Chemical
Science

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Chemical
Science

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsﬂw

ROYAL SOCIETY . .
OF CHEMISTRY www.rsc.org/chemicalscience


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

Chemical Science

ARTICLE

Cite this: DOI: 10.1039/x0XX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOlI: 10.1039/X0XX00000X

www.rsc.org/

Chemical Science

RSCPublishing

Self-assembling 1D core/shell microrods by the
introduction of additives: a one-pot and shell-
tunable method
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Xi Zhang*

Herein, we have developed a one-pot method for the fabrication of one-dimensional core/shell
microrods with tunable shell compositions by the introduction of additives. Crystalline dimethyl
melamine hydrochloride was utilized as the core, while melamine derivatives with different functional
groups, such as pyrene, thiophene and naphthalene diimide, served as additives to regulate the core
morphology and adsorbed as the shell. The length and width of such one-dimensional structures can be
tuned by varying the molar ratio of core and shell molecules as well as their total concentration.
Through X-ray diffraction, the detailed molecular arrangements within the core of microrods were
revealed, and the selective effect of additives on specific crystal faces was evaluated. It is anticipated
that this work may provide a facile approach for the fabrication of one-dimensional functional materials.

Introduction

One-dimensional (1D) micro/nanostructures are suitable for the
transport of electrons, photons and excitons because of the size
confinement  effect'®.  Therefore, they have attracted
tremendous attention due to their abundant applications in the
fabrication of electronic, photonic and optoelectronic
micro/nano devices®. Recently, increasing efforts have been
made to fabricate 1D micro/nanostructures with multi-
components and novel topologies (segmented, core/shell or
branched) to achieve more complex functionalities®®?%, 1D
micro/nanomaterials with core/shell structures have shown
potential applications in various fields such as transistors®* %,
solar cells®®?, gas sensing® *°, photocatalysis®, lithium-ion
batteries®* and so forth®*3. Leiber et al have synthesized
core/shell nanowires with versatile shell compositions by
chemical vapor deposition on the nanowire surface, which can
be applied for the preparation of coaxially gated nanowire field-
effect transistors®*. Yao and Zhao et al have prepared
core/sheath nanowire optical waveguides with a co-
precipitation method, which can be used for rapid and sensitive
optical detection of gaseous hydrogen peroxide?®. However,
despite of these successful examples, it is still a big challenge to
fabricate 1D core/shell structures with tunable shell
compositions in a convenient approach.

Herein, we have developed a convenient additive-
adsorption method for the fabrication of 1D core/shell
microrods with tunable shell compositions. Crystalline
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dimethyl melamine hydrochloride (Mela-DM<HCI) was applied
as the core, while various melaminium derivatives (Mela-M-R,
R=Pym, Pm, 2Nm, 3Tm, NDI4, shown in Scheme 1) were
utilized as additives to regulate the core morphology and
adsorbed as the shell. Simply mixing Mela-DM with Mela-M-R
in dichloromethane (DCM) and adding equimolar amount of
hydrochloric acid (HCI) led to the formation of self-assembled
1D core/shell microrods with required shell compositions. X-
ray diffraction (XRD) was performed to elucidate the possible
effect of additives on inducing the 1D morphology.

NH, NH, . . .
Py One-dimensional microrods
NTIN NTIN .
PP PPN with core-shell structures
~ <N AN~
NTONTN N7ONTNTR
H H H H
Mela-DM Mela-M-R
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Mela-M-Pym Mela-M-Pm Mela-M-2Nm Mela-M-3Tm
Scheme 1. Fabrication of 1D microrods with core/shell structures in a one-pot
approach. The core of microrods is constituted by Mela-DMeHCI, while the shell
is formed from Mela-M-R (R=Pym, Pm, 2Nm, 3Tm, NDI4) bearing various
functional groups.

Mela-M-NDI4
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Results and discussion

Self-assembled structures of Mela-DM<HCI
The self-assembly of Mela-DM with HCI in DCM leads to the

formation of micrometer-sized quadrangular prisms (Figure S1).

Such microstructures have rhombus-shaped bases with vertex
angles of 50°. Single crystal XRD was employed to reveal the
molecular arrangements of Mela-DM<HCI. As shown in Figure
1, protonated Mela-DM molecules are connected by chloride
ions to form ribbons, one ribbon further stacks with four
adjacent ribbons in the perpendicular direction to produce a 3D
network. The driving forces are combined intermolecular
interactions, including chloride ion mediated hydrogen bonding
and electrostatic interaction in one direction, n-n stacking and
hydrogen bonding in the other two directions. Based on the
above results, the exposed crystal faces in Mela-DM<HCI
microstructures can be determined to be (0,1,0), (1,0,1) and
(1,0,-1), and the rhombus-shaped bases correspond to (0,1,0)
face (Figure S1b). It should be noted that (1,0,1) and (1,0,-1)
faces are identical. Therefore, if the growth perpendicular to
(1,0,1) face can be supressed by the introduction of additives,
1D structures could be obtained; otherwise, two-dimensional
(2D) assemblies would be acquired.

Figure 1. The crystal structures of Mela-DMeHCI (grey: C; white: H; blue: N;
green: Cl). The driving forces are chloride ion bridging and hydrogen bonding (a)
as well as m-1t stacking (b). The red edges of the rhombus (b) indicate the crystal
faces of (1,0,1) and (1,0,-1).

Fabrication of 1D core/shell microrods

In a typical preparation, 4.5 mL of Mela-DM solution (1.0 mM
in DCM) was mixed with 0.5 mL of Mela-M-R (R=Pym, Pm,
2Nm, 3Tm, NDI4) solution (1.0 mM in DCM) to get a two-
component solution with 10% of Mela-M-R, then 1.4 uL of
HCI (3.5 M in H,0) was added. After sonication for 1 min and
standing for several hours at room temperature, the solution
became turbid, indicating the formation of assemblies with
large size. Generally, the suspension should be kept for at least
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three days to ensure that equilibrium was reached. Assemblies
with different molar ratio of Mela-M-R (5, 20%) and in
different concentrations (0.5, 2.0 mM) were prepared in similar
procedures.

The self-assembly of Mela-DM/Mela-M-Pym(10%)-HCI (1
mM) results in the formation of 1D microrods. As indicated by
scanning electron microscopy (SEM) in Figure 2a and 2b, the
length of the 1D assemblies is tens of micrometers, while the
width is about several hundred nanometers, which is quite
uniform. Moreover, side-view SEM reveals that the microrods
have rhombus-shaped cross sections with vertex angles of about
50° (Figure 2c), which probably correspond to the (0,1,0)
crystal face. Therefore, the growth perpendicular to (0,1,0) face
might have been relatively enhanced because of the
introduction  of  additives. Furthermore,  fluorescence
microscopy image in Figure 2d shows that the microrods emit
strong blue fluorescence when excited by UV light (330-385
nm), while confocal fluorescence microscopy image in Figure
S2 shows that the periphery of the microrod exhibits much
stronger fluorescence than its middle, indicating the formation
of core/shell microrods with fluorescent Mela-M-Pym as the
shell. The fluorescence spectrum of the microrods was recorded
in Figure S3, the peaks in 380, 399 and 422 nm represent the
emission of monomer, while the broad peak around 450 nm
corresponds to the aggregated state of pyrene.

Figure 2. (a,b) SEM images of the microrods formed by Mela-DM/Mela-M-
Pym(10%)eHCI (1 mM). (c) Side-view SEM image showing the rhombus-shaped
cross sections of the microrods. (d) Fluorescence microscopy image of the
microrods.

The length and width of the 1D microrods can be tuned by
varying the molar ratio of Mela-DM/Mela-M-Pym and their
total concentration. As shown in Figure 3a-c, increasing the
molar ratio of Mela-M-Pym from 5% to 10% will narrow the
width and increase the length of the 1D microrods, but further
increasing the molar ratio to 20% will not cause much change
in the morphology of the 1D structures. In Figure 3c, we can
also observe the appearance of fluorescent dots formed by
Mela-M-Pym<HCI (SEM and fluorescence microscopy images
shown in Figure S4), which means further increasing the molar
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ratio of Mela-M-Pym will lead to the assembly of Mela-M-Pym
with HCI instead of co-assembly with Mela-DM<HCI, thus
having little effects on the morphology change of the 1D
microrods. Moreover, lowing the total concentration of
melamine moiety from 2.0 mM to 0.5 mM will lengthen the 1D
microrods from about 10 micrometers to over 50 micrometers
(Figure 3d-f).

20 pm

Figure 3. Fluorescence microscopy images of (a) Mela-DM/Mela-M-Pym(5%)eHCl
(1 mM); (b) Mela-DM/Mela-M-Pym(10%)eHCI (1 mM); (c) Mela-DM/Mela-M-
Pym(20%)eHCI (1 mM); (d) Mela-DM/Mela-M-Pym(10%)eHCI (2 mM); (e) Mela-
DM/Mela-M-Pym(10%)eHCl (1 mM); (f) Mela-DM/Mela-M-Pym(10%)*HCl (0.5
mM). All the samples were excited by UV light (330-385 nm).

Growth mechanism of 1D core/shell microrods

In order to investigate the growth mechanism of the 1D
core/shell microrods, powder XRD was performed for the
unground samples of Mela-DM<HCI microstructures and Mela-
DM/Mela-M-Pym(10%)+<HCI microrods to reveal the molecular
arrangements. As shown in Figure 4, the diffraction peaks in
the XRD pattern of Mela-DM/Mela-M-Pym(10%)<HCI
microrods were almost the same with Mela-DM<HCI, except
for the difference of their intensity. This means Mela-DM<HCI
in the microrods is in a crystalline state, with the same
molecular arrangements shown in Figure 1. Nevertheless,
compared with Mela-DM<HCI microstructures, the peak
intensity of (0,1,0) face in Mela-DM/Mela-M-Pym(10%)+HCI
microrods decreased dramatically, while the intensity of (0,0,2),
(1,0,1) and (2,0,0) faces relatively increased. This result
indicates that, for crystalline Mela-DM+HCI within the
microrods, the growth perpendicular to (0,1,0) face is relatively
strengthened, which is consistent with the SEM observation
(Figure 2c). This may be caused by the introduction of Mela-
M-Pym additives, which have similar structure with Mela-DM
and may interact with specific faces of crystalline Mela-
DMe<HCI, and then change the growth rates of (0,1,0) and (1,0,1)
faces, resulting in the elongation of Mela-DM<HCI
microstructures to form 1D microrods. The additives will
adsorb on the microrods to form core/shell structures, in which
the crystalline Mela-DM-+HCI is the core portion, and adsorbed
Mela-M-Pym is the shell portion. It should be noted that the
microrods would be shortened in length and broadened in width
when prepared at -20 °C (Figure S5), which supported that such
1D structures should be the kinetically controlled products.

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Powder XRD spectra of Mela-DMeHCI (bottom) and Mela-DM/Mela-M-
Pym(10%)eHCI (top).

As the additives may alter the growth kinetics of different
crystal faces and induce the formation of 1D microrods, in
order to clarify the selective effect of additives on (0,1,0) and
(1,0,1) faces, it is necessary to investigate the growth
mechanisms of the aforementioned faces. Based on different
interface structures, the crystal growth mechanisms have been
classified mainly into two modes: continuous growth
mechanism and 2D nucleation growth mechanism® *. The
Mela-DM<HCI crystal exhibits a chloride ion mediated and
hydrogen bonded ribbon in the direction perpendicular to the
(0,1,0) face, while the (1,0,1) face is almost parallel to the
ribbon. Therefore, abundant hydrogen bonding sites are
exposed on (0,1,0) face (Figure S6a), which are suitable for the
direct inclusion of Mela-DM into the crystal lattice, thus the
growth mechanism may be continuous growth. Whereas, since
only methyl groups are exposed (Figure S6b), the (1,0,1) face
may grow through a 2D nucleation mechanism in which the
formation of a stable crystalline nucleus on the surface is the
rate-determining step. This is analogous to the paradigmatic
case of urea®. Since Mela-M-Pym shares remarkable structural
similarity with Mela-DM, it may compete for the adsorption
sites and affect the growth of (0,1,0) face. Meanwhile, Mela-M-
Pym may adsorb on the (1,0,1) face and inhibit the nucleation
process due to the sterical hindrance effect of pyrene, which is
fatal to the growth of (1,0,1) face. The additives might have
greater inhibition effect on the growth of (1,0,1) face than
(0,1,0) face. As a result, the (1,0,1) face will grow slower than
the (0,1,0) face when Mela-DM*HCI crystal is exposed to
Mela-M-Pym, resulting in the formation of 1D structures.

As the appended pyrene groups may be responsible for the
supressed growth on (1,0,1) face, it is anticipated that additives
with different substituent groups could also be used for the
fabrication of 1D structures. To answer this question, the
substituents to Mela-M-R were varied from pyrene to benzene,
naphthalene, thiophene and naphthalene diimide. As indicated
by SEM in Figure S7, self-assembly of Mela-DM/Mela-M-R
(R=Pm, 2Nm, 3Tm, NDI4) led to the formation of 1D
microrods in the presence of HCI. It is noticed that, additives
with benzene, naphthalene and thiophene groups would induce
the formation of 1D micrords with smaller length/width ratio
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compared with pyrene (Table S1), because these small
substituents may bear relatively weak sterical hindrance effect.
Such results can further demonstrate that the formation of 1D
structures is due to the supressed growth of (1,0,1) face caused
by the sterical hindrance of additives. Therefore, this method
can be expanded for the preparation of 1D core/shell microrods
with diverse shell molecules.

Tuning the fluorescence of Mela-DM/Mela-M-Pym(10%)sHCI

Given that HCI was incorporated into the Mela-DM/Mela-M-
Pym(10%)+HCI microrods, the fluorescence of absorbed pyrene
groups might be tuned by treating with ammonia gas. As shown
in Figure 5a, after exposure to ammonia for merely 20 s, the
emission of pyrene monomer increased greatly and the
fluorescence of aggregated state decreased, while the
morphology of the microrods was almost unchanged (Figure
S8). This may be explained as follows: ammonia could
permeate into the shell of microrods and interact with HCI, the
resulting products may stay in the shell portion and prevent the
stacking of pyrene chromophores. As the exposure time may
not be enough for ammonia to get into the core portion, the
structure of the microrods was still intact.
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Figure 5. (a) Fluorescence spectra of Mela-DM/Mela-M-Pym(10%)eHCI before
and after exposure to ammonia for 20 s. (b) Fluorescence spectra of Mela-
DM/Mela-M-Pym(10%)eHCI with increased exposure time to ammonia.

Interestingly, increasing the exposure time to ammonia will
lead to the attenuation of the fluorescence intensity. As shown
in Figure 5b, when the exposure time was increased from 20 s
to 300 s, the fluorescence of the sample decreased significantly.
Meanwhile, fluorescence microscopy and SEM images
indicated that the structure of the microrods was gradually
disrupted (Figure S9). As a stronger base than melamine,
ammonia could permeate into the microrods and bind with HCI,
which broke the interaction of chloride ion bridging and caused
the decomposition of the microrods. In this process, the pyrene

4| J. Name., 2012, 00, 1-3

moieties in the shell might be buried into the core, thus
resulting in a decrease of the fluorescence.

Conclusions

In conclusion, we have successfully prepared 1D core/shell
microrods with crystalline Mela-DM ¢ HCI as the core and
various Mela-M-R as the shell in a convenient additive-
adsorption approach. The length and width of such 1D
structures can be tuned by varying the the molar ratio of Mela-
DM/Mela-M-Pym and their total concentration. Furthermore,
the selective effect of additives on the growth of specific crystal
faces is evaluated, giving rise to a possible growth mechanism
of the 1D structures. It is expected that various functional
groups can be attached to the additive molecules, thus
providing a facile approach to fabricate 1D core/shell structures
with potential applications in areas such as organic field-effect
transistors and organic photonic materials.
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38. The exposed crystal faces of urea are (0,0,1) and (1,1,0). In the

direction perpendicular to (0,0,1) face, urea molecules are connected
by strong hydrogen bonding to form infinite chains, while (1,1,0)
face is parallel to the hydrogen bonded chains. Therefore, the growth
mechanism of (0,0,1) face is continuous growth since the exposed
hydrogen bonds are oriented in the growth direction to offer binding
sites for urea molecules, whereas (1,0,1) face grows following a birth
and spread mechanism since urea molecules can not directly
incorporate into the lattice for lack of strong interactions. Such results
were demonstrated by molecular dynamics simulations. See: M.
Salvalaglio, T. Vetter, F. Giberti, M. Mazzotti and M. Parrinello, J.
Am. Chem. Soc., 2012, 134, 17221.
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