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ABSTRACT: Ordered honeycomb microporous ﬁlms have
previously been fabricated from polymeric macromolecules.
We report here the successful fabrication of them from the
supramolecular self-assembly of small molecules, alkylated
guanosine derivatives. The ribbonlike self-assembly of the
guanosines in CHCl3 is found to be the intrinsic structure that
forms regular microporous structure via Benard-Maragoni
convection. Factors such as substrate, solvents, guanosine
concentration, and solvent evaporation temperature are revealed to be able to control the size of the formed micropores,
which in turn allows for the wettability of the honeycomb ﬁlm
surface to be modulated. These microporous materials exhibit excellent ability of loading organic dyes that eventually leads to the
fabrication of luminescent honeycomb ﬁlms. As structures of both the small molecules that can assemble and their self-assemblies
can be varied and controlled, extended applications of this supramolecular method are expected to lead to microporous ﬁlms of
interesting functions.

1. INTRODUCTION
Honeycomb microporous ﬁlms have received increasing recent
interest for their potential applications in artiﬁcial membranes,1
photonic or optoelectronic devices,2 scaﬀolds for biological cells or
proteins,3 templates for nanomaterials,4 and catalysis.5 These ﬁlms
are usually made from polymers,1-6 nanocrystals,7 and organic/
inorganic hybrid complexes.8 The employed forming materials are
critical in shaping the regular structures and properties of the ﬁlms.
New ﬁlm materials have therefore been extensively investigated.
Linear, star-shaped, amphiphilic, dendronized, and block copolymers have been employed to form the ordered honeycomb ﬁlms.6
These covalently bonded macromolecules are capable of forming
regular structures at submicro- to micrometer scales. Controlling
their chain arrangement and/or alignment, however, remains a
challenge because of the robustness of the covalent bonds. Using
supermolecules formed from low-molecular-weight small molecules
via noncovalent interactions such as hydrogen bonding, π-π
stacking, hydrophobic interaction, and van der Waals interaction
to mimic the function of these polymers may oﬀer alternative new
entry to solve this problem.9 For example, Ajayaghosh et al.10
reported solvent-directed self-assembly of hierarchical macroporous
structures by a linear π-conjugated organogelator, while Yi et al.11
very recently used an organogelator bearing cholesteryl and adamantly groups to form a large-scale ordered honeycomb pattern.11
Here we report our exploration of a smaller molecule, alkylated
guanosine derivative 1 (Scheme 1), for fabricating ordered honeycomb
microporous ﬁlms. Guanosine derivatives, bearing self-complementary
r 2011 American Chemical Society

hydrogen-bonding donors and acceptors, as well as polarizable aromatic surface, can form self-assemblies of varying structures such as
dimer, G-quartet, octamer, G-quadruplex, and ribbon.12 Because of this
capability, guanosine derivatives have been employed for constructing a
number of nanoscale functional architectures such as ion channels,13
molecular optoelectronic devices,14 dendrimers,15 dynamic gel,16 functional nanosheets,17 chiral structures,18 and nanoarchitectures on
solid surface.19 In terms of microscale structures, Araki et al.20 have
developed microﬁbers, self-supported microﬁlms, and microvesicles
using alkylsilylated deoxyguanosines. Sophisticated molecular modiﬁcations on guanosine usually result in new functional applications of
their self-assemblies. Alkylated guanosine derivatives have been considered as important lipophilic model compounds for self-assembling in
the presence or absence of metal cations in organic solvents.21 As
shown in Scheme 1b, they form ribbonlike structures by cyclic
N1-H-N7 and N2-H-O6 (ribbon A) or cyclic N1-H-O6
and N2-H-N3 (ribbon B) hydrogen bonds in the absence of the
metal cation.21 The structure of ribbonlike assembly of guanosine
derivatives bearing a rigid backbone (the guanine moiety) and a ﬂexible
region (the alkyl moiety) is similar to that of a polymer.2b,4c It was thus
envisaged that some of their properties would be similar as well. It was
in this regard, we postulated that supramolecular self-assembly of small
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Scheme 1. (a) Molecular Structures of 1-4 and (b) Hydrogen-Bonding Patterns of the Two Possible Ribbonlike Assemblies
(Ribbons A and B) of Guanosine Derivatives

molecules such as guanosine derivatives may form microporous ﬁlms,
as previously reported polymers do.
Self-assembling of 1 in organic solvents and on solid substrates
was thus investigated, together with an eye on the formation
mechanism for the honeycomb microporous ﬁlms. 2, 3, and 4
(Scheme 1) were synthesized as model compounds of 1, and the
morphologies of ﬁlms prepared from them were compared with
those from 1. The morphologies of the formed ﬁlms were investigated under a variety of experimental conditions such as substrate,
solvents, concentration, and temperature. We succeeded in manipulating the size of the micropores formed from 1 by changing
solvent evaporation temperature and concentration of 1. The ﬁlms
of varying pore size cast on silicon substrate surface were shown to
enable modulation of the surface hydrophobicity. These new
honeycomb ﬁlms were also found capable of encapsulating organic
dyes, as clearly visualized in the confocal ﬂuorescence images.

2. EXPERIMENTAL SECTION
2.1. Reagents and General Synthesis. 1-4 were obtained from
esterification of the corresponding acids and nucleotide. Pyrene and
rhodamine 6G were commercial products from Shanghai the First Chemicals Co. Ltd. Single-crystal silicon substrates were pretreated in the aqua
regia and organic solvents (ethanol and acetone) to remove the impurities.
Synthesis of 1. To a milky solution of guanosine (1.0 g, 3.5 mmol) in
acetone (30 mL) at room temperature was added HClO4 (1 mL, 70%)
dropwise. The resulting homogeneous mixture was stirred at room temperature for 6 h, and concentrated ammonium hydroxide (NH3 3 H2O) was
added dropwise until the solution was neutral. Acetone was removed by
evaporation and the residue was washed by H2O (ca. 50 mL) for three times,
which after drying in vacuum afforded 20 ,30 -O-isopropylidene (0.96 g, 3.0
mmol, 85%). A mixture of 20 ,30 -O-isopropylidene (0.50 g, 1.5 mmol, 1 equiv),
dodecanoic acid (0.31 g, 1.5 mmol, 1 equiv), 4-(dimethylamino)pyridine

(DMAP, 0.02 g, 0.15 mmol, 0.1 equiv), and dicyclohexylcarbodiimide (DCC,
0.50 g, 2.4 mmol, 1.6 equiv) in CH2Cl2 (30 mL) was stirred at room
temperature for 24 h. The precipitate was removed by filtration, and the
filtrate was concentrated and purified by column chromatography (SiO2,
CH2Cl2:CH3OH = 90:5). Then the product was recrystallized from ethanol
to afford a white solid (0.34 g, 0.67 mmol, 45% yield). Synthetic procedures
for 2-4 were similar to those for 1.
20 ,30 -O-Isopropylidene-50 -(1-oxododecyl)guanosine (1). 1H NMR
(ppm, 400 MHz, DMSO-d6): δ 0.85 (t, J = 6.8 Hz, 3H), 1.22 (s, 16H), 1.32
(s, 3H), 1.43-1.49 (m, 2H), 1.51 (s, 3H), 2.26 (td, J = 7.3, 2.3 Hz, 2H),
4.11 (dd, J = 12.7, 7.9 Hz, 1H), 4.22-4.25 (m, 2H), 5.11 (dd, J = 6.2, 3.5 Hz,
1H), 5.25 (dd, J = 6.2, 2.0 Hz, 1H), 6.01 (d, J = 2.0 Hz, 1H), 6.53 (s, 2H),
7.84 (s, 1H), 10.70 (s, 1H). 13C NMR (ppm, 100 MHz, DMSO-d6): δ
172.7, 156.7, 153.7, 150.5, 136.1, 116.9, 113.3, 88.3, 84.2, 83.7, 81.1, 63.9,
33.2, 31.3, 29.0, 28.9 (2  CH2), 28.7 (2  CH2), 28.4, 27.0, 25.3, 24.3,
22.1, 14.0. HRMS (ESI) calculated for C25H39N5O6 (M þ H)þ m/z
506.2978; found: 506.2979.
20 ,30 -O-Isopropylidene-50 -(1-oxooctanyl)guanosine (2). Yield 50%,
white powder. 1H NMR (ppm, 400 MHz, DMSO-d6): δ 0.84 (t, J = 6.9 Hz,
3H), 1.22 (s, 8H), 1.32 (s, 3H), 1.43-1.49 (m, 2H), 1.51 (s, 3H), 2.26 (td,
J = 7.3, 2.3 Hz, 2H), 4.12 (dd, J = 12.7, 7.9 Hz, 1H), 4.19-4.38 (m, 2H),
5.11 (dd, J = 6.2, 3.4 Hz, 1H), 5.25 (dd, J = 6.2, 2.0 Hz, 1H), 6.00 (d, J = 2.0
Hz, 1H), 6.54 (s, 2H), 7.84 (s, 1H), 10.70 (s, 1H). 13C NMR (ppm, 100
MHz, DMSO-d6): δ 172.7, 156.7, 153.7, 150.5, 136.1, 116.9, 113.3, 88.3,
84.2, 83.7, 81.1, 63.9, 33.2, 31.1, 28.3 (2  CH2), 27.0, 25.3, 24.3, 22.0, 14.0.
HRMS (ESI) calculated for C21H32N5O6 (M þ H)þ m/z 450.2353;
found: 450.2346.
20 ,30 -O-Isopropylidene-50 -(1-oxooctadecyl)guanosine (3). Yield
60%, white powder. 1H NMR (ppm, 400 MHz, DMSO-d6): δ 0.85 (t,
J = 6.9 Hz, 3H), 1.23 (s, 28H), 1.32 (s, 3H), 1.43-1.49 (m, 2H), 1.51
(s, 3H), 2.26 (td, J = 7.3, 2.3 Hz, 2H), 4.12 (dd, J = 12.7, 7.9 Hz, 1H), 4.194.38 (m, 2H), 5.11 (dd, J = 6.2, 3.4 Hz, 1H), 5.25 (dd, J = 6.2, 2.0 Hz, 1H),
6.00 (d, J = 2.0 Hz, 1H), 6.54 (s, 2H), 7.84 (s, 1H), 10.70 (s, 1H). 13C NMR
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Figure 1. Portion of 1H NMR spectra of 1 at 298 K of (a) 10 mM in
DMSO-d6 and (b) 1.0, (c) 2.5, and (d) 10 mM in CDCl3. Full spectra are
shown in Figure S1.
(ppm, 100 MHz, DMSO-d6): δ 172.7, 156.7, 153.7, 150.5, 136.1, 116.9,
113.3, 88.3, 84.2, 83.7, 81.1, 63.9, 33.2, 31.3, 29.0 (8  CH2), 28.9, 28.7
(2  CH2), 28.4, 27.0, 25.3, 24.3, 22.1, 14.0. HRMS (ESI) calculated for
C31H52N5O6 (M þ H)þ m/z 590.3918; found: 590.3901.
20 ,30 -O-Isopropylidene-50 -(1-oxododecyl)cytidine (4). Yield 40%,
white powder. 1H NMR (ppm, 400 MHz, CDCl3): δ 0.85 (t, J = 6.9
Hz, 3H), 1.23 (s, 16H), 1.32 (s, 3H), 1.53 (s, 3H), 1.54-1.60 (m, 2H),
2.27 (t, J = 7.5 Hz, 2H), 4.26 (dd, J = 10.3, 5.5 Hz, 1H), 4.32-4.39 (m,
2H), 4.84 (dd, J = 6.3, 3.6 Hz, 1H), 5.07 (dd, J = 6.4, 1.4 Hz, 1H), 5.51 (d,
J = 1.3 Hz, 1H), 5.66 (d, J = 7.3 Hz, 1H), 7.31 (d, J = 7.4 Hz, 1H).
13
C NMR (ppm, 100 MHz, CDCl3): δ 173.6, 166.2, 155.3, 143.9, 113.9,
97.2, 94.6, 86.3, 85.1, 82.0, 64.7, 34.12, 31.9, 29.6 (2  CH2), 29.5, 29.3,
29.2, 29.1, 27.1, 25.3, 24.9, 22.7, 14.1. HRMS (ESI) calculated for
C24H40N3O6 (M þ H)þ m/z 466.2917; found: 466.2914.
2.2. Film Preparation. CHCl3 solution of 1 was dropped on a
silicon substrate (0.25 cm2, liquid thickness ca. 3 mm); the solvent was
then evaporated in an oven at controlled temperature to form the film.
2.3. Spectral Experiments. 1H NMR, 13C NMR, NOESY, and
pulse-field-gradient diffusion NMR were carried out in DMSO-d6 or CDCl3
on Bruker AV400 spectrometer using TMS as an internal standard.
Experimental details of the diffusion NMR and the copies of the 1H
NMR and 13C NMR spectra of 1-4 are given in the Supporting
Information. Circular dichroism (CD) and fluorescence spectra were
recorded on a JASCO J-810 CD spectrophotometer and a Hitachi
F-4500 fluorescence spectrophotometer, respectively. ESI-HRMS were
obtained on a Micromass LCT spectrometer by injecting methanol solution
of the sample. X-ray diffraction experiments were performed on a Panalytical X’pert PRO X-ray diffractometer, using Cu KR1 radiation of λ = 1.54 Å.
2.4. Imaging Experiments. Scanning electron microscopy (SEM)
images were taken on LEO 1530 field emission scanning electron microscope. Samples were made conductive by deposition of a gold layer
(<10 nm) in a vacuum chamber. Fluorescence imaging was performed
on a Leica TCS SP5 spectral laser scanning confocal microscope. Contact
angles were measured on a JC2000A contact angle goniometer.

3. RESULTS AND DISCUSSION
3.1. Self-Assembling in Organic Solvents. Self-assembling
of 1 in organic solvent was investigated first by 1H NMR. Figure 1
and Figures S1-S2 (Supporting Information) show that the NMR
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spectrum of 1 in DMSO-d6 exhibits sharp and well-defined signals,
suggesting that 1 exists mostly in its monomer form. When 1 was
dissolved in CDCl3 even at a low concentration, its N1-H signal
underwent a downfield shift to 12.07 ppm from 10.69 ppm in
DMSO-d6 and broadened, probing an intermolecular hydrogenbonding interaction of 1 in CDCl3. This signal did not shift but
slightly broadened with increasing concentration. The N2-H
signal, however, broadened and slightly shifted to downfield from
5.93 to 6.08 ppm with increasing concentration from 1.0 to 10 mM.
This can be attributed to the participation of N2-H to a higher
extent in hydrogen bonding at higher concentration.21 The C8-H
signal at around 7.60 ppm broadened, too. The sugar-moiety proton
signals are well separated and appear between 4.0 and 6.0 ppm (Figure S2). These observations are in agreement with previous
reports by Spada et al.21 on similar guanosine derivatives that
indicate the ribbonlike structures in CDCl3.
The structure of 1 aggregate in CDCl3 was next examined by
NOESY (Figure S3, Supporting Information). Cross-peaks
between N2-H and C10 -H and between N2-H and C20 -H
protons were detected, characteristic of the formation of cyclic
N1-H-O6 and N2-H-N3 hydrogen bonds.21b Weak crosspeaks between N2-H and isopropylidene CH3 and between
C8-H and CH3 were also observed, which points to intermolecular interactions of 1 in the cyclic N1-H-O6 and N2-HN3 hydrogen-bonded ribbonlike (the ribbon B, Scheme 1b)
arrangement.21b This kind of ribbonlike arrangement of alkylated
guanosine derivatives usually is favored in CDCl3 solution in the
absence of cation.21
The pulse-ﬁeld-gradient diﬀusion NMR technique was employed
to evaluate the size of aggregates of 1 (Table S1, Supporting
Information).22 We assumed that the molecular aggregates are
spherical and the rH values of monomer in DMSO-d6 and CDCl3
are similar, which is just a rough assumption since the real shape
of ribbonlike assembly may not be spherical. The translational
diﬀusion coeﬃcient (Ds) of 1 in DMSO-d6 was measured to be
(1.92 ( 0.01)  10-10 m2 s-1 at 298 K, which corresponds to a
hydrodynamic radius (rH) of monomer 1 of 5.68 Å (rHm). Ds values
of 1 in CDCl3 at 1.0 and 10 mM were (4.73 ( 0.02)  10-10 and
(4.29 ( 0.03)  10-10 m2 s-1, corresponding to rH values of 8.54
(rH1.0) and 9.42 Å (rH10), respectively (Table S1). The ratios of
rH1.0/rHm = 1.50 and rH10/rHm = 1.66 indicate that there are 3-mer
and 5-mer aggregates of 1 in CDCl3 at 1.0 and 10 mM, respectively.22b These results support that indeed higher extent of
hydrogen bonding arrangement exists with 1 at higher concentration in CDCl3.
Circular dichroism (CD) spectra of 1 in CHCl3 in a large range of
concentration (20 μM-2.5 mM) show a very weak band around
260 nm originating from the low-energy transition of the guanine
chromophore (Figure S4, Supporting Information). The CD signal
was found to be enhanced substantially when Kþ is present. These
are in agreement with the previous observation of diﬀered CD
responses of the self-assemblies of guanosine derivatives in ribbonlike
structure from the helixlike counterpart and are again indicative of the
ribbonlike assembling of 1 in the absence of Kþ.21 Positive-ion mode
electrospray ionization mass spectrum (ESI-MS) of 1 in CHCl3
shows a series of peaks corresponding to its dimer, trimer, and so
forth (Figure S5, Supporting Information), supporting the existence
of ribbonlike structures of 1 in CHCl3.21b The sequential supramolecular structures of 1 in CHCl3, which mimicks to some extent the
polymeric structures, were then applied for ﬁlm fabrication. It needs
to be pointed out that alkali metal cation contaminants remaining in
the MS spectrometer may interact with guanosine derivatives to form
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Figure 2. SEM images of a honeycomb ﬁlm made from 0.5 mM 1 at
80 °C: low magniﬁcation (a), high magniﬁcation (b), removal of the top
layer of the ﬁlm (c), and sideway view (d). The scale bars are 20 μm
(a), 2 μm (b), and 4 μm (c, d).

1-Kþ and/or 1-Naþ adducts that can be observed in the ESI-MS
spectra recorded from solution samples of 1 not containing these
metal cations. The formation of these adducts and their compositions, however, do not necessarily relate to the existing species of 1 in
solution in the absence or presence of these metal cations.
3.2. Honeycomb Porous Film on Substrates. After dropping
on silicon substrates the solution of 1 in CHCl3, the solvent was
allowed to be completely evaporated at 80 °C that eventually afforded
white films. Scanning electron microscopy (SEM) of the films
(Figure 2) shows that ordered honeycomb micropores of diameters
1.2 μm are formed. Double-layer internal structure of the pores was
observed after peeling off the film surface (Figure 2b,c). The pores at
the top layer have a uniform diameter of 1.2 μm, while the pores in the
bottom layer organize into a hexagonal array with a side length of
2.5 μm and are independent of each other by the continuous wall
consisting of 1. The side-view image confirms the double-layer
structure, with a film thickness of 2.8 μm (Figure 2d). The doublelayer honeycomb pattern from small molecule 1 is interesting, since it
has only been previously fabricated from polymeric materials such as
dendronized polymer, polyimide, and block copolymer.6
In order to understand the role of molecular structure in ﬁlm
formation, model compounds 2-4 (Scheme 1) were designed and
employed to prepare ﬁlms under the same conditions. Similar
honeycomb ﬁlms were obtained from guanosine derivatives 2 and
3 bearing alkyl chains that are diﬀerent from that in 1 (Figure S6a-b,
Supporting Information), but the morphologies of these ﬁlms were
not as regular as those of the ﬁlms prepared from 1. A possible reason
can be that the wetting ability of the alkyl chain on the substrate and
the van der Waals interaction of the alkyl chains are chain length
dependent.4c Diﬀusion NMR experiments (Table S1) of 1-3 in
CDCl3 at 10 mM led to Ds values of (4.29 ( 0.03)  10-10, (4.33 (
0.03)  10-10, and (3.64 ( 0.05)  10-10 m2 s-1, corresponding to
rH values of 9.42, 9.33, and 11.10 Å, respectively. Compared with Ds
values in DMSO (Table S1), it is estimated that there exist 5-mer
aggregates of 1, 2, and 3 in CDCl3 when the concentrations of them
are all 10 mM.22b It thus appeared that the sizes of supramolecular
aggregates may aﬀect the morphologies of the formed ﬁlms. An
optimal alkyl chain was therefore shown to be required for the
alkylated quanosine derivatives to form ordered microporous ﬁlms.
On the other hand, ﬁlms prepared by evaporating CHCl3
solution of 4, bearing a cytosine instead of a guanine nucleobase,
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Figure 3. X-ray diﬀraction proﬁle obtained from a dry ﬁlm of 1.

Scheme 2. Schematic Representation of the Molecular
Packing of 1 in the Cast Film

under the same conditions did not led to ordered microstructures. Although it is known that the intermolecular complementary hydrogen bonding of guanine and cytosine goes well, we
found that the 1:1 molar mixture of 4 and 1 in CHCl3 could not
aﬀord honeycomb ﬁlm (Figure S6d). Considering the fact that
alkylated guanosines form G-quartet in the presence of Kþ,21 we
also explored the possibility of forming ﬁlm from CHCl3 solution
of 1 in the presence of 1/4 equiv of Kþ. We found that ﬁlm was
not formed with honeycomb structure either (Figure S6e). It was
therefore concluded that the ribbonlike assembly of the guanosine moieties was the intrinsic building block for the ﬁnal
honeycomb ﬁlms.
X-ray diﬀraction (XRD) pattern provides conformation message
of 1 in the solid ﬁlms. Figure 3 indicates a Bragg peak at 23.3° in the
high-angle region, which corresponds to a spacing of 3.8 Å. This is in
agreement with the lateral packing of guanosines.23 Compared with
the standard columnar packing distance of 3.4 Å, the observed 3.8 Å
spacing suggests that the angle formed by the plane of nucleobases
with respect to the plane perpendicular to the column axis is 25°
(Scheme 2).23 The small-angle XRD pattern reveals the structure of
long-range order, two Bragg diﬀraction peaks observed at 3.25° and
7.69° probing the dimensions of 2.7 and 1.1 nm, respectively. The
1.1 nm dimension matches well with the cyclic N1-H-N7 and
N2-H-O6 hydrogen-bonded structure (the ribbon A, Scheme 1b)
found in the guanosine crystals,24 while the 2.7 nm dimension
indicates that the alkyl chains stack in closely packed array of
hydrogen-bonded ribbons. It has indeed been noted that alkylated
2961
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Figure 4. SEM images of ﬁlms prepared at 80 °C from solutions of 1 of
(a) 0.05 mM, (b) 0.1 mM, (c) 5.0 mM, and (d) 10 mM. The scale bars
are 10 μm (a), 2 μm (b, c), and 20 μm (d).

Figure 5. SEM images of honeycomb ﬁlms prepared from 0.5 mM 1 at
(a) 25, (b) 60, (c) 100, and (d) 120 °C. The scale bars are 4 μm.

guanosine derivatives form the ribbon A structure in the solid state,
while the ribbon B arrangement in CDCl3 solution,21 and the selfassembly in solution undergoes a conformation transformation when
solvent is evaporated. Scheme 2 was hence proposed for the intrinsic
structure of the honeycomb ﬁlm. It was thus expected that, upon solvent evaporation, the solution of 1 became concentrated which resulted in the hydrogen-bonded ribbon structures. These ribbons then
assembled via van der Waals interactions of the alkyl chains to aﬀord
sheets, which ﬁnally stacked by π-π interaction to thicker ﬁlms.
In order to clarify what drives the regular growth of the microstructures, we also investigated the possible eﬀects of the substrate,
solvents, concentration, and temperature on the morphology of the
resulting ﬁlms. Similar morphologies were observed for ﬁlms formed
on gold and glass surfaces (Figure S7, Supporting Information). The
honeycomb patterns are, however, not as regular as those obtained on
the silicon surface, presumably due to diﬀered hydrophobicity of the
substrates.4c These were further conﬁrmed by using modiﬁed silicon
substrates. Pretreatment of silicon wafers by O2-plasma made the
surface more hydrophilic, while coated with ﬂuoroalkylsilane layers on
silicon surface made it hydrophobic (Figures S8 and S9, Supporting
Information).25 It was noted that indeed diﬀerent morphologies of
porous ﬁlms were obtained on those modiﬁed silicon wafers (Figure
S10, Supporting Information), ordered honeycomb porous ﬁlms
being observed on more hydrophilic silicon surface, whereas on the
hydrophobic surface ﬁlms with few pores being formed (Figure S10).
The microstructures formed from the solution of 1 in diﬀerent
solvents are shown in Figure S11 (Supporting Information). The
ﬁlms formed from a solution of 1 in CH2Cl2 or ethyl acetate also
show a porous morphology, but the pores are less regular (Figure
S11). No porous structures are observed when benzene, toluene,
and dioxane are used as solvents. Beltlike structures are formed using
solutions of 1 in benzene or toluene, and an irregular structure is
formed from dioxane solution of 1 (Figure S11). CHCl3 hence
appeared to be an optimal solvent.
Figure 4 shows the ﬁlms prepared from 1 in CHCl3 of varying
concentration. At concentration lower than 0.1 mM, the ﬁlm was
unevenly formed with large pores and the solid was unequally cast on
the substrate. We found that concentration of 1 over 0.1-5.0 mM
was appropriate for honeycomb ﬁlm fabrication. The average pore
sizes of the ﬁlms prepared from 1 at 0.1 and 5.0 mM are 1.4 and
0.9 μm, respectively (Figure 4). The pore size was found to
decrease with increasing concentration of 1 (Figure S12, Supporting
Information). At higher concentration, however, an ordered

microporous ﬁlm could not be fabricated. For example, only few
pores were observed in the ﬁlm prepared from a 10 mM solution
(Figure 4d). It was then made clear that the solution concentration
indeed had an impact on both the size and regularity of the pores.
This is presumably due to a balance between solid nucleation and
the solvent evaporation. Therefore, at too low concentration, the
evaporating solvent spreads faster than the nucleation so that ﬁlms
of large pores are formed, whereas at high concentration the
nucleation is too fast to allow the pores to be formed.
The temperature was found to have strong impact on the
morphology too (Figure 5). At room temperature, ﬁlms of smaller
pores (pore size less than 0.5 μm) were formed. With increasing
temperature pore size was found to increase (Figure S13, Supporting Information). However, temperature ranging from 60 to 100 °C
was found appropriate for regular structures to be created
(Figure 5b,c). At a higher temperature of 120 °C, the ﬁlm was
found disordered with larger pores (Figure 5d).
There have been two important mechanisms proposed for the
formation of honeycomb polymer ﬁlms, i.e., breath ﬁgure6 and
Benard-Maragoni convection.7,26 Breath ﬁgure is the most
popular way of forming microporous ﬁlms, which involves
water-droplet templates.6b As a high enough atmosphere humidity
is required under this mechanism, while our ﬁlms were fabricated
in a dry oven, the Benard-Maragoni convection mechanism
(Scheme 3) appears more reasonable in our case.26,27 It has been
suggested that solution concentration and substrate temperature
are two important parameters that inﬂuence the BenardMaragoni convection and the resultant morphology of the
honeycomb ﬁlms.27 The observed impact of temperature and
concentration on the morphology and pore sizes suggested that
the Benard-Maragoni convection was operative in the formation of ordered microporous ﬁlms of 1.
3.3. Surface Wettability. Wettability is one of the most important properties of solid surface. Fifty years ago, Cassie and Wenzel
established the relationship between surface wettability and
roughness.28,29 We succeeded in tuning the surface roughness by
controlling the pore size of the honeycomb film via changing
preparation temperature. Figure 6 shows water contact angles
measured on films of different pore sizes. The water contact angle
of the honeycomb film prepared at 80 °C with a pore size of 1.2 μm is
ca. 130°, which is larger than that (ca. 90°) on the film of smaller pores
prepared at 25 °C. This means that an increase in the roughness of the
film surface indeed enhances the hydrophobicity of the surface.29 This
2962
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Scheme 3. Schematic Representation of the Honeycomb Film Formed via Benard-Maragoni Convection

Figure 6. Photographs of water droplets on the surface of honeycomb
ﬁlms formed at (a) 80 and (b) 25 °C. Insets are the corresponding SEM
images; the scan bars are 4 μm.

observation also confirms that the surface wettability can be feasibly
controlled by changing experimental conditions for film formation.
3.4. Encapsulation of Organic Dyes. Encapsulating functional
species into the honeycomb microporous films may promote their
applications. For example, quantum dots, fullerenes, and silica
nanoparticles have been mixed with polymers to fabricate luminescent honeycomb films.4a-c Among the employed polymers, hyperbranched polymers have shown to be excellent to form honeycomb
films capable of loading dye molecules.6e It was therefore interesting
to examine the encapsulating ability of the honeycomb films obtained
from 1. Indeed, honeycomb microporous films could form from the
solution of 1 in CHCl3 containing organic dyes such as pyrene and
rhodamine 6G (0.01 equiv). This was confirmed by the fluorescence
images and SEM (Figure 7). Pyrene and rhodamine 6G loaded films
were found to emit blue and yellow fluorescence, respectively, which
also allowed for direct fluorescent imaging of the regularly arranged
pores with hexagonal edges, just as those observed in the SEM images
(Figure 7). This may serve as an alternative and feasible method for
imaging the films. As shown in Figure S14 (Supporting Information),
the fluorescence spectrum of pyrene-loaded film showed mainly
monomer emission around 350-435 nm, and the emission of
rhodamine 6G-loaded film peaked at 560 nm. These indicate that
weak aggregation of dye molecules in the solid films occurred during
the solvent evaporation.30 The vibronic structure of pyrene emission
has also allowed to evaluate the microenvironment of the honeycomb
film. It is well-known that the polarity of the microenvironment can
be reflected by the intensity ratio of the third (383 nm) to first
vibronic (373 nm) bands, I3/I1, in pyrene fluorescence spectrum.30a
A ratio value of I3/I1 of 1.2 is obtained with our honeycomb film
(Figure S14), which suggests that pyrene locates in a nonpolar
microenvironment composed of alkyl chains.30a Meanwhile, 1H
NMR spectra of 1 in CDCl3 mixed with pyrene or rhodamine 6G
shown in Figure S15 (Supporting Information) indicated that the
peaks of N1-H, C8-H, and C10 -H of 1 did not shift in the
presence of the dyes, suggesting that the dye molecules did not
strongly affect the self-assembly of 1 in CDCl3. These help explain
why the dye-loaded luminescent honeycomb films remain regular.

Figure 7. Fluorescence images of honeycomb ﬁlms made from 0.5 mM
1 at 80 °C, containing 0.01 equiv dye molecules of (a) pyrene and (b)
rhodamine 6G. Insets are the corresponding SEM images, respectively.
The excitation wavelengths were 405 nm (a) and 514 nm (b). Scale bars
for ﬂuorescence images and SEM are 7.5 and 4.0 μm, respectively.

4. CONCLUSIONS
In summary, we have successfully fabricated ordered honeycomb
microporous ﬁlms via ribbonlike self-assembly of a small molecule,
alkylated guanosine derivative 1. We showed that these ﬁlms can be
obtained by an easy solvent-evaporation method under the BenardMaragoni convection mechanism. The pore size of the ﬁlm can be
controlled by varying the concentration of 1 and the temperature at
which the solvent is evaporated. This allows for a modulation of the
hydrophobicity of the ﬁlm surface, indicated by changes in water
contact angle. These microporous ﬁlms made from low-molecularweight organic molecules also showed excellent abilities of encapsulating organic ﬂuorescent dyes that made the honeycomb ﬁlms
ﬂuorescent and thus allowed a direct visualization by ﬂuorescence
imaging of the ﬁlms. A new entry was therefore established for
fabricating microporous ﬁlms from small molecules in their selfassembling forms. This, at the same time, also extends the application
scope of supramolecular self-assemblies. Since self-assemblies from
small molecules are nowadays easily made available,9 we expect that
the supramolecular method presented here for fabricating structurally
and/or functionally tunable microporous ﬁlms from small molecules
can be applied to other systems, too. The diversity of the structures
of small molecules and their self-assemblies ensures an additional
advantage for the supramolecular method to create functional microporous ﬁlms with predesigned morphology and structure.
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