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This  work  aims  to clarify  that stabilization  or increased  rigidity  of  polymer  main  chains  as  an  organic
stationary  phase  can  lead  the  selectivity  enhancement  in  high-performance  liquid  chromatography
(HPLC).  For  this  purpose,  the  alternating  copolymer  of octadecyl  acrylate  (ODA)  with  a cyclic monomer
(N-octadecylmaleimide,  OMI)  as a rigid  segment  was  synthesized  and  compared  with  the  ODA  homopoly-
mer. Both  of the polymer-grafted  silicas  (Sil-poly(ODA-alt-OMI) and  Sil-poly(ODA),  respectively)  were
prepared by  radical  polymerization  on 3-mercaptopropyltrimethoxysilane-modified  silica.  The  charac-
terizations  were  carried  out  by  elemental  analyses,  diffuse  reflectance  infrared  Fourier  transform  (DRIFT),
and solid-state 13C  cross-polarization  magic  angle  spinning  nuclear  magnetic  resonance  (CP-MAS-NMR)
spectroscopies.  Chromatographic  behaviors  were  evaluated  by the  retention  studies  of  shape-constrained
isomers  of  polycyclic  aromatic  hydrocarbons  (PAHs),  isomers  of tocopherol  and  carotenoids.  Higher

molecular-linearity  selectivity  toward  PAHs  was  obtained  on  Sil-poy(ODA-alt-OMI) regardless  of  temper-
ature  changes  but  at temperature  below  40 ◦C,  Sil-poly(ODA)  showed  better  planarity  selectivity  than  that
of Sil-poy(ODA-alt-OMI).  As a  result,  the  higher  separation  ability  toward  tocopherols  and  carotenoids
was  obtained  on Sil-poy(ODA-alt-OMI).  These  results  indicate  that  the stabilization  in the  polymer  main
chain  by  alternating  copolymerization  and  the  stabilization  in  the  side  chains  by a disordered-to-ordered
phase  transition  were  effective  to  enhance  the  molecular-shape  selectivity.
. Introduction

Copolymerizations of various monomers have been studied for
he preparation of new materials with new properties by incor-
orating two different monomers having diverse chemical and/or
hysical properties in the same structure [1,2]. Alternating copoly-
erization of N-substituted maleimides with electron-donating
onomers is a facile technique for the preparation of copolymers
ith a high molecular weight in a high yield and modification of

heir thermal and mechanical behaviors [3–5]. The specialty of the
lternating copolymer containing N-substituted maleimide repeat-
ng units is that they are semiflexible polymers due to the steric
indrance and the restricted rotation along the main chain [6,7]. On
he other hand, very few semiflexible-chain polymers are known

n the group of synthetic vinyl polymers. It is because the main
hain of vinyl polymers consists of successive carbon-to-carbon
ingle bonds, the substituents on which can rotate freely around
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them. However, vinyl polymer of octadecyl acrylate (ODA) showed
ordered structure due to side chain ordering at lower temperature
(below the phase transition, 30 ◦C) or crystalline state and disor-
dered state at high temperature [8].

We have reported the use of poly(ODA)-grafted silica (Sil-
ODAn), containing multiple carbonyl groups, as a stationary phase
for reversed-phase high-performance liquid chromatography (RP-
HPLC) [8].  At lower temperature (below 30 ◦C) Sil-ODAn showed
unique separation behavior and very high selectivity toward
polycyclic aromatic hydrocarbons (PAHs) [9–13]. Our detailed
investigations showed that the highly ordered structure in Sil-
ODAn induced the orientation of carbonyl groups, which work as
a carbonyl–� interaction source with solute molecules. We  have
also found that aligned carbonyl groups at lower temperatures are
effective for recognition of the length and planarity of PAHs through
multiple carbonyl–� interactions [14,15].  Nevertheless, some lim-
itations still remain on the separation of the shape-constrained
isomers of large molecules including carotenoids, tocopherols, etc.,
which are not separable with the above-mentioned stationary

phase. Sil-ODAn also revealed lower molecular-shape selectivity at
higher temperature.

On the other hand, most HPLC separations are performed
using octadecylsilylated silica phases (ODSs) or C30 bonded

dx.doi.org/10.1016/j.chroma.2011.11.061
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:ihara@kumamoto-u.ac.jp
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carbonyl stretching. Similar peaks were obtained for alternating
84 A.K. Mallik et al. / J. Chrom

hases [16–19].  C30 bonded phase was developed to increase the
olecular-shape selectivity [17,18]. Depending on the bonding

hemistry, ODS columns can be divided into two types: monomeric
nd polymeric. Generally, the solutes separation and molecular-
hape selectivity achieved using polymeric stationary phases are
etter than those obtained using monomeric ones [20,21]. To
nhance the molecular-shape selectivity, recently Kühnle et al.
eveloped novel stationary phases by bonding sparsely distributed
nd-capping reagents to silica prior to synthesis of polymeric ODS
hases. They intended to produce cavities within the stationary
hase with defined characteristics, spectroscopic characterization
f the silica surface and corresponding shape selectivity proper-
ies [22]. The separation behavior of alkyl-chain-modified silica
olumns is mainly based on the hydrophobic effect, which has
imitations in the separation of shape-constrained isomers or
ompounds having similar hydrophobicities and polarities [23].
herefore, substantial attempt has been expended toward develop-
ng an understanding of shape selective interactions between the
lkyl-chain-bonded stationary phase and the analyte. From care-
ul investigations on the retention behavior of shape-constrained
AH sample probes [22], it has been concluded that the polymeric
hases form a rigid ligand structure on the support, explained as a
ind of “slot-like” structure. Hence the molecular-shape selectiv-
ty of polymeric phases could be explained by the retention model
Slot Model). However, fundamental aspects of molecular recog-
ition are not well-understood for alkyl-chain-bonded stationary
hases.

We  have reported that alternating copolymer-grafted silica (Sil-
oly(octacecyl acrylate-alt-N-octadecylmaleimide)) showed the
pecific selective retention with discriminating molecular shapes
f PAHs, tocopherols and carotenoids [24]. In this work, we wish
o clarify that stabilization of polymer main chains as an organic
tationary phase can lead the selectivity enhancement in HPLC.
ere we describe the effectiveness of the semiflexible alternating
opolymer phase with oriented carbonyl groups along the copoly-
er  main chain in the separation of shape-constrained isomers and

ompare the results with relatively flexible homopolymer-grafted
hase. Side chain rigid (at lower temperature) homopolymer-
rafted silica (Sil-poly(ODA)) and main chain rigid or semiflexible
lternating copolymer-grafted silica (Sil-poly(ODA-alt-OMI)) were
ynthesized for their application as an HPLC packing materials
Fig. 1). Our previously reported poly(ODA) modified silica column
nd polymeric ODS (ODS-p) were used as references. The interac-
ion mechanism based on the chemical structures of the organic
hases is also described.

. Experimental

.1. Materials and methods

Homopolymer and alternating copolymer, poly(octadecyl
crylate)-grafted silica (Sil-poly(ODA)) and poly(octadecyl
crylate-alt-N-octadecylmaleimide)-grafted silica (Sil-poly(ODA-
lt-OMI)) stationary phases, respectively were synthesized,
haracterized, and packed into a stainless steel columns
150 mm × 4.6 mm I.D.). A YMC  silica (YMC SIL-120-S5 having
iameter 5 �m,  pore size 12 nm,  and surface area 300 m2 g−1)
btained from Kyoto (Japan) was used in all the cases. In contrast,
e used commercial polymeric ODS column (Shodex, C18 P 4D,

olumn size 150 mm × 4.6 mm I.D., a 5 �m particle size, a 10 nm
ore size, and surface area 320 m2 g−1) containing 17% C obtained

rom Shodex (Tokyo, Japan) for the comparison of chromatographic
esults. Maleic anhydride was purchased from TCI (Tokyo, Japan).
ctadecyl acrylate (ODA) was obtained from Tokyo Kasei Kogyo

Tokyo, Japan) and used after removing polymerization inhibitor.
. A 1232 (2012) 183– 189

Octadecylamine and trans-�-carotene were obtained from Aldrich
(Tokyo, Japan). The tocopherol isomers were purchased from
Calbiochem (Darmstadt, Germany). For the sample preparation,
trans-�-carotene was  photoisomerized based on a literature pro-
cedure [25]. 3-Mercaptopropyltrimethoxysilane was purchased
from Azmax (Chiba, Japan). HPLC grade methanol was  obtained
from Wako (Osaka, Japan). All PAHs were commercially available
and used without further purification.

2.2. Solid-state NMR spectroscopy

All solid-state NMR  spectra were measured by using Varian
UnityInova AS400 at static magnetic field of 9.4 T using GHX Varian
7 mm VT CP-MAS probe for solid-state 13C-CP-MAS-NMR. Spin rate
of 4000–4500 Hz for solid-state 13C-CP-MAS-NMR measurements
was used.

2.3. FT-IR, DRIFT, and 1H NMR spectroscopy

FT-IR measurements were conducted on a JASCO (Japan) FT/IR-
4100 plus instrument in KBr. For DRIFT measurement accessory DR
PRO410-M (JASCO, Japan) was  used. For characterization of syn-
thesis 1H NMR  spectra were recorded on a JEOL JNM-LA400 (Japan)
instrument.

2.4. HPLC measurement

The chromatographic system included a JASCO 1580 pump and
a JASCO MD-1510 UV–vis photodiode array detector. As the sen-
sitivity of UV detector is high, 5 �l sample was injected through a
Reodyne Model 7125 injector. The column temperature was main-
tained by using a circulator having heating and cooling system. A
personal computer connected to the detector with JASCO-Borwin
(Ver 1.5) software was used for system control and data analysis.
The retention factor (k) measurement was done under isocratic elu-
tion conditions. The separation factor (˛) was  given by the ratio of
retention factors. The chromatography was done under isocratic
elution conditions. The retention time of D2O was  used as the void
volume (t0) marker.

Water/1-octanol partition coefficient (log P) was  determined
by retention factor with octadecylsilylated silica, ODS (Inert-
sil ODS-3, 250 mm mm× 4.6 mm I.D., GL Science, Tokyo, Japan):
log P = 3.759 + 4.207 log k (r = 0.99997) [14].

2.5. Synthesis of stationary phases

Poly(octadecyl acrylate)-grafted silica (Sil-poly(ODA)) (YMC sil-
ica gel, 5 �m diameter, pore size 12 nm,  surface area 300 m2 g−1

containing 15.70% C in the bonded ligand) was synthesized and
characterized [8]. The copolymer-grafted silica obtained from
octadecyl acrylate and N-octadecylmaleimde (Sil-poly(ODA-alt-
OMI)) was according to our previously reported method [24]
containing similar amount of carbon (15.68% C). In both the cases,
same diameter, pore size and surface area silica particles were
used. The organic phases were characterized by elemental anal-
yses, DRIFT and solid-state 13C-CP-MAS NMR  spectroscopy. The
immobilization of organic phases on silica was confirmed by DRIFT
spectroscopy. Sil-poly(ODA) demonstrated characteristics signals
at 2922, 2852, and 1732. The signals at 2922 and 2852 cm−1

arise from C H stretches. The band at 1732 arises from ester
copolymer-grafted silica (Sil-poly(ODA-alt-OMI)). In addition to
Sil-poly(ODA-alt-OMI) the peaks near 1773 and 1700 cm−1 are
attributed to the symmetrical C O stretch and the asymmetrical
C O stretch of the imide linkage of the OMI  moiety.
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vs. log P three phases showed similar hydrophobicity or reten-
tion mode (Fig. 3). However, it was  observed that log k and log P
plots of alkylbenzenes and PAHs in ODS were parallel and almost
coincided with each other, providing evidence that ODS phase can
Fig. 1. Schematic illustration of the 

. Results and discussion

.1. Solid-state 13C-CP-MAS-NMR

The useful information about the chemical composition of the
olymer-grafted silica can be obtained by solid-state 13C-CP-MAS-
MR  spectroscopy. It also offers evidence about the conformation
nd dynamics of immobilized alkyl chains [26]. The 13C-CP-MAS-
MR  measurements were carried out at different temperatures

rom 25 to 50 ◦C to investigate the conformations of the long alkyl
hains for both of the grafted organic phases. It is reported that the
3C signal for (CH2)n groups is observed at two resonances, one is
t 32.6 ppm attributed to trans conformation, indicating crystalline
nd rigid state, and the other at 30.0 ppm attributed to gauche con-
ormation, indicating disordered and mobile state [27,28].

We  observed that trans conformation is dominated in Sil-
oly(ODA) at crystalline state or lower temperature, while gauche
onformation is dominated in Sil-poly(ODA-alt-OMI). Fig. 2 shows
rans to gauche ratio of the organic phases at variable temperature.
t indicates that Sil-poly(ODA) shows ordered to disordered phase
ransition with increasing temperature and at high temperature it
ecomes disordered completely. On the other hand, alkyl chains

n Sil-poly(ODA-alt-OMI) remain disordered even at lower tem-
erature but at high temperature (above 40 ◦C), it can keep more
rdered state than in Sil-poly(ODA) (Fig. 2). This may  be due to the
emiflexible nature of the maleimide-based alternating copolymer.

.2. Retention mode

The retention mode of an organic phase in HPLC can be eval-
ated by comparing the retention behaviors of alkylbenzenes and
AHs [11,29].  Conventional ODS or alkyl phases can recognize the
ydrophobicity of solutes in HPLC and this hydrophobicity is mea-
ured by the methylene group selectivity of the stationary phases.

his reflects the possibility of the phase being able to separate
wo molecules that differ only in methylene groups, e.g., amylben-
ene and butylbenzene or ethylbenzene and toluene [30]. Fig. 3
hows the correlation between log k (capacity factor) and log P
ical structures of packing materials.

(water/1-octanol partition coefficient) of ODS, Sil-poly(ODA) and
Sil-poly(ODA-alt-OMI) phases. The relationship between log k and
log P is used to determine the hydrophobicity recognition ability
or retention mode of a stationary phase. From the slope of log k
Fig. 2. Trans to gauche ratio of the stationary phases with variable temperature.
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Fig. 3. Log k vs. log P for: (a) ODS, (b) Sil-poly(ODA), and (c) Sil-poly(ODA-alt-OMI)
stationary phases. Elutes: 1, benzene; 2, toluene; 3, Et-benzene; 4, Bu-benzene;
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,  hexylbenzene; 6, octylbenzene; 7, decylbenzene; 8, dodecylbenzene; 9, naph-
halene; 10, anthracene; 11, naphthacene. Mobile phase: methanol–water = 90:10,
olumn temperature: 30 ◦C, flow rate: 1.00 ml  min−1.

ecognize only the hydrophobicity of analytes. On the other hand,
t has been found that Sil-poly(ODA-alt-OMI) showed higher reten-
ion for PAHs compared to its values for alkylbenzenes. For
xample, the log P of naphthacene (5.71) is smaller than that of
ctylbenzene (6.29), while log k value of naphthacene (0.92) is
igher than that of octylbenzene (0.25). The increase of log k for
AHs was accompanied by selectivity enhancement which pro-
ides specific interactive sites as well as molecular hydrophobiciy
or PAHs.

.3. Molecular-shape selectivity for PAHs in RP-HPLC

Molecular-shape selectivity is essentially powerful for the sep-
ration of shape-constrained isomers including natural products
nd PAHs. Several size and shape parameters for PAHs were intro-
uced for systematic investigations on retention behavior. The F
umber is a molecular size descriptor proposed by Hurtubise and
o-workers [31], which is defined as follows: F = (number of double
onds) + (number of primary and secondary carbons) − 0.5(number
f nonaromatic rings). The selectivity for the two-dimensional
hape has been further studied with a molecular shape descriptor,
ength-to-breadth (L/B) ratio. The parameter was proposed by Wise
t al. [32] and Kaliszan et al. [33] and has been defined as the length-
o-breadth ratio of the two-dimensional shape of a molecule,
nd it quantitatively classifies rodlike molecules and squarelike
olecules. The combination of these size and shape parameters,

 and L/B, has been successfully introduced for the characteri-
ation of octadecylsilylated silica (ODS) phases [34]. Tanaka and
o-workers [30] established a commonly used method to deter-
ine molecular-shape selectivity. In this work, two compounds

ontaining the same number of carbon atoms and �-electrons
ut having different molecular shapes (non-planar and planar), o-
erphenyl (F = 9, L/B = 1.11) and triphenylene (F = 9, L/B = 1.12) were
sed as probes. In a typical monomeric ODS phase, the selectiv-

ty ˛triphenylene/o-terphenyl ranges from 1.0 to 1.7, while the value on
 polymeric ODS phase lies between 2.0 and 2.7. There are some
ther types of commercial columns, which have higher selectivity
alues [35]. However, a selectivity ˛triphenylene/o-terphenyl ≥ 2.0 is an

ndication of significant solute planarity recognition suggested by
inno et al. [36,37].

Fig. 4 shows that both Sil-poly(ODA) and Sil-Poly(ODA-alt-
MI) phases demonstrated remarkably higher planarity selectivity
Fig. 4. Temperature dependencies of the separation factors between triphenylene
and  o-terphenyl with: (a) ODS-p, (b) Sil-poly(ODA) and (c) Sil-poly(ODA-alt-OMI).
Mobile phase: methanol–water = 90:10, flow rate: 1.00 ml min−1.

than polymeric ODS phase (ODS-p). However, at lower tem-
perature Sil-Poly(ODA) showed higher planarity selectivity than
Sil-Poly(ODA-alt-OMI) and at higher temperature vice versa. These
results may  be due to the fact that at lower temperature the alkyl
chains in Sil-poly(ODA) are very rigid and highly ordered as deter-
mined by solid-state 13C-CP-MAS-NMR spectroscopy. In the case of
Sil-poly(ODA), at lower temperature, ordered alkyl chains help to
orient the carbonyl groups in ordered state. Therefore, it is difficult
for non-planar compounds enter into the interaction sites (carbonyl
groups) than planar compounds at lower temperature and elutes
earlier and at higher temperature no such effect occurred due to
disordered alkyl chains. Ordered carbonyl groups are believed to be
responsible for multiple carbonyl–� interactions with the solutes
(Fig. S1, Supporting Information). For planar triphenylene, interac-
tion aspect ratio is higher than non-planar o-terphenyl. The detailed
interaction mechanism is given in Section 3.5.  On the other hand,
in the case of Sil-poly(ODA-alt-OMI) rigidity of the alkyl chains are
not important and penetration effect is less due to disordered alkyl
chains. Nevertheless, in Sil-poly(ODA-alt-OMI) polymer main chain
(carbonyl groups) remain ordered state or stable and keeps car-
bonyl groups in ordered state to facilitate carbonyl–� interactions
even at higher temperature and thus showed better planarity- or
shape-selectivity at higher temperature (Fig. S2, Supporting Infor-
mation).

Second examination was  carried out with two  non-linear and
linear PAHs. Naphthacene and benzo[a]anthrace both have the
same number of carbon atoms and �-electrons, but differ in
their molecular length and aspect ratio (L/B = 1.90 and L/B = 1.60,
respectively). In the case of molecular-linearity selectivity, we also
observed very high linearity selectivity on Sil-poly(ODA) and Sil-

poly(ODA-alt-OMI) compared to polymeric ODS column as shown
in Fig. 5. Here, Sil-poly(ODA-alt-OMI) showed better selectivity
than Sil-poly(ODA) even at lower temperature. This phenomenon
can be explained again by the multiple carbonyl–� interactions
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ig. 5. Temperature dependencies of the separation factors between naphthacene
nd  benzo[a]anthracene with: (a) ODS-p, (b) Sil-poly(ODA) and (c) Sil-Poly(ODA-
lt-OMI). Mobile phase: methanol–water = 90:10, flow rate: 1.00 ml  min−1.

ith the linear molecules due to oriented carbonyl groups along
he polymer main chain stabilized by alternating copolymerization
f ODA and OMI  [24]. At the same time, large interaction aspect
atio is possible for linear molecules than non-linear molecules
Fig. S3, Supporting Information).

.4. Separation to tocopherol and carotenoid isomers

Due to very high planarity and linearity selectivities of Sil-
oly(ODA) and Sil-poly(ODA-alt-OMI), we tried to apply these
hases to separate some biologically important shape-constrained

somers such as vitamin E (tocopherol) and carotenoids that are
ifficult to separate by conventional and polymeric ODS phases.
he vitamin E or tocopherols offer versatile health benefits and is
mportant for mitochondrial electron-transport function in physio-
ogical systems. Due to their lipid soluble antioxidative properties,
hese compounds inhibit lipid peroxidation processes of polyun-
aturated fatty acids and other compounds in cell membranes [38].
ntioxidant activity of tocopherols has been confirmed in bulk oil
nd emulsion model systems [39] as well as in shelf life and oxido-
raph tests [40]. Tocopherols protect humans from the oxidative
tress mediated by active oxygen and nitrogen species. The pro-
ective role of vitamin E against atherosclerosis, cardiovascular
iseases, cataracts, neural tube defects and cancer has been the
ubject of extensive studies [41]. Landrier et al. recently reported
hat both �- and �-tocopherols significantly decrease endogenous
holesterol synthesis and apo-Al-mediated cholesterol secretion in
aco-2 cells [42]. Therefore, the separation of tocopherol isomers

s very essential. However, among the �-, �-, �-, and �-isomers of
ocopherol, the separation of �- and �-tocopherols is the most chal-

enging because of their structural similarity [43]. They differ only
n the position of the methyl groups (Fig. 6).

The separations of tocopherol isomers with ODS-p, Sil-
oly(ODA), and Sil-poly(ODA-alt-OMI) phases are shown in
Fig. 6. Separation of tocopherol isomers with: (a) ODS-p, (b) Sil-poly(ODA) and (c)
Sil-Poly(ODA-alt-OMI). Mobile phase: methanol–water = 90:10, column tempera-
ture: 30 ◦C, flow rate: 1.00 ml  min−1.

Fig. 6. This clearly shows the separation ability of alternat-
ing copolymer-grafted silica, Sil-poly(ODA-alt-OMI) compared to
homopolymer-grafted silica phase (Sil-poly(ODA)) and polymeric
ODS phase.

On the other hand, carotenoids constitute a group of compounds
that continue to be studied for their possible ability to reduce
the risk of developing certain types of cancer, and �-carotene
has received the most attention in this regard [44]. However, �-
carotene can occur as a variable mixture of trans-�-carotene and
several mono-, di-, and tri-cis isomers. These cis isomers have less
provitamin A activity than trans-�-carotene; therefore accurate
determination of the trans form in the presence of cis isomers is
nutritionally important.

The difficulty in the separation of these isomers is that they
differ only in the characteristics of their molecular-shape, such as
linearity or some bending as shown in Fig. 7.

Fig. 8 shows the chromatograms of all-E �-carotene iso-
mers with ODS-p, Sil-poly(ODA) and Sil-poly(ODA-alt-OMI). We
observed that Sil-poly(ODA-alt-OMI) had better separation ability
of the critical isomer mixture than other phases. The peak of the
most linear isomer (all-E) was  identified by comparing the reten-
tion time of injected samples before and after isomerization. The
other peaks were estimated according to the molecular linearity
of the isomers (Fig. S4, Supporting Information). The separation
of �-carotene isomers at very low temperature (5 ◦C) was only
realized due to the very high molecular linearity selectivity of Sil-
poly(ODA-alt-OMI), a result which agreed with the results shown in
Fig. 5. At lower temperature, may  be with rigid polymer main chain,
slightly ordered alkyl chains synergistically enhance the degree of
ordering of carbonyl groups in Sil-poly(ODA-alt-OMI) (solid-state
13C-CP-MAS was not measured at 5 ◦C).

3.5. Molecular-recognition mechanism

There are chemical and physical property differences between
Sil-poly(ODA) and Sil-poly(ODA-alt-OMI), which reflect on their
selectivity differences. For example, alkyl chains in Sil-poly(ODA)
can form ordered structure at lower temperature (below 30 ◦C)
which help to orient carbonyl groups and enhance selectivity
by multiple carbonyl–� interactions. At a higher temperature
it becomes more flexible than Sil-poly(ODA-alt-OMI) due to

homopolymer structure and therefore, carbonyl groups become
completely disordered (not suitable for multiple carbonyl–�
interactions). On the other hand, Sil-poly(ODA-alt-OMI)  form semi-
flexible structure due to incorporation of maleimide ring in the
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Fig. 7. Chemical structu

olymer main chain even though alkyl chains are not ordered and
his main chain rigidity (help to orient carbonyl groups) can retain
p to higher temperature than Sil-poly(ODA) as determined by
olid-state NMR  (Fig. 2). Additionally, Sil-poly(ODA-alt-OMI) had
oncentrated carbonyl groups because OMI  contain two carbonyl
roups in a molecule and multiple carbonyl–� interactions are
avorable. Generally, the molecular-shape selectivity in the ODS
hase increases with increasing carbon loading and alkyl chain

ength [20,21,23,45–48]. This phenomenon has been attributed to
light increase of alkyl chain ordering but not for direct interaction

ith guest molecules. Sil-poly(ODA-alt-OMI), however, showed

etter selectivity, regardless of the fact that not only does it
ave lower carbon loading (%C 15.68) than the ODS-p phase (%C

ig. 8. Separation of �-carotene isomers with: (a) ODS-p, (b) Sil-poly(ODA) and
c)  Sil-Poly(ODA-alt-OMI). Mobile phase: methanol, column temperature: 5 ◦C, flow
ate: 1.00 ml  min−1.
the �-carotene isomers.

17) but also the alkyl chains of Sil-poly(ODA-alt-OMI) are not
ordered completely and are rather flexible, as indicated by the
NMR  results. Therefore, direct interaction with carbonyl groups
is proposed for poly(ODA-alt-OMI) and the multiple carbonyl–�
interaction with large interaction aspect ratio was  enhanced by
semiflexible alternating copolymer-grafted silica even at higher
temperature (Figs. S2 and S3, Supporting Information). Previously
we reported about multiple carbonyl–� interactions for the Sil-
poly(ODA) at lower temperature [15]. The higher selectivity of
Sil-poly(ODA-alt-OMI) cannot be explained by the hydrophobic
effect only with solute molecules or molecular Slot Model of ODS-p
phase as we  described in Sections 3.2 and 3.3.  Hence, other interac-
tions are involved with oriented carbonyl groups in the enhanced
selectivity of Sil-poly(ODA-alt-OMI) toward PAHs and isomers of
tocopherol and �-carotene. Recently, we  reported about the ori-
ented carbonyl groups interactions in a chirally ordered molecular
gel forming compounds-grafted silica phase [49]. A carbonyl–�
interaction has been discussed in our previous calculation works
[50]. This interaction in a model complex of HCHO–benzene is
much stronger (1.87 kcal mol−1) than a CH4–benzene interaction
(0.53 kcal mol−1) and a plane-to-plane interaction between two
benzenes (0.49 kcal mol−1) [50]. Selectivity enhancement through
a carbonyl–� interaction has been also discussed in relation to
homopolymers from octadecyl acrylate poly(ODA). Previously,
poly(ODA)-grafted silica (Sil-ODAn) was evaluated by the reten-
tion time of PAHs, the resultant selectivity was higher, especially
at lower temperature or crystalline state ODAn than for ODS
columns [14,15]. Here, we also found similar higher selectivity
for Sil-poly(ODA) at lower temperature (Figs. 4 and 5). This is
attributed to the fact that at a lower temperature, alkyl chains as
well as carbonyl groups keep in ordered state, so that a multiple
carbonyl–� interaction with PAHs becomes possible. In contrast,

in Sil-poly(ODA-alt-OMI) alkyl chains are not completely ordered
even at lower temperature, but a slight ordering of the alkyl chain
can keep at higher temperature (Fig. 2) and the semiflexible poly-
mer  main chain leads to the linear ordering of carbonyl groups
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erived from both maleimide and acrylate. As a result, multiple
arbonyl–� interaction is more advantageous for molecular linear-
ty selectivity even at lower temperature and planarity selectivity
t higher temperature (Figs. 4 and 5) and, therefore, to enhance
olecular linearity and planarity selectivity for PAHs as well as

ocopherol and �-carotene isomers (Figs. 6 and 8). No such inter-
ction is available for the ODS phases.

. Conclusion

In the present work, the merits of using alternating copolymer-
ased stationary phase for selectivity enhancement toward PAHs,
ocopherols and carotenoids over homopolymer-based stationary
hase have been discussed. Higher molecular-shape selectivities
ere obtained by using alternating copolymer-grafted phase than
omopolymer-grafted silica stationary phase as well as polymeric
DS phase. Selectivity enhancement for the shape-constrained iso-
ers attributed to the stabilization effect of the N-substituted
aleimide-based alternating copolymer-based stationary phase,
hich can orient the weak interactions sites (integrated car-

onyl groups) along the polymer main chain to facilitate multiple
arbonyl–� interactions even at higher temperature. Therefore,
lternating copolymer with appropriate comonomer will be very
elpful for selectivity tuning of analytes.
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