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Abstract

In this contribution, the preparation of the supramolecular nano-/microcrystals [Co"(NH;)sCl]5[Fe" (CN)], via a

simple and efficient solution ionic self-assembly approach was reported. The results demonstrated that the
morphologies of these microcrystals could be changed arbitrary by tuning the solvent. Various shapes such as
polyhedron, microrod, rectangular tube, tubular hexagonal prism, and tubular hexagonal prism were obtained in
different solvents. The polarity and the acidity of solvent showed a significant effect on the shape of the products.
The regrowth process and its possible mechanism of these microcrystals were also recounted in detail.
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1. Introduction

In the past decades, the overwhelming majority of attention has been paid to the sculptural and architectural
control of nano-/microcrystals with well-defined shapes and sizes, since the size, shape, morphology,
dimensionality, and texture of the nano-/microcrystals and their assembly architectures have significant
influences on varying their optical, electronic, catalytic, and magnetic properties (Alivisatos, 1996; Jin et al.,
2001; Peng, Manna, Wickham, Scher, & Alivisatos, 2000; Roucoux, 2002; Shi, Qi, Ma, & Cheng, 2003; Xie,
Huang, Li, Liu, & Qian, 2000). Self-assembly refers to the spontaneous organization of molecules, molecular
clusters, and aggregate structures into various shapes by attractive forces or weak-bond formation. This provides
an effective and versatile approach for constructing ordered systems at a molecular level (Fendler, 2001).
Meanwhile, self-assembly in solution has also attracted an interest due to the possibility of integration of
molecular systems into functional mesoscopic devices and macroscopic materials (Boal, Ilhan, & DeRouchey,
2000). What’s more, it is seductive that ionic self-assembly of microscopic particle in solution is a facile
synthetic method to prepare supramolecular materials (Faul & Antonietti, 2003; Fu & Yao, 2001; Sun, Du,
Zhang, Dong, & Wang, 2007) and that's helping to develop simple and efficient route to prepare microparticles
with well-defined shapes and sizes (Fu, Xiao, Yao, & Yang, 2003; Xiao et al., 2003).

Previous research of ionic self-assembly was mainly focused on the coordination compounds, because the
coordination compounds offer great variety and flexibility in molecular design and further tunability in
electronic and optical properties (Chen, Peng, & Li, 2008; Sun et al., 2007; Tian et al., 2004; Wurthner, 2004).
The noncovalent intermolecular interactions of coordination compounds, such as the van der Waals force, n-nt
stacking, electrostatic interaction, and hydrogen bonding are the keys of ionic self-assembly. The van der Waals
force, n-n stacking and hydrogen bonding in preparing in ionic self-assembly of metal-organic nanomaterials
were well researched (eg. 8-hydroxyquinolinate metal complexes, metalloporphyrins) (Balakrishnan et al., 2005;
Chiu et al., 2003; Hu et al., 2007; Zhao et al., 2006). Much success has been achieved in the synthesis of
inorganic or metal-organic nanocrystals; by contrast, the preparation and shape control over the nanostructures of
inorganic coordination complexes has been met with limited success.
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Scheme 1. The different shapes of [Co"(NH;)sCl]s[Fe"(CN)s], which were prepared in different solvents

Moreover, the electrostatic interaction in ionic self-assembly of inorganic coordination ionic was less studied
(Sun, Luo, & Zhai, 2010).

In this work, we reported on the preparation of a series of supramolecular microparticles via a simple and
efficient solution ionic self-assembly approach (Scheme 1). The formation of these microcrystals were occured
in a single process, which was carried out by mixing [Co(NH;3)sCI|Cl and K;Fe(CN)s solution at room
temperature. The polarity and the acidity of solvent showed a greater effect on the process of ionic
self-assembly.

The detailed reaction and shape evolution process of these structures were studied, too. The regrowth process
and its possible mechanism of the ionic self-assemble process were also recounted in detail.

2. Experiment

The supramolecular microcrystals (sample 1) were prepared as follows: In a typical experiment, 200 puL of 0.1 M
[Co(NHj3)sCI]Cl aqueous solution was diluted with deionized water into 10 mL first, followed by introducing
200 pL of 0.1 M K3Fe(CN)g aqueous solution. After the reaction solution has been stirred for 10 minutes, a large
quantity of orange precipitates was observed. The other microcrystals were prepared in the similar method,
except the 200 pL of 0.1 M [Co(NH;)sCl]Cl aqueous solution was diluted with different solvent into 10 mL.
Product was collected by filtration, washed two times with distilled water and then dried in vaccum and
dispersed in water for further characterization. Scanning electron microscopy (SEM) and the energy dispersed
spectrum (EDS) were tested on a JSM-6510 (Rigaku, Japan) operated at an accelerating voltage of 20 kV.

3. Results and Discussion
Figure 1 showed typical SEM image of as-formed precipitates. It was obvious that these microcrystals, which

were prepared in H,O environment, were well-defined, and their length ranges from 4 to 6 um, although several
large microrods with shorter aspect ratio were found as well.
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Figure 1. The SEM imagines of sample 1

To investigate the influence of solvent on the formation of particles, 18 kinds of solvents were examined. Figure
2 showed the SEM images of the obtained microcrystals prepared in the acid solvents (methanoic acid, acetic
acid and propionic acid). It should be noted that the shape of the products changed significantly when the solvent
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were organic acid. When the microcrystals were prepared in acid solvent, the longer aspect ratio products were
obtained. Moreover, it was intriguing that the structures of the obtained products were hollow without exception.

The SEM image of the products which were prepared in methanoic acid is shown in Figure 2a. It reveals the
hollow or tubular characteristics of these microcrystals which were 3—5 um in length. Further close observation
from a high-magnification image of the parallel tubes (Figure 2b) indicates that these tubes possess a rectangular
cross section with dimensions in 400 nm and a relatively uniform wall thickness (30—50 nm).

When the solvent was acetic acid, the obtained products were tubular hexagonal prisms (Figures 2d and 2e).
These hexagonal prisms were 40-50 pm in length. The tubes possess a regularhexagon cross section with
dimensions 5 pum and a relatively uniform wall thickness (500 nm). The tubular hexagonal prisms turn into
smaller when the solvent was propionic acid. The diameter of a single tube was about 3.5 pm, with the length
about 15-20 pm. The thickness of the tube wall was about 20 nm. The tube wall of these products which were
prepared in acid solution was all intact. Meanwhile, there were a handful of microcrystals which were of solid
(about 5-10%).
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Figure 2. The SEM imagines of obtained products in different acid solution (a, b) methanoic acid (¢, d) acetic
acid (e, f) propionic acid

The neutral organic solvent was also explored to the formation and the assembly of the microcrystals. Figure 3
showed the SEM images of the products which were prepared in ethanol, acetone, as well as isopropanol.
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Figure 3. The SEM imagines of obtained products in different organic solution (a, b) ethanol, (c, d) acetone, and
(e, f) isopropanol

When the solvent was ethanol or acetone the as-formed precipitates were half-belt and half-tube (Figures 3a and
c). The cross section of the tube was horseshoe-liked (Figures 3b and 3d). Unlike the products which prepared in
acid solvent, the cross section of these microcrystals was approaches in the circular or elliptic, moreover, there
were some sealed tubes and belt-like structures mingled with among the products. There were no obvious
differences in size between these two kinds of products. It was found that the isopropanol could influence the
morphology of the microcrystals. When the reaction was in isopropanol, the obtained crystals were nanotubes,
the diameter of a single nanotube is about 100 nm, with the length about 1 pm.

The detailed results of the influence of solvent in reaction on the shape and sizes of the obtained microcrystals
are listed in Table 1.

Based on the series of experimental results, a general trend of the morphology of [Co"(NH;)sCl]s[Fe"(CN)4]»
microcrystals in different solvent is clearly demonstrated. When the reaction took place in acid solvent, the
obtained microcrystal was microtube, and the cross section was rectangle or hexagon. As the ratio of the water in
the reaction increased, the bore diameter decreased of the micro-tubes being smaller, and the products which
prepared in pure water would be microrods. However, the impact of the polarity of organic acid on the size of
microcrystals was unclear. The microcrystals are half-belt and half-tube with a horseshoe-liked cross section in
neutral organic solvent. Similar with the situation in organic acid, the bore diameter reduces until out of sight
when the ratio of water increases in neutral organic solvent. At the same time, the impact of the solvent on the
size of microcrystals was easily trackable: the smaller impact of the solvent, the smaller of the size of
microcrystals. The solvent with high impact (like DMF and DMSO) does not produce anything because the
product ([Co"(NH;)sCl]5[Fe"(CN)g],) could be dissolved in DMF and DMSO.
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Table 1. Influence of solvents on the final morphology and size of the obtained microcrystals

Medium Length  Diameter  Hollow or not/  Final shape

[um] [pm] bore diameter
H,0 10 3 N/A polyhedron, microrod
H,O : methanoic acid =1:1 5 0.5 Y/0.2 pm rectangular tube
Methanoic acid 7 0.5 Y/0.45 pm rectangular tube
H,O0 : acetic acid =1:1 20 5 Y/2 pm tubular hexagonal prism
Acetic acid 40 5 Y/4 pym tubular hexagonal prism
H,O : Propionic acid =1:1 12 3 Y/1.5 pm tubular hexagonal prism
Propionic acid 15 3.5 Y/3 um tubular hexagonal prism
H,0 : methanol =1:1 50 5 Y/ lum half-baked tube
Methanol 60 5 Y/4 um half-baked tube
H,O : ethanol =1:1 60 5 Y/2 pm half-baked tube
Ethanol 60 5 Y/4.5 pm half-baked tube
H,O : acetone =1:1 75 5 Y/1 um half-baked tube
Acetone 150 5 Y/4.5 pm half-baked tube
H,O0 : isopropanol =1:1 3 0.5 N/A microrod
isopropanol 1 0.1 Y/80 nm nanotube
DMF No
DMSO No
HC1 (0.1 M) No
HCI (1 M) No

The chemical composition of the obtained microcrystals was determined by EDS analysis (Figure 4). Five peals
corresponding to C, N, Fe, Cl and Co elements were observed, revealing that these particles are products from
[Com(NH3)5]2+ and [Fem(CN)é]3'. Considering the fact that [Com(NH3)5]2+ and [Fem(CN)G]S' is positively and
negatively charged, respectively, we can suggest that electrostatic interactions between these two components
cause them to assembly into the final microcrystals. What’s more, the EDS spectrums of all the products were
remained identical, implying that there was no great difference in structure between them in different solvents.
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Figure 4. EDS analysis of the product
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The possible model for the growth of the microtubes in acid solvent may be an eroding process (Scheme 2). The
rectangular hexagonal or prism microcrystals were obtained at the early stage of the reaction. These short aspect
ratio microcrystals served as starting templates for the nucleation of the microtubes. When the reaction continued,
the aspect ratio of the microcrystal being longer, and the proton in the solvent begin to dissolve the center part of
the prism at the same time. The foregoing solid part of the prism was finally dissolved and the bore diameter of
the tubes being larger (Liang et al., 2004; Mayers & Xia, 2002). Figure 2 showed that there are some solid
prisms in the products. This may be the proof of this process.
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Scheme 2. The model for the growth of the tubular and half-belt structure

The model for the growth of the half-belt structure in neutral organic solvent may be another process (Schmuck
& Wienand, 2003). At the early stage of the reaction, the [Co"(NH3)s]*" and [Fe"(CN)q]* self-assembed into
belt-like structures, this nano-sized crystallites served as starting templates for the nucleation of [Co'"
(NH;);sCl]5[Fe"(CN)y], half-belt. When the reaction continued, the belt-like structures start to curl up at the
corners. Figure.3a showed there are a small quantity of belt-like or curled up microbelt in the products. As the
reaction proceeds, the rolling up of the nanobelt gradually extends along the whole axis until these two edges
fuse together. The different polarity of the solvent impacts the reaction rates of coordination ions, this resulted in
the change of aspect ratio.

4. Conclusions

The formation of supramolecular nano-/microcrystals through the ionic self-assembly in solution was observed
detailedly. Various shapes of the nano-/microcrystals were obtained, the electrostatic attractive interactions
between positively charged [Co"(NH;)s]*" and negatively charged [Fe"(CN)]* were suggested to be a driving
force of the process occurring in different medium. The acid medium leads the tube-like structures and the
neutral organic solvent lead the half-belt structures. The regrowth process of the microcrystals prepared in acid
or neutral solvent was starkly different. This work offered detailed information of the coordination ionic
self-assembly in different solution. Our results can be beneficial to synthesize other functional particles, with
unique shapes especially the micro-/nanotubes, and controlled sizes via more simple method.

References

Alivisatos, A. P. (1996). Semiconductor clusters, nanocrystals, and quantum dots. Science, 271, 933-937.
http://dx.doi.org/10.1126/science.271.5251.933

Balakrishnan, K., Datar, A., Oitker, R., Chen, H., Zuo, J. M., & Zhang, L. (2005). Nanobelt self-assembly from
an organic n-type semiconductor: Propoxyethyl-PTCDI. Journal of the Americal Chemical Society, 127,
10496-10497. http://dx.doi.org/10.1021/ja052940v

Boal, A. K., Ilhan, R., & DeRouchey, J. E. (2000). Self-assembly of nanoparticles into structured spherical and
network aggregates. Nature, 404, 746. http://dx.doi.org/ 10.1038/35008037

Chen, W., Peng, Q., & Li, Y. D. (2008). Alg; nanorods: Promising building blocks for optical devices. Advanced
Materials, 20, 2747-2750. http://dx.doi.org/ 10.1002/adma.200702809

18



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 3, No. 1; 2014

Chiu, J. J., Wang, W. S., Kei, C. C., Cho, C. P., Perng, T. P., Wei, P. K., & Chiu, S. Y. (2003). Room
temperature vibrational photoluminescence and field emission of nanoscaled tris-(8-hydroxyquinoline)
aluminum crystalline film. Applied Physical Letters, 83, 4607-4609. http://dx.doi.org/10.1063/1.1629798

Faul, C. F. G., & Antonietti, M. (2003). Ionic self-assembly: Facile synthesis of supramolecular materials.
Advanced Materials, 15, 673-683. http://dx.doi.org/10.1002/adma.200300379

Fendler, J. H. (2001). Chemical self-assembly for electronic applications. Chemistry of Material, 13, 3196-3210.
http://dx.doi.org/10.1021/cm010165m

Fu, H. B., Xiao, D. B., Yao, J. N., & Yang, G. Q. (2003). Nanofibers of 1,3-Diphenyl-2-pyrazoline induced by
cetyltrimethylammonium bromide micelles. Angewandte Chemie International Edition, 42, 2883-2886.
http://dx.doi.org/10.1002/anie.200350961

Fu, H. B., & Yao, J. N. (2001). Size effects on the optical properties of organic nanoparticles. Journal of the
Americal Chemical Society, 123, 1434-1439. http://dx.doi.org/10.1021/ja0026298

Hu, J. S., Ji, H. X., Cao, A. M., Huang, Z. X., Zhang, Y., Wan, L. J., ... Lee, S. T. (2007). Facile solution
synthesis of hexagonal Alq; nanorods and their field emission properties. Chemical Communication,
3083-3085. http://dx.doi.org/10.1039/B704106C

Jin, R., Cao,Y., Mirkin,C. A., Kelly, K. L., Schatz, G. C., & Zheng, J. G. (2001). Photoinduced conversion of
silver nanospheres to nanoprisms. Science, 294, 1901-1903. http://dx.doi.org/10.1126/science.1066541

Liang, L. F., Xu, H. F., Su, Q., Konishi, H., Jiang, Y. B., Wu, M. M., ... Xia, D. Y. (2004). Hydrothermal
synthesis of prismatic NaHoF, microtubes and NaSmF, nanotubes. Inorganic Chemistry, 43, 1594-1596.
http://dx.doi.org/10.1021/ic034833c¢

Mayers, B., & Xia, Y. N. (2002). Formation of tellurium nanotubes through concentration depletion at the
surfaces of seeds. Advanced Materials, 14, 279-282.
http://dx.doi.org/10.1002/1521-4095(20020219)14:4<279::AID-ADMA279>3.0.CO;2-2

Peng, X. G., Manna, L., Wickham, W. J., Scher, E., & Alivisatos, A. A. P. (2000). Shape control of CdSe
nanocrystals. Nature, 404, 59-61. http://dx.doi.org/10.1038/35003535

Roucoux, A., Schulz, J., & Patin, H. (2002). Reduced transition metal colloids: A novel family of reusable
catalysts? Chemical Reviews, 102, 3757-3778. http://dx.doi.org/10.1021/cr010350j

Schmuck, C., & Wienand, W. (2003). Highly stable self-assembly in water: Ion pair driven dimerization of a
guanidiniocarbonyl pyrrole carboxylate zwitterions. Journal of the Americal Chemical Society, 125,
452-459. http://dx.doi.org/10.1021/ja028485+

Shi, H. T., Qi, L. M., Ma, J. M., & Cheng, H. M. (2003). Polymer-Directed synthesis of penniform BaWO,
nanostructures in reverse micelles. Journal of the Americal Chemical Society, 125, 3450-3451.
http://dx.doi.org/10.1021/ja029958f

Sun, X. P., Du, Y., Zhang, L. X., Dong, S. J., & Wang, E. K. (2007). Luminescent supramolecular
microstructures containing Ru(bpy);*": Solution-Based self-assembly preparation and solid-state
electrochemiluminescence  detection  application.  Analytical ~ Chemistry, 79,  2588-2592.
http://dx.doi.org/10.1021/ac062130h

Sun, X. P., Luo, Y. L., & Zhai, J. F. (2010). Solution self-assembly-based route towards hexagonal microdisks at
room temperature. [norganic Materials, 46, 472-475. http://dx.doi.org/10.1134/S002016851005006

Sun, Y. M., Tan, L., Jiang, S. D., Qian, H. L., Wang, Z. H., Yan, D. W., ... Zhu, D. B. (2007).
High-Performance transistor based on individual single-crystalline micrometer wire of perylo
[1,12-b,c,d]thiophene.  Journal of the  Americal  Chemical  Society, 129, 1882-1883.
http://dx.doi.org/10.1021/ja068079g

Tian, Z. Y., Chen, Y., Yang, W. S, Yao, J. N, Zhu, L. Y., & Shuai, Z. G. (2004). Cycloisomerization promoted
by the combination of a ruthenium-carbene catalyst and trimethylsilyl vinyl ether, and its application in the
synthesis of heterocyclic compounds: 3-Methylene-2,3-dihydroindoles and
3-Methylene-2,3-dihydrobenzofurans. Angewandte Chemie International Edition, 43, 4060-4063.
http://dx.doi.org/10.1002/anie.200454131

Wurthner, F. (2004). Perylene bisimide dyes as versatile building blocks for functional supramolecular
architectures. Chemical Communication, 1564-1579. http://dx.doi.org/10.1039/B401630K

19



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 3, No. 1; 2014

Xiao, D. B, Xi, L., Yang, W. S., Fu, H. B., Shuai, Z. G., Fang, Y., & Yao, J. N. (2003). Size-Tunable emission
from 1,3-diphenyl-5-(2-anthryl)-2-pyrazoline nanoparticles. Journal of the Americal Chemical Society, 125,
6740-6745. http://dx.doi.org/10.1021/ja028674s

Xie, Y., Huang, J. X., Li, B., Liu, Y., & Qian, Y. T. (2000). A novel peanut-like nanostructure of II-VI
semiconductor CdS and ZnS. Advanced Materials, 12, 1523-1526.
http://dx.doi.org/10.1002/1521-4095(200010)12:20<1523::AID-ADMA1523>3.0.CO;2-T

Zhao, Y. S., Di, C. A, Yang, W. S., Yu, G, Liu, Y. Q., & Yao, J. N. (2006). Photoluminescence and
electroluminescence from tris(8- hydroxyquinoline)aluminum nanowires prepared by adsorbent-assisted
physical vapor deposition. Advanced Functional Materials, 16, 1985-1991.
http://dx.doi.org/10.1002/adfm.200600070

Copyrights
Copyright for this article is retained by the author(s), with first publication rights granted to the journal.

This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/3.0/).

20



