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31 The self-organisation of silver-containing hydrogen-bonded rosette assemblies on
34 highly oriented pyrolytic graphite (HOPG) surfaces is described. The introduction
36 of silver atoms into the double rosette architecture was achieved using the affinity of
silver cations for cooperative m-donors or cyano- functionalities on the double
a1 rosettes. Highly ordered 2-D nanorod domains with an inter-row spacing of 4-5 nm
43 oriented in different directions were revealed by tapping-mode atomic force
microscopy (AFM). This new and simple strategy for the creation of metal-
48 containing supramolecular nanorod arrays that can act as well-defined surface-
50 immobilized self-assembled scaffolds, will contribute to the development of
functionalized nanoarchitectures via bottom-up approaches.
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INTRODUCTION

Self-assembly and self-organisation of small building blocks is at the heart of bottom-up
approaches [1] as an alternative to currently employed costly lithography based top-down
methods of micro- nanofabrication [2] for engineering large-scale ensembles of
nanoarchitectures [3]. As a natural phenomenon in biological [4] and chemical
processes,[5]  self-assembly offers attractive possibilities for creating functional
molecular structures, for example artificial molecular machines [6]. Recent research
interests are focused towards the fabrication, and specially positioning of noncovalent
supramolecular aggregates on surfaces in organized networks [7-11]. Though many
examples of supramolecular structures formed in situ on surfaces are known, only few
superstructures formed in solution have been efficiently transferred onto surfaces [7,9,
11e, 12]. In this line our group has reported the synthesis and characterisation of multi-
component, hydrogen bonded assemblies (rosette) and their ordered rod-like arrangement
on the graphite surfaces [13]. The rosette assemblies are based on the self-assembly of
calix[4]arene dimelamines and barbituric acid (or cyanuric acid) derivatives (Figure 1),
which are held together by complementary hydrogen-bonding between the donor-
acceptor-donor (DAD) array of calix[4]arene dimelamine derivatives and the acceptor-
donor-acceptor (ADA) array of the BAR (barbituric acid) or CYA (cyanuric acid)
counterparts [13]. These assemblies can be easily functionalised [13d]. Metal—
containing self-assembled nanostructures are very interesting for growing metal
nanoparticles or creating metallic nanowires from usual biological templates like DNA
[16] and peptide nanotubes [17]. Metal atoms bound to the template surface act as

nucleating centres for further growth of nanoparticles or can be ‘developed’ by using
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standard photographic techniques. In this realm, we have previously achieved the
incorporation of gold atoms in the rosette assemblies using coordination to phosphane
groups, which are placed on the melamine part of the rosettes as an alternative non-
biological pathway for creating metallic structures [13c]. However, this pathway includes
the multi-step synthesis of gold substituted calix[4]arene dimelamine derivatives, which
is a costly and a lengthy process. In this article we report an alternative pathway of
organizing metal-containing assemblies on surfaces without need for multi-step synthesis
of metal functionalized precursors. This pathway is based on the use of strong affinity of
certain metal ions for example Ag® ions for cooperative n-donor or cyano- functionalities

easily grafted on the double rosette motifs [18].

[Insert Figure 1 here]

Here we report the 2-D self-assembly of silver functionalized double rosette
assemblies Ag*-[1a;e(DEB)g] and Ag"-[1b;e(CNPhCYA)s] (Figure 1) on highly oriented
pyrolytic graphite (HOPG) surfaces studied by atomic force microscopy (AFM). AFM is
a very versatile and practical method for studying such self-assembled systems on
surfaces [14]. AFM images show regular 2-D nanorod domains formed from these metal
containing supramolecular nanostructures. Different organisations are observed
depending upon the building blocks DEB (5,5’ -diethyl barbiturate) and CNPhCYA (p-
cyano phenyl cyanurate). The silver functionalized double rosette assemblies,
Ag'-[1a;¢(DEB)s] and Ag"-[1b;e(CNPhCYA)s] were formed [laze(DEB)s] and

[1b3e(CNPhCYA)s] double rosette assemblies with Ag"CF;COO". These double rosette
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assemblies are molecular boxes that consist of two flat and circular self-assembled rosette
motifs connected though three calix[4]arene diamelamine moieties via the formation of
36 hydrogen bonds [13] (Figure 1). Employing such templates to direct the formation of
metallic nanostructures may lead in the future to versatile routes to fabricate electrically

conducting nanowires.

EXPERIMENTAL SECTION

All experiments were performed under argon atmosphere. 5,5’-diethyl barbiturate (DEB)
(Aldrich), 2,5-dihydroxybenzoic acid (DHB) (Aldrich) and Ag"CF;COO (ACROS) was
purchased and used as received. Calix[4]arene dimelamine derivatives la, 1b and
CNPhCYA were synthesized according to the previous protocol.' 'H NMR spectra were
recorded in CDCI3 on a Varian Unity 300. Chemical shifts are given in ppm relative to
tetramethylsilane (TMS). Matrix-Assisted Laser Desorption lonisation (MALDI) Time-
of-Flight (TOF) mass spectra were recorded on a Voyager-DE-RP mass spectrometer
(Applied Biosystems/PerSeptive Biosystems, Inc., Framingham, MA, USA) equipped
with delayed extraction. A 337 nm UV nitrogen laser producing 3-ns pulses was used and
the mass spectra were obtained in the linear and reflectron mode. Tapping mode AFM
(TM-AFM) thin-film samples were prepared by deposition of one drop of a solution (0.1
mM) of silver complexed assemblies Ag*-[1a;e(DEB)s] and Ag"-[1b;e(CNPhCYA)] in
toluene onto freshly cleaved highly-oriented pyrolytic graphite (HOPG) in a near-
saturated atmosphere of toluene. After the solvent was evaporated, the samples were
treated for 15 min in oil pump vacuum to remove any traces of residual solvent. The TM-

AFM data were acquired with a Nanoscope III multimode AFM (Digital Instruments,
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Santa Barbara, CA, USA) by using a 10 um (E) scanner and microfabricated silicon
tips/cantilevers (model TESP, resonance frequency of 300 kHz, Nanosensors, Wetzlar,
Germany). The system was thermally equilibrated over the period of typically 1 to 2 days
by operating the AFM in contact mode with false engagement. The rms amplitude of the
cantilever (= 0.8 V) and the amplitude damping (= 5%) were minimized to reduce the
peak normal forces. Height, phase, and amplitude images were captured using scan rates
between 0.5 and 3.0 Hz. All data presented here have been subject to a first order plane

fit to compensate for the sample tilt.

Synthesis of Ag* complexes of the hydrogen-bonded assemblies [18]

5-10 mM solutions of the hydrogen-bonded assemblies [laze(DEB)s;] and
[1b3e(CNPhCYA)s] in CHCI; were stirred for 24 h at room temperature with 1.5
equivalent of Ag"*CF;COO". Further an aliquot of this solution (10 mL) was mixed with
an aliquot (30 mL) of a solution of 2,5-dihydroxybenzoic acid (DHB) (3 mgL'l) in
CHCI;. A portion (1 mL) of the resulting solution was loaded on a gold-sample plate, the
solvent removed in warm air, and the sample transferred to the mass spectrometer for

analysis.
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RESULTS AND DISCUSSION

Synthesis and characterisation of silver-functionalized double rosettes

Two different silver functionalized double rosette assemblies (Figure 1) were
synthesized. The synthesis of double rosette assemblies was performed according to the
previous protocol by easily mixing calix[4]arene dimelamine derivatives 1a (or 1b) with
DEB (5,5-diethyl barbituric acid) or CNPhCYA (p-cyano-phenyl cyanuric acid) in 1:2
ratio in apolar solvents chloroform or toluene [19]. The formation of the assemblies is
characterized by 'H NMR. The characteristic signals around 13-15 ppm of hydrogen-
bonded imide protons (-NH) on barbituric acid or cyanuric acid derivatives confirm the
formation of the double rosette assemblies (Figure 2b,c). Silver atoms can be easily
incorporated in the double rosette assemblies laze(DEB)¢ and 1b3;e(CNPhCYA)s by
reacting 5-10 mM solution of double rosette assemblies (CHCl;) with 1.5 equivalents of
Ag'CF;,COO" for 24 h at room temperature. MALDI-TOF analysis of silver
functionalized assemblies show intense signals in the spectra at m/z = 4278.3 (calcd.
4276.1 for CasHyeNusOso -/’ Agh) for assembly Ag*-[lase(DEB)s] (Figure 2a) and
4347.9 (calcd. 4348.1 for CaxnHysNesOun -’ Ag*) for assembly Ag*-[1b;eCNPhCYA)q]

indicating the incorporation of silver atoms in the rosette architecture [18].

[Insert Figure 2 here]

Based on literature results, in the assembly Ag'-[la;e(DEB)s], the silver ions

coordinate to benzyl aromatic ring on calix[4]arene dimelamine presumably forming a
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sandwich-type complex with the benzyl substituent on the melamine; while in assembly
Ag"-[1b3;6(CNPhCYA)q] the silver ion coordinates to the cyano functionalities on the
cyanurate derivative [8,20]. The introduction of the functional groups in the
calix[4]arene dimelamine framework and barbituric/cyanuric acid derivatives can be
conveniently performed without interfering with the network of hydrogen bonds that

holds the double rosette together.

Atomic Force Microscopy (AFM)

Highly-ordered and regular 2-D arrays of rosette nanostructures were observed after
deposition of the rosettes from toluene onto freshly cleaved HOPG surfaces, as unveiled
by contact (or tapping) mode AFM (Figure 3). To suppress the 3-D (bulk) crystallisation
of the rosettes, slow evaporation of the solvent in a nearly saturated atmosphere of the
solvent was ensured. The AFM data was acquired, as described in detail in experimental
section, on a thermally fully equilibrated commercial AFM setup using silicon tips. To
prevent sample damage, the rms amplitude of the cantilever and the amplitude damping
(5%) were minimized. The observed structure is characterized by an inter-row spacing of
5.1 = 0.1 nm for assembly Ag"- [1az;e(DEB)s] (with 1.0 £ 0.2 nm spacing between the
neighboring rosettes) and 4.8 + 0.1 nm for Ag™- [1b3;e(CNPhCYA)s] (with 1.0 £ 0.1 nm
spacing between the neighboring rosettes). The inter-row spacing or heart-to-heart
distance [13c] is the separation between two adjacent nanorod structures measured
normal to the row direction from centre of one nanorod to another nanorod centre. The
observed inter-row distances are function of the substituents as well as the rosette size

and suggests that the rosettes are stacked approximately face-to-face in these rows
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(Figure. 4) [21]. The silver functionalized rosettes also show a characteristic roughness of
the domain edges. This was prominently observed in case of nanorod domains of
assembly Ag"-[1b;e(CNPhCYA)s]. This is shown in higher-magnification AFM images
in Figure 3. In addition to the edge roughness, defects such as vacancies were not
observed. Further, the substrate determines the alignment of the nanorod domains on
surface (0", 60°, 120"), which is related to the underlying three-fold symmetry of the
HOPG lattice [22]. There are significant differences in the distribution of the nano-rod
domains on the HOPG surfaces. In case of the assembly Ag*-[1a;e(DEB)s] the domains
are distinctly separated; while in case of the complex Ag"-[1b3;e(CNPhCYA)s] crossing
of nanorod domains with different orientations creates extended and evenly distributed
domain patterns. In both the cases the assemblies were oriented in the edge-on manner
(Figure 4). In edge-on fashion inter rosette spacings correspond to the width of double
rosette molecular box; while height measurements correspond to the dimensions of the

box face.

[Insert Figure 3 here]

[Insert Figure 4 here]
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The roughness characterization [13c] of the observed jagged domain edges along

the rows are of 1.3 (0.1) nm for assembly Ag*-[1b;e(DEB)s] and 1.4 (0.1) nm for

©CoO~NOUTA,WNPE

10 assembly Ag*-[1b;e(CNPhCYA)s] (Figure 5, 6), indicating the face to face stacking of
double rosettes. In Figure 5 a,b the observed step lengths at the domain edges are plotted
15 in the histograms for Ag+-[1b30(DEB)6] and Ag+-[1b30(CNPhCYA)6], respectively. In
17 Figure 6, the graphs of the peak positions observed in the histograms for different bin
20 sizes are plotted versus the peak numbers respectively. The linear regressions shows bin
22 size-independent slopes. From the slopes integer spacings of differences along the rows
of 1.3+ 0.1 nm and 1.4 + 0.1 nm were observed for assemblies Ag*-[1a;e(DEB)s] and
27 Ag"-[1b3¢(CNPhCYA)g], respectively. The spacings are comparable with the dimensions
of individual rosette nanostructures [13c] and suggest that the rosettes stack in the row

32 direction.

39 [Insert Figure S here]

46 [Insert Figure 6 here]
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The direct real-space observation of the individual rosettes comprising the
nanorod domains was carried out in high-resolution AFM measurements. As shown in
Figure 3, the two-dimensional fast Fourier transform (2-D FFT, inset in Figure 3) shows
reflections that correspond to the inter-row spacing. From an analysis of the 2-D FFTs,
we obtained an oblique lattice structure, which is characterized by a = 4.2 nm (+ 0.1 nm),
b= 3.1 (x 0.1 nm) and 6= 122 (3°) for assembly Ag"-[1b3e(DEB)s] and a = 4.3 nm (* 0.1
nm), b= 5.1 (x 0.1 nm) and e= 108 (3°) for assembly Ag"-[1b3;e(CNPhCYA)s]. Their unit
cell probably contains three and four double rosette nanostructures respectively, which
corresponds to a formal area requirement of 5.0 nm?/rosette and the gas-phase minimized
structure possesses an area requirement of 3.64 nm?/rosette [13c]. These values are in

good agreement with each other considering earlier reports of related double rosettes.

CONCLUSIONS

We have shown that silver atoms can be successfully incorporated into self-assembled,
hydrogen-bonded rosette assemblies based on substituted calix[4]arene dimelamine and
barbiturate (cyanuric) acid moieties. The rosettes formed in solution are very stable and
can be deposited onto solid surfaces to create metal-containing supramolecular
aggregates with nano-sized dimensions ranging from 0-D (individual rosettes) to 2-D
(rosette layers). In these highly ordered nanorod domains, face-to-face stacked rosettes
form parallel rows lying in edge-on fashion on HOPG surface. Our results show the

feasibility of self-assembled hydrogen-bonded assemblies to serve as a scaffold for the
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formation of metal containing nanorod arrays. Further, platinated and copper
functionalized double rosette assemblies can be similarly obtained as these cations also
show complexation with rosette structures [18b]. Thus, the strategy reported here may
constitute a viable route for the bottom-up fabrication of, for example, conducting

nanowires templated by hydrogen-bonded assemblies.
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Prins, L. J. PhD Thesis, 2001, University of Twente.
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FIGURE CAPTIONS

Figure 1. Synthesis of silver-functionalized double rosette assemblies Ag*-[1a;e(DEB)s]

and Ag"™ [1b;e(CNPhCYA)s].

Figure 2. (a) MALDI-TOF MS spectrum of assembly AgJ'-[1a30(DEB)6]18 and (b) 'H
NMR spectra of double rosette assemblies [laze(DEB)s] and (c) [1bze(CNPhCYA)e]

recorded at 300 K in [D]g—toluene at 300 MHz.

Figure 3. TM-AFM phase images of double rosette-silver complexes Ag*-[1b;e(DEB)g]
and Ag"-[1b3;e(CNPhCYA)s] on HOPG deposited in air. Inset shows 2-D FFT. Unit cell
obtained from 2-D FFT’s of high-resolution AFM images of the nanorod domains of
rosettes are also shown. Arrows indicate the alignment of the nanorod domains according

to the three-fold symmetry of the underlying graphite.

Figure 4. Double rosette assemblies Ag*-[1b3e(DEB)s] and Ag*-[1b3;e(CNPhCYA)s], lie
in edge-on fashion (left) rather than in face-on fashion (right). The double rosette is a
box-like structure; edge-on orientation denotes lying of the boxes with edges anchored
and flat-surfaces vertically positioned; while face-on indicates anchoring of the flat-
surfaces. This is well indicated by the height values: 4.6 £ 0.1 nm for Ag*-[1a;e(DEB)s]

and 43 £ 0.1 nm for Ag"[1b;e¢(CNPhCYA)s], which correspond to the lateral

_ 5 _ :
URL: http:/mc.manuscrlptcentral.com/tandf/lgsch Email: suprachem@mail.cm.utexas.edu



©CoO~NOUTA,WNPE

Supramolecular Chemistry

dimensions of the box-face. (Substituents on the assemblies and metal atoms are not

shown for clarity.)

Figure 5. Histograms of the observed distance-differences at the edge of nanorod
domains obtained by AFM analysis for (a) Ag"-[1a3;e(DEB)s] (0.25 nm bin size) and (b)

Ag"-[1b3¢(CNPhCYA)g] with Fourier smoothened data (solid lines).

Figure 6. Plots of observed distance-differences at the edge of nanorod domains for
different bin sizes versus peak number in the histograms analyzed. From the slopes, the
integer spacings of the distance differences are determined for (a) Ag*-[1aze(DEB)s] and

(b) Ag™-[1b3e(CNPhCYA)q].
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