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ABSTRACT: We have prepared nanoporous polymers from
columnar hexagonal hydrogen-bonded complexes, whose order is
fixed by coumarin photoinduced [2 + 2] cycloaddition (photo-
dimerization). Two different hydrogen-bonded complexes were
used and consisted of a melamine (M) or tris(triazolyl)triazine (T)
derivative acting as central templates and three peripheral carboxylic
acids containing coumarin units. These coumarin units were
employed for the cross-linking process by photodimerization in
order to fix the LC arrangement. Template removal leads to the
formation of self-standing nanoporous polymers keeping the
columnar hexagonal order. Two nanoporous polymers with different pore diameters were obtained depending on size of the
utilized template. These polymers with carboxylic acids at the pore surface demonstrate the ability to selectively adsorb certain
molecules depending on their size. Moreover, after base treatment of the nanoporous polymers, they are able to adsorb cationic
dyes over anionic and larger cations, demonstrating size- and charge-selective adsorption.

■ INTRODUCTION

Nanoporous materials, with a pore size of 100 nm or smaller,
have attracted considerable attention due to their commercial
use in areas such as filtration, separation, catalysis, and drug
delivery. The nanosized pores allow the discrimination between
molecules or ions based on size and shape. Mimicking
biological cell membranes, material scientists have prepared
different nanoporous systems mostly based on inorganic
materials such as silica, zeolites, and metals.1−3 However, the
use of organic polymeric materials that are much easier to
modify and tune for specific applications has been less often
explored.4,5

Among polymeric materials, those derived from the micro-
phase separation of block copolymers have been broadly
exploited for the preparation of polymers with a pore size from
5 to 50 nm.6 In an attempt to create smaller pore dimensions,
many research groups started to investigate the use of
polymerizable supramolecular liquid crystals (LCs) to prepare
porous materials with pore sizes of around 1 nm.7−9 The
general approach to prepare thermotropic LC nanoporous
materials consists of using hydrogen bonding in the core of the
mesogenic unit. The nanopores are obtained after breaking of
the hydrogen bonds or removal of an hydrogen bonded
template. In addition, it is also possible to control the
morphology of the nanopores by careful choice of the

mesophase. LCs showing columnar mesophases may lead to
the formation of 1D pores in the direction of the columnar
axes.10−13 2D morphologies can be obtained by using smectic
LCs with the pores in the directions within the layer plane.14−17

Pioneering work on 1D nanoporous materials by Kim and
co-workers18 has been followed by an increasing interest in
these systems where a very common approach is based on the
use of C3 symmetric templates and pro-discotic mesogenic units
connected by hydrogen bonding.19−26 Cross-linking of such
noncovalent LCs followed by template removal can yield
materials with nanopores replicating the size of the molecular
templates. The resultant pores are expected to incorporate
guest molecules that resemble the original template.
In our research group, we have shown several examples of

hydrogen-bonded complexes using melamine or tris(triazolyl)-
triazine as template molecules.27,28 Both templates can be
functionalized by hydrogen bonding with benzoic acids leading
to 1:3 complexes with columnar hexagonal mesomorphism.
Herein, we report on the preparation nanoporous polymers by
using two hydrogen-bonded complexes that displayed columnar
hexagonal mesomorphism. The materials used in this work
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consist of a melamine (M) or tris(triazolyl)triazine (T) core
hydrogen bonded to three dendrons derived from a 3,4,5-
trialkoxycarboxylic acid bearing coumarin moieties (dCou)
(Figure 1a). In this work coumarin was chosen as reactive
group for the cross-linking reaction. Upon UV irradiation,
coumarins undergo [2 + 2] cycloaddition to yield cyclobutane
dimers. It does not require an initiator or catalyst, and side
reactions are avoided. Photodimerization has been exploited as
a cross-linking reaction in material science for the preparation
of proton-conductive LC networks,29 light-responsive nano-
particles,30,31 or micropatterned surfaces.32

The nanoporous materials were obtained by using the
columnar hexagonal complexes, cross-linking via coumarin
photodimerization, followed by quantitative template removal
(Figure 1b). To our knowledge, this is the first report of
mesophase fixation by coumarin photodimerization for
preparing nanoporous polymers instead of the more common
photopolymerization of (meth)acrylates or 1,3-dienyl groups.
Furthermore, the use of both templates allowed us to control
the pore size and, accordingly, to tune the adsorption selectivity
of the nanoporous polymers.

■ EXPERIMENTAL SECTION
Preparation of the Hydrogen-Bonded Complexes. 3,4,5-

Tris((11-((2-oxo-2H-chromen-7-yl)oxy)undecyl)oxy)benzoic acid
(dCou), 2,4-diamino-6-dodecylamino-1,3,5-triazine (M), and 2,4,6-
tris[1′-(4″-butoxyphenyl)-1′,2′,3′-triazol-4′-yl]-1,3,5-triazine (T) were
synthesized by previously reported procedures.27,28,33 For the
preparation of the hydrogen-bonded complexes, the required amounts
of the carboxylic acid dCou and the corresponding core M or T were
weighted (3:1 molar ratio) and dissolved in dichloromethane. The
solvent was slowly evaporated at RT, and the mixtures were dried

under vacuum at 30 °C for at least 2 days. Finally, the mixtures were
heated to their isotropic states and then cooled down slowly to room
temperature before used for further experiments.

M-dCou. IR (KBr) ν (cm−1): 3347 (N−H), 3086 (=C−H), 2921
(C−H), 1728, 1688 (CO), 1610, 1589, 1553, 1510 (Ar), 1223,
1116 (C−O). 1H NMR (500 MHz, CD2Cl2) δ (ppm): 7.69−7.59 (m,
9H; HC), 7.40−7.33 (m, 9H; HE), 7.30 (s, 6H; HP), 6.86−6.75 (m,
18H; HF and HH), 6.30 (t, 1H, J = 5.6 Hz; Hε), 6.22−6.14 (m, 9H;
HB), 6.11−5.96 (m, 4H; Hα), 4.66 (sbroad, 1H; HT), 4.11−3.91 (m,
36H; HJ and HN), 3.45−3.25 (m, 2H; Hζ), 1.88−1.68 (m, 36H; HK
and HM), 1.62−1.18 (m, 146H; Hη, Hθ and HL), 0.87 (t, 3H, J = 7.0
Hz; Hκ).

13C NMR (125 MHz, CD2Cl2) δ (ppm): 170.57, 164.73,
162.90, 161.36, 156.41, 153.29, 143.82, 142.95, 129.20, 125.32, 113.24,
113.17, 112.85, 108.60, 101.66, 73.85, 69.59, 69.20, 41.26, 32.35,
30.77, 30.11, 30.03, 30.00, 29.96, 29.80, 29.78, 29.77, 29.46, 29.43,
27.27, 26.51, 26.40, 26.36, 23.11, 14.30. Anal. Calcd for
C216H282N6O42: C, 71.38%; H, 7.82%; N, 2.31%. Found: C, 71.12%;
H, 8.00%; N, 2.22%.

T-dCou. IR (KBr) ν (cm−1): 3079 (=C−H), 2920 (C−H), 1729,
1695 (CO), 1611, 1582, 1555, 1505 (Ar), 1226, 1117 (C−O). 1H
NMR (500 MHz, CD2Cl2) δ (ppm): 9.04 (s, 3H; H3), 7.84−7.75 (m,
6H; H5), 7.69−7.59 (m, 9H; HC), 7.41−7.33 (m, 9H; HE), 7.30 (s,
6H; HP), 7.13−7.07 (m, 6H; H5), 6.87−6.75 (m, 18H; HF and HH),
6.22−6.15 (m, 9H; HB), 4.11−3.96 (m, 42H; H8, HJ, and HN), 1.89−
1.68 (m, 42H; H9 + HK and HM), 1.60−1.22 (m, 152H; H10 and HL),
1.01 (t, 6H, J = 7.4 Hz; H11).

13C NMR (125 MHz, CD2Cl2) δ (ppm):
169.79, 167.29, 162.91, 161.39, 160.46, 156.42, 153.35, 146.26, 143.84,
143.29, 130.19, 129.21, 126.12, 124.19, 122.66, 115.87, 113.24, 113.18,
112.85, 108.71, 101.66, 73.88, 69.62, 69.21, 68.75, 31.65, 30.77, 29.96,
29.77, 29.43, 26.49, 26.36, 19.64, 14.02. Anal. Calcd for
C240H294N12O45: C, 70.88%; H, 7.29%; N, 4.13%. Found: C,
70.57%; H, 7.15%; N, 3.98%.

Preparation of the Self-Standing LC Polymer Networks.
Poly(vinyl alcohol) (PVA) sacrificial layers were prepared onto glass
substrates in order to facilitate network extraction after coumarin

Figure 1. (a) Chemical structure of the supramolecular complexes and (b) schematic representation of the process for the preparation of the
nanoporous polymers.
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photodimerization. LC films were prepared by sandwiching a small
amount of the supramolecular complex between two PVA-coated glass
plates using silicon spacers of 10 μm. The system was heated to the
isotropic state and slowly cooled down to RT (0.1 °C min−1). Then,
the system was irradiated with a 365 nm LED light (ThorsLab) for 30
min (15 min each side). Finally, the system was immersed in water to
dissolve the PVA layer in order to obtain the self-standing polymer
films floating at the water surface. Then the films were dried under
vacuum at RT for 5 h.
Preparation of the Nanoporous Polymers by Template

Elimination. For the elimination of M or T templates, polymer films
were immersed in 5 mL of 3 M HCl in ethanol under orbital
oscillation for 24 h. Then the films were washed with water, ethanol
and dried under vacuum at RT for 5 h to produce the nanoporous
polymers.
Selective Adsorption of Neutral Molecules. p-Nitroaniline, 1-

aminopyrene, and meso-tetra(p-aminophenyl)porphine were dried
prior to use and dissolved at a known concentration in methanol to get
relatives absorbances of approximately 1. The nanoporous polymers
were cut into small pieces of approximately 1.0 mg, and were
immersed in the p-nitroaniline, 1-aminopyrene, or meso-tetra(p-
aminophenyl)porphine solutions. The films were allowed to adsorb
the molecules at RT overnight. The adsorption behavior was
monitored by UV−vis spectroscopy, and the dye concentration was
calculated using the peak maximum. The sizes of p-nitroaniline, 1-
aminopyrene, and meso-tetra(p-aminophenyl)porphine were calcu-
lated by the MM2 force field method using the Chem3D software
package.
Selective Adsorption of Ionic Dyes. The dyes (methylene blue,

methyl orange, and rhodamine B) were dried prior to use and
dissolved at a known concentration in distilled water to get relatives
absorbances of approximately 1. The nanoporous polymers were cut
into small pieces of approximately 1.0 mg and were immersed in 0.1 M
KOH solution to deprotonate the carboxylic acid moieties. They were
quickly washed with a few milliliters of distilled water to remove the
residual base, and subsequently, they were added to the dye solution.
The films were allowed to adsorb the molecules at RT overnight. The
adsorption behavior was monitored by UV−vis spectroscopy, and the
dye concentration was calculated using the peak maximum. The sizes
of methylene blue, methyl orange, and rhodamine B were calculated by
the MM2 force field method using the Chem3D software package.

Characterization Techniques. FTIR spectra were obtained on a
FTS 6000 spectrophotometer from Bio-Rad equipped with Specac
Golden gate diamond ATR; 50 scans at a resolution of 4 cm−1 were
carried out. Solution NMR experiments were carried out on Bruker
Avance spectrometers operating at 500 MHz for 1H and 125 MHz for
13C, using standard pulse sequences. Chemical shifts are given in ppm
relative to TMS, and this was used as internal reference. Solid-state
NMR experiments were performed in a Bruker Avance III WB400
spectrometer using a double resonance (1H−X) probe with a rotor of
4 or 2.5 mm diameter, and the spinning frequency was set to 12 or 20
kHz, respectively. For the former, the 1H and 13C π/2 pulse lengths
were 3 and 4.3 μs, respectively, the CP contact time was 3 ms, and the
recycle delay was 7 s. For the latter, the 1H and 13C pulse lengths were
8 and 5.7 μs, respectively, the CP contact time was 1.5 ms, and the
recycle delay was 5 s. The pulse sequence employed consisted of
ramped cross-polarization with spinal-64 decoupling. Data were
acquired at 298 K, and chemical shifts are referenced to TMS using
adamantane (13C: δ = 29.45 ppm) as secondary standard. Mesogenic
behavior was investigated by polarized-light optical microscopy
(POM) using an Olympus BH-2 polarizing microscope fitted with a
Linkam THMS600 hot stage. Thermogravimetric analysis (TGA) was
performed using a Q5000IR from TA Instruments at heating rate of 10
°C min−1 under a nitrogen atmosphere. Thermal transitions were
determined by differential scanning calorimetry (DSC) using a DSC
Q2000 from TA Instruments with powdered samples (2−5 mg) sealed
in aluminum pans. Glass transition temperatures (Tg) were
determined at the half-height of the baseline jump, and first-order
transition temperatures were read at the maximum of the
corresponding peak. X-ray diffraction (XRD) was performed with a
Ganesha lab instrument equipped with a GeniX-Cu ultralow
divergence source producing X-ray photons with a wavelength of
1.54 Å and a flux of 1 × 108 photons s−1. Scattering patterns were
collected using a Pilatus 300 K silicon pixel detector. The beam center
and the q range were calibrated using the diffraction peaks of silver
behenate. Powdered samples were placed in Lindemann glass
capillaries (1 mm diameter). UV−vis absorption spectra were recorded
on a Shimadzu UV-3102 spectrophotometer. The XPS measurements
were carried out with a Thermo Scientific K-Alpha, equipped with a
monochromatic small-spot X-ray source and a 180° double focusing
hemispherical analyzer with a 128-channel detector. Spectra were
obtained using an aluminum anode (Al Kα = 1486.6 eV) operating at
72 W and a sport size of 400 μm. Survey scans were measured at a

Figure 2. 1H NMR spectra in CD2Cl2 solution at 25 °C of (a) M, (b) 1:3 complex M-dCou, (c) dCou, (d) 1:3 complex T-dCou, and (e) T.
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constant pass energy of 200 eV and region scans at 50 eV. The
background pressure was 2 × 10−9 mbar and during measurement 3 ×
10−7 mbar argon because of the charge compensation for the dual
beam source.

■ RESULTS AND DISCUSSION

Preparation and Characterization of Supramolecular
Hydrogen-Bonded Complexes. The carboxylic acid bearing
coumarin moieties (dCou),33 the melamine core (M),27 and
the tris(triazolyl)triazine core (T)28 were synthesized following
previously reported procedures. The hydrogen-bonded com-
plexes were prepared by dissolving dCou and the correspond-
ing core (M or T) in a 1:3 ratio in dichloromethane followed by
slow evaporation of the solvent under continuous stirring at
room temperature. The resulting mixtures were heated to the
isotropic state and cooled down slowly to room temperature.
The formation of intermolecular hydrogen bonds in the
complexes was study by infrared spectroscopy (FTIR) and
nuclear magnetic resonance (NMR).
FTIR spectra of the complexes displayed several changes

with respect to dCou and the cores due to the formation of
specific interactions between the carboxylic acid and M or T
(Figure S1). In the dCou spectrum, a CO stretching band
appeared at 1670 cm−1, which corresponds to the dimeric form
of the carboxylic acid. In the FTIR spectra of M-dCou and T-
dCou, this CO stretching band was shifted respectively to
1687 and 1695 cm−1 due to hydrogen-bonding interactions
between complementary dCou and M or T.
The 1H NMR spectra of the complexes also proved the

hydrogen bonds formation in the complexes, assuming that
there is a rapid equilibrium between the complex and its
components. In general, proton signals involved in hydrogen
bonds, as well as those that are close to the complexing groups,
experienced correlated changes in their chemical shifts (Figure
2). The formation of hydrogen bonds in the M-dCou complex
was assessed by the downfield shift of the N−H (Hα and Hε)
proton signals of the M core as these protons are involved in
the hydrogen bonds with dCou. In the case of T-dCou, the
triazole protons (H3) experienced a downfield displacement,
indicating that these protons interact through hydrogen
bonding with the carbonyl group of dCou. Besides, it is
particularly noteworthy that in both complexes the protons
close to the hydrogen bonds experience slight displacements.
These shift variations of the signals of the main protons
involved in complex formation are listed in Table S1 of the
Supporting Information.
On the other hand, variations in the chemical shifts of the

13C signals of the carbon atoms involved in the formation of
hydrogen bonds were also observed. In particular, the 13C
signals of the carboxylic acid group of dCou are shifted by
−0.62 ppm (for M-dCou) or −1.40 ppm (for T-dCou) after
complexation. The shift variations of the signals of the main
carbons involved in complex formation are listed in Table S2.
The formation of the 1:3 hydrogen-bonded complexes was

also confirmed by solid state 13C cross-polarization magic-angle
spinning (13C CPMAS) NMR spectroscopy; see Figure 3 as a
representative example. It is noteworthy that the peak
corresponding to the carbonyl group of the noncomplexed
acid (CS) (172.5 ppm) is broadened and shifted in the
spectrum of the complexes. Moreover, the signals for some
carbon atoms, of both the dCou and the cores, are significantly
shifted upon complexation, but it is difficult to assign these
shifts due to signal overlap.

Thermal Properties and Mesogenic Behavior. The
thermal stability of the two hydrogen-bonded complexes was
studied by thermogravimetric analysis (TGA). All the samples
showed good thermal stability, and in all cases the 2% weight
loss temperature (T2%) was detected more than 150 °C above
the isotropization point (Table 1). The thermal transitions and
mesomorphic properties were studied by polarizing optical
microscopy (POM) and differential scanning calorimetry
(DSC).
All the complexes were obtained as homogeneous materials

with mesomorphic behavior, as observed by POM (Figure S2).
For the two compounds the DSC curves were reproducible
after the first heating and show only one peak corresponding to
the clearing point and a glass transition, which freezes the
mesomorphic order at room temperature (Figure 4a). Besides,
the complex T-dCou showed some tendency to crystallize
because the mesophase undergoes a cold crystallization during
the heating process.
The assignment of the type of mesophase and the

determination of the lattice parameters were achieved by X-
ray diffraction (XRD). The XRD patterns of M-dCou and T-
dCou contain three reflections in the low-angle region in a ratio
1:1/√3:1/√4 (Figure 4b). These three reflections can be
assigned to the reflections (100), (110), and (200) of a
columnar hexagonal arrangement; the lattice parameters (a) are
gathered in Table 1. The broad diffuse halo is also observed in
the high-angle region, which is characteristic of the liquidlike
order of the hydrocarbon chains at around 4.5 Å. The
relationship between the density (ρ) of the complexes in the
mesophase and the measured lattice parameters is given by the
equation

ρ = MZ N V/ A

where M is the molar mass, Z is the number of molecules in the
unit cell, NA is Avogadro’s number, and V is the unit cell
volume (V = a2·√3/2·c·10−24). On considering the XRD
parameters and assuming ρ = 1 g cm−3, which is reasonable for
liquid crystals, and Z = 1 (each column slice contains one
molecule of the supramolecular complex), we estimated mean
stacking distances (c) of around 5.25 Å, which are reasonable
values for columnar mesophases with an irregular stacking of
the disks. Therefore, these calculations are in good agreement
with the formation of discotic 1:3 complexes with one complex
per stacking unit.

Figure 3. 13C CPMAS NMR spectra of (a) M, (b) complex M-dCou,
and (c) dCou. All the spectra were recorded at room temperature.
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Network Formation by Coumarin Photodimerization.
Once the supramolecular complexes were characterized, the
next step consisted of the preparation of cross-linked films.
Coumarin units were employed for the cross-linking process by
photoinduced [2 + 2] cycloaddition (so-called photodimeriza-
tion) in order to lock in the LC arrangement of the complexes.

The coumarin photodimerization was monitored by several
techniques such as UV−vis spectroscopy, FTIR, and 13C
CPMAS.
The UV−vis spectra of T-dCou and M-dCou in thin film

show an intense band at 320 nm related to the π−π* of the
coumarin units (Figure 5a). Exposure of the supramolecular

Table 1. Thermal Properties and Structural Parameters

T2%
a [°C] phase transitionsb d [Å] h k l structural parametersc [Å]

M-dCou 248 g 16 Colh 87 I 31.2 1 0 0 a = 36.1
18.1 1 1 0 c = 5.3d

15.7 2 0 0
4.5 (br) alkyl chains

T-dCou 292 g 9 Colh 58 Cr 86 I 33.4 1 0 0 a = 38.4
19.1 1 1 0 c = 5.2d

4.6 (br) alkyl chains
aTemperature at which 2% mass lost is detected in the thermogravimetric curve. bDSC data of the second heating process at a rate of 10 °C min−1.
g: glass; Colh: columnar hexagonal mesophase; I: isotropic liquid.

ca = (2/√3)·(d10 +√3·d11 +√4·d20 +√7·d21 + ...)/nreflections.
dCalculated c value.

Figure 4. (a) DSC traces corresponding to the second heating scan (10 °C min−1, exo down) and (b) 1D XRD profiles of 1:3M-dCou and T-dCou
complexes.

Figure 5. Coumarin photodimerization reaction: (a) UV−vis absorption spectra of a UV-irradiated M-dCou film for different times, (b) change of
absorbance over time for a UV-irradiated M-dCou film, and (c) IR spectra of a UV-irradiated M-dCou film for different times.
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complexes films to 365 nm UV irradiation caused [2 + 2]
cycloaddition of the coumarin units, and this was consistent
with the remarkable decrease of the π−π* band. After 30 min
of light irradiation only slight changes were further detected in
the UV−vis spectra (Figure 5b).
To examine the structural details of the photo-cross-linking

process, irradiated films were studied by FTIR and 13C
CPMAS. Irradiation at 365 nm results in coumarin photo-
dimerization as indicated by the decrease the intensity of the
CC stretching band at 1620 cm−1 and the shift of the CO
stretching band from 1730 to 1750 cm−1 (Figure 5c). This
reaction can also be followed by 13C CPMAS which showed the
increase of the intensity of the peak at 44 ppm, which
corresponds to the cyclobutane ring. Additionally, coumarin
photodimerization decreases the intensity of the signals at 149
ppm (CC) and 113 ppm (CB), which corresponds to the CC
of the coumarin (Figure 6). Insolubility of the obtained

polymer films in common organic solvents, such as dichloro-
methane, chloroform, tetrahydrofuran, acetone, ethanol, or
methanol, confirmed a high degree of coumarin photo-cross-
linking to fixate the liquid crystal order.
The XRD diffraction patterns of the complexes after

coumarin photodimerization showed retention of the columnar
hexagonal arrangement, but the lattice spacings were slightly
decreased (ca. 4 Å) and broadened (Figure 7 and Figure S3). In
the both cases, the (110) and (200) reflections could no longer
be observed in film due to broadening. These results indicate
that coumarin photodimerization can be used to form a cross-
linked polymer network and lock in the morphology of the LC
phase.
Nanoporous Polymer Formation by the Removal of

the Molecular Templates. Self-standing nanoporous poly-
mers were prepared by chemical treatment of the polymer films
with 3 M hydrochloric acid solution in ethanol (Figure 8a and
Figure S4a). The removal of the template was confirmed by
FTIR, gravimetry, 13C CPMAS, and XPS measurements.

The efficacy of M or T removal was verified by FTIR
spectroscopy (Figure 8b and Figure S4b). After template
elimination, −COOH functionalities were expected to be at the
pore surface. The IR spectra of the nanoporous polymers
showed a new band at around 1675 cm−1 related to free
carboxylic acid groups, indicating elimination of the templates.
Quantitative template removal was also confirmed by 13C
CPMAS analysis (Figure 6c) which showed the disappearance
of the signal corresponding to the methyl carbon of the
melamine core (Cκ). Additionally, a new peak at 173 ppm (CS)
related to the carboxylic acid groups indicates template
elimination.
Another method to quantify the template removal is

gravimetry. Polymer films were weighted before and after the
chemical treatment with HCl. The films showed a decrease in
mass equal to a template removal of 97 ± 2% for M-based
nanoporous polymer and 96 ± 2% for T-based nanoporous
polymer.
XPS depth scans were performed by subsequent sputter

cycles (etching) in order to quantify the nitrogen-to-carbon
ratio throughout the thickness of chemical treated films. The
N/C ratio versus sputter time (depth) is presented in Figure 8c
and Figure S4c. Before template removal, all the film showed a
constant N/C composition. However, nitrogen was no longer
detected in the nanoporous polymers, indicating the
quantitative elimination of the templates.
After removal of the template, the structural properties were

investigated by XRD. The diffraction patterns of the films
showed that lattice parameters of the nanoporous polymer were
the same as the native polymer film (Figure 7 and Figure S3).
The bulk material retained its columnar hexagonal arrangement
even after template removal due to the cross-linking of
coumarin units. These results indicate structural integrity and
the formation of nanopores with an estimated pore diameter of
around 5 and 10 Å for M- or T-based nanoporous polymers,
respectively (Figure S5).

Figure 6. 13C CPMAS NMR spectra of (a) complex M-dCou, (b) M-
based polymer, and (c) M-based nanoporous polymers. All the spectra
were recorded at room temperature.

Figure 7. 1D XRD profiles of M-dCou complex, M-based polymer
(with template), and M-based nanoporous polymer (after template
removal).
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Selective Adsorption of Neutral Molecules. The use of
M- and T-based nanoporous polymer with −COOH
functionalities at the pore surface for selective uptake of
organic molecules was studied. For this purpose, a variety of
molecules with −NH2 functional groups and different sizes
were selected: p-nitroaniline (pNA, size = 6×4 Å), 1-
aminopyrene (APy, size = 9×8 Å), and meso-tetra(p-amino-
phenyl)porphine (TAPP, size = 18×18 Å) (Figure S7). The
adsorption capacity and kinetics of the M- and T-based porous
polymer was investigated by UV−vis spectroscopy (Figure 9).
Control experiments were carried out by immersing polymer
films (without template removal) in pNA, APy, and TAPP
solutions. The solutions with the polymer films had nearly the
same absorbance as the initial solutions, revealing its inability to
adsorb the molecules without template removal. Adsorption
occurs inside the pore and not on the exterior surface of the
film.
In the case of the M-based adsorbent with a pore size of

around 5 Å, only pNA was adsorbed by the −COOH
functionalized pores. This evidence that size-selective adsorp-

tion is possible with this polymer. The adsorption kinetics was
studied following the absorbance of pNA at 372 nm over time
and shows that adsorption reached a plateau within 8−10 h.
The capacity of pNA adsorption was also investigated; 24% of
the carboxylic acid groups were occupied by pNA, which
corresponds to 0.72 per disk (each disk consists of three
carboxylic acids).
In the case of the T-based adsorbent, with a pore size of

around 10 Å, both pNA and APy molecules were adsorbed.
TAPP uptake in the −COOH functionalized pores is precluded
by size exclusion of the larger TAPP relative to pNA or APy.
The adsorption kinetics was also studied revealing that a
plateau is reached in 8−10 h. The occupation degree of the
carboxylic acid groups with pNA and APy was 42% (1.26 per
disk) and 27% (0.81 per disk), respectively. It is noteworthy
that the adsorption capacity of the T-based adsorbent is higher
than the M-based adsorbent due to the larger pore size.
Desorption is important to reuse the adsorbent and to

recover valuable adsorbates. It was investigated by UV−vis
spectroscopy with fresh, completely pNA filled adsorbents. M-

Figure 8. (a) Self-standing M-based nanoporous polymer, (b) FTIR spectra of the M-based polymer and nanoporous polymer, and (c) nitrogen-to-
carbon ratio of the M-based polymer and nanoporous polymer as a function of the sputter time (depth) determined by XPS.

Figure 9. UV−vis spectra before and after adsorption of pNA, APy, and TAPP with M- and T-based adsorbents (top). Adsorption kinetics of pNA,
APy, and TAPP (bottom).

Macromolecules Article

DOI: 10.1021/acs.macromol.8b00067
Macromolecules 2018, 51, 2349−2358

2355

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00067/suppl_file/ma8b00067_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b00067


and T-based adsorbents are able to hold the major fraction of
pNA in deionized water. However, after immersing the
adsorbents in 0.1 M aqueous solutions of potassium hydroxide,
the carboxylate moieties are deprotonated and pNA is removed
from the adsorbents. Additionally, the adsorption−desorption
was investigated several times, revealing that it is reversible in
three repeating cycles (Figure S6), and thus it is possible to
reuse these adsorbents many times.
Selective Adsorption of Cationic Dyes. Carboxylic acid

functionalized pores were treated with 0.1 M aqueous solutions
of potassium hydroxide for 5 h. The formation of porous
polymer with −COOK groups at the pore surface was
confirmed by FTIR. The COOH stretching band was shifted
from 1685 to 1560 and 1404 cm−1 (Figure S7).
These adsorbents with −COOK functionalities at the pore

surface were used to selective adsorption of ionic dyes. Selective
adsorption of molecular species in water with different sizes and
charges was carried out with methylene blue (MB), methyl
orange (MO), and rhodamine B (RhB). MB and RhB are
positively charged dyes, while MO is negatively charged. The
estimated sizes of these dyes are 6×13 Å (MB), 12×16 Å
(RhB), and 5×12 Å (MO) (Figure S8).
First, the ability of adsorbing ionic dyes was studied when

−COOK functionalized nanoporous polymers where immersed
in MB aqueous solution. Dye adsorption was monitored by
UV−vis spectroscopy (Figure 10). MB was adsorbed by the
porous polymer, as determined by the decrease of the
absorption intensity at 665 nm. The solutions turned from
deep blue to less blue, while the film became blue, indicating
that the cationic dye is adsorbed from solution. The adsorption
capacity was calculated; 9% for M-based adsorbent (0.27 per
disk) and 19% for T-based adsorbent (0.47 per disk) of the
−COOK groups were associated with MB.
Figure 10 also shows the result of the simultaneous

adsorption of MB and MO in water. The initial UV−vis
spectrum showed two bands: one at 465 nm belonging to MO
and the second at 665 nm belonging to MB. After the
equilibration with the nanoporous polymers, the UV−vis
showed a stable band for MO but a loss of the MB band.

The color of the solution changed from green to yellow after
equilibration. The observed selectivity can be ascribed to the
difference in the charge of the species.
The size selectivity of the nanopores was demonstrated by

simultaneous adsorption of MB and RhB from aqueous
solutions (Figure 10). After equilibration, the color of the
solutions changed from violet to pink, and the UV−vis
absorption band of MB decreased and the RhB absorption
band remained constant. RhB uptake in the pores is
significantly precluded by size exclusion of the larger dye
RhB relative to MB.
Desorption was investigated with fresh, completely MB filled

M- and T-based adsorbents in deionized water. The solution
became only slightly blue, indicating minor desorption of MB.
Nevertheless, after immersing the adsorbents in 3 M hydro-
chloric acid aqueous solution, the solution suddenly became
blue, indicating desorption of MB. At low pH, the carboxylate
moieties are protonated and MB is removed from the
adsorbents. Moreover, the adsorption−desorption was inves-
tigated several times by UV−vis spectroscopy, which revealed
that it is reversible in three repeating cycles (Figure S9),
indicating that these adsorbents can be use many times.

■ CONCLUSIONS

We have successfully developed a new strategy to obtain self-
standing nanoporous polymers based on the fixation of
columnar mesophases by coumarin photodimerization. The
size of the pores can be controlled by careful choice of the
utilized template. The nanoporous materials with carboxylic
acids at the pore surface demonstrate remarkable size selectivity
in adsorption experiments. In addition, the chemical nature of
the pore can be tuned by in situ treatment with potassium
hydroxide. After this base treatment the polymers are able to
adsorb cationic dyes and to selectively adsorb cationic dyes over
anionic and larger cations. The adsorbed molecules can be
desorbed by acid or base treatment; thus, it is possible to reuse
these nanoporous polymers.
Our results clearly suggest that these polymers with

columnar hexagonal nanopores may be useful in a wide range

Figure 10. UV−vis spectra before and after adsorption of MB, MB&MO, and MB&RhB with M- and T-based adsorbents (top). Vials of MB,
MB&MO, and MB&RhB before and after adsorption with M- or T-based adsorbents (bottom).
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of applications including molecular recognition, filtration,
separation, or catalysis.
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