
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

01
5.

 D
ow

nl
oa

de
d 

on
 7

/6
/2

02
5 

8:
20

:2
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Self-assembling
MOE Key Lab of Organic Optoelectronics &

Chemistry, Tsinghua University, Beijing 1

tsinghua.edu.cn

† Electronic supplementary informatio
Mela-DM$HCl; confocal uorescence
spectrum of Mela-DM/Mela-M-Pym$HC
microscopy images of Mela-M
Mela-DM/Mela-M-Pym$HCl microrods p
Mela-DM/Mela-M-R$HCl microrods; uo
of Mela-DM/Mela-M-Pym$HCl aer expos
and compound characterization; detail
Mela-DM$HCl. CCDC 1063152. For ESI an
electronic format see DOI: 10.1039/c5sc01

Cite this: Chem. Sci., 2015, 6, 4907

Received 5th May 2015
Accepted 3rd June 2015

DOI: 10.1039/c5sc01631b

www.rsc.org/chemicalscience

This journal is © The Royal Society of C
1D core/shell microrods by the
introduction of additives: a one-pot and shell-
tunable method†

Jun Xu, Hongde Yu, Liulin Yang, Guanglu Wu, Zhiqiang Wang, Dong Wang
and 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

were adsorbed as the shell. The length and width of these 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 the 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
connement effect.1–8 Therefore, they have attracted signicant
attention due to their abundant applications in the fabrication
of electronic, photonic and optoelectronic micro/nano
devices.9–14 Recently, increasing efforts have been made to
fabricate 1D micro/nanostructures with multiple components
and novel topologies (segmented, core/shell or branched) to
achieve more complex functionalities.15–23 1D micro/nano-
materials with core/shell structures have shown potential
applications in various elds such as transistors,24,25 solar
cells,26–28 gas sensing,29,30 photocatalysis,31 lithium-ion
batteries32 and so on.33–35 Lieber 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 eld-effect
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transistors.24 Yao and Zhao et al. have prepared core/sheath
nanowire optical waveguides by a co-precipitation method,
which can be used for rapid and sensitive optical detection of
gaseous hydrogen peroxide.29 However, despite these successful
examples, it is still a signicant challenge to fabricate 1D core/
shell structures with tunable shell compositions by a conve-
nient approach.

Herein, we have developed a convenient additive-adsorption
method for the fabrication of 1D core/shell microrods with
tunable shell compositions. Crystalline dimethyl melamine
hydrochloride (Mela-DM$HCl) formed the core, while various
melaminium derivatives (Mela-M-R, R ¼ Pym, Pm, 2Nm, 3Tm,
NDI4, shown in Scheme 1) were utilized as additives to regulate
the core morphology and adsorbed as the shell. Simply mixing
Mela-DM with Mela-M-R in dichloromethane (DCM) and add-
ing an equimolar amount of hydrochloric acid (HCl) led to the
formation of self-assembled 1D core/shell microrods with the
required shell compositions. X-ray diffraction (XRD) was per-
formed to elucidate the possible effect of additives on inducing
the 1D morphology.
Results and discussion
Self-assembled structures of Mela-DM$HCl

The self-assembly of Mela-DM with HCl in DCM leads to the
formation of micrometer-sized quadrangular prisms (Fig. S1†).
These microstructures have rhombus-shaped bases with vertex
angles of 50�. Single crystal XRD was employed to reveal the
molecular arrangements of Mela-DM$HCl. As shown in Fig. 1,
protonated Mela-DM molecules are connected by chloride ions
to form ribbons, and each ribbon stacks with four adjacent
Chem. Sci., 2015, 6, 4907–4911 | 4907
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Scheme 1 Fabrication of 1D microrods with core/shell structures by a
one-pot approach. The core of the microrods is constituted by Mela-
DM$HCl, while the shell is formed from Mela-M-R derivatives bearing
various functional groups (R ¼ Pym, Pm, 2Nm, 3Tm, NDI4).
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ribbons in the perpendicular direction to produce a 3D network.
The driving forces are combined intermolecular interactions,
including chloride ion mediated hydrogen bonding and elec-
trostatic interaction in one direction, and p–p stacking and
hydrogen bonding in the other two directions. Based on the
above results, the exposed crystal faces in the Mela-DM$HCl
microstructures can be determined to be (0,1,0), (1,0,1) and
(1,0,�1), and the rhombus-shaped bases correspond to the
(0,1,0) face (Fig. S1b†). It should be noted that the (1,0,1) and
(1,0,�1) faces are identical. Therefore, if the growth perpen-
dicular to the (1,0,1) face can be suppressed by the introduction
of additives, 1D structures could be obtained; otherwise, two-
dimensional (2D) assemblies would result.
Fig. 1 The crystal structures of Mela-DM$HCl (grey: C; white: H; blue:
N; green: Cl). The driving forces are chloride ion bridging and
hydrogen bonding (a) as well as p–p stacking (b). The red edges of the
rhombus (b) indicate the crystal faces of (1,0,1) and (1,0,�1).

4908 | Chem. Sci., 2015, 6, 4907–4911
Fabrication of 1D core/shell microrods

In a typical preparation procedure, 4.5 mL of Mela-DM solution
(1.0 mM in DCM) was mixed with 0.5 mL of Mela-M-R (R¼ Pym,
Pm, 2Nm, 3Tm, NDI4) solution (1.0 mM in DCM) to obtain a
two-component solution with 10%Mela-M-R, and then 1.4 mL of
HCl (3.5 M in H2O) was added. Aer sonication for 1 min and
standing for several hours at room temperature, the solution
became turbid, indicating the formation of assemblies of large
size. Generally, the suspension should be allowed to stand for at
least three days to ensure that equilibrium is reached. Assem-
blies with different molar ratios of Mela-M-R (5, 20%) and
different concentrations (0.5, 2.0 mM) were prepared by similar
procedures.

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

This journal is © The Royal Society of Chemistry 2015
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The length and width of the 1D microrods can be tuned by
varying the molar ratio of Mela-DM/Mela-M-Pym and the total
concentration. As shown in Fig. 3a–c, increasing the molar ratio
of Mela-M-Pym from 5% to 10% causes the width of the 1D
microrods to narrow and the length to increase, but further
increasing the molar ratio to 20% does not cause much change
in the morphology of the 1D structures. In Fig. 3c, we can also
observe the appearance of uorescent dots formed by Mela-M-
Pym$HCl (SEM and uorescence microscopy images shown in
Fig. S4†), whichmeans that further increasing the molar ratio of
Mela-M-Pym leads to the assembly of Mela-M-Pym with HCl
instead of co-assembly with Mela-DM$HCl, thus having little
effect on the morphology change of the 1D microrods. More-
over, lowering the total concentration of the melamine moiety
from 2.0 mM to 0.5 mM causes the 1D microrods to lengthen
from about 10 micrometers to over 50 micrometers (Fig. 3d–f).
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$HCl microstructures and Mela-DM/Mela-
M-Pym (10%)$HCl microrods to reveal the molecular arrange-
ments. As shown in Fig. 4, the diffraction peaks in the XRD
pattern of Mela-DM/Mela-M-Pym (10%)$HCl microrods were
almost the same as for Mela-DM$HCl, except for the difference
in their intensity. This means that Mela-DM$HCl in the
microrods is in a crystalline state, with the same molecular
arrangements as displayed in Fig. 1. Nevertheless, compared
with Mela-DM$HCl microstructures, the peak intensity of the
(0,1,0) face for Mela-DM/Mela-M-Pym (10%)$HCl microrods
decreased dramatically, while the intensity of the (0,0,2), (1,0,1)
and (2,0,0) faces was relatively increased. This result indicates
that, for crystalline Mela-DM$HCl within the microrods, the
growth perpendicular to the (0,1,0) face is relatively strength-
ened, which is consistent with the SEM observation (Fig. 2c).
This may be caused by the introduction of Mela-M-Pym addi-
tives, which have a similar structure to Mela-DM and may
interact with specic faces of crystalline Mela-DM$HCl, thus
Fig. 3 Fluorescencemicroscopy images of (a) Mela-DM/Mela-M-Pym
(5%)$HCl (1 mM); (b) Mela-DM/Mela-M-Pym (10%)$HCl (1 mM); (c)
Mela-DM/Mela-M-Pym (20%)$HCl (1 mM); (d) Mela-DM/Mela-M-Pym
(10%)$HCl (2 mM); (e) Mela-DM/Mela-M-Pym (10%)$HCl (1 mM); and (f)
Mela-DM/Mela-M-Pym (10%)$HCl (0.5 mM). All the samples were
excited by UV light (330–385 nm).

This journal is © The Royal Society of Chemistry 2015
changing the growth rates of the (0,1,0) and (1,0,1) faces,
resulting in the elongation of the Mela-DM$HCl microstruc-
tures to form 1D microrods. The additives adsorb on the
microrods to form core/shell structures, in which the crystalline
Mela-DM$HCl forms the core portion, and the adsorbed Mela-
M-Pym constitutes the shell. It should be noted that the
microrods are shortened in length and broadened in width
when prepared at �20 �C (Fig. S5†), which supports the
hypothesis that the 1D structures are the kinetically controlled
products.

As the additives may alter the growth kinetics of different
crystal faces and induce the formation of 1Dmicrorods, in order
to clarify the selective effect of additives on the (0,1,0) and
(1,0,1) faces, it is necessary to investigate the growth mecha-
nisms of the aforementioned faces. Based on different interface
structures, the crystal growth mechanisms have been classied
mainly into two modes: the continuous growth mechanism and
2D nucleation growth mechanism.36,37 The Mela-DM$HCl
crystal exhibits a chloride ion mediated, hydrogen bonded
ribbon in the direction perpendicular to the (0,1,0) face, while
the (1,0,1) face is almost parallel to the ribbon. Therefore, many
hydrogen bonding sites are exposed on the (0,1,0) face
(Fig. S6a†), which are suitable for the direct inclusion of Mela-
DM into the crystal lattice; thus, the growth mechanism may be
continuous growth. Whereas, since only methyl groups are
exposed on the (1,0,1) face (Fig. S6b†), it may grow through a 2D
nucleation mechanism in which the formation of a stable
crystalline nucleus on the surface is the rate-determining step.
This is analogous to the paradigmatic case of urea.38 Since Mela-
M-Pym shares remarkable structural similarity with Mela-DM, it
may compete for the adsorption sites and affect the growth of
the (0,1,0) face. Meanwhile, Mela-M-Pym may adsorb on the
(1,0,1) face and inhibit the nucleation process due to the steric
hindrance effect of pyrene, which is fatal to the growth of the
(1,0,1) face. The additives may have a greater inhibition effect
on the growth of the (1,0,1) face than the (0,1,0) face. As a result,
the (1,0,1) face grows more slowly than the (0,1,0) face when the
Mela-DM$HCl crystal is exposed to Mela-M-Pym, resulting in
the formation of 1D structures.
Fig. 4 Powder XRD spectra of Mela-DM$HCl (bottom) and Mela-DM/
Mela-M-Pym (10%)$HCl (top).

Chem. Sci., 2015, 6, 4907–4911 | 4909
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As the appended pyrene groups may be responsible for the
suppressed growth on the (1,0,1) face, it was anticipated that
additives with different substituent groups could also be used
for the fabrication of 1D structures. To answer this question, the
R substituent of Mela-M-R was varied from pyrene to benzene,
naphthalene, thiophene and naphthalene diimide. As indicated
by the SEM image in Fig. S7,† self-assembly of Mela-DM/Mela-
M-R (R ¼ Pm, 2Nm, 3Tm, NDI4) led to the formation of 1D
microrods in the presence of HCl. It is notable that additives
with benzene, naphthalene and thiophene groups induced the
formation of 1D microrods with a smaller length/width ratio
compared with pyrene (Table S1†), because these small
substituents may have a relatively weak steric hindrance effect.
These results further demonstrate that the formation of 1D
structures is due to the suppressed growth of the (1,0,1) face
caused by the steric hindrance of additives. Therefore, this
method can be expanded to the preparation of 1D core/shell
microrods with diverse shell molecules.
Tuning the uorescence of Mela-DM/Mela-M-Pym (10%)$HCl

Given that HCl is incorporated into the Mela-DM/Mela-M-Pym
(10%)$HCl microrods, the uorescence of the adsorbed pyrene
groups may be tuned by treatment with ammonia gas. As shown
in Fig. 5a, aer exposure to ammonia for a mere 20 s, the
emission of the pyrene monomer increased greatly and the
uorescence of the aggregated state decreased, while the
morphology of the microrods was almost unchanged (Fig. S8†).
This may be explained as follows: ammonia could permeate
into the shell of the microrods and interact with HCl, and the
resulting products may remain in the shell portion and prevent
the stacking of pyrene chromophores. As the exposure timemay
Fig. 5 (a) Fluorescence spectra of Mela-DM/Mela-M-Pym (10%)$HCl
before and after exposure to ammonia for 20 s. (b) Fluorescence
spectra of Mela-DM/Mela-M-Pym (10%)$HCl with increasing exposure
time to ammonia.

4910 | Chem. Sci., 2015, 6, 4907–4911
not be enough for ammonia to reach the core portion, the
structure of the microrods was still intact.

Interestingly, increasing the exposure time to ammonia
leads to the attenuation of the uorescence intensity. As shown
in Fig. 5b, when the exposure time was increased from 20 s to
300 s, the uorescence of the sample decreased signicantly.
Meanwhile, uorescencemicroscopy and SEM images indicated
that the structure of the microrods was gradually disrupted
(Fig. S9†). As a stronger base than melamine, ammonia could
permeate into the microrods and bind with HCl, which would
break the chloride ion bridging interactions and cause the
decomposition of the microrods. During this process, the pyr-
ene moieties in the shell may be buried into the core, thus
resulting in a decrease in the uorescence.

Conclusions

In conclusion, we have successfully prepared 1D core/shell
microrods with crystalline Mela-DM$HCl as the core and
various Mela-M-R derivatives forming the shell in a convenient
additive-adsorption approach. The length and width of the 1D
structures can be tuned by varying the molar ratio of Mela-DM/
Mela-M-Pym and the total concentration. Furthermore, the
selective effect of additives on the growth of specic crystal faces
was evaluated, providing a possible growth mechanism for the
1D structures. It is anticipated that various functional groups
could 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 eld-effect
transistors and organic photonic materials.
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