chemicals and Materials

All chemicals were of reagent or analytical grade. Sodium
hydroxide, hydrochloric acid, glacial acetic acid, 3-chloro-
propyl isocyanate, dibutyltin dichloride, sodium diethyldithi-
ocarbamate (SDEDTC), anhydrous toluene, tetrahydrofuran
(THF), N-phenylacrylamide, ammonium formate and styrene
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were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The peptides (Trp-Gly, Thr-Tyr-Ser, angiotensin I, isotocin,
and bradykinin) were also obtained from Sigma-Aldrich (St.
Louis, MO, USA). The solvents were used for preparation of
reaction mixture and washing of prepared column. Acetoni-
trile (ACN), methanol, 2-propanol, acetone, and water were
purchased from Avantor (Phillipsburg, NJ, USA) and used
without further purification. Polyimide coated fused silica
capillary with 50 pm id (365 pm od) were purchased from
Polymicro Technologies (Phoenix, AZ, USA).

Instrumentation

The polymerization reaction mixture was pumped through
capillaries with a heavy duty Chemyx (Stanford, TX, USA)
Nexus 6000 syringe pump. Thermally initiated formation
of OT columns was carried out in a custom-designed tube
furnace made by Daeheung Science Corporation (Incheon,
Korea). Capillary liquid chromatography experiments were
performed on an Agilent (Waldbronn, Germany) HP3D CE
system with a diode array detector and the Chemstation data
processing software in the pressure mode. The SEM images
of the cross-section of the OT column were captured by a
Hitachi (Tokyo, Japan) S-4200 field emission scanning elec-
tron microscopy (FE-SEM).
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Preparation of OT Columns
Capillary Pretreatment

Fused-silica capillaries were initially pretreated for activa-
tion of the surface silanol groups. The pretreatment of fused-
silica capillary (50 pm id and 200 cm length) was carried out
according to the procedure as reported previously [20] with
some modification. Briefly, the capillary was filled with 4 M
NaOH solution, plugged with rubber septa at both ends, and
left alone at 55 °C for 30 days. The capillary was washed
with water followed by 0.1 M HCI, and water again, flushed
with acetone for 1 h, and dried with N, gas at 120 °C for 2 h.
Such itching process has been known to result in exposure
of an increased number of silanol groups.

Attachment of Initiator Moiety on the Inner Surface
of Capillary

The solution composed of 3-chloropropyl isocyanate (30
pL), anhydrous toluene (3.0 mL), and dibutyltin dichloride
(30 mg, catalyst), was pumped through the pretreated cap-
illary at 90 °C for 15 h at a flow rate of 0.20 mL/h. The
capillary was flushed with toluene for 10 h followed by
acetone for 5 h, and dried with N, gas for 30 min. The reac-
tion scheme is given in Fig. 1a. The flow of a solution of
SDEDTC (100 mg) in anhydrous THF (3.0 mL) was then
introduced into the capillary at 60 °C for 15 h at a flow
rate of 0.2 mL/h. The capillary was washed with methanol
overnight followed by acetone for 5 h, and dried with N, for
20 min. The reaction scheme is shown in Fig. 1b.
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Fig. 1 Schematic illustration of the reaction steps: a ligand binding to silanol groups on the surface of capillary wall; b initiator attachment on

the bound ligand; ¢ RAFT co-polymerization
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In Situ RAFT Copolymerization

In situ RAFT co-polymerization was performed over the
bound initiator on the capillary inner surface to form the
co-polymer layer by running a mixture containing 2.0 mL
styrene, 180 mg N-phenylacrylamide, 2.0 mL p-xylene, and
2.0 mL 4-methyl-2-pentanone at 100 °C for 48 h at a slow
flow rate of 0.125 mL/h. The reaction mixture was sonicated
and N,-purged for 30 min and allowed to flow through the
capillary by a 0.2 pm Whatman (Maidstone, UK) syringe
filter. A series of washing solvents, i.e., toluene, 2-propanol,
(50:50, v/v) 2-propanol/water at 50 °C, and acetone at room
temperature were allowed to flow one by one through the
capillary to remove the residual reaction mixture and freed
oligomers. The scheme of formation of polymer chains is
illustrated in Fig. lc.

Before the CLC operation, the OT column was flushed
with the mobile phase for 2-3 h to let the stationary phase
in dynamic equilibrium. A detection window was created
at the position of 8.8 cm from the outlet end by burning the
polyimide coating, thus the effective length was 191.2 cm.
The OT column was finally installed in the instrument for
analysis.

Three SEM images obtained from 3 columns were used
to measure the co-polymer layer thickness. The thickness
data were collected at many positions to yield the average
thickness of 1.5+0.2 pm.

Chromatographic Conditions

The buffer solution (20 mM ammonium formate, ionic
strength=0.02 M) was prepared in distilled water and its
pH was adjusted to the desired value by adding formic acid
to the stock buffer solution.

The mobile phase was prepared by mixing appropriate
amount of ACN with 20 mM ammonium formate (60:40
v/v) followed by degassing in an ultrasonic bath for 30 min.
Five standard peptides were dissolved in the buffer to obtain
a solution containing 1 mg/mL of each peptide. The sample
solution was stored in a refrigerator at 4 °C. The detection

wavelength and capillary temperature were set to 214 nm
and 25 °C, respectively. Prior to carrying out the chroma-
tographic separation, all solutions were filtered through a
0.22 pm membrane filter and degassed in an ultrasonic bath
for 15 min. The stock solution was 20 times diluted by the
mobile phase for actual sample injection. KNO; was used
as the void volume marker. The sample was injected for 10 s
under 10 mbar (pressure injection). The signal intensity was
linear with injection pressure in the pressure range from 2
to 30 mbar.

Results and Discussion

The Optimized Mixing Ratio of Styrene vs
N-Phenylacrylamide

The N values obtained with the OT columns prepared with
different monomer mixing ratios are comparatively summa-
rized in Table 1. The elution pressure was 18 mbar (see the
section of van Deemter plots). The trend of height equivalent
to theoretical plates (HETP) with respect to monomer mix-
ing ratio is shown in Fig. 2. As shown in Table 1 and Fig. 2,
the co-polymer layer was composed of a major nonpolar
component (styrene, 2 mL) accompanied with a minor polar
component (N-phenyl acrylamide, 180 mg) in the optimized
stationary phase. Styrene is an essential component for radi-
cal formation at a high reaction temperature to induce RAFT
polymerization. The role of N-phenylacrylamide in the reac-
tion mixture is to provide the required polarity of the station-
ary phase to yield enough retention of polar analytes. When
only styrene was used for modification, the resultant sta-
tionary phase was not useful in providing enough retention
of peptides. When the amount of N-phenylacrylamide was
over 300 mg in 2 mL styrene, the separation efficiency of
the OT column was degraded abruptly. Use of such a higher
amount N-phenylacrylamide will result in increase of the
polarity of the co-polymer chain to cause to serious entan-
gling of the ligands by the stronger ligand-by-ligand interac-
tion, thereby degrading mass transfer kinetics. Peptides have

Table 1 N values (plate counts per column) obtained with the OT columns prepared with different mixing ratios of monomers under the elution

pressure of 18 mbar

Analytes Formulation (amount of N-phenylacrylamide mixed with 2 mL styrene)
100 mg/2 mL 140 mg/2 mL 180 mg/2 mL 210 mg/2 mL 240 mg/2 mL 300 mg/2 mL

Trp-Gly 337,300 365,600 408,200 393,200 352,800 294,600
Thr-Tyr-Ser 326,700 355,900 399,200 381,600 340,900 282,700
Angiotensin I 316,400 347,200 383,200 367,300 329,900 268,700
Isotocin 299,500 328,700 372,100 299,700 313,400 252,900
Bradykinin 308,700 339,800 389,800 364,100 323,900 264,400
Average 317,700 346,400 391,200 371,600 332,100 272,600
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Fig.2 Variation of the average HETP value (over 5 peptides)
obtained with the OT columns prepared with different mixing ratios
of monomers

amide groups thus the amide group is selected as the polar
group. Including the phenyl group in the polar monomer is
intended to improve the compatibility of the polymerization

Inha 15.0kV 9.0mm x10.0k SE(U)

SU8000 15.0kV 7.8mm x10.0k SE(U)

I5.E|)0ulm

reaction mixture. When acrylamide was used instead of
N-phenylacrylamide, the resultant stationary phase showed
much inferior separation efficiency.

Inner Surface Architecture of the OT Column

To gain a better understanding of the morphological struc-
ture of modified OT column, the FE-SEM images on the
inner surface were obtained (Fig. 3). Clearly, the bare silica
capillary possessed a neat circular inner surface according
to Fig. 3a. A co-polymer layer of about 1.5 pm thickness
with considerable fluctuations was well formed over the
surface after RAFT polymerization as shown in Fig. 3b—d.
If the capillary inner surface is modified with short ligand
molecules (such as C18), the layer is not visible in general
SEM images. The collapsed polymer chains as observed in
FE-SEM images (Fig. 3) will be spread open in the mobile
phase causing increased stationary phase surface to show
nice retention and resolution of analytes, also causing
enhanced mass transfer kinetics to show excellent separa-
tion efficiency. This long chain-like character of the ligand
contributes to excellent performance of current OT columns.

Inha 15.0kV 15.2mm x5.00k SE(U)

I
SU8000 15.0kV 7.8mm x20.0k SE(U) 2.00um

Fig.3 FE-SEM images of the cross-section of silica capillary prepared with the optimized mixing ratio of monomers. a Bare silica capillary;
b-d polymer modified silica capillary. Scale bar size a, ¢ 5 pm; b 10 pm; d 2 pm
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Table 2 N values obtaineq With Elution pres- Number of theoretical plates (V)
the OT colump of the.: optimized sure (mbar) ' . . —
monomer mixing ratio under Trp-Gly Thr-Tyr-Ser Angiotensin I Isotocin Bradykinin Average
various elution pressures
168,900 162,300 152,100 138,400 148,300 154,000
236,700 231,400 219,800 204,200 215,100 221,400
292,300 280,400 271,800 252,900 263,900 272,200
10 342,300 335,100 322,500 306,600 316,200 324,500
15 387,500 376,300 365,100 348,600 359,300 367,300
18 408,200 399,200 383,200 372,100 389,800 391,200
20 389,400 386,200 368,800 354,700 362,600 372,300
25 355,200 347,300 335,100 320,100 329,400 337,400
30 315,500 307,900 294,900 281,100 289,700 297,800
35 252,900 244,400 234,300 218,800 227,300 235,500
40 199,200 191,700 181,600 166,600 177,800 183,300
50 149,800 142,200 131,400 115,700 126,800 133,100
30 Chromatographic Performance of 2 m OT Column
for Peptides
24 - . .
The data of number of theoretical plates (N) were obtained
with the 2 m long OT column over the various elution pres-
3 18- sures from 3 to 50 mbar (Table 2). The chromatogram of
£ KNOj; and five peptides obtained with the OT column of the
12+ optimized monomer mixing ratio under the optimum elution
1 pressure (18 mbar) is shown in Fig. 4.
6 The results of column-to-column repeatability based on
. three OT columns evaluated in terms of retention factor (k),
0 —r N value, asymmetry factor (As), and peak resolution (Rs)
0 5 10 15 20 25 30 35 are summarized in Table 3 with the average and relative
min

Fig.4 Chromatograms of KNO; and the mixture of five synthetic
peptides obtained with the 2 m OT column. Mobile phase: 60:40
(v/v) ACN/20 mM ammonium formate at pH 6.5; sample injection:
10 mbar for 10 s; applied elution pressure: 18 mbar

standard deviation (RSD) values of the measured data. The
column to column reproducibility was at least better than
3.0%. Especially, the relative standard deviation (RSD%)
values in k, As, and Rs were found better than 2.0%, exhibit-
ing satisfactory repeatability of the OT columns.

As shown in Table 3, the retention factors (k) of the ana-
lyzed peptides are in a reasonable range of 1.2—1.7. In addi-
tion, the chromatographic resolution (Rs) for any pair of
two adjacent peaks was in the range of 6.3—7.7, indicating

Table 3 Column-to-column

D Analytes Column to column reproducibility

reproducibility in N (number of

theoretical plates), k (retention N k Rs As

factor), Rs (resolution), and As

(asymmetry factor) based on Average  %RSD  Average  %RSD  Average  %RSD  Average  %RSD

three different OT columns and ) 408200 18 123 0.9 - - 1.02 0.22

average and standard deviation

data of them Thr-Tyr-Ser 399,200 24 1.32 1.3 6.33 14 1.04 0.36
AngiotensinI 383,200 2.0 1.42 1.6 7.12 0.9 1.10 0.76
Isotocin 372,100 2.6 1.53 14 7.67 1.6 1.07 0.55
Bradykinin 389,800 2.9 1.61 1.9 6.78 0.7 1.06 0.89
Average 391,200 1.42 6.97 1.06

The data were collected under the optimized conditions. Injection: 10 mbar, 10 s. elution pressure:
10 mbar. Three consecutive sample injections were carried out per column
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superb separation performance. All the asymmetry factor
values are not greater than 1.10, proving nice symmetrical
peak shapes with insignificant tailing for polar peptides, and
that was enabled by nice control of the polarity of stationary
phase through optimization of the monomer mixing ratio.
The average number of theoretical plates obtained with our
capillary column over the 5 peptides under the optimized
elution pressure was 391,200 per column.

Durability Test of OT Column

Leaching or bleeding of polymer stationary phase from the
capillary surface is relatively easy to happen when a pres-
sure is applied in OT-CLC. The optimum elution pressure
was applied to drive the mobile phase through the column,
and the peptide mixture was injected for separation 10 times
a day over a period of 1 month. The temperature was kept
at 25 °C throughout. During the period (more than 200
injections), both the retention time and separation perfor-
mance maintained above 90% of the original values. The
OT column of our type requires very low operation pres-
sure (18 mbar). Leaching or bleeding on account of pressure
seems negligible for our OT column. Degradation of column
performance may be caused by contamination of stationary
phase, too. The chance of contamination also seems to be
low for our column since it is composed of linear polymer
chains providing good flexibility and permeability under the
mobile phase flow to prevent sticky adsorption of contami-
nants in comparison to common crosslinked phase (mono-
lithic porous layer).

van Deemter Plots

Figure 5 shows the van Deemter plots obtained with our OT
column. The separation of test solutes was carried out at
various pressures from 3 to 50 mbar. The linear velocity of
mobile phase was determined by KNO; as the void volume
marker. The optimum linear velocity was 2.82 mm/s under
the elution pressure of 18 mbar where the corresponding
H value was 4.88 pm (average among different peptides),
which is impressive. The sample prepared according the
experimental section was introduced by pressure injection
for 10 s under 10 mbar.

Comparison with Other OT Columns in the Literature

Resolution and separation efficiency are the two primary fac-
tors that should be considered simultaneously in evaluation
of chromatographic performance of stationary phases. Reso-
lution is generated and improved by gradual increase of vol-
ume of stationary phase. On the other hand, separation effi-
ciency is reduced with increase of stationary phase volume
[1]. Silica capillary has a relatively much narrower surface

20
16 ——Trp-Gly /,Y
—@— Thr-Tyr-Ser
—A— angiotensin |
¥ Isotocin
E 124 —@— bradykinin
S
o
[=
w
I g
4

1 2 3 4 5 6 7
Linear velocity (mm/s)

Fig.5 van Deemter plots (HETP vs mobile phase linear veloc-
ity) obtained with the OT column in 60/40(v/v) acetonitrile/20 mM
ammonium formate

area than porous silica particles or monolithic structures,
causing some troubles on modification. If the inner surface
is modified with a small (low molecular weight) ligand, the
amount of stationary phase should be too low to get enough
analyte retention and resolution. Immobilizing polymeric
ligands instead to overcome this problem should cause
reduced mass transfer kinetics. A PLOT (monolith type)
format has been mostly favored among various polymer
formats since improved mass transfer kinetics is achieved
owing to ample mesopores and macropores therein, and the
PLOT layer may be well extended to a higher thickness to
enable improvement of solute retention and resolution [1].

On the other hand, the superior strategy of adoption of
chemically bonded long polymer chains on the inner surface
of silica capillary has not been yet generally acknowledged
in the literature. In order to prove superiority of our strategy,
the separation efficiency of the columns of current study was
compared below to those of other OT columns reported in
the literature.

As mentioned already, the column separation efficiency
of OT-CEC is always better than that of OT-CLC if the same
column is used in both analyses. It has been also clearly
proven in our previous study [23]. Nevertheless, it is rare to
find OT-CEC results better than the results of current OT-
CLC study. Our current column (1.91 m effective column
length) prepared with the optimum mixing ratio produced
the number of theoretical plates (N) of 391,200 per column
(204,800 plates/m) under the optimized elution pressure.

An OT (50 pm id) column was developed for analysis
of peptides and proteins by modification with tentacle-
type polymer, and the obtained separation efficiency was
144,000-189,000 and 97,000-170,000 plates/m for pep-
tides and proteins in OT-CEC, respectively [24]. A cap-
illary of 20 pm id was etched and modified with a C18
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ligand to show separation efficiency of 140,000 plates/m
for serotorin in OT-CEC [25]. A gold-nanoparticles-mod-
ified silica capillary (75 pm id and 31 cm effective length)
was prepared to exhibit only ca 23,000 plates for peptides
and proteins [26]. A capillary of 50 pm id was etched and
modified with a C18 ligand to show up to 300,000 plates/m
for peptides in gradient elution CEC [27]. An OT capillary
column was prepared by multilayer-by-multilayer bonding
of silica nanoparticles followed by C18 modification, and
the resultant column (75 pm id, 20 cm effective length)
prepared with three coating cycles showed high separation
efficiency up to 269,000 plates/m for toluene in CEC [28].
A uniform porous silica layer (240 nm) OT column was
prepared by a single step biphasic reaction, and the result-
ant column (50 pum id, 40 cm effective length) was applied
for CEC separation without further modification to show
theoretical plate numbers over 60,000 [29].

The policy of attaching long polymer chains to the
inner surface of silica capillary was recently adopted by
the Dovichi group in their proteomic research with CEC/
MS [30-32]. The column was made by filling the cap-
illary (50 pm id, 100 cm length) with a mixture com-
posed of acrylamide, 4,4'-azobis(4-cyanovaleric acid) in
an acetate buffer and by incubating at 60 °C [30]. The
observed theoretical plate numbers were in the range of
240,000-600,000. Using the capillary column (50 pm
id, 100-110 cm length), they were able to identify over
27,000 peptides and 4,400 proteins in a single 120 min run
from 220 ng of K562-cell digest [31] and 4405 phospho-
peptides from 220 ng of enriched phosphopeptides derived
from mouse brain [32]. On the other hand, the observed
theoretical plate numbers of peptides in Ref [23] were at
least over 1.1 million in CEC. The polymerization reac-
tion mixture was pumped through the capillary (50 pm id)
during the reaction as reported previously [23] while the
capillary was filled with the reaction mixture and incu-
bated in the study of the Dovichi group [30-32].

As for OT-CLC, the capillary columns reported in the
literature with id of 15 pm or greater have never shown bet-
ter separation efficiency than our current capillary columns
of 50 um id. For example, a C8-modified PLOT column
(15 pm id, 3 m length) with a 0.5 pm silica porous layer was
prepared to show 167,500 plates for propylbenzene [33].
The same group of this work also carried out separation
of small analytes by normal phase liquid chromatography
using a non-modified porous silica layer open tubular col-
umn (15 pm id, 3 m length, 0.5 pm layer thickness) to yield
up to 170,000 theoretical plates [34]. A novel chiral PLOT
column (75 pm id, 15 cm length) was developed by in-situ
polymerization of ethylene dimethacrylate and 3-chloro-2-
hydroxypropylmethacrylate and consequent introduction of
B-cyclodextrin via the reaction with the reactive terminal
chlorine, and the resultant OT column showed theoretical

@ Springer

plate numbers up to 26,000 plates/m for enantio-separation
[35].

Superiority of Long Chain Ligands in OTLC

Examination of our OT columns for chromatographic perfor-
mance has resulted in observation of an excellent separation
efficiency of 391,200 plates per column corresponding to
204,800 plates/m (4.88 pm HETP). Such excellent perfor-
mance is believed to be owing to two major factors. First, it
seems that accelerated high mass transfer kinetics was ena-
bled by formation of long linear chains on the inner surface
through their spreading open in the mobile phase. Second,
based on the abnormally outstanding separation efficiency,
the following explanation is possible. The long chain ligands
will wave and roll, and their movements will interfere with
mobile phase flow to induce partial turbulent flow reduc-
ing the parabolic flow velocity distribution and accelerating
analyte diffusion across the column diameter.

It should be noted that the N value/column is not linear
with column length in preparation of OT columns. In our
previous work [23], the effective column length (50 pm id)
was 1.11 m, and the average N value among 8 peptides was
259,400/column (233,900/m). In current study, the effec-
tive column length was 1.91 m, and the average N value
among 5 peptides was 391,000/column (204,800/m). The
N/m value was decreased to 87.6% for the change of effec-
tive column length from 1.11 to 1.91 m. A similar trend was
observed when long S-ketoprofen MIP PLOT columns were
used for enantio-separation of R, S-ketoprofen in CEC [36].
The measured N/m value for R-ketoprofen was reduced from
1,130,000 to 835,000 and 706,000 for the effective column
length of 1.00, 2.00, and 3.00 m, respectively [36].

Such phenomenon means that extension of column length
caused some change in the stationary phase structure. We
suspect that the rate of crosslinking among the polymer
chains may be somewhat increased to degrade mass trans-
fer kinetics as the column length under polymerization is
extended. Nevertheless, the separation efficiency of 204,800
plates/m (391,000/column) of this study is still excellent if
it is considered that the column id is 50 pm.

Realization of outstanding separation performance and
good durability of current study seems to be also obliged to
successful formation of rather thick stationary phase. A thick
layer of our format enables enough retention of analytes and
improved resolution with little degradation of separation
efficiency.

In order to make a thicker layer, some changes were
made in preparation of OT columns. The pretreatment
of silica capillary was carried out in a harsher situation
and for a longer time to create more silanol groups on the
inner surface. The capillary was filled with 4 M NaOH
solution, plugged with rubber septa at both ends, and
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kept at 55 °C for 30 days. In addition, the polymeriza-
tion mixture was flown at a lower flow rate for a longer
time. In the previous study, the mixture was flown for 8 h
[23] while it was flown for 48 h in this study. The layer
thickness was ca 0.5 pm in the previous study [23] while
it was increased to ca 1.5 pm in this study. The reaction
mixture was composed of styrene (1.0 mL), methacrylic
acid (50 pL), N-phenylacrylamide (100 mg), anhydrous
p-xylene (2.0 mL), and 4-methyl-2-pentanone (1.0 mL) in
the previous study while it was composed of 2.0 mL sty-
rene, 180 mg N-phenylacrylamide, 2.0 mL p-xylene, and
2.0 mL 4-methyl-2-pentanone in this study. Methacrylic
acid (EOF monomer) was removed in the reaction mix-
ture in this study. This study was devoted to only liquid
chromatography, thus methacrylic acid was not neces-
sary. Furthermore, incorporation of methacrylic acid in
the reaction mixture may somewhat contribute to band
broadening since it is rather too polar.

As for concentration of monomer mixture, it was not
found helpful to increase the concentration over that used
in this study. More diluted reaction mixture was not tried
since the reaction time should be extended over 48 h,
which is already long enough.

Pumping the polymerization reaction mixture through
the capillary is critical. When the polymerization was car-
ried out by filling the capillary with the mixture followed
by plugging both ends with septa and heating, it caused
frequent clogging of column or poor chromatographic
performance if not clogged. When such process was car-
ried out by filling a diluted reaction mixture to prevent
clogging, the layer thickness of the resultant column was
too thin to show enough retention and resolution.

Briefly, heavy-duty pumping of polymerization mix-
ture and proper formulation of mixture combined by
RAFT polymerization at a slow flow rate for an enough
time are the requirements for preparation of useful OT
columns of rather convenient id. There should be some
formation of crosslinking among polymer chains since
RAFT polymerization is also based on a radical mecha-
nism although RAFT polymerization has been known to
produce linear polymer chains mostly. Such trouble may
be more serious when the polymer chains are grown up.
Stable heavy-duty pumping is believed to minimize this
trouble. There should be also generation of unwanted
freed polymer chains, and they are also well swept out
of the column by pumping. The above arguments may
be supported by the results of our trial to produce OT-
CLC columns by filling the reaction mixture in the silica
capillary, sealing the capillary ends, and incubating. The
resultant capillary columns showed much inferior sepa-
ration efficiency with frequent clogging during the run.

Conclusion

In this work, we examined the feasibility of using 2 m
long OT columns of rather wide id (50 um) modified with
linear polymer chains. A rather thick co-polymer layer
(ca 1.5 um) was fabricated by carefully controlled RAFT
polymerization. It was found that the chromatographic
performance was dependent on the mixing ratio of mono-
mers (N-phenyl acrylamide versus polystyrene). With the
optimal mixing ratio of 180 mg N-phenyl acrylamide in
2 mL styrene, the resultant OT column with a layer com-
posed of a major nonpolar constituent and a minor polar
constituent has shown impressive separation efficiency
of 391,200 plates/column. The successful preparation of
OT columns of outstanding performance in this study is
owing to the synergistic effects of proper formulation of
polymerization mixture, stable heavy-duty pumping, and
RAFT polymerization at a slow flow rate for an enough
time. This study proposes a promising perspective of OT
columns of our type (long polymer chain ligand) as useful
separation media.
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