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A new chromatographic stationary phase has been prepared by cross polymerization between allylsilica and
perallyloxycucurbit[6]uril and characterized by elemental analysis and FT-IR spectroscopy. The double end-
capping has been proven to improve the separation efficiency of the cucurbituril-based stationary phase
material. The first end-capping was carried out when allylsilica was made. The second end-capping was done
as the final step of the whole process, and the use of a mixture of hexamethyldisilazane (HMDS) and
tnmethylchlorosilane (TMCS) as an end-capping reagent was found better than the use of only HMDS or
TMCS. Our stationary phase has shown generally good results in separation of nonpolar and polar analytes.
This phase showed even better separation performance than the commercial C18 phase for the case where host-
guest chemistry was properly incorporated in solute retention.
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Introduction

The host family cucurbit[sr]uril (CB[#], # = 3-10), com-
prising » glycoluri! units, has a hydrophobic cavity and two
identical carbonyl-laced portals,’ which allow them to form
stable host-guest complexes with various guest molecules
and ions. Supramolecular chemistry of CB[#], including
their host-guest chemistry and applications has been studied
extensively and summarized in two topical review articles.™
Although the CB[#] are potentially as usetul as well known
host molecules such as calixarenes and cyclodextrins, their
practical applications including their use in separation
science have been limited mainly due to the difficulty in
introducing functional groups on their surtaces. No method
for direct fuctionalization of CB[x] was available until
recently, which may be attributed to the high chemical
stability of CB[»]). Recent synthesis of perhydroxyCB[#] vig
direct functionalization,” enabled us to devise and synthesize
a wide variety of CB[n] derivatives,*” which opened up
opportunities to explore many applications of CB[#] includ-
ing their use in separation science. A general approach and
preliminary results on the production of CB[rx]-based
stationary phase materials and their uses in chromatography
have been disclosed in patent literature.'®!’ Recently, Liu et
al.”* reported a perhydroxyCB[6] bonded silica gel material
and its use in HPLC as a stationary phase to separate
alkaloids. Despite successful separation of a mixture of
alkaloids, it seemed to suffer from band broadening; the
bandwidths of the peaks were rather wide. It could be due to
the anomalous behavior of residual silanol groups on the
silica surface since they did not carry out an end-capping
reaction to block the silanol groups presumably because of
the residual hydroxy groups on the CB moieties. These polar

hydroxy groups would enable applications of the stationary
phase for hydrophilic chromatography'®; however, they
would also hamper an end-capping reaction.

A group of us working at POSTECH recently reported the
synthesis and characterization of a cucurbituril anchored
silica gel via reaction of perallyloxyCB[6] and mercapto-
propy! functionalized silica gel.”’ Unfortunately, however,
the separation efficiency of the stationary phase was rather
disappointing. It may be due to the fact that the CB
molecules were attached only to the outer surface but not to
the inner pores of the silica particles since UV irradiation,
which could not effectively penetrate into the inner pores,
was used to activate chemical bonding of the CB derivatives
to the silica surface. In this study, cross polymerization was
used to enable uniform attachment of the CB derivative to
both outer surface and inner pores of silica particles. The
approach of cross polymerization between silica gel and
licands, which has been used in the synthesis of chiral
stationary phases with macromolecular ligands such as
cellulose derivatives,'* is also found useful for the syn-
thesis of a CB anchored stationary phase in this study. The
adoption of cross polymerization in this study resulted in
additional merits. This CB derivative does not have any
hydroxyl group, thus end-capping for the residual silanol
groups of silica can be done without anomalous side reac-
tions. In addition, further modification of the phase is
possible owing to residual double bonds.

The other group of us at Inha University has been spe-
cialized in preparation of microcolumns®** and joined this
study for the examination of chromatographic performances.
Incorporation of microcolumn technology to this study was
beneficial in that the needed amount of CB derivatives for
preparation of a new stationary phase and its chromato-
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graphic applications was only a few hundred milligrams,
which enabled dramatic saving in time and labor. Herein we
report a new CB[6]-based stationary phase made by cross
pelymerization and by double end-capping, which shows
good separation efficiencies for nonpolar and polar solutes.
In particular, the double end-capping has been proven to
improve the separation efficiency of the CB[6]-based stationary
phase materials.

Experimental

Chemicals and apparatus. Methanol, tetrahydrofuran
and water were of HPLC grade and purchased trom Fisher
(Pittsburg, PA, USA) and used without purification. Allyl-
trimethoxysilane, 1.1.1,3,3,3-hexamethyldisilazane (HMDS),
trimethylchlorosilane (TMCS), trifluoroacetic acid (TFA}
phenol, acetophenone, benzene, toluene, ethylbenzene,
propylbenzene, butylbenzene, amylbenzene, 2,2-azobisiso-
butyronitrile (AIBN), ortho- and para-phenylenediamines,
ortho-, meta-, and para-nitroanilines, ortho- and para-
xylenes were purchased from Aldrich (Milwakee, IL, USA}.
Silica gel (Lichrosorb, 5 mm, 100 A) was purchased form
Merck (Whitehouse Station, NJ, USA}. PerallyloxyCB[6]
was prepared according to our reported procedure.’ A
commercial C18 phase (Alltima C18, 5 zm, 100 A) was
obtained from Alltech (Deerfield, [L, USA).

Infrared spectra were recorded on a Perkin Elmer Spec-
trum GX, FT-IR spectrometer using KBr as media. The 'H
NMR spectra and “C NMR spectra were recorded on a
Bruker DRX500 spectrometer. A Shimadzu (Tokyo, Japan)
10AD pump. a Shimadzu DGU-14A membrane degasser, a
Rheodyne (Cotati, CA, USA) 7520 injector with a 0.5 zL
injection loop, an Isco (Linceln, NE, USA) CV4 capillary
window detector, and the home-made 0.5 mm [D glass-lined
microcolumn were combined to compose the HPLC system.
The chromatographic data were obtained by a PC system,
and the software Multichro 2000 from Youlin-Gisul (Sungnam,
Korea} was used to acquire and process the data. An Alltech
(Deerfield, IL,USA} slurry packer was used to pack the
microcolumns used.

Preparation of allylsilica. HPLC grade porous silica gel
(Lichorosorb, 5 zm, 100 A) was baked at 300°C for 3 h to
remove adsorbed water completely. It (1 g} was dispersed in
toluene and reacted with allyltrimethoxysilane (0.7 mL) for
3.5 h at 110 °C with stirring. Then, HMDS (0.4 mL} was
added for end-capping of residual silanol groups and the
reaction mixture was stirred for 1 h at the same temperature.
After completion of the reaction, the allylsilica 1 was
filtered, thoroughly washed with toluene, THF, 50/50 (v/v
%) methanol/water, and methanol, and dried. FT-IR (KBr}
(em™): 1642 (allyl), 1095 (Si-O-Si}, 914 (Si-O). Elemental
analysis: C, 5.2; H, 1.1%. The elemental analysis data indi-
cate that 0.70 mmol! of allylsilane was tethered per gram ot
the silica gel.

Preparation of the stationary phase vi¢ cross polymeri-
zation. Allylsilica 1 (600 mg), perallyloxyCB[6] 2 (120
mg}, and chloroform (15 mL} were added to a small round-
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bottomed flask and stirred well and evaporated to dryness in
a rotavapor. A solution containing anisole (0.3 mL} and
AIBN (24 mg) dissolved in toluene (15 mL) was added to
the flask, stirred, and evaporated. The addition of anisole is a
critical factor in our process. Anisole is not evaporated by a
rotavapor, thus it soaks the entire silica surface and functions
as a solvent for the monomers. The bath temperature was
raised to 110 °C and maintained for 24 h while the reaction
flask was rotated. The stationary phase 3 was then thorough-
ly washed with chloroform and methanol in sequence and
dried. FT-IR (KBr) (em™): 1761 (CB[6], carbonyl), 1646
(unreacted allyl groups of CB[6]}, 1113 (Si-O-Si), 937 (Si-
Q) (Figure 1). Elemental analysis: N, 1.4; C, 9.2; H, 1.5%.
Elemental analysis shows that 45 zmol of CB[6] was
attached per gram of the silica support.

A portion of the phase 3 was packed in a microcolumn
(0.5 mm x 300 mm} for investigation of chromatographic
performance. The rest of the phase 3 was divided into two
groups for secondary end-capping. Only HMDS was used
for one group while a 3:1 mixture of HMDS and TMCS was
used for the other group. Thus in the case of the first group,
the stationary phase 3 (100 mg), HMDS (40 L), and
toluene (2 mL} were added to a small round bottomed flask
and stirred at 110 *C for 4 h under reflux. A mixture of
HMDS (30 gL) and TMCS (10 #L) was used instead of
HMDS (40 gL} for the second group. The final stationary
phases were thoroughly washed with toluene and methanol
in sequence and dried. Each of the stationary phases was
packed in a microcolumn (0.5 mm x 300 mm) for study of
chromatographic performance according to the procedure of
previous studies.”’ >

Results and Discussion

Preparation and characterization of allvlsilica. Allyl-
silica was prepared according to the reported procedure'®
with minor modifications (Scheme 1}. The allylsilica was
then end-capped using HVIDS to give the end-capped allyl-
silica 1, which was characterized by FT-IR and elemental
analysis. The elemental analysis (based on carbon content)
showed attachment of 0.70 mmol of allylsilane per gram of
silica gel.

Preparation and characterization of perallyloxyCB[6]
anchored phases. CB derivative 2 was prepared by the
literature procedure [7]. Cross polymerization was employed

OH OCHs  oluene O\(|)CH3
OH+ A~SKOCH;  ———— = SiNF
ocH, 110°C,3.5h o
OH 3 OH 4
OCH;
oI P
O,Sl/\/ (CH3)3SiNHSI(CH3)3
O-Si(CH3);  Toluene, 110 °C, 1h
2

Scheme 1. Preparation of allylsilica 1.
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Scheme 2. Preparation of perallyloxyCB[6] 2 anchored silica
phase through cross polymerization.

to couple end-capped allylsilica 1 and perallyloxyCB[6] 2 to
prepare the perallyloxyCB[6] anchored stationary phase 3
(Scheme 2). The allylsilica 1 was first physically coated with
2 and then the cross polymerization reaction was carried out.
The FT-IR spectrum of 3 (Figure 1) showed absorption
bands at 1761 cm™ and 1646 cm™ attributed to the carbonyl
and unreacted ally! groups of compound 2.
Chromatographic performance of the new stationary
phases. Separation performances of the stationary phases
prepared with single end-capping, and double end-capping
(the first and second groups) are shown in Figure 2. A
mixture of alkylbenzenes was used as a test mix. Thorough
end-capping was found to be a very critical factor in the CB
anchored phase. The examination of Figure 2 reveals that the
separation efficiency and quality of the phases prepared with
double end-capping are much better than that with single
end-capping. In case of double end-capping, the second
group (a mixture of HMDS and TMCS was used} showed a
better performance (15000 vs 7400 as N of propylbenzene,
for example) than the first group (only HMDS was used}.
The peaks of the phase of single end-capping (Figure 2A)
were accompanied with severe tailing and wide bandwidth,
and they were not well separated in 60/40 (v/v %) methanol/
water (0.1% TFA), thus an eluent of 40/60 (v/v %) meth-
anol/water (0.1% TFA} was used to get separated peaks.
Bandwidths and tailing were dramatically reduced when the
phase was doubly end-capped (Figure 2A and 2B). The
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Figure 1. FT-IR spectrum of perallyloxy¥CB[6] anchored silica gel.
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Figure 2. The chromatogram of alkylbenzenes obtained by the
column packed with (A) the phase 3 of single end-capping eluted
with 40/60 (viv %) methanol‘water with 0.1% TFA. (B) the first
group stationary phase (HMDS only) of double end-capping eluted
with 60/40 (v/v %) methanol/water with 0.1% TFA, and (C) the
second group stationary phase (HMDS:TMCS mixture) of double
end-capping eluted with 60/40 (viv %) methanol‘water with 0.1%
TFA. Elution order: benzene, toluene, ethylbenzene, propylbenzene,
butylbenzene. amylbenzene.

superiority of the second group of the doubly end-capped
phases over the first group also seems to be related to better
quality of end-capping. The use of both HMDS and TMCS
secured complete end-capping while the use of only HVIDS
or TMCS did not. As the molecular size of TMCS is smaller
than that of HMDS, it can penetrate freely into small pores
of silica to end-cap even hidden silanol groups deep inside
the silica structure. However, using only TMCS is not good
since TMCS generates HC! when it reacts with a silanol
group. Since HVIDS is a base, it not only end-caps silanol
groups in open space but also neutralizes HC! generated
from the reaction of TMCS with silanol groups. As our
preparation scheme of stationary phases was well com-
patible with double end-capping, the resulting stationary
phase showed well separated and nice looking peaks. Our
stationary phase was also good for separation of polar
compounds. The chromatogram of a mixture of polar com-
pounds (phenol, 2-nitroaniline, acetophenone) and nonpolar
compounds (benzene and toluene) is shown in Figure 3A.
Thus, our phase has shown good separation efficiencies for
nonpolar and polar compounds as a benetit of complete end-
capping.
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Figure 3. The chromatogram of test mix 2 obtained by A) the
column packed with the second group stationary phase (HMDS:
TMCS mixture) of double end-capping. B) the column packed with
end-capped allylsilica. and C) the column packed with the commer-
cial Alltima C18 phase. The relative composition of ingredients of
the sample used in C) was different from that used in A) and B)
since a new batch of test mix was prepared when the C) work was
performed. Mobile phase: 60/40 (v/v %) methanol‘water with 0.1%
TFA. Elution order: phenol, 2-nitroaniline, acetophenone, benzene,
toluene.

Critical examination of separation performances of the
doubly end-capped cucurbituril phase in cormparison
with the end-capped allylsilica and a commercial C 18
phase. A column packed with end-capped allylsilica was
prepared to check if end-capped allylsilica alone can give
some separation performance. As shown in Figure 3B, end-
capped allylsilica was found unable to give good separation
efficiency.

A column packed with a commercial C18 phase (Alltima
C18, 5 zam, 100 A, carbon load 16%) was also prepared for
critical comparison in separation efficiencies.

It was difficult to find definite evidences of our perallyl-
oxyCB anchored phase tor better separation performances in
comparison with the widespread and versatile commercial
C18 phases. There is an advantage of the commercial C18
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phase over our phase. A single alkyl ligand is introduced to
each silanol site in the C18 phase while an unknown number
of CB units are introduced to each silanol site since each CB
unit has many doubles bonds. In other words, the C18 phase
is rather homogeneous while our CB anchored phase is
heterogeneous. A perallyloxyCB[6] anchored stationary
phase with a higher CB content (carbon load ~20%) was
prepared using a larger amount of the CB derivative 2 with a
prolonged reaction time (72 h instead of 24 h). In this case,
however, the size and shape of the resulting CB attached
silica were irregular and its separation efficiency was not as
good as that of the phase 3, which may be due to the
formation of polymer particles of 2 on the outer surface of
the silica.

As mentioned above, the carbon load of our phase was
forced to be limited to a low value (less than 10%}) due to its
heterogeneity and solid-like character while the C18 phase
was capable of a higher carbon load (16%) with liquid-like
character. Naturally, the C18 phase showed better separation
performances in general.

As shown Figure 3C, the separation efficiency of the
Alltima C18 phase was better than that of our phase (Figure
3A). It should be noted that the results of Figure 3A and 3C
proved that the carbon load of the Alltima C18 phase is
higher than that of our phase and that the polarity of our
phase is much higher than that of the Alltima C18 phase
owing to cucurbituril moities. Retention times of nonpolar
solutes (benzene and toluene) in the Alltima C18 phase were
much longer than those in our phase owing to the higher
carbon load of the Alltima C18 phase while retention times
of polar solutes (phenol, 2-nitroaniline, acetophenone} in our
phase were longer than those in the Alltima CI8 phase
owing to the higher polarity of our phase in spite of the
lower carbon load.

The advantage of the CB phase developed in this study
over the commercial C18 phase resides in the selective
usage of host-chemistry property exhibited from the CB
phase. There are, however, some limitations i this approach.
Too strong host-guest interaction caused too slow mass
transfer kinetics and consequent band broadening andfor
tailing. Too loose host-guest interaction, on the other hand,
did not give enough separation selectivity. The host-guest
interaction was dependent on the polarity, size and shape of
guest molecule, and pH and composition of solvent (mobile
phase), thus optimization was necessary if a pair of solutes
of proper host-guest chemistry was chosen.

We managed to find a proper pair of solutes that meet the
requirements. The optimized chromatographic resolution of
ortho- and paraphenylenediamine by our phase (Figure 4B)
was found better (R = 4.05) than the optimized separation (R
= 3.18) of the same pair of solutes by the Alltima C18 phase
(Figure 4A). The clear evidence of incorporation of host-
guest chemistry in their separation was also found in Figure
4B. In the C18 phase, p-phenylenediamine elutes betore o-
phenylenediamine (Figure 4A) since o-phenylenediamine is
less polar than p-phenylenediamine owing to formation of
intramolecular hydrogen bond between the adjacent amino
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Figure 4. Comparison of optimized separation of ortho- and paraphenylenediamine between the Alltima C18 phase (A) and the cucurbituril
phase (B). In {A). pH 4.5 (50 mM sodium actatesacetic acid) 60/40 methanol/water was used as the eluent, while pH 7 (50 mM ammonium
acetate) 60740 acetonitrile/water was used as the eluent in (B). In both cases. a flow rate of 10 gL/min was used, and 254 nm was used as the

detection wavelength.

groups. On the other hand, o-phenylenediamine elutes faster
than p-phenylenediamine in our phase since p-phenylenedi-
amine fits well to the cucurbituril cavity while o-phenyl-
enediamine is rather excluded from the cavity.

A point that should be mentioned about the stationary
phase of this study is its capability of further modification to
yield new stationary phases with diverse properties by mak-
ing use of the residual allyl groups on the CB unit. Various
types of secondary ligands such as nonploar alky! chains,
peolar moieties, ion exchange ligands, and chiral ligands, etc.
can be incorporated, which is subject to future study.

Conclusion

A CBJ[6]-anchored stationary phase has been prepared by
cross pelymerization and double end-capping. In general,
this phase has shown good separation efficiencies for non-
polar and polar solutes. This phase showed better separation
performance than the commercial C18 phase for the case
where host-guest chemistry was properly incorporated in
solute retention. This phase is expected to be susceptible to
turther modification ot secondary ligands.
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