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Abstract: There is large interest in replicating biological
supramolecular structures in inorganic materials that are
capable of mimicking biological properties. The use of 5-
guanosine monophosphate in the presence of Na+ and K+ ions
as a supramolecular template for the synthesis of well-ordered
mesostructured materials is reported here. Mesostructured
particles with the confined template exhibit high structural
order at both meso- and atomic scales, with a lower structural
symmetry in the columnar mesophase. Although a chiral space
group can not be deduced from X-ray diffraction, analysis by
electron microscopy and circular dichroism confirms a chiral
stacking arrangement along the c-axis. Guanosine monophos-
phate based mesophases thus illustrate the possibility for
specific molecular imprinting of mesoporous materials by
genetic material and the potential for higher definition in
molecular recognition.

The self-assembly of guanosine-based nucleosides into
supramolecular quadruplex (G) structures plays a fundamen-
tal function in a variety of biological processes. Guanosine
derivatives are involved in intracellular signal transduction
and have been identified in repetitive genomic sequences in
telomeres, in ribosomal DNA, immunoglobulin heavy-chain
switch regions, and in the control regions of proto-onco-
genes.[1] Guanosine monophosphate (GMP) is a nucleotide
monomer in messenger RNA, and is a reference for the

structural study of G4 quartets.[2,3] There is also large interest
in the replication of the biological functions of nucleosides
within inorganic materials, as these may offer novel material
properties such as molecular recognition, and selective ion
transport for advanced targeting in nanomedicine.[4]

The GMP template is composed of guanine, ribose, and
phosphate moieties. The phosphate groups reside on the
exterior of the G4 columns and prevent the tetrameric units
from stacking in register, rotating each tetramer by 308 and
thereby inducing a chiral arrangement along the column. In
solution at neutral pH, GMP monomers exist in two
conformations, C2’-endo and C3’-endo (Figure 1), which

result in two different types of tetramer arrangements and
a right-handed 5-GMP helix.[5] The self-assembly of 5-GMP
relies on Hoogsteen-type hydrogen bonding between four
GMP molecules, which form tetramers. Subsequent p-stack-
ing interactions between adjacent tetramers promote the
formation of columnar phases (Colhex), which are further
stabilized by small cations (Na+, K+, Rb+, Sr2+).[6] We report
here the cooperative self-assembly of 5-GMP and the silica
precursors 3-aminopropyltriethoxysilane (APES) and tetra-
ethyl orthosilicate (TEOS) to generate ordered mesostruc-
tured materials through a recently developed approach.[7, 8] A
favorable electrostatic interaction between a variety of
supramolecular templates and silica precursors can be
achieved by using carboxylate moieties and positively
charged amino propyltriethoxysilane, which acts as a suitable
co-structure directing agent for the formation of mesostruc-

Figure 1. Molecular representation of 5-guanosine monophosphate
molecules in solution, showing the C2’-endo and C3’-endo forms at
neutral pH and their self-assembly into chiral tetrameric columnar
structures through alternate layers of N- and S-type tetramers in the
presence of M+ ions.[5] Red: O, light blue: N, black: C, white: H, gray:
P, bright yellow: K, dark blue: Si. The guanine moiety is capable of
hydrogen bonding to form each tetramer (marked by arrows), whilst
the phosphate moiety is capable of electrostatic interaction with two
positively charged APES molecules.
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tured materials.[8, 9] To promote the electrostatic interaction
between the phosphate group of 5-GMP and the amino group
in APES, an aqueous solution of Na2GMP and KCl was
prepared (see Experimental Section). To this was added
APES followed by HCl (37 %) and the silica source (TEOS).
The solid was collected after two hours at room temperature
by filtration, and dried. Powder X-ray diffraction (XRD)
reveals the mesostructured sample (denoted aNGM-1, nano-
porous guanosine material) has good crystallinity, as judged
by the high Miller indexes that can be observed up to the
(400) reflection, assuming a hexagonal crystal class
(Figure 2).[10] Apart from the mesoscale order, two additional

sharp reflections can be distinguished at higher Bragg angles,
which are related to the ordering along the c-axis. A peak at
approximately 3.4 �, typical of discotic liquid crystals, can be
clearly discerned and is due to the stacking repeat distance of
the GMP tetramers.[11] Within a 3D hexagonal system, this
peak is indexed as the (001) reflection. The small broad
shoulder next to this reflection corresponds to the hk1 family
of planes. Another diffraction peak is centered at 558
(1.67 �), which is indexed as (002). According to the
tentatively assigned hexagonal structure, aNGM-1 exhibits
a unit cell with parameters a = 32.8 and c = 3.4 �.

Analysis of the solid by a number of techniques, including
1H NMR spectroscopy after dissolution in NaOD/D2O as well
as thermogravimetric and chemical analysis of alkaline
cations (see Figures S1–S3 in the Supporting Information),
yields a composition of 4GMP : 7.66SiO3/2(CH2)3NH2 :
11.4SiO2 : 0.18 Na2O : 0.69 K2O : 39.54H2O. The absence of
signals corresponding to ethanol in the 1H NMR spectrum
indicates that TEOS is fully hydrolyzed during the synthesis.
The GMP/APES ratio for aNGM-1 is approximately 2:1, thus

suggesting an electrostatic interaction between the doubly
negative charged phosphate and the protonated amines of the
APES. This is consistent with the formation of a supramolec-
ular lining of silica from APES surrounding the GMP
tetramers, whose further enrichment with silica during the
synthesis produces the columnar mesophase. An excess of
alkaline cations in the composition with respect to the amount
necessary to fully occupy the intertetramer sites is noted,
probably balancing the SiO� species within the silica wall.
Also, there is around three times more potassium than sodium
cations, with K+/GMP = 0.35:1.

Previous measurements conducted in solution indicate
that K+ ions preferentially occupy the intertetramer sites, and
thus increase the self-association constant significantly.[12–14]

To confirm this in the present system, we varied the
composition of the starting alkaline cation, which led to
variations in the relative intensities and positions of the high-
angle diffraction peaks (see Figure S4 in the Supporting
Information). When only Na+ is used as the alkaline cation,
the (002) peak is very broad and hardly detected. However,
the reflection becomes more intense and narrower when a low
amount of K+ ions (K+/GMP = 0.39:1, slightly higher than the
stoichiometric amount for the intertetramer position, that is,
K+/GMP = 0.25:1) is incorporated in the synthesis mixture.
Further increases in the K+ concentration (K+/GMP = 5.1:1)
in the synthesis mixture do not cause the peak to increase in
intensity. The same trend is found when looking at the (001)
reflection, which suggests that the intertetramer positions are
occupied by K+ ions.

Attempts to eliminate the GMP template by either
extraction or calcination resulted in the collapse of the
mesostructure. To improve the stability of the mesostructure,
the synthesis mixture was hydrothermally treated at 100 8C in
an autoclave. The XRD pattern of the resulting solid after
4 days (denoted hNGM-1) still exhibits a pattern that can be
indexed within hexagonal symmetry (Figure 2). Mesoscale
reflections as high as (140) are clearly visible, and with unit
cell parameters (a = 38.5 � and c = 3.4 �) larger than that of
the aNGM-1 sample prepared at room temperature. A
change in the relative intensities of the mesoscale reflections
is also observed, as a result of the more condensed silica wall.
Chemical analysis of the sample led to a composition of
4GMP : 8.86SiO3/2(CH2)3NH2 : 31.18SiO2 : 0.28 Na2O :
0.61K2O : 48.31H2O per tetramer, thereby revealing that the
increase in the unit cell accompanies an increase in the
incorporated silica (see Figures S1–S3 in the Supporting
Information). Solvent extraction prior to calcination yielded
ordered mesoporous solids, with XRD patterns (see Figure S5
in the Supporting Information) showing sharp peaks in the
mesoscale range and lacking the reflections related to order-
ing on the atomic scale. The unit cell parameters are a =

37.6 � and a = 34.2 � for the extracted and calcined solids,
respectively. Thus, the hydrothermal treatment is necessary to
produce robust structures that can sufficiently undergo
template extraction and calcination.

The 1H NMR spectra of the hydrothermally treated and
extracted samples (dissolved in NaOD/D2O) show only the
three methylene signals from the aminopropyl group, thus
indicating an adequate extraction of the template. The

Figure 2. a) High- and b) low-angle XRD patterns of aNGM-1 (bottom)
and hydrothermally treated hNGM-1 (top) samples. The insets show
enlarged regions of the mesoscale order. The patterns are indexed on
the basis of a 3D hexagonal unit cell. Note that high-angle peaks
associated with the [001] direction can be distinguished. The y-axis
represents intensity in arbitrary units.
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addition of tetraethylammonium bromide as an internal
standard led to a ratio of 3.35 mmol of amines per gram of
SiO2 (1/5 silicon atoms are bound to an amine group).
Nitrogen adsorption isotherms (Figure 3) were conducted on
the solvent-extracted and calcined NGM-1 mesoporous mate-
rial (denoted eNGM-1 and cNGM-1). By taking into account

the surface area of the extracted sample (583 m2 g�1), a value
of 1 amine moiety every 34 �2 was obtained, which consti-
tutes a high functionalization coverage. The nitrogen iso-
therm profiles are consistent with a type IV curve, albeit with
a low pressure capillary condensation step occurring between
0.1 and 0.2 (P/Po) and the absence of any hysteresis effect.
This is indicative of a small mesopore size, which is confirmed
from pore size distribution curves, which are centered at 24.5
and 26.0 � for the eNGM-1 and cNGM-1 samples, respec-
tively. Almost a doubling of the surface area to 1102 m2 g�1 is
observed upon calcination, because of the rougher surface
resulting from the thermal treatment and the removal of the
propylamine moieties.

Scanning electron microscopy (SEM) images show the
mesoporous hNGM-1 particles to be composed of faceted
trigonal and ditrigonal prisms and rods (Figure 4 a, see also
Figure S7 in the Supporting Information), which is suggestive
of a lower symmetry structure than the assumed hexagonal
system. Transmission electron microscopy images (Figure 4b,
see also Figure S7 in the Supporting Information) of hNGM-
1 show a well-ordered pore arrangement. The lattice param-
eter calculated from electron diffraction patterns on the basis
of a hexagonal unit cell is a = 32.3 �, which is smaller than
that measured from the XRD patterns shown in Figure 2
(38.5 �). Transmission electron microscopy (TEM) images
recorded parallel to the pore direction show a dark contrast
within the pores. Further analysis is necessary to determine
the origin of this contrast. However, images recorded under
a variety of focus conditions and corrected for contrast
transfer function effects[15] show similar dark contrast within
the pores (Figure 4c, see also Figure S7 in the Supporting
Information). Potential density maps modeled from this
analysis (Figure 4d) show an area of higher density in the
center of the channel space. Along this zone axis, there is
apparent sixfold symmetry, as observed from simulated
Fourier Transform (FT) diffractograms or from selected-

area diffraction patterns (SAED). However, as noted from
the SEM images, the crystal habit of the particles is varied and
particles corresponding to a trigonal system are evident.
Comparison of the phase residual information of diffraction
spots as well as the amplitude relationship between specific
reflections leads to a p3m1 symmetry along the [001] direction
(see Figure S7 in the Supporting Information). However this
is not a sufficient difference to assign a trigonal crystal class.
Tilting series and images recorded along other orientations
(see Figure S7 in the Supporting Information) show only two
additional zone axes with p1 symmetry. No general reflection
conditions could be observed from diffractograms recorded
along any orientation. Note that a trigonal pattern cannot be
rejected on the basis of the hexagonal honeycomb pattern.
Furthermore, nonresonant X-ray diffraction cannot distin-
guish between trigonal and hexagonal symmetries, and hence
the XRD pattern can be indexed on the basis of a hexagonal
or trigonal symmetry. Hence, it is not possible to unequiv-
ocally assign a trigonal crystal class and thus we tentatively
assigned a three-dimensional space group with P6 symmetry
as that with the highest symmetry.

Fourier transform diffractograms recorded on a number
of crystals along the [001] direction show the appearance of
a diffuse scattering pattern with a Star of David motif
(Figure 5 and see Figure S8.3 in the Supporting Information)
consistent with the crystal lattice. Similar motifs have been
encountered in isotactic polymers with trigonal symmetries as
well as in inclusion compounds of n-alkanes in urea, where the

Figure 3. a) Nitrogen sorption isotherms for calcined and extracted
samples of eNGM-1 and cNGM-1, and b) corresponding pore size
distribution curves. Figure 4. Scanning and transmission electron microscopy images

recorded parallel to the c-axis of a hNGM-1 particle showing: a) ditrig-
onal faceting, and b) the well-ordered arrangement of pores with dark
contrast within the pores. The inset in (b) shows the indexed Fourier
transform (FT) diffractogram of the image shown. c) The contrast
transfer function (CTF) corrected image reconstructed from a through
focus series is shown together with d) the potential density map along
the [001] direction (see Figure S7 in the Supporting Information for
more details). Color gradient: white!blue!red!yellow shows areas
of low!high density.

.Angewandte
Communications

12108 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 12106 –12110

http://www.angewandte.org


host and guest substructures have a different dimensionality,
as in the 3D-ordered urea-host framework and a predom-
inately 1D guest structure of the alkane chains.[16, 17] Similar
patterns have recently been observed in mesoporous materi-
als prepared with chiral surfactants and possessing 2D
rectangular (p2gg) pore systems, accounted for by elliptical
pore shapes clearly visible through TEM imaging.[18] In the
case of NGM-1, diffuse scattering is also observed along the
[001] direction, that is, parallel to the channels containing the
tetrameric GMP template. The position of the diffuse
scattering is commensurate with the reciprocal lattice of the
silica framework since it occurs along specific lattice reflec-
tions. Furthermore, masking the diffraction spots associated
with the silica lattice on FT diffractograms and performing an
inverse Fourier Transform to retrieve the image (data not
shown) has little effect on the image contrast and pattern. The
diffuse scattering patterns observed can be explained in terms
of three factors: 1) helical rotation of the tetramers in which
the two G quartets (G4N and G4S type) are twisted by 308 with
respect to each other (608 with respect to the next repeat unit)
and stacked in a right-handed fashion with an axial rise of
3.4 � along the pore direction;[5] 2) corrugation of the silica
surface as a result of molecular imprinting; and 3) independ-
ent tetramer positions on each pore channel (see Figure 5
inset).[17] Modeling of the diffuse scattering may yield fine
structural details of the GMP stacking arrangement and its
chirality within the pores. The latter is confirmed by circular
dichroism measurements of hGMP-1 (see Figure S8 in the
Supporting Information), which are consistent with previ-
ously reported spectra for a Na2(5’-GMP) in self-assembled
G quartets with N- and S-type tetramers (antiparallel
arrangement).[1, 19]

Barboui and co-workers recently characterized a meso-
structured material made by the condensation of guanine-
siloxane monomers, termed GSi, in the absence of any
additional silica source.[20] The authors conclude that supra-
molecular assembled Gsi units form hexagonal p6mm sym-
metries, with chiral transcription from the template to the

silica wall promoted through the rigid covalent linker
between the silica and G quartet. Moreover, the assignment
of a 2D planar space group is somewhat surprising due to the
presence of clear atomic order along the c-direction within
the prepared Gsi structure. For both these mesostructured
materials (Gsi and NGM-1), a nonchiral space groups is
chosen on the basis of the available information.

The present results show that well-ordered and stable
mesoporous silica may be easily prepared using nucleotides
capable of forming supramolecular quadruplex structures in
solution. The use of APES creates an additional supramolec-
ular interaction that allows the replication/transcription of the
GMP columns into the inorganic silica matrix. The observa-
tion of high-angle X-ray diffraction peaks allows the template
to be included in the mesoscale structural analysis, and the
diffuse scattering observed by electron microscopy shows
a distinct relationship between the mesoscale order and chiral
tetramer stacking. The chirality of the template within the
pores is confirmed by circular dichroism. Mesotructured
NGM-1 possesses a lower symmetry than the expected
hexagonal symmetry, thus indicating an anisotropic columnar
packing arrangement. This report demonstrates a promising
route to develop a family of nucleotide hybrid materials,
based on the GMP tetramer motif as well as other nucleic acid
systems.

Experimental Section
The synthesis of NGM-1 materials was carried out using the chemicals
as purchased and without further purification. Initially, guanosine 5-
monophosphate disodium salt hydrate (300 mg, Aldrich, from yeast,
� 99%, determined by 1H NMR spectroscopy to be Na2GMP·7H2O)
were dissolved in H2O (10.5 mL, milliQ) in a teflon vessel. KCl
(130.2 mg, Aldrich) was added, and the mixture left to stir (200 rpm)
for 1 h. The stirring rate was increased to 400 rpm before addition of
aminopropyltriethoxysilane (386 mL, APES) followed by HCl (37%;
135.5 mL). After one minute, tetraethyl orthosilicate (552 mL, TEOS)
was added and left under stirring for 2 h with the lid on. After this,
solid (350 mg) was filtered off and characterized. This solid was
named aNGM-1 to denote the as-synthesized material. The overall
molar composition was 1GMPNa2 : 2.93APES : 4.4TEOS : 2.91HCl
: 3.1KCl : 1054H2O. When hydrothermal treatment was conducted,
the synthesis mixture was placed, before filtration, in an autoclave
and heated at 100 8C for four days. After filtration, solid (351 mg) was
obtained. This solid was named hNGM-1 to denote the hydrothermal
treatment. The hydrothermally treated sample (hNGM-1, 150 mg)
was extracted in a solution of ethanol (13.5 mL) and HCl (37%,
1.5 mL). After stirring the mixture for 20 h at room temperature, the
remaining solid was obtained by filtration. The extracted sample
(denoted eNGM-1) was calcined in air at 550 8C for 3 h and was
denoted cNGM-1. The XRD patterns and adsorption isotherms of
eNGM-1 and cNGM-1 are shown in Figures S4 and S5 in the
Supporting Information.

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
Advance X-ray diffractometer with a CuKa anode (l = 0.1542 nm)
operating at 40 kV and 30 mA.

For full details of the characterization equipment used, please see
the Supporting Information.
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Figure 5. FT diffractogram recorded on a particle of hNGM-1 (the inset
shows a portion of the image used, scale bar =10 nm) along the [001]
orientation, showing prominent diffuse scattering between specific
reflections. Possible models of the template rotation along the pores
and of the independent arrangement of tetramers in each channel are
also shown (right), which could induce the diffuse scattering pattern
observed.
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