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A polymerizable L-phenylalanine-derived monomer (N0-octadecyl-Na[4-(acryloyloxy)-butanoyl]-L-phe-
nylalanineamide (3)) has been newly synthesized and characterized. We reported an advanced approach to
molecular shape recognitive hybrid materials that involves immobilization of radical initiator on meso-
porous silica particles (average diameter, pore size and surface area are 4 mm, 12 nm, and 300 m2 g�1,
respectively) and surface-initiated atom transfer radical polymerization of monomer 3 from initiator-
grafted particles. All samples were characterized by elemental analysis, thermogravimetric analysis, diffuse
reflectance infrared Fourier transform spectroscopy, solid state NMR measurements (13C CP/MAS NMR and
29Si CP/MAS NMR), differential scanning calorimetry and scanning electron microscopy. The obtained
polymer–silica hybrid material was used as a stationary phase for reversed-phase high performance liquid
chromatography (RP-HPLC) to investigate its molecular shape recognition ability towards polycyclic
aromatic hydrocarbons (PAHs). The new composite material showed better planarity selectivity than
octadecylsilane stationary phase as a conventional RP-HPLC packing material and also enhanced linearity
selectivity compared with the recently reported poly(N0-octadecyl-Na-(4-vinyl)-benzoyl-L-phenyl-
alanineamide)-grafted silica. Such selectivity enhancement can be attributed to the combination of
hydrophobic effect due to octadecyl chains and multiply carbonyl p–benzene p interaction between the
amide groups of the stationary phase and delocalized electrons of PAHs.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Hybrid inorganic–organic composite materials have attracted
increasing attention because of their potential ability to combine
the properties of inorganic materials (e.g. optical and magnetic
behaviors, conductivity) with the properties of organic compounds
(solubility in organic solvents, insulator) [1–4]. Coating of polymers
on a solid inorganic surface is a subject of a great interest in, e.g.
catalysis [5], colloid stabilization [6] biomolecule immobilization
[7] adhesion in composite materials [8] furthermore, hybrid
materials are the most widely used stationary phases in liquid
chromatography [9]. Aiming at tailoring the surface properties of
inorganic particles, ultrathin films have been prepared from large
variety of polymers [10]. In numerous systems polymeric brushes
are prepared from block copolymers where one of the blocks is
strongly adsorbed to the surface with the other block forming the
brush layer [11]. Since the interaction between the polymer and the
surface is usually not so strong (van der Waals forces, hydrogen
: þ81 96 342 3662.
).
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bonding), desorption can occur upon exposure of the hybrid to
a good solvent or using higher temperature [12].

To overcome the problems related to the instability of the
inorganic–polymer hybrids, stronger interaction has to be estab-
lished between the inorganic surface and the polymer shell, in
other words, the macromolecules must be covalently bound to the
surface. Covalent immobilization of polymers onto porous surfaces
can be achieved in two ways including ‘‘grafting to’’ approach (1)
[13–15] which involves the condensation of an end functionalized
polymer with the reactive surface groups of the substrate (often OH
groups). However, the immobilization of preformed polymer onto
surface often leads to low grafting density because polymer chains
have to diffuse against an increasing concentration gradient [16].
‘‘Grafting from’’ approach (2) starting with the initiator fixed on the
surface is expected to give high grafting densities because the
diffusion of monomer molecules into the chain end is not hindered
by the already grafted polymers [17,18]. Grafting from methods can
be sub-divided into two groups based on the applied polymeriza-
tion method: (1) conventional polymerization and (2) controlled
polymerization techniques. The methods in the first group [19]
belong to surface-initiated processes, and consequently, fairly high
grafting density can be achieved, do not provide control on the

mailto:ihara@kumamoto-u.ac.jp
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


M. Czaun et al. / Polymer 49 (2008) 5410–5416 5411
molecular weight and molecular weight distribution neither
a facility to perform block copolymerization. Since the propagation
of radicals is not controlled and polymer chains grow inside the
pores very fast, these polymerization reactions may result in the
blocking of the pore system and polymer brushes with high poly-
dispersity. A slower and controlled process can make the rate of the
polymerization less dependent on the diffusion of monomer
molecules to the active sites providing a more uniform film thick-
ness and decreasing the probability of blocking pore orifices [20].

To circumvent the above mentioned deficiencies of conventional
polymerization reactions, controlled (‘‘living’’) radical polymeriza-
tion techniques (CRP) were developed [21,22]. Atom transfer
radical polymerization (ATRP) has been the most rapidly devel-
oping method among CRP since its discovery by Matyjaszewski and
Sawamoto [23], owing to its high tolerance to numerous functional
groups present in monomers. ATRP processes usually require
a homolytically cleavable alkyl halide (dormant initiator) and
a metal complex in its lower oxidation state as a catalyst. The
initiation step, namely the reversible halogen atom transfer from
the dormant initiator to activator complex provides a propagating
radical and a deactivator complex. As a result of low radical
concentration the rate of termination reactions is significantly
lower than in conventional radical polymerization reactions thus
surface-initiated ATRP does not only improve the grafting density
of the attached polymers but may provide polymer chains with
controlled molecular weight and molecular weight distribution.

The most extensively studied inorganic–organic hybrids are
organically modified mesoporus silicates that have been obtained
by the grafting of organic molecules such as long chain alkyl silanes
[24] or polymers [25] and applied as stationary phases for liquid
chromatography. In C8/C18-type reversed phase (RP) liquid chro-
matography the interaction between stationary phase and analytes
is primarily based on hydrophobic effect with the alkyl chains of
the n-alkyl chain ligands as well as silanophylic interactions with
the non-functionalized accessible surface silanol groups. It was
reported by Ohmact et al. that free silanol groups may also interact
with the delocalized electrons of polycyclic aromatic hydrocarbon
(PAH) analytes via OH–p interaction contributing to the enhanced
selectivity [26]. It is noteworthy that introduction of any p–p active
functionality to the stationary phase may also have a significant
influence on the chromatographic selectivity of compounds with
extended p-electron system. For example, the presence of carbonyl
groups in poly(octadecyl acrylate)-grafted silica (Sil-ODAn)
provided enhanced shape selectivity for PAHs via carbonyl
p–benzene p interaction compare with the commercially available
octadecylsilane (ODS) column [27]. Furthermore, we have recently
reported on the molecular shape recognition of two p-electron
containing polymer hybrids such as poly(N0-octadecyl-Na-(4-
vinyl)-benzoyl-L-phenylalanineamide)-grafted silica (Sil-poly(Phe-
St)) [28] and poly(4-vinylpyridine)-grafted silica (Sil-VPn) [29]
towards PAHs. The monomer unit of the phenylalanine-derived
stationary phase involves two benzene rings and two carbonyl
groups providing driving force for p–p interaction and carbonyl p
interaction respectively. As we expected, both Sil-poly(Phe-St) and
Sil-VPn stationary phases showed generally better molecular shape
selectivity than ODS but while Sil-poly(Phe-St) gave fairly good
linearity selectivity, Sil-VPn had excellent planarity and poor line-
arity selectivity. Latter is due to the lack of driving force in VPn to
form any ordered structure that is essential for discriminating
linearity. As a part of our systematic studies aiming at under-
standing how the structure of polymers in silica–polymer hybrids
affects the molecular recognition ability, we have designed a new
monomer involving a flexible spacer between the amino acid and
the polymerizable group. Moreover, this monomer also involves an
octadecyl chain providing hydrophobicity and three carbonyl
functional groups to improve the facility of carbonyl p–benzene p
interaction between the polymeric stationary phase and PAH
analytes.

2. Experimental

2.1. General methods and materials

L(�)phenylalanine (Wako, 99þ%), g-butyrolactone (Wako,
99þ%), stearylamine (Wako 99%), N-carbobenzoxychloride (Z–Cl)
(Wako, assay min 95%), diethyl phosphorocyanidate (DEPC)
(Wako, assay min 90%) palladium carbon (Wako, Pd 5%) were used
as-received. Triethylamine (Wako, 99þ%) was distilled from
potassium hydroxide. Trichlorosilane (TCA, 97%), 2-bromoisobu-
tyryl bromide (Aldrich, 98%), 10-undecene-1-ol (Aldrich, 98%),
platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane (Karstedt
catalyst) (Aldrich, 0.1 M in xylenes), 1,1,4,7,7-pentamethyl-
diethylenetriamine (PMDETA) (Wako, 98.0%) and copper(I)
bromide (Aldrich, 99.999%) were used as-received. Toluene (Wako,
99þ%) and diethyl ether (Wako, 99.5þ%) were distilled from
sodium/benzophenone and stored under argon when not in use.
Porous silica particles (YMC-GEL) were purchased from YMC Co.
Ltd. (Kyoto, Japan) whose average diameter, pore size and surface
area are 4 mm, 12 nm, and 300 m2 g�1, respectively. HPLC grade
methanol as well as polycyclic aromatic hydrocarbon samples was
obtained from Nacalai Tesque (Japan). 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. Thermogravimetric analyses were performed on a Seiko
EXSTAR 6000 TG/DTA 6300 thermobalance in static air from 30 �C
to 800 �C at a heating rate 10 �C min�1 using an empty crucible as
reference. In order to remove solvent traces each sample was kept
under vacuum at 35 �C for 5 h before analysis. Differential scan-
ning calorimetric measurements (DSC) were carried out at
a heating rate of 2 �C min�1 using a Seiko EXTRA 6000 with a DSC
6200 instrument and an empty pan as reference. In order to
determine the bromine content of initiator-grafted silica particles
the sample was combusted in Mitsubishi Chemical Analytech
Automatic Burning Instrument (AQF-100) then the combustion gas
was absorbed into a standard solution. The obtained solutions
were analyzed by Dionex (ICS-2000) Ion Chromatograph using
phosphorus as internal standard. A JCM 5700 scanning electron
microscope was used for recording SEM images of the samples
that were previously coated by osmium using Filgen Osmium
Plasma Coater (OPC60A). The accelerating voltage of the SEM
instrument was 5 kV and the emission current was 12 mA. Pore
size measurements were carried out using Nova 2200e Surface
Area and Pore Size Analyzer (outgas time: 3 h, outgas tempera-
ture: 21 �C, adsorbed gas: N2, measurement temperature: 77.3 K,
equilibrium time: 120 s, equilibrium timeout: 240 s). For charac-
terization of organic compounds, 1H and 13C NMR spectra were
recorded on a JEOL JNM-LA400 (Japan) instrument. Chemical shifts
(d) of 1H, 13C expressed in parts per million (ppm) with use of the
internal standards Me4Si (d¼ 0.00 ppm). Coupling constants (J) are
reported in Hertz (Hz). Elemental analyses were carried out on
a Perkin–Elmer CHNS/O 2400 apparatus. UV/vis spectra were
measured on a JASCO V-560 spectrophotometer using quartz cell
of 1 cm width.

2.2. Solid state NMR measurements (13C CP/MAS NMR and 29Si CP/
MAS NMR)

NMR spectra were measured by Varian UnityInova AS400 at
a static magnetic field of 9.4 T using solid probe for CP/MAS NMR at
a spin rate 4000–4500 Hz. For solid state 13C CP/MAS, the NMR
measuring parameters are spectral width 50 000 Hz, proton pulse
width PW 90¼11.6 ms, contact time for cross-polarization 5 ms, and
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delay before acquisition was 2 s. High-power proton decoupling of
63 db with fine attenuation of dipole r¼ 2500 was used only during
detection periods. 29Si cross-polarization magic angle spinning (CP-
MAS) NMR spectra were collected with the same instrument.
Representative samples of 200–250 mg were spun at 3500 Hz using
7 mm double bearing ZrO2 rotors. The spectra were obtained with
a cross-polarization contact time of 5 ms. The pulse interval time
was 1.5 s. The transmitter frequency of 29Si was 59.59 MHz. Typi-
cally, 1.5 k FIDs with an acquisition time of 30 ms were accumulated
in 1 kb (kilobytes) data points and zero-filling to 8 kb prior to Fourier
transformation. The line broadening used was 30 Hz and the spec-
tral width for all spectra was about 25 kHz.
2.3. HPLC measurement

The chromatographic system consists of a Gulliver PU-980
intelligent HPLC pump with a Rheodyne sample injector having
20 mL loop. A JASCO multi-wavelength UV detector MD 2010 plus
was used. The column temperature was maintained by using
a column jacket with a circulator having a heating and a cooling
system. A personal computer connected to the detector with
JASCO-Borwin (Ver 1.5) software was used for system control and
data analysis. As the sensitivity of UV detector is high, 5 mL of
sample solution was used for each injection. To avoid overloading
effects, special attention was given in this study to the selection of
optimum experimental conditions. Separations were performed
using HPLC grade methanol and water mixture (90:10) as mobile
phase at a flow rate 1.00 mL min�1. The measurements were done
under isocratic elution conditions and retention factors (k) were
defined by (tr� t0)/t0 where t0 and tr are the retention times of
methanol and samples respectively. The separation factor (a) is the
ratio of the retention factor of two solutes that are being analyzed
(a¼ k2/k1). Retention time of D2O was used as the void volume (t0)
marker (the absorption for D2O was measured at 400 nm, which
actually considered as injection shock). All data points were derived
from at least triplicate measurements; with retention time (tR)
value varying �1%. Water/1-octanol partition coefficient (P) was
measured by the retention studies with octadecylated silica, ODS
(monomeric) (Inertsil ODS, i.d. 250� 4.6 mm, GL Science, Tokyo,
Japan): log P¼ 3.759þ 4.203 log k (r¼ 0.999997).
2.4. Synthesis of L-phenylalanine-derived monomer

N0-Octadecyl-L-phenylalanineamide (1) was synthesized
according to a previously reported method [28].

2.4.1. N0-Octadecyl-Na[4-(hydroxy)-butanoyl]-L-
phenylalanineamide (2)

Compound 1 (7.50 g, 18.0 mmol) was mixed with g-butyro-
lactone (85 mL), stirred and refluxed for 72 h in oil bath. The
mixture was cooled to room temperature and 500 mL acetonitrile
was added and the solution was stored at �20 �C for 6 h. The white
precipitate was filtered, washed with acetonitrile several times and
dried in vacuo giving 2 (7.74 g, 85.6%). M.p. 78–81 �C; elemental
analysis calcd (%) for C31H54N2O3: C 74.05, H 10.83, N 5.57; found C
74.85, H 10.83, N 5.79; FTIR (KBr)/cm�1 3287, 2917, 2849, 1635, 1567,
1536, 1470, 1163, 1061; 1H NMR (400 MHz, CDCl3) d 7.25 (5H, m,
C6H5), 6.32 (1H, d, J¼ 6.84 Hz, NHC(O)*CH), 4.37 (1H, t, J¼ 14.64 Hz,
*CH), 3.66 (2H, m, –CH2OH), 3.25 (2H, m, *CHCH2C6H5), 3.10 (2H, m,
CH2NHC(O)*CH), 3.07 (2H, m, *CHNHC(O)CH2), 2.36 (2H, t,
J¼ 12.0 Hz, –CH2CH2(O)H), 1.25 (33H, m, CH3CH2�16), 0.86 (3H, t,
J¼ 12.0 Hz, –CH3); 13C NMR (100 MHz, CDCl3) d 174.03, 173.27,
170.56, 138.02, 136.76, 129.31, 129.26, 128.69, 127.05, 126.78, 62.56,
56.50 54.80, 41.11, 39.585, 38.86, 32.66, 31.90, 29.68, 29.64, 29.58,
29.48, 29.34, 29.25, 29.21, 26.92, 26.77, 24.60, 22.70, 14.13.
2.4.2. N0-Octadecyl-Na[4-(acryloyloxy)-butanoyl]-L-
phenylalanineamide (3)

Compound 2 (7.5 g, 14.91 mmol) was dissolved in anhydrous
THF (300 mL) by stirring. Anhydrous triethylamine (4.52 g,
44.75 mmol) was added into the mixture and the temperature was
maintained at 0 �C with ice bath. Acryloyl chloride (2.71 g,
30.0 mmol) in 10.0 mL anhydrous THF was added drop wise and the
reaction mixture was stirred at 0 �C for 1 h. The mixture was then
let warm to room temperature and stirring was continued for
another 12 h to complete acylation reaction. After 12 h triethy-
lammonium chloride was removed by filtration, the filtrate was
concentrated under vacuum and dissolved in CHCl3 (250 mL). The
chloroform solution was washed with 10% NaHCO3 solution, 0.2 M
HCl and distilled water. The solution was dried over Na2SO4,
concentrated under reduced pressure, recrystallized from meth-
anol and dried in vacuo giving 3 as white powder (6.42 g, 77.4%).
M.p. 82–85 �C; elemental analysis calcd (%) for C34H56N2O4: C
73.33, H 10.13, N 5.03; found C 70.65, H 9.85, N 4.91; FTIR (KBr)/
cm�1 3287, 2918, 2849, 1727, 1638, 1559, 1466, 1195; 1H NMR
(400 MHz, CDCl3) d 7.20 (5H, m, C6H5), 6.37 (1H, q, J¼ 16.44 Hz,
–CH]C(H)H), 6.26 (1H, d, J¼ 8.76 Hz, –CH2–NH–C(O)–*CH), 6.07
(1H, q, J¼ 28.32 Hz, –CH]CH2), 5.85 (1H, d, J¼ 10.76 Hz,
–CH]C(H)H), 5.51 (1H, s, –*CH–NH–C(O)), 4.52 (1H, m, –*CH), 4.11
(2H, m, –CH2–CH2–CH2–O–C(O)), 3.10 (2H, m, CH2NHC(O)*CH), 2.95
(2H, m, *CHCH2C6H5), 2.25 (2H, t, J¼ 14.64 Hz, –NH–C(O)–CH2–
CH2–), 1.96 (2H, q, J¼ 24 Hz, –NH–C(O)–CH2–CH2–), 1.25 (32H, m,
CH3CH2�16), 0.86 (3H, t, J¼ 12.0 Hz, CH3); 13C NMR (100 MHz,
CDCl3) d 171.66, 170.5152, 166.15, 136.80, 130.84, 129.24, 128.66,
128.33, 127.01, 63.47, 54.80, 39.55, 38.86, 32.66, 31.90, 29.68, 29.64,
29.58, 29.48, 29.34, 29.25, 29.21, 26.92, 26.77, 24.60, 22.67, 14.08.

2.5. Surface-initiated ATRP of monomer 3 from Sil-4

[11-(2-Bromo-2-methyl)propionyloxy]undecyltrichlorosilane
(4) was immobilized onto silica by the reaction between tri-
chlorosilyl anchoring groups and surface silanol groups giving
initiator-modified silica (Sil-4) [28]. Sil-4 (4.1 g), compound 3
(4.01 g, 7.2 mmol) and PMDETA (0.410 g, 2.366 mmol) were
weighed on a round-bottomed flask then dry toluene (17 mL) was
added and the suspension was purged with nitrogen. After the
addition of CuBr (0.2214 g, 1.543 mmol) the mixture was deoxy-
genated (three freeze-vacuum-N2 cycles). The flask was then
immersed into an oil bath (90 �C) and rotated at a slow velocity for
24 h. Toluene was added, the reaction mixture was cooled to room
temperature and filtered. Poly3-silica composite was repeatedly
re-suspended in hot organic solvents (toluene, chloroform and
methanol) and filtered several times to remove nonbonded
monomers. The particles were placed in a round-bottomed flask,
suspended in a mixture of methanol and an aqueous solution of
K2EDTA (0.25 M) [30] and then the flask was rotated at 40 �C for 6 h
to eliminate catalyst traces. The suspension was filtered and the
residue was washed with water, methanol, and diethyl ether giving
Sil-poly3.

3. Results and discussion

3.1. Synthesis of monomer 3

Compounds 2 and 3 have been prepared according to the
synthetic process that is illustrated in Fig. 1. The reaction between
N0-octadecyl-L-phenylalanineamide [28] (1) and g-butyrolactone
resulted in the formation of N0-octadecyl-Na[4-(hydroxy)-buta-
noyl]-L-phenylalanineamide (2). The hydroxyl group in compound
2 was acylated by acryloyl chloride in the presence of anhydrous
triethylamine giving N0-octadecyl-Na[4-(acryloyloxy)-butanoyl]-L-
phenylalanineamide (3) as white powder. Compounds 2 and 3 were



Fig. 1. Synthesis of compound 3. Fig. 3. Preparation of poly3-grafted silica particles (Sil-poly3).
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characterized by elemental analysis and different spectroscopic
methods (1H NMR, 13C NMR and FTIR) as summarized in Section 2.
1H NMR and 13C NMR spectra of monomer 3 are shown in Figs. S1
and S2 in Supporting data.

The ordered structural conformation of the alkyl chains of
monomer 3 was evaluated by 13C CP/MAS NMR measurement
(Fig. 2 (inset)). The high intensity of peak at 33.4 ppm due to trans-
conformation and the absence of peak attributed to gauche
conformation revealed the domination of rigid, ordered chains over
the mobile amorphous regions [31].

3.2. Surface-initiated ATRP of 3 from silica

The preparation of poly3-grafted silica particles has been carried
out in two steps: (1) attachment of ATRP initiator onto silica surface
and (2) subsequent polymerization of 3 from initiator-modified
silica (Fig. 3). [11-(2-Bromo-2-methyl)propionyloxy]undecyltri-
chlorosilane [32] (4) radical initiator was grafted onto silica using
a previously reported method [28]. ATRP initiator (4) consists of
three basic components: an anchoring group (–SiCl3) linking the
initiator to the surface, a cleavable group (–O–C]O) and an a-bromo
group that undergoes the reversible halogen atom transfer reaction.
ATRP of 3 from initiator-grafted silica was conducted in dry toluene
under nitrogen atmosphere in the presence of CuBr and 1,1,4,7,7-
pentamethyldiethylenetriamine (PMDETA) as catalyst precursors
Fig. 2. Partial 13C CP/MAS NMR spectra of monomer 3 (inset) and Sil-poly3 in the
temperature range from 50 to 25 �C.
(see Section 2). The particles were filtered and washed free of any
absorbed monomer with several cycles of filtration and re-suspen-
sion in hot organic solvents (toluene, CHCl3 and MeOH) and then
volatile compounds were evaporated under vacuum. Sil-poly3 was
characterized by elemental analysis, different spectroscopic
methods (DRIFT, NMR), thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC).

3.3. Characterization of the silica composites

Weight percentage of grafted phase (Pw) and surface coverage of
Sil-poly3 were calculated [33] from elemental analysis data (C:
26.6%; H: 4.17%; N: 1.64%) as 22.9 wt% and 1.76 mmol m�2

respectively.
Thermogravimetric analysis (TGA) easily monitors the amount

of poly3 attached to silica cores. The heating process was carried
out up to 800 �C which has been demonstrated to be sufficiently
high to degrade all surface-bonded organosilanes [34]. Fig. S3
shows the TGA curves of untreated bare silica particles (a) with
the weight loss of 7.2 wt% due to the loss of water molecules
absorbed to the surface. Curve (b) shows 9.6 wt% difference [28]
between the weight retention of 4 initiator-grafted silica
(83.2 wt%) and bare silica (92.8 wt%) indicating that fairly high
amount of initiator could be immobilized. However, the trans-
lation of this weight difference into grafting density may lead to
false value because surface modification altered the hydropho-
bicity of silica surface, consequently, bare silica contains more
adsorbed water than Sil-4. Instead, grafting density of initiator 4
was determined on the basis of Br content of Sil-4 (4.05 wt%)
giving 605 mmol g�1. Thermogravimetric investigation revealed
that Sil-poly3 lost 39.4 wt% of its original weight up to 600 �C
showing two main areas of thermal decomposition, the first from
240 to 350 �C and the second one from 390 to 600 �C. The exis-
tence of a plateau in the weight retention profile of Sil-poly3 at
600 �C confirms that there is no volatile material remained on
the silica. If the weight retention of Sil-4 was considered as
reference, the weight of the grafted poly3 could be calculated
as 22.6 wt% of the total mass. This value corresponds to the weight
percentage of the grafted organic phase (Pw) calculated on the
basis of elemental analysis (22.9 wt%). TGA measurements helped
to obtain information about the effectiveness of initiator immo-
bilization and surface-initiated polymerization of compound 3.

Presence of grafted polymer on silica particles can also be
confirmed by diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy. Fig. S4 shows the DRIFT spectra, for bare silica (a), Sil-
4 (b), Sil-poly3 (c) and the FTIR spectrum of monomer 3 (d) in the
range from 3450 to 1590 cm�1. For initiator-grafted silica, charac-
teristic bands were detected at 2928, 2857 and 1717 cm�1 attrib-
uted to nas(CH2), ns(CH2) and n(C]O) respectively [28]. DRIFT
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spectrum of Sil-poly3 demonstrated broad signals at 3285, 1731
and 1640 cm�1. These bands are assigned to N–H stretching, ester
carbonyl stretching and amide carbonyl stretching respectively.

Furthermore, a group of peaks with low intensity arisen from
aromatic C–H stretching could be detected at 3066 cm�1. These
observations are in good agreement with the results obtained by
TGA measurements confirming the presence of grafted poly3 on
the silica surface.

Solid state 13C cross-polarization magic angle spinning (CP/
MAS) NMR provides useful information of the chemical composi-
tion of modified surfaces furthermore gives evidence about
conformation and dynamics of immobilized alkyl groups [31,35].
Generally, different conformations of the alkyl chain are visible in
the two signals of the (CH2)n chains at 32.6 and 30.0 ppm due to
trans and gauche conformations respectively [36]. While trans
conformations indicate rigid, ordered chains; the gauche confor-
mations characterize mobile, amorphous regions. 13C CP/MAS NMR
spectra of Sil-poly3 were recorded at variable temperatures (50–
25 �C) to gain insight into the conformation of octadecyl chains
(Fig. 2). Looking at the spectrum acquired at 50 �C, intense signal
attributed to gauche conformation can be seen at 30.2 ppm while
the intensity of signal at 32.6 ppm due to the trans conformation is
very low. Usually, when the temperature is decreasing more trans
conformations are formed because of lower mobility of the alkyl
chains. Surprisingly, at lower temperature (25 �C) the trans–gauche
ratio remained the same as it was observed at 50 �C, in other words
higher fraction of immobilized (CH2)n chains in poly3 are amor-
phous and mobile while self-assembling of monomer 3 could be
observed at ambient temperature. The fact that the trans–gauche
ratio is independent on the temperature is supported by the lack of
phase transition that usually can be observed by differential scan-
ning calorimetry (DSC) [37]. DSC curve of Sil-poly3/MeOH/H2O
mixture is shown in Fig. S5.

29Si CP/MAS NMR spectroscopy is well suited for assessing the
presence of different silicon species in polymer-layered silica
particles. Resonances for the silica species appear separately
between �50 and �125 ppm as shown in Fig. S6. Intense signals at
�111.5 and �102.5 ppm in the spectrum of Sil-4 can be attributed
to siloxane bridges (Q4) and vicinal (Q3) silanol groups while the
signal with low intensity at �91.7 ppm is due to geminal silanol
groups (Q2) [38]. 29Si CP/MAS NMR measurement of Sil-4 also
revealed the presence of T2 species (�55.8 ppm) indicating that
not all chlorosilane groups reacted with the surface silanol groups
rather the hydrolysis of those groups resulted in Si–OH function-
alities. Appearance of T3 species (�65.7 ppm) in the spectrum of
Sil-poly3 can be explained by the (poly)condensation of Si–OH
moieties under the conditions of ATRP reaction giving siloxane-
bridged organic layer. Illustration of different silicon containing
species is given in Fig. S7.

Pore size of Sil-4 and Sil-poly3 was determined by nitrogen gas
adsorption–desorption method (6.04 and 1.71 nm, respectively)
providing evidence that the pore radius of silica particles signifi-
cantly decreased during the polymerization. The transmission
electron microscopy (TEM) micrographs of 4 initiator-modified and
polymer-grafted silica microspheres as shown in Fig. 4 indicated
that polymer grafting did not affect the particle size (4.08 and
4.10 mm respectively), furthermore that particles remained
unagglomerated. Unagglomerated polymer-grafted silica particles
(Sil-poly3) were found suitable for chromatographic stationary
phase, and packed into stainless steel column.

3.4. Chromatographic performance

Sil-poly3 as a new stationary phase was initially tested with
a mixture containing uracil, toluene and naphthalene. The column
provided the separation factors (defined in Section 2) of 1.22
between toluene and uracil and 1.19 between naphthalene and
toluene using methanol as a mobile phase with an optimal flow rate
of 1.0 mL min�1. The chromatogram is shown in Fig. 5.

Additionally, chromatographic performance of Sil-poly3 was
compared with monomeric octadecylsilane (ODS-m) [28], Sil-
poly(Phe-St) [28], poly(L-alanine)-grafted silica (Sil-Alan) [39],
poly(octadecyl acrylate)-grafted silica (Sil-ODAn) [32] and poly(4-
vinyl pyridine)-grafted silica (Sil-VPn) [29] columns to investigate
how structural modification of the applied monomer affects the
molecular recognition ability.

The comparison between the retention behavior of alkylben-
zenes and PAHs may be used to evaluate the retention mode of
packing materials in HPLC [40]. It is well known that
log P¼ 3.759þ 4.203 log k equation [41] describes the relation
between partition coefficient (P) and retention factor (k) in
reversed-phase HPLC when the elevated retention of a certain
analyte can be clearly explained on the basis of its higher hydro-
phobicity. Contrarily, if the slope of log P versus log k plot is higher
than 4.203 it indicates that other type of interactions (e.g. carbonyl
p–benzene p) also contribute to the retention of the analyte. Fig. 6
shows the relationship between log k and log P with Sil-poly3 and
monomeric octadecylsilane (ODS-m) columns. (Determination of
partition coefficients (P) is described in Section 2.) As depicted in
Fig. 6, Sil-poly3 showed relatively lower retention for alkylben-
zenes than ODS-m. Interestingly, the log P–log k plots showed
similar slopes for both alkylbenzenes and PAHs in ODS-m while
those obtained by Sil-poly3, significantly differ from each other. On
the other hand, the separation factors (a), namely the ratio between
the retention factors for two alkylbenzenes are fairly closed to each
other in ODS-m and in Sil-poly3. For example, the separation
factors between dodecyl- and decylbenzenes were 1.31 in Sil-poly3
and 1.26 in ODS-m. This resembles a reversed-phase mode which
shows slightly higher separation for alkylbenzenes by Sil-poly3
than ODS-m. However, naphthacene and anthracene show a sepa-
ration factor of 2.17 for Sil-poly3 while it lies 1.78 for ODS-m which
proves the higher selectivity for PAHs on Sil-poly3. The extremely
enhanced selectivity for PAHs on Sil-poly3 provides us information
about its specific interactive sites for PAHs like Sil-ODAn [42]. We
have also observed that Sil-poly3 yielded much higher retention for
PAHs compared to its value for alkylbenzenes. For instance, the
log P of naphthacene (5.71) is much smaller than dodecylbenzene
(8.43), but the log k value of naphthacene (1.22) is higher than that
of dodecylbenzene (0.98) further prove its higher selectivity
towards PAHs. The retention and separation factors of some PAHs
and aromatic positional isomers are given in Table 1 with the data
obtained for ODS-m. Molecular shape recognition ability of poly3
was investigated by separation of mixtures containing linear and
non-linear furthermore planar and non-planar PAHs. Structures
of the applied analytes are shown in Fig. S8. In order to find
experimental evidence for the linearity recognition capability of
Sil-poly3, the separation factor for naphthacene and triphenylene
(anaphthacene/triphenylene) was determined and enhanced separation
was found in the case of Sil-poly3 (1.62) compared with ODS-m
(1.23). Both naphthacene and triphenylene possess the same
molecular weight consequently the mechanism of their separation
must be explained by having different geometries rather than by
the difference between their hydrophobicities. Hence, the separa-
tion factor, anaphthacene/triphenylene, between the two analytes, can be
regarded as a quantitative index of shape selectivity. It is particu-
larly noteworthy that anaphthacene/triphenylene was lower (1.33) with
Sil-poly(Phe-St) indicating the better linearity recognition of Sil-
poly3. This findings fit well to our previously reported results
namely the linearity selectivity of Sil-poly3 is much better than Sil-
VPn however it is worse than that was observed with b-structural
Sil-Alan (anaphthacene/triphenylene¼ 5.74) [39]. To extend the linearity
recognition studies to the investigation of molecular planarity



Fig. 4. SEM images of (a) Sil-4 and (b) Sil-poly3.

M. Czaun et al. / Polymer 49 (2008) 5410–5416 5415
recognition we determined the separation factor for p-terphenyl
and o-terphenyl (ap-terphenyl/o-terphenyl) as an indicator of the
ability to detect planarity of analytes. Both p- and o-terphenyl
have the same number of carbon atoms and p-electrons, but the
molecular planarity is entirely different: while p-terphenyl is
a little twisted (almost planar) o-terphenyl is a non-planar
compound. Poly3 stationary phase showed enhanced selectivity
(ap-terphenyl/o-terphenyl¼ 2.21) towards test mixture containing all
positional isomers of terphenyl compared with monomeric ODS.
As it is indicated in Table 1 chromatographic separation of ter-
phenyl isomers with ODS-m resulted in significantly lower
separation factor (ap-terphenyl/o-terphenyl¼ 1.44) moreover, did not
discriminate between m- and p-isomers. The differences in
linearity- and planarity recognition ability of ODS-m and Sil-
poly3 are undoubtedly attributed to the fact that latter involves
Fig. 5. Chromatogram for a mixture of uracil, toluene and naphthalene with Sil-poly3
column. Mobile phase: methanol–water (90:10) at a flow rate 1 mL min�1, column
temperature: 25 �C, UV detection (254 nm). Column 4.6 ID� 250 mm.
three carbonyl groups per monomer unit providing a facility for
carbonyl p interaction besides hydrophobic effect. Not surpris-
ingly, the planarity selectivity of Sil-poly3 and Sil-poly(Phe-St)
was found practically the same for the separation of tripheny-
lene/o-terphenyl analytes, 3.17 and 3.23 respectively, because
both organic phases are mainly disordered as it was proven by
13C CP/MAS NMR spectra. It must be added here that while
Sil-Alan provided significantly lower separation factor for planar
and non-planar analytes (atriphenylene/o-terphenyl¼ 1.37), extremely
high planarity selectivity (9.85) was observed with Sil-VPn.

Important conclusions related to the molecular recognition
ability of the newly developed stationary phase can be drawn from
the chromatographic performance and the conformational studies
Fig. 6. Log k versus log P for ODS-m and Sil-poly3 stationary phases; a: benzene,
b: toluene, c: Et-benzene, d: Bu-benzene, e: hexylbenzene, f: octylbenzene, g: decyl-
benzene, h: dodecylbenzene, i: naphthalene, j: anthracene, k: naphthacene. Mobile
phase: methanol–water (90:10) at a flow rate 1 mL min�1, column temperature: 30 �C,
UV detection (254 nm).



Table 1
Retention and separation factors of PAHs for Sil-poly3, Sil-poly(Phe-St) and ODS-m
stationary phases.

Analytea Sil-poly3 Sil-poly
(Phe-St) [28]

ODS-m [28]

k a k a k a

Benzene 0.57 0.974 0.74
2.09 2.36 1.78

Naphthalene 1.19 2.30 1.32
5.42 6.30 3.55

Anthracene 3.09 6.14 2.63

Pyrene 4.72 10.28 3.76
1.55 1.41 1.21

Triphenylene 7.32 14.42 4.57
1.66 1.23 1.29

Benzo[a]anthracene 7.84 12.64 4.87
1.74 1.43 1.30

Chrysene 8.21 14.70 4.89
2.52 1.90 1.49

Naphthacene 11.88 19.10 5.60

o-Terphenyl 2.31 4.47 3.07
1.77 1.95 1.44

m-Terphenyl 4.10 8.71 4.45
2.21 3.10 1.44

p-Terphenyl 5.101 13.81 4.45

a Mobile phase: methanol–water (90:10) at a flow rate 1 mL min�1, column
temperature: 30 �C, UV detection (254 nm).
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of Sil-poly3: (1) although the majority of octadecyl chains are in
disordered conformation in Sil-poly3 the presence of propyle-
neoxycarbonyl spacer instead of p-phenylene group in the
monomer resulted in significant enhancement of linearity selec-
tivity towards PAHs, (2) although higher retention factors were
observed with poly(Phe-St), owing to the presence of one more
benzene ring in every monomer unit providing higher hydropho-
bicity, Sil-poly3 shows better linearity selectivity. At first the
linearity selectivity results might appear contradictory, however if
one compare the energy of these interactions, one will see that
carbonyl p–benzene p interaction [42] is stronger than benzene p–
benzene p interaction [43] consequently it must have higher effect
on the linearity selectivity.

4. Conclusions

A novel L-phenylalanine-based monomer; N0-octadecyl-Na-
[4-(acryloyloxy)-butanoyl]-L-phenylalanineamide (3) has been
synthesized, and its self-assembling properties were investigated by
FTIR and variable temperature 1H NMR spectroscopy. It was found
that hydrogen bonding between the carbonyl- and amide groups,
furthermore weak van der Waals interactions between the octadecyl
chains is responsible for the self-assembly of monomer 3. Surface-
initiated atom transfer radical polymerization of compound 3 has
been carried out from initiator-grafted porous silica gel to immobi-
lize molecular shape recognitive polymer. The results of thermog-
ravimetric and diffuse reflectance infrared Fourier transform
spectroscopic analyses revealed that fairly large amount of polymer
could be attached to silica surface. 13C CP/MAS NMR measurement of
the inorganic–polymer hybrid material (Sil-poly3) demonstrated
that octadecyl chains of the grafted polymer are in less ordered
gauche conformational form. Poly3-grafted particles were used as
separation materials for reversed-phase high performance liquid
chromatography. It was found that Sil-poly3 shows significantly
better molecular shape and planarity recognition for polycyclic
aromatic hydrocarbons than ODS-m column while the comparison
of chromatographic performance of Sil-poly(Phe-St) and Sil-poly3
led us conclude that substitution of p-phenylene spacer by propy-
leneoxycarbonyl group not only reduced the retention time but also
increased the linearity recognition.
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