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Abstract: Functionalization of tetrapropylcalix[4]resorcinarene, tetrapentylcalix[4]resorcinarene,
tetranonylcalix[4]resorcinarene, and tetra-(4-hydroxyphenyl)calix[4]resorcinarene by means of
aminomethylation reactions with the amino acids β-alanine and l-proline in the presence of
aqueous formaldehyde was carried out. When β-alanine was used, the reaction products were
tetrabenzoxazines. The reaction with tetra-(4-hydroxyphenyl)calix[4]resorcinarene did not proceed
under the experimental conditions; therefore, l-proline was used, and the corresponding tetra-Mannich
base was regio- and diasteroselectively formed. The products were characterized via FT-IR, 1H NMR,
13C NMR, and elemental analysis. With these aminomethylated-calix[4]resorcinarenes, the chemical
surface modification of the copolymers poly(GMA–co–EDMA) and poly(BMA–co–EDMA–co–MMA)
in a basic medium was studied. The results were quite satisfactory, obtaining the corresponding
copolymers functionalized by nucleophilic substitution reaction and ring-opening between the
carboxyl group of the upper rim of aliphatic calix[4]resorcinarenes and the hydroxyl group of the
lower rim in the aromatic calix[4]resorcinarene and the epoxy group of the glycidyl methacrylate
residue of each copolymer. The modified copolymers were characterized via FT-IR, scanning
electron microscopy imaging, and elemental analysis. Finally, the modified copolymer surfaces
exhibited interaction with peptides, showing their potential application in chromatographic separation
techniques such as high-performance liquid chromatography.
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1. Introduction

The development of new polymeric materials for application in chemical separation is currently
an active line of investigation in several research groups worldwide [1–4]. Its importance lies in
obtaining new sorbents that significantly improve the analytical characteristics of the determination
of analytes of biological interest in complex matrices, such as, for example, greater selectivity and
lower LLOQ (lower limit of quantification) [5]. For this purpose, inorganic and organic polymers have
been modified with macrocyclic compounds such as cyclodextrins and calixarenes, which can form
stable complexes with a variety of analytes [6–8]. As a result of these efforts, studies have recently been
initiated with the calix[4]resorcinarenes macrocycles as modifiers of polymeric surfaces, mainly because
they possess a variety of functional groups that allow selective functionalization, increasing the degree
of interaction with the analytes [9]. The versatility of the functionalization of calix[4]resorcinarenes
has led to potential applications in other fields, such as chiral nuclear magnetic resonance solvating
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agents [10,11], chemical receptors for molecules and ions [12–14], molecular encapsulation [15–17],
selective complexation of metal ions and neutral substances [18–20], catalysis [21,22], and liquid
crystals [23], among others.

Calix[4]resorcinarenes are polyhydroxylated tetrameric platforms that are generally synthesized
by the cyclocondensation reaction between resorcinol and an aldehyde, catalyzed by hydrochloric
acid [24]. As mentioned above, they have several functional groups, which give them different
derivatization alternatives, both on the lower rim and on the upper rim of the macrocyclic structure.
Mixed derivatization in the upper rim is also possible, and through the Mannich-type reaction it has
been possible to functionalize the aromatic carbons and partially functionalize the hydroxyl groups,
obtaining tetrabenzoxazine-type compounds, thus increasing the volume and functionality of the
calix[4]resorcinarene cavity in the crown conformation, which has led to their application in analytical
separations [9].

In this way, calix[4]resorcinarenes have been successfully applied in the development of
new stationary phases for chromatography. Specifically in HPLC, the calix[4]resorcinarenes have
been immobilized on polymeric surfaces by post-polymerization modification. Two kinds of
functionalization have been used: Firstly, modification of the macrocycle upper rim, by nucleophilic
substitution of a hydroxyl group on a highly reactive electrophilic group in the polymer [25]. This
methodology is known as “reaction with surface groups”. Using this protocol, silica particles
have been chemically modified, obtaining the stationary phases MCR-HPS, BAMCR-HPS [26], and
ODS-MCR-HPS [27], which exhibited excellent selectivity and chromatographic behavior in the
separation of the position of aromatic isomers and chiral molecules. The second functionalization
is the modification of the calix[4]resorcinarene lower rim. Polymers have been modified in two
ways. One method is through the lipophilic interaction between long hydrocarbon chains present
in the macrocycle and in the polymer. Thus C18 columns have been physically modified with
calix[4]resorcinarenes with undecyl groups on the lower rim, showing appropriate selectivity in
the separation of nitrogenous bases [9]. The second method is by chemical modification, via a
mechanism similar to the modification described for the upper rim. An example is the modification
of a RP-C18 column, to which a calix[4]resorcinarene spaced with an undecyl group was covalently
linked at the lower rim, observing acceptable selectivity in the separation of cis and trans isomers
of flupentixol, clopenthixol, chlorprothixene, and doxepin [28]. Currently, copolymer materials
based on methacrylates have experienced a great upsurge [29], mainly because of the possibility of
chemical modification on the epoxy group, when the monomer glycidyl methacrylate is present in
the copolymer [30]. In addition, the methacrylate copolymers have the great advantage of being
monolithic materials; therefore, they possess high porosity and a large surface area, attributes that are
satisfactorily applied in their use as stationary phases.

Continuing with our research on the synthesis and functionalization of calix[4]resorcinarenes [31–35]
and on the modification of polymeric surfaces [30], in this article we study the synthesis and use of
aminomethylated-calix[4]resorcinarenes in the functionalization of glycidyl methacrylate copolymers and
their application in the interaction with peptides.

2. Materials and Methods

2.1. General Experimental Information

All the reagents and solvents used in the synthesis experiments were of analytical grade and were
used without further purification. A NicoletTM iS10 FT-IR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) with a Monolithic Diamond ATR accessory and absorption in cm−1 was used for
recording IR spectra. Nuclear magnetic resonance (1H NMR and 13C NMR) spectra were recorded on a
BRUKER Avance 400 instrument (400.131 MHz for 1H and 100.263 MHz for 13C) dimethyl sulfoxide-d6;
the chemical shifts are given in δ units (ppm). RP-HPLC analyses were performed using an Agilent 1200
liquid chromatograph (Agilent, Omaha, NE, USA). The elemental analysis for carbon and hydrogen



Polymers 2019, 11, 1147 3 of 13

was carried out using a Flash 2000 elemental analyzer (Thermo Fisher Scientific, Waltham, MA,
USA). Scanning electron microscopy (SEM) analysis was done on a VEGA3 SB microscope (TESCAN,
Brno-Kohoutovice, Czech Republic).

2.2. Synthesis of the Starting Materials

The preparation of calix[4]resorcinarenes has been reported elsewhere [30,34]. Hydrochloric acid
(10 mL) was carefully added to a solution of resorcinol (10 mmol) and aldehyde (10 mmol), in a 1:1
ethanol/water mixture (40 mL). The reaction mixture was reacted at reflux with constant stirring for
1–6 h, subsequently cooled in an ice bath, and filtered and washed with water. Finally, the filtrate was
dried under a vacuum and was characterized via spectroscopy techniques.

Tetra(propyl)calix[4]resorcinarene (1) was obtained as a yellow solid at a yield of 82%, Mp > 250 ◦C
decomposition. IR (KBr/cm−1): 3318 (O–H), 2955 (ArC–H), 2929 (aliphatic C–H), 1617 (ArC=C), 1285
(C–O); 1H NMR, DMSO-d6, δ (ppm): 0.90 (t, 12H, CH3), 1.20 (m, 8H, CH2), 2.08 (q, 8H, CH2), 4.23 (t,
4H, CH), 6.15 (s, 4H, ortho to OH), 7.24 (s, 4H, meta to OH), 8.93 (s, 8H, OH); 13C NMR, δ (ppm): 16.1,
25.3, 32.7, 49.2, 112.1, 127.2, 129.0, 151.1.

Tetra(pentyl)calix[4]resorcinarene (2) was obtained as a yellow solid at a yield of 83%, Mp > 250 ◦C
decomposition. IR (KBr/cm−1): 3416 (O–H), 2950 (ArC–H), 2928–2858 (aliphatic C–H), 1620 (ArC=C),
1292 (C–O); 1H NMR, DMSO-d6, δ (ppm): 0.85 (t, 12H, CH3), 1.19 (m, 8H, CH2), 1.28 (m, 16H, CH2),
2.03 (m, 8H, CH2), 4.24 (t, 4H, CH), 6.17 (s, 4H, ortho to OH), 7.16 (s, 4H, meta to OH), 8.90 (s, 8H, OH);
13C NMR, δ (ppm): 14.1, 22.4, 27.6, 31.6, 33.1, 34.1, 102.5, 123.2, 124.9, 151.8.

Tetra(nonyl)calix[4]resorcinarene (3) was obtained as a yellow solid at a yield of 87%, Mp > 250 ◦C
decomposition. IR (KBr/cm−1): 3258 (O–H), 2925 (ArC–H), 2853 (aliphatic C–H), 1620 (ArC=C), 1294
(C–O); 1H NMR, DMSO-d6, δ (ppm): 0.83 (t, 12H, CH3), 1.20 (br. s., 56H, CH2), 1.96 (br. s., 8H, CH2),
4.21 (t, 4H, CH), 6.15 (s, 4H, ortho to OH), 7.07 (s, 4H, meta to OH), 8.88 (s, 8H, OH); 13C NMR, δ (ppm):
13.8, 22.1, 27.8, 28.8, 28.9, 29.2, 29.2, 29.3, 31.4, 34.2, 102.4, 123.0, 124.3, 151.7.

Tetra(4-hydroxyphenyl)calix[4]resorcinarene (4) was obtained as a pink solid at a yield of 54%,
Mp > 250 ◦C decomposition. IR (KBr/cm−1): 3384 (O–H), 1249 (C–O); 1HNMR, DMSO-d6, δ (ppm):
5.53 (s, 4H, ArCH), 6.08 (s, 4H, ArH, ortho to OH), 6.47 (d, 8H, J = 8 Hz, ArH), 6.50 (s, 4H, ArH, meta to
OH), 6.63 (d, 8H, J = 8 Hz, ArH), 8.43 (s, 8OH, ArOH), 8.83 (4OH, ArOH); 13C NMR, δ (ppm): 40.6,
102.9, 114.0, 121.0, 129.6, 136.0, 152.2, 152.3, 154.5.

2.3. Reaction of Calix[4]resorcinarenes 1–3 with β-alanine

The preparation of benzoxazines from calix[4]resorcinarenes 1–3, formaldehyde, and β-alanine
was performed using the following methodology: To a solution of calix[4]resorcinarene (1, 2 or 3)
(1 mmol) in 44 mL of a mixture C6H6:EtOH (1:1), a solution of β-alanine (4 mmol) and formaldehyde
(10 mmol) was added. The reaction mixture was reacted at reflux with constant stirring for 12–29 h.
The product was filtered, washed with ethanol, and dried under a vacuum. The products were
characterized via spectroscopy techniques.

2,12,22,32-tetrapropyl-4,14,24,34-tetrahidroxy-7,17,27,37-tetra-(2-carboxyethyl)-7,17,27,37-tetra-
azanonacycle[31.3(7).1.13,11.113,21.123,311(41).3.5(10)-11(44).13.123,31.05,10.015,20.025,30.035,40]tetraconta[15(20),
21(43),23,25(30),31(42),33,35(41)]dodecaene (5):

An purple solid at yield of 88%. Mp > 250 ◦C decomposition. IR (KBr/cm−1): 3374 (O–H y
COOH), 2955 (Ar. C–H), 2869 (aliphatic C–H), 1714–1603 (C=O), 1214 (C–N), 1115 (C–O); 1H NMR,
DMSO-d6, δ (ppm): 0.93 (br. s., 12H, CH3), 1.25 (br. s., 8H, CH2), 2.20 (br. s., 8H, CH2), 2.43 (br. s., 8H,
NCH2–CH2–COOH), 2.90 (br. s., 8H, N–CH2–CH2COOH), 3.97 (br. s., 8H, ArCH2N), 4.27 (br. s., 4H,
CH), 6.20 (br. s., 12H, NCH2O and OH), 7.26 (br. s., 4H, meta to OH); 13C NMR, δ (ppm): 13.9, 20.8,
31.7, 33.6, 35.4, 42.9, 56.0, 85.0, 107.6, 123.6, 124.5, 152.5, 152.6, 172.9, 174.1. Anal. calcd. for (molecular
formula, C60H76N4O16): C = 64.97, H = 6.91 and N = 5.05; found: C = 60.90, H = 6.90 and N = 4.41
(because of its host nature, the compound occluding solvent molecules observed by NMR).
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2,12,22,32-tetrapentyl-4,14,24,34-tetrahidroxy-7,17,27,37-tetra-(2-carboxyethyl)-7,17,27,37-tetra-
azanonacycle[31.3(7).1.13,11.113,21.123,311(41).3.5(10)-11(44).13.123,31.05,10.015,20.025,30.035,40]tetraconta[15(20),
21(43),23,25(30),31(42),33,35(41)]dodecaene (6):

An purple solid at a yield of 89%. Mp > 250 ◦C decomposition. IR (KBr/cm−1): 3411 (O–H and
COOH), 2926 (ArC–H), 2855 (aliphatic C–H), 1722–1607 (C=O), 1211 (C–N), 1109 (C–O); 1H NMR,
DMSO-d6, δ (ppm): 0.85 (br. s., 12H, CH3), 1.27 (br. s., 16H, CH2), 2.18 (br. s., 8H, CH2), 2.40 (br. s., 8H,
CH2), 2.86 (br. s., NCH2–CH2–COOH), 2.94 (br. s., N–CH2–CH2COOH), 3.94 (br. s., 8H, ArCH2N),
4.19 (br. s., 4H, CH), 4.67 (br. s., NCH2O), 4.85 (br. s., OH), 7.20 (br. s., 4H, meta to OH). Anal. calcd. for
(molecular formula, C68H92N4O16): C = 66.86, H = 7.59 and N = 4.59; found: C = 63.35, H = 7.51 and
N = 4.05 (because of its host nature, the compound occluding solvent molecules observed by NMR).

2,12,22,32-tetranonyl-4,14,24,34-tetrahidroxy-7,17,27,37-tetra-(2-carboxyethyl)-7,17,27,37-tetra-
azanonacycle[31.3(7).1.13,11.113,21.123,311(41).3.5(10)-11(44).13.123,31.05,10.015,20.025,30.035,40]tetraconta[15(20),
21(43),23,25(30),31(42),33,35(41)]dodecaene (7):

An purple solid at a yield of 77%. Mp > 250 ◦C decomposition. IR (KBr/cm−1): 3279 (O–H and
COOH), 2922 (ArC–H), 2889 (aliphatic C–H), 1714–1620 (C=O), 1212 (C–N), 1103 (C–O); 1H NMR,
DMSO-d6, δ (ppm): 0.86 (br. s., 12H, CH3), 1.24 (br. s., 64H, CH2), 2.18 (br. s., 8H, NCH2–CH2–COOH),
2.33 (br. s., 8H, NCH2–CH2–COOH), 2.84 (br. s., ArCH2N), 3.87 (br. s., CH), 4.04 (br. s., OH), 4.16
(br. s., NCH2O), 7.05 (br. s., 2H, meta to OH), 7.13 (br. s., 2H, meta to OH). Anal. calcd. for (molecular
formula, C84H124N4O16): C = 69.78, H = 8.64 and N = 3.87; found: C = 68.17, H = 8.80 and N = 4.05
(because of its host nature, the compound occluding solvent molecules observed by NMR).

2.4. Reaction of Calix[4]resorcinarene 4 with l-proline

EtOH (8 mL) and 37% aqueous formaldehyde (2 mmol, 190 µL) were added to a solution of (4)
(0.2 mmol) in DMF (5 mL) in a 150% stoichiometric excess under constant stirring [36,37]. Subsequently,
a solution of l-proline (1 mmol) containing NaOH 1 M (43 µL) in water (700 µL) was added. The
reaction was left at room temperature for 6 h under magnetic stirring, whereupon an amorphous solid
was formed, which was filtered under a vacuum and washed with EtOH (5 mL). The precipitate was
dried at room temperature for 24 h in the absence of light. The product was characterized via FT-IR,
1H NMR, 13C NMR, MS, elemental analysis, and HPLC. The following was obtained:

2,8,14,20-Tetra-(4-hydroxyphenyl)-5,11,17,23-tetrakis(N–(l-proline)methyl)pentacyclo[19.3.1.
13;7.19;13.115;19]octacosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),21,23-dodecaen-4,6,10,12,16,18,22,24-
octol (8):

An ocher yellow solid at a yield of 87%. Mp > 250 ◦C (desc.). IR (KBr/cm−1): 3413 (O–H), 1678
(C=O). 1H NMR, DMSO-d6, δ (ppm): 1.62–1.87 (m, 16H, proline NC–(CH2)2), 2.11–2.20 (m, 8H, proline
NCH2), 3.88 (m, 4H, proline CH), 3.97 (m, 8H, NCH2Ar), 5.54–5.76 (m, 4H, ArCH), 6.20–6.55 (m, 20H,
ArH). 13C NMR, δ (ppm): 22.8 and 23.4, 28.3 and 28.7, 41.9 and 42.2 (proline N(CH2)3), 49.7 and 49.9
(ArCH), 52.4 and 53.1 (ArCH2N), 67.1 and 67.4 (proline CH), 108.5 and 114.2 (resorcinol C–2), 121.8
and 122.9 (resorcinol C–5), 122.9 and 123.1 (hydroxyphenyl C–3), 129.6 and 129.7 (hydroxyphenyl C–2),
132.6 and 133.2 (hydroxyphenyl C–4), 150.9 and 151.9 (resorcinol C–4), 152.0 and 152.2 (hydroxyphenyl
C–1), 154.8 and 154.9 (resorcinol C–1), 172.3 and 172.9 (C=O). Anal. calcd. for (molecular formula,
C76H76N4O20): C = 61.95, H = 6.02 and N = 3.80; found: C = 61.30, H = 6.30 and N = 3.80 (because of
its host nature, the compound occluding solvent molecules observed by NMR).

2.5. Preparation of Copolymers

2.5.1. Poly(GMA–co–EDMA)

The preparation of copolymer has been reported elsewhere [38]. The monomer inhibitor
(hydroquinone monomethyl ether, MEHQ) was removed before performing the polymerization
reaction, using a silica gel column. A mixture of GMA (0.34 mL), EDMA (0.23 mL),
1,1-azobis(cyclohexanecarbonitrile) (6.3 mg), cyclohexanol (1.22 mL), and dodecanol (0.27 mL) was
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prepared, purged with N2 for 5 min, and then incubated at 57 ◦C for 24 h. Next, the resulting polymer
was cooled to room temperature, porogens were removed by washing with absolute ethanol, and
the polymer was dried under reduced pressure. The copolymers were characterized via IR (ATR),
elemental analysis, and SEM.

2.5.2. Poly(BMA–co–EDMA–co–GMA)

The preparation of a copolymer was performed in the same way as the previous procedure, and
the amounts of the monomers were determined according to previous studies [39]. BMA (0.15 mL),
GMA (0.45 mL), EDMA (0.40 mL), 1,1-azobis(cyclohexanecarbonitrile) (11 mg), cyclohexanol (1.50 mL),
and dodecanol (0.15 mL).

2.6. Surface Modification of Copolymers with Aminomethylated-Calix[4]resorcinarenes 5–7

For the surface modification of copolymers poly(BMA–co–EDMA–co–GMA) and
poly(GMA–co–EDMA) with benzoxazines calix[4]resorcinarene 5–7, the methodology was
adapted from the procedure published by Zargin et al. [40]. To a solution of benzoxazine
calix[4]resorcinarene (1 mmol) in DMF, a solution of tetrabuthylammonium chloride (1 mmol) in
DMF was added dropwise, and then this mixture was added dropwise to a copolymer suspension in
DMF. Afterward, the reaction mixture was purged with N2, sealed, and reacted for 24 h with constant
stirring. Then the reaction mixture was filtered, washed with DMF and absolute ethanol, and dried
under reduced pressure. Six modified copolymers with benzoxazines calix[4]resorcinarene were
obtained and characterized via IR (ATR), elemental analysis, and SEM.

2.7. Surface Modification of Copolymers with Aminomethylated-Calix[4]resorcinarene 8

The functionalization process was adapted from the methodology previously proposed by us [30].
A mixture of (1) (0.2 mmol) in DMF/DMSO and sodium hydroxide (0.2 mmol) was added to triturated
copolymer poly(GMA–co–EDMA–co–MMA) (500 mg). The rest of the procedure followed the same as
the previous methodology.

2.8. Interaction of Peptides with Copolymers

Calibration curves were performed for the peptides via RP-HPLC, using: (i) a Chromolith®C–18
column (4.6 × 50 mm) as the stationary phase; (ii) an elution gradient of 5% to 50% of solvent B was
performed for 8 min—specifically, solvent A corresponded to 0.05% TFA in H2O and solvent B was
0.05% TFA in ACN; (iii) a flow of 2 mL/min; (iv) 210 nm for detection; and (v) an injection volume of
10 µL.

To determine the interaction between peptides and copolymers, 1.0 mg of the tested copolymer was
added to the peptide solution (1 mg/mL) and gently stirred for 1 min, and then it was centrifuged, and
an aliquot was analyzed via HPLC in order to calculate the peptide concentration without interacting.
These analyses were performed in an acidic and a neutral medium. The percentage of interaction with
the modified copolymer was calculated using the substitution of the resorcinarene (Table 1) as the
maximum value and considering that the relation of peptide and resorcinarene motif was 1:1.

3. Results

3.1. Synthesis of Calix[4]resorcinarenes and Aminomethylated Derivates

As mentioned above, the experimental process was carried out in several stages. The first
step involved the synthesis of calix[4]resorcinarenes, and for the present study we chose four
calix[4]resorcinarenes (1–4) to be modified by aminomethylation reaction and subsequently anchored to
the polymeric surface. The synthesis of calix[4]resorcinarenes 1–4 was done through the acid-catalyzed
cyclocondensation of resorcinol with an aldehyde in a 50:50 mixture of ethyl alcohol and water at 75
◦C (Scheme 1). The products were purified by means of recrystallization, and the derivatives were
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characterized using spectral techniques, including FT-IR, 1H NMR, 13C NMR, and mass spectrometry.
These compounds have been previously synthesized, and the spectroscopic data agreed with those
reported by us [30,31,33,34].Polymers 2019, 11, x FOR PEER REVIEW 6 of 13 
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The next step involved reaction with amino acids in the presence of formaldehyde via
base-catalyzed cyclocondensation, as described in the literature [36]. Briefly, first the reaction of
β-alanine was carried out with the calix[4]resorcinarenes 1–3 (see Scheme 2). The products obtained in
each reaction were easily purified by recrystallization and were characterized using spectral techniques
including elemental analysis, MS-spectrometry, FT-IR, 1H NMR, and 13C NMR experiments (see the
experimental section). In this way, the aminomethylation product of 1 and 3 showed that the FT-IR
was in agreement with the organic functionalities present, the principal features observed being the
hydroxyl group stretches at 3347 cm−1 (O–H) and 1468 cm−1 (C−O), whereas the C–N of the amine
group can be seen at 1286 cm−1. The bands of the alkyl substituent and the aromatic ring can also
be seen at 2923 and 3027 cm−1, respectively. The 1H NMR spectrum of the products 5–7 displayed
characteristic signals of benzoxazine ring in a range of 3.87–3.97 ppm (Ar–CH2–N) and 4.16–4.67 ppm
(N–CH2–O). Likewise, characteristic signals for β-alanine moiety were observed in a range of 2.18–2.86
ppm, and signals of alkyl substituent were observed in the range of 1.28–2.17 ppm (see experimental
section for the complete assignment of each product). Methine bridges in the three products were
also observed (4.16–4.27 ppm). In the aromatic region, a singlet signal for meta protons of the three
calix[4]resorcinarenes′ moiety was detected in the range of 7.13–7.26 ppm. The signal for the hydroxyl
groups was at 7.66 ppm, but it only integrated for four protons. So, the decrease of the integral of the
hydroxyl signals is indicative of the formation of a benzoxazine ring. The 13C NMR spectra of 5–7
displayed the number of signals expected for each compound, and they were assigned according to
their displacements and based on previous reports (see experimental section) [31,34,41,42].
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Aminomethylation of 4 was done with proline by direct reaction with formaldehyde solution
(Scheme 3). In this way, compound 8 was obtained as a white solid, and the molecular weight
was determined via MALDI-TOF-MS (m/z 1525.20 corresponding to the specie [M + Na]+). The
FT-IR spectrum of 8 showed amine group (044 cm−1 and 773 cm−1), aromatic ring (1609 cm−1), alkyl
chain (2929 cm−1), and hydroxyl group (3421 cm−1) absorptions. The 1H NMR spectrum displayed
characteristic signals for the calix[4]resorcinarene system: a methine bridge fragment between the
aromatic rings (3.97 ppm) and the aromatic hydrogen of a pentasubstituted resorcinol unit (6.50 ppm).
The strong cyclic hydrogen bonding in the product is the response of the signals for diastereotopic
protons Ar–CH2–N at 5.54 and 5.76 ppm, the two signals with doublet multiplicity and a coupling
constant of J = 16 Hz. The signals for proline moiety were displayed at 1.62, 2.11, and 2.20 ppm. The
carbon signals in 13C NMR were assigned through 1D experiments and based on previously published
articles [31,34,41,42] (see experimental section).
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3.2. Copolymerization and Surface Modification

Once the calix[4]resorcinarenes 5–8 were obtained, the next step involved the reaction of these
macrocycles with the copolymers′ poly(BMA–co–EDMA–co–GMA) and poly(EDMA–co–GMA) surface.
Thus, the copolymers were obtained according to previous reports [30]. Characterization of the
copolymers was done via ATR-FTIR and scanning microscopy, and the spectra show a characteristic
signal correspond ding to a C=O bond at 1714 cm−1. In addition, other characteristic peaks were
found at 2930 and 104 cm−1 due to the C–H stretching vibration, 1449 cm−1 due to the C–H bending
vibration, 1151 cm−1 due to the C–O stretching vibration of the glycidyl group, and 902 cm−1 due to
characteristic epoxy ring absorption. The results showed that there was an absence of the C=C peak at
1600–1675 cm−1, which suggested that the polymerization method was effective. The 2,3-epoxypropyl
methacrylate-copolymer morphology was analyzed via scanning electron microscopy imaging. It was
observed that the morphology of the 2,3-epoxypropyl methacrylate-copolymer is quite uniform, with
continuous pores, this kind of structure is suitable for mass transfer efficiency for the reaction between
the oxirane side chain of copolymers and the calix[4]resorcinarenes 5–8.

The presence of an oxirane ring in 2,3-epoxypropyl methacrylate copolymers allows further
chemical modifications with various reactive groups. In recent years, research has been carried out
on the attachment of a hydroxyl group to copolymers of 2,3-epoxypropyl methacrylate and with
the carboxylate group [40]. For the present investigation, we performed the copolymer grafting by
two routes: first, fixation of each calix[4]resorcinarene molecule (5–7) by its direct reaction with the
copolymer’s glycidyl group in the presence of tetrabuthylammonium chloride in DMF via esterification
with the carboxylic group in the upper rim in the calix[4]resorcinarenes (5–7), and second by fixation
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of calix[4]resorcinarene 8 by its direct reaction with the copolymer's glycidyl group in basic media
via attachment of a hydroxyl group of 8 in the lower rim to the 2,3-epoxypropyl group of copolymers
(Scheme 4).Polymers 2019, 11, x FOR PEER REVIEW 8 of 13 
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For the first route, the products obtained from the reaction between copolymers and
calix[4]resorcinarenes 5–8 exhibit ATR-FTIR spectra showing the presence of broad and intense
absorption from 3220 to 3432 cm−1 corresponding to the O–H groups of calix[4]resorcinarenes rings,
the presence of intense peaks around 1651 cm−1 and 1591 cm−1 corresponding to C=C of aromatic
ring, and a peak between 1144 to 1170 cm−1, attributed to C–O of phenolic residue. The absorption at
906 cm−1 exhibited a reduction in its intensity for the modified copolymer spectrum compared to the
unmodified one, suggesting that epoxy ring was opened during the reaction, and this result indicated
that calix[4]resorcinarenes 5–8 were chemically bound to copolymers. As an example, in Figure 1,
it is shown the IR spectra of the starting copolymer and the monolith modified with 5. Using the
second route, it was observed that the binding of calix[4]resorcinarene 8 occurs successfully on the
copolymer poly(BMA–co–EDMA–co–MMA), while with the copolymer poly(GMA–co–EDMA) the
reaction does not occur. These results suggest that in the case of 8, the polymer must have a spacer
(MMA), which considerably facilitates the process of grafting. According to the results obtained with
these processes, it was indeed possible to obtain surfaces modified on the upper rim of resorcinarenes
5–7 and modification of a surface on the lower rim with resorcinarene 8 (Scheme 4), which was
efficiently obtained. The characterization data obtained with all the modified copolymers is shown in
Table 1.



Polymers 2019, 11, 1147 9 of 13
Polymers 2019, 11, x FOR PEER REVIEW 9 of 13 

 

 

Figure 1. Comparative IR spectra poly(BMA–co–EDMA–co–GMA) unmodified (A) and 
functionalized with aminomethylated-calix[4]resorcinarene (5) (B). 

The 2,3-epoxypropyl methacrylate-copolymers’ morphology, before and after modification with 
calix[4]resorcinarenes 5–8, was analyzed via scanning electron microscopy imaging (Figure 2). It was 
observed that the morphology is quite uniform, with continuous pores; modification did not change 
the morphology of the copolymers. The modified copolymers were exhaustively washed, and the 
degree of aminomethylated-calix[4]resorcinarenes (5–8) incorporation was determined from the 
information of the nitrogen percentage in the elemental analysis, i.e., the original copolymer did not 
contain nitrogen so the source of it is the aminomethylated-calix[4]resorcinarene attached to the 
surface, in all cases those molecules contain four nitrogen atoms and this information was used to 
calculate the degree of substitution at the copolymer (μmol of resorcinarene/g of copolymer), as it is 
shown in Table 1. These results show that the copolymers poly(BMA–co–EDMA–co–GMA) have the 
highest degree of substitution (Table 1, VI-IX), which allows suggesting that the presence of BMA 
acts as a spacer, allowing better surface modification using the macrocycles. 

 

Figure 2. Comparative SEM of poly(BMA–co–EDMA–co–GMA) unmodified (A) and functionalized 
with aminomethylated-calix[4]resorcinarene 5 (B). 

 

Figure 1. Comparative IR spectra poly(BMA–co–EDMA–co–GMA) unmodified (A) and functionalized
with aminomethylated-calix[4]resorcinarene (5) (B).

The 2,3-epoxypropyl methacrylate-copolymers’ morphology, before and after modification with
calix[4]resorcinarenes 5–8, was analyzed via scanning electron microscopy imaging (Figure 2). It
was observed that the morphology is quite uniform, with continuous pores; modification did not
change the morphology of the copolymers. The modified copolymers were exhaustively washed,
and the degree of aminomethylated-calix[4]resorcinarenes (5–8) incorporation was determined from
the information of the nitrogen percentage in the elemental analysis, i.e., the original copolymer did
not contain nitrogen so the source of it is the aminomethylated-calix[4]resorcinarene attached to the
surface, in all cases those molecules contain four nitrogen atoms and this information was used to
calculate the degree of substitution at the copolymer (µmol of resorcinarene/g of copolymer), as it is
shown in Table 1. These results show that the copolymers poly(BMA–co–EDMA–co–GMA) have the
highest degree of substitution (Table 1, VI-IX), which allows suggesting that the presence of BMA acts
as a spacer, allowing better surface modification using the macrocycles.
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Table 1. Characterization of copolymers before and after modification with the
aminomethylated-calix[4]resorcinarenes 5–7.

Copolymer IR(ATR) (cm−1) Elemental Analysis Substitution c

OH a C–H b C–H C=O a C–H C–N C–O C–O–C C H N µmol/g

I 2853 1723 1144 907 62.41 7.86 - -
II 3259 2954 2907 1723 1600 1255 1147 — 58.96 6.88 0.62 111
III 3432 2998 2854 1723 1607 1255 1146 — 60.28 7.06 0.84 150
IV 3220 2923 2853 1723 1603 1255 1147 — 61.78 7.62 1.33 238
V 2852 1724 1147 906 59.68 7.09 - -
VI 3260 2953 2890 1723 1601 1255 1168 — 54.49 6.42 1.79 320
VII 3280 2928 2854 1723 1559 1255 1170 — 59.82 6.94 2.21 396
VIII 3270 2923 2869 1723 1602 1255 1149 — 63.41 7.90 2.37 423
IX 3377 2969 2869 1723 1599 1220 1150 — 53.30 6.52 2.19 391

I. Poly(GMA–co–EDMA); II. 5-Poly(GMA–co–EDMA); III. 6-Poly(GMA–co–EDMA); IV. 7-Poly(GMA–co–EDMA);
V. Poly(BMA-co–EDMA–co–GMA); VI. 5-Poly(BMA–co–EDMA–co–GMA); VII. 6-Poly(BMA–co–EDMA–co–GMA);
VIII. 7-Poly(BMA–co–EDMA–co–GMA); IX. 8-Poly(BMA–co–EDMA–co-GMA); aaromatic, baliphatic, cµmol
calix[4]resorcinarene/g modified copolymer.

3.3. Interaction of the Functionalized Surfaces with Peptides

The interaction of the modified material 6-poly(BMA–co–EDMA–co–GMA) with two peptides
was tested, specifically using AcEYSFEFSY and KAEAEAKA sequences. The experiments were carried
out under two conditions of pH, and the determination of the interaction was performed using the
obtained copolymers in batch, with the measurement performed indirectly.

Thus, a solution of each peptide (1.0 mg/mL) was prepared, and a for each molecule a calibration
curve was done. The solution was treated with 1.0 mg of the copolymer and then was centrifugated
and analyzed via RP-HPLC. The peptide area was used for calculating the concentration of peptide
remaining in the solution, and the retained quantity was compared with the maximum quantity that
could be absorbed. As is shown in Table 2, peptide AcEYSFEFSY exhibits greater interaction with the
modified copolymer 6-poly(BMA–co–EDMA–co–GMA) than peptide KAEAEAKA. Its interaction was
greater at neutral pH. The interaction of this peptide with the modified copolymer could be due to the
presence of aromatic rings from the Tyr residue with the resorcinarene motifs present at the surface, via
π–π interaction. On the other hand, the copolymer without modification exhibited a weak interaction
with both peptides at acidic and neutral conditions.

Table 2. Interaction of unmodified and modified poly(BMA–co–EDMA–co–GMA) with peptides, using
calix[4]resorcinarene 6.

AcEYSFEFSY KAEAEAKA

pH 2.5 7.0 2.5 7.0

6-Poly(BMA–co–EDMA–co–GMA) 32% 58% 16% 22%
Poly(BMA–co–EDMA–co–GMA) a 1% 1% 1% 1%

a Percentage of peptide concentration difference compared to the initial one.

4. Conclusions

Aminomethylation reactions with amino-compounds and aqueous formaldehyde were
efficiently carried out with tetraproylcalix[4]resorcinarene (1), tetrapentylcalix[4]resorcinarene
(2), tetranonylcalix[4]resorcinarene (3), and tetra(p-hydroxyphenyl)calix[4]resorcinarene (4) with
percentage yields between 54% and 87%. The reaction of the calix[4]resorcinarenes 1–3 with β-alanine
generated tetrabenzoxazines 5–7, whereas the reaction of the calix[4]resorcinarene 4 with l-proline
generated tetraMannich base 8.

To evaluate the efficiency of the surface modification with calix[4]resorcinarenes 5–8, a
copolymer with two components, 2,3-epoxypropyl methacrylate and ethylene glycol dimethacrylate
(GMA–co–EDMA), was produced and characterized via scanning electron microscopy (SEM) and
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ATR-FTIR spectroscopy. The copolymer was treated under N2 atmosphere with aminomethylated-
calix[4]resorcinarenes 5–7 in DMF and tetrabuthylammonium chloride. ATR-FTIR spectroscopy results
showed that macrocycles were covalently bonded to the copolymer, indicating that the reaction is
selective towards the carboxylic groups of the upper rim of the resorcinarenes. Surface modification of
copolymer poly(GMA–co–EDMA) with calix[4]resorcinarene 8 was done between the epoxide ring and
hydroxyl groups of the lower rim of 8 under basic conditions.

As a preliminary evaluation of the potential use of modified copolymers as stationary phases,
the capacity of the monolith, functionalized with the resorcinarene motif, to trap peptides of different
nature at two pH values (acidic and neutral) was tested, and it was found that the peptide with
aromatic rings exhibits a greater interaction with this material.

Author Contributions: Z.J.R.-M. and M.M. designed the research. B.A.V.-S. and A.C.-A. carried out the
experimental part. B.A.V.-S. and A.C.-A. performed the experiments and collected the data. Z.J.R.-M. and
M.M. corrected and edited the manuscript. All of the authors contributed to the analysis of the results and the
preparation of the manuscript.

Funding: We gratefully acknowledge the support for this paper by COLCIENCIAS (Project: 110165843141,
contract: FP44842-037-2015) and the Universidad Nacional de Colombia-Sede Bogotá. Betty Velásquez and Alver
Castillo thanks the program Colciencias Doctorado Nacional No. 647 for financing his Ph.D studies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Díaz-Bao, M.; Barreiro, R.; Miranda, J.; Cepeda, A.; Regal, P. Recent Advances and Uses of Monolithic
Columns for the Analysis of Residues and Contaminants in Food. Chromatography 2015, 2, 79–95. [CrossRef]

2. Andrade-Eiroa, A.; Canle, M.; Leroy-Cancellieri, V.; Cerdà, V. Solid-phase extraction of organic compounds:
A critical review (Part I). Trends Anal. Chem. 2016, 80, 641–654. [CrossRef]

3. Andrade-Eiroa, A.; Canle, M.; Leroy-Cancellieri, V.; Cerdà, V. Solid-phase extraction of organic compounds:
A critical review. part ii. Trends Anal. Chem. 2016, 80, 655–667. [CrossRef]

4. Spietelun, A.; Pilarczyk, M.; Kloskowski, A.; Namiesnik, J. Current trends in solid-phase microextraction
(SPME) fibre coatings. Chem. Soc. Rev. 2010, 39, 4524–4537. [CrossRef] [PubMed]

5. Fumes, B.H.; Silva, M.R.; Andrade, F.N.; Nazario, C.E.D.; Lanças, F.M. Recent advances and future trends in
new materials for sample preparation. Trends Anal. Chem. 2015, 71, 9–25. [CrossRef]

6. Mokhtari, B.; Pourabdollah, K.; Dalali, N. Analytical applications of calixarenes from 2005 up-to-date. J. Incl.
Phenom. Macrocycl. Chem. 2011, 69, 1–55. [CrossRef]

7. Li, M.; Tarawally, M.; Liu, X.; Liu, X.; Guo, L.; Yang, L.; Wang, G. Application of cyclodextrin-modified
gold nanoparticles in enantioselective monolith capillary electrochromatography. Talanta 2013, 109, 1–6.
[CrossRef]

8. Sanabria, E.; Maldonado, M. Calixarenes: Generalities and Their Role in Improving the Solubility,
Biocompatibility, Stability, Bioavailability, Detection, and Transport of Biomolecules. Biomolecules 2019, 9, 90.
[CrossRef]

9. Li, N.; Harrison, R.G.; Lamb, J.D. Application of resorcinarene derivatives in chemical separations. J. Incl.
Phenom. Macrocycl. Chem. 2014, 78, 39–60. [CrossRef]

10. O’Farrell, C.M.; Chudomel, J.M.; Collins, J.M.; Dignam, C.F.; Wenzel, T.J. Water-Soluble Calix[4]resorcinarenes
with Hydroxyproline Groups as Chiral NMR Solvating Agents. J. Org. Chem. 2008, 73, 2843–2851. [CrossRef]

11. Wenzel, T.J. Calixarenes and calix[4]resorcinarenes as chiral NMR solvating agents. J. Incl. Phenom. Macrocycl.
Chem. 2014, 78, 1–14. [CrossRef]

12. Beyeh, N.K.; Weimann, D.P.; Kaufmann, L.; Schalley, C.A.; Rissanen, K. Ion-pair recognition of
tetramethylammonium salts by halogenated resorcinarenes. Chem. A Eur. J. 2012, 18, 5552–5557. [CrossRef]
[PubMed]

13. Salorinne, K.; Weimann, D.P.; Schalley, C.A.; Nissinen, M. Resorcinarene podand with amine-functionalized
side arms - Synthesis, structure, and binding properties of a neutral anion receptor. Eur. J. Org. Chem. 2009,
2009, 6151–6159. [CrossRef]

http://dx.doi.org/10.3390/chromatography2010079
http://dx.doi.org/10.1016/j.trac.2015.08.015
http://dx.doi.org/10.1016/j.trac.2015.08.014
http://dx.doi.org/10.1039/c003335a
http://www.ncbi.nlm.nih.gov/pubmed/20882243
http://dx.doi.org/10.1016/j.trac.2015.04.011
http://dx.doi.org/10.1007/s10847-010-9848-7
http://dx.doi.org/10.1016/j.talanta.2013.03.035
http://dx.doi.org/10.3390/biom9030090
http://dx.doi.org/10.1007/s10847-013-0336-8
http://dx.doi.org/10.1021/jo702751z
http://dx.doi.org/10.1007/s10847-013-0325-y
http://dx.doi.org/10.1002/chem.201103991
http://www.ncbi.nlm.nih.gov/pubmed/22488551
http://dx.doi.org/10.1002/ejoc.200900814


Polymers 2019, 11, 1147 12 of 13

14. Hayashida, O.; Uchiyama, M. Cyclophane-based tetra(resorcinarene) as a host for both histone and
hydrophobic molecular guests. Tetrahedron Lett. 2006, 47, 4091–4094. [CrossRef]

15. Deakyne, C.A.; Fowler, D.A.; Atwood, J.L. Molecular capsules based on metal complexes with resorcin
[4]arenes and pyrogallol[4]arenes. PATAI’S Chem. Funct. Groups 2012, 1–33. [CrossRef]

16. Biros, S.M.; Rebek, J.J. Structure and binding properties of water-soluble cavitands and capsules. Chem. Soc.
Rev. 2007, 36, 93–104. [CrossRef]

17. Palmer, L.C.; Rebek, J.J. The ins and outs of molecular encapsulation. Org. Biomol. Chem. 2004, 2, 3051–3059.
[CrossRef]

18. Tan, D.A.; Mocerino, M. Distal functionalisation of C4 symmetric tetramethoxyresorcinarene by selective
lithiation. J. Incl. Phenom. Macrocycl. Chem. 2018, 91, 71–80. [CrossRef]

19. Russo, M.; Meo, P. Lo Binding abilities of a chiral calix[4]resorcinarene: a polarimetric investigation on a
complex case of study. Beilstein J. od Org. Chem. 2017, 13, 2698–2709. [CrossRef]

20. Helttunen, K.; Tero, T.-R.; Nissinen, M. Influence of lower rim C-methyl group on crystal forms and metal
complexation of resorcinarene bis-crown-5. Cryst. Eng. Comm. 2015, 17, 3667–3676. [CrossRef]

21. Jose, T.; Cañellas, S.; Pericàs, M.A.; Kleij, A.W. Polystyrene-supported bifunctional resorcinarenes as cheap,
metal-free and recyclable catalysts for epoxide/CO2 coupling reactions. Green Chem. 2017, 19, 5488–5493.
[CrossRef]

22. Pollok, C.H.; Zhang, Q.; Tiefenbacher, K.; Merten, C. Chirality induction from a chiral guest to the hydrogen
bonding network of its hexameric resorcinarene host capsule. ChemPhysChem. 2017, 18, 1987–1991. [CrossRef]
[PubMed]

23. Yang, F.; Guo, H.; Vicens, J. Mini-review: calixarene liquid crystals. J. Incl. Phenom. Macrocycl. Chem. 2014,
80, 177–186. [CrossRef]

24. Jain, V.K.; Kanaiya, P.H. Chemistry of calix[4]resorcinarenes. Russ. Chem. Rev. 2011, 80, 75–102. [CrossRef]
25. Nordborg, A.; Hilder, E.F. Recent advances in polymer monoliths for ion-exchange chromatography. Anal.

Bioanal. Chem. 2009, 394, 71–84. [CrossRef] [PubMed]
26. Tan, H.; Soh, S.; Zhao, J.; Yong, E.; Gong, Y. Preparation and Application of

Methylcalix[4]resorcinarene-bonded Silica Particles as Chiral Stationary Phase in High-performance Liquid
Chromatography. Chirality 2011, 23, E91–E97. [CrossRef] [PubMed]

27. Tan, H.M.; Wang, X.; Soh, S.F.; Tan, S.; Zhao, J.; Yong, E.L.; Lee, H.K.; Gong, Y. Preparation and Application
of Mixed Octadecylsilyl- and (3-(C-methylcalix[4]resorcinarene)-hydroxypropoxy)-propylsilyl-Appended
Silica Particles as Stationary Phase for High-Performance Liquid Chromatography. Instrum. Sci. Technol.
2012, 40, 100–111. [CrossRef]

28. Sokoließ, T.; Menyes, U.; Roth, U.; Jira, T. Separation of cis- and trans-isomers of thioxanthene
and dibenz[b,e]oxepin derivatives on calixarene- and resorcinarene-bonded high-performance liquid
chromatography stationary phases. J. Chromatogr. A 2002, 948, 309–319. [CrossRef]

29. Groarke, R.J.; Brabazon, D. Methacrylate polymer monoliths for separation applications. Materials 2016, 9,
446. [CrossRef]

30. Castillo-Aguirre, A.A.; Velásquez-Silva, B.A.; Palacio, C.; Baez, F.; Rivera-Monroy, Z.J.; Maldonado, M.
Surface modification of poly(GMA-co-EDMA-co-MMA) with resorcarenes. J. Braz. Chem. Soc. 2018, 29,
1965–1972. [CrossRef]

31. Castillo-Aguirre, A.; Rivera-Monroy, Z.; Maldonado, M. Selective o-alkylation of the crown conformer of
tetra(4-hydroxyphenyl)calix[4]resorcinarene to the corresponding tetraalkyl ether. Molecules 2017, 22, 1660.
[CrossRef] [PubMed]

32. Sanabria, E.; Esteso, M.; Pérez, A.; Vargas, E.; Maldonado, M. Synthesis and Characterization of Two
Sulfonated Resorcinarenes: A New Example of a Linear Array of Sodium Centers and Macrocycles. Molecules
2015, 20, 9915–9928. [CrossRef] [PubMed]

33. Castillo-Aguirre, A.A.; Rivera-Monroy, Z.J.; Maldonado, M. Analysis by RP-HPLC and Purification by
RP-SPE of the C -Tetra(p-hydroxyphenyl)resorcinolarene Crown and Chair Stereoisomers. J. Anal. Methods
Chem. 2019, 2019, 1–6. [CrossRef] [PubMed]

34. Velásquez-Silva, A.; Cortés, B.; Rivera-Monroy, Z.; Pérez-Redondo, A.; Maldonado, M. Crystal structure and
dynamic NMR studies of octaacetyl-tetra(propyl)calix[4]resorcinarene. J. Mol. Struct. 2017, 1137, 380–386.
[CrossRef]

http://dx.doi.org/10.1016/j.tetlet.2006.03.170
http://dx.doi.org/10.1002/9780470682531.pat0618
http://dx.doi.org/10.1039/B508530F
http://dx.doi.org/10.1039/b412510j
http://dx.doi.org/10.1007/s10847-018-0802-4
http://dx.doi.org/10.3762/bjoc.13.268
http://dx.doi.org/10.1039/C5CE00311C
http://dx.doi.org/10.1039/C7GC02856C
http://dx.doi.org/10.1002/cphc.201700610
http://www.ncbi.nlm.nih.gov/pubmed/28577348
http://dx.doi.org/10.1007/s10847-014-0394-6
http://dx.doi.org/10.1070/RC2011v080n01ABEH004127
http://dx.doi.org/10.1007/s00216-009-2636-9
http://www.ncbi.nlm.nih.gov/pubmed/19205669
http://dx.doi.org/10.1002/chir.20983
http://www.ncbi.nlm.nih.gov/pubmed/21837635
http://dx.doi.org/10.1080/10739149.2011.651674
http://dx.doi.org/10.1016/S0021-9673(01)01317-6
http://dx.doi.org/10.3390/ma9060446
http://dx.doi.org/10.21577/0103-5053.20180074
http://dx.doi.org/10.3390/molecules22101660
http://www.ncbi.nlm.nih.gov/pubmed/28976918
http://dx.doi.org/10.3390/molecules20069915
http://www.ncbi.nlm.nih.gov/pubmed/26029860
http://dx.doi.org/10.1155/2019/2051282
http://www.ncbi.nlm.nih.gov/pubmed/31143485
http://dx.doi.org/10.1016/j.molstruc.2017.02.059


Polymers 2019, 11, 1147 13 of 13

35. Maldonado, M.; Sanabria, E.; Batanero, B.; Esteso, M. Apparent molal volume and viscosity values for a
new synthesized diazoted resorcin[4]arene in DMSO at several temperatures. J. Mol. Liq. 2017, 231, 142–148.
[CrossRef]

36. Kashapov, R.R.; Zakharova, L.Y.; Saifutdinova, M.N.; Kochergin, Y.S.; Gavrilova, E.L.; Sinyashin, O.G.
Construction of a water-soluble form of amino acid C-methylcalix[4]resorcinarene. J. Mol. Liq. 2015, 208,
58–62. [CrossRef]

37. Airola, K.; Böhmer, V.; Paulus, E.F.; Rissanen, K.; Schmidt, C.; Thondorf, I.; Vogt, W. Selective Derivatisation
of Resorcarenes: 1. The Regioselective Formation of Tetra-Benzoxazine Derivatives. Tetrahedron 1997, 53,
10709–10724. [CrossRef]

38. Okanda, F.M.; El Rassi, Z. Affinity monolithic capillary columns for glycomics/proteomics: 1.
Polymethacrylate monoliths with immobilized lectins for glycoprotein separation by affinity capillary
electrochromatography and affinity nano-liquid chromatography in either a single colum. Electrophoresis
2006, 27, 1020–1030. [CrossRef]

39. Merhar, M.; Podgornik, A.; Barut, M.; Žigon, M.; Štrancar, A. Methacrylate monoliths prepared from various
hydrophobic and hydrophilic monomers-Structural and chromatographic characteristics. J. Sep. Sci. 2003,
26, 322–330. [CrossRef]

40. Nasirtabrizi, M.H.; Khodabandlou, S.; Zargin, L.; Parchehbaf Jadid, A. Modification of copolymers using
nucleophilic reactions between glycidyl methacrylate and 9-anthracene carboxylic acid. Int. J. Ind. Chem.
2014, 5, 1–8. [CrossRef]

41. García, M.A.; Hernandez, O.S.; Martínez, G.M.; Klimova, E.; Klimova, T.; Romero, A.M.; Hernandez, O.S.;
Martínez, G.M.; Klimova, E.; Klimova, T.; et al. Synthesis of Tetrabenzoxazines and Their Supramolecular
Complexes with Fullerene C60. Fullerenes Nanotub. Carbon Nanostruct. 2006, 13, 171–181. [CrossRef]

42. Vovk, A.I.; Shivanyuk, A.M.; Bugas, R.V.; Muzychka, O.V.; Melnyk, A.K. Antioxidant and antiradical activities
of resorcinarene tetranitroxides. Bioorg. Med. Chem. Lett. 2009, 19, 1314–1317. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.molliq.2017.01.093
http://dx.doi.org/10.1016/j.molliq.2015.04.025
http://dx.doi.org/10.1016/S0040-4020(97)00685-6
http://dx.doi.org/10.1002/elps.200500766
http://dx.doi.org/10.1002/jssc.200390038
http://dx.doi.org/10.1007/s40090-014-0006-8
http://dx.doi.org/10.1081/FST-200050699
http://dx.doi.org/10.1016/j.bmcl.2009.01.070
http://www.ncbi.nlm.nih.gov/pubmed/19208474
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	General Experimental Information 
	Synthesis of the Starting Materials 
	Reaction of Calix[4]resorcinarenes 1–3 with -alanine 
	Reaction of Calix[4]resorcinarene 4 with l-proline 
	Preparation of Copolymers 
	Poly(GMA–co–EDMA) 
	Poly(BMA–co–EDMA–co–GMA) 

	Surface Modification of Copolymers with Aminomethylated-Calix[4]resorcinarenes 5–7 
	Surface Modification of Copolymers with Aminomethylated-Calix[4]resorcinarene 8 
	Interaction of Peptides with Copolymers 

	Results 
	Synthesis of Calix[4]resorcinarenes and Aminomethylated Derivates 
	Copolymerization and Surface Modification 
	Interaction of the Functionalized Surfaces with Peptides 

	Conclusions 
	References

