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Crystal engineering has recently emerged as a method of choice for the design 
and construction of organic as well as metal-organic functional materials. 
Crystal engineering attempts to establish packing trends in whole families 
of compounds and seeks to establish connections between structure and 
function. The utility of crystal engineering has also been expanded to the 
nanoscience and the development of nanomaterials. The crystal engineering 
of materials on the nanoscale has attracted attention from various fields of 
research. Using bottom-up assembly strategies, a wide range of functional 
systems can be accessed. Materials of nanometer-scale dimensions having 
unique physicochemical properties are of great interest in various fields such 
as synthetic chemistry, materials science, catalysis and medicine. This review 
concerns to the recent advances in crystal engineering from nanoscience 
views. This study was conducted in four categories; nanococrystals, nano 
metal-organic frameworks, composites of polyoxometalates and also some 
of the nanocarbons.
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INTRODUCTION
Supramolecular chemistry is known as the 

chemistry of the intermolecular bond, covering 
the structures and functions of the entities formed 
by association of two or more chemical species, as 
chemistry beyond the molecule. Supramolecular 
chemistry encompasses the design and self-
assembly of highly complex functional systems 
from simple molecules interacting by non-covalent 
intermolecular forces [1,2]. Crystal engineering is a 
branch of supramolecular chemistry that concerns 
the crystalline solid state and is defined as the 
understanding of intermolecular interactions in 
the context of crystal packing and in the utilization 
of such understanding in the design of new solids 
with desired physical and chemical properties [3,4]. 
Crystal engineering attempts to establish packing 
trends in whole families of compounds and seeks 
to establish connections between structure and 

function. One of the true pioneers in the field of 
crystal engineering, C. Aakeröy, in an interview in 
2008 by the name of “The secret life of molecules” 
about the importance of crystal engineering 
said that: “I really wanted to gain a better 
appreciation of what goes on between molecules. 
I wanted to be able to listen in on the conversation 
between molecules and ideally understand how 
they exchange information. Obviously they 
communicate but we do not have a dictionary for 
translating their language into reliable and versatile 
tools for predicting how they will recognize, bind 
and assemble into larger architectures” [5]. So, 
many different researches around the world in 
this field also in our research group have been 
performed [6-27].

Interestingly, the utility of crystal engineering 
has also been expanded to the nanoscience and 
the development of nanomaterials. The crystal 
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engineering of materials on the nanoscale has 
attracted attention from various fields of research. 
Using bottom-up assembly strategies, a wide 
range of functional systems with applications in 
medicine, electronics and materials sciences can be 
accessed [28-32]. 

The aim of this review is to provide an overview 
of the development in the area of crystal engineering 
from the viewpoint of nanoscience.

PREPARATION AND PROPERTIES OF 
NANOCOCRYSTALS

In recent years, crystal engineering has become 
a commonly used method in the preparation of 
materials with specific properties. Despite the large 
interest in crystal engineering, the filed has not 
addressed the preparation of nano-dimensional 
crystals. In this section, we present methods for the 
preparation of nano-sized cocrystals due to their 
physicochemical properties as pharmaceutical 
agents such as (e.g. solubility/dissolution rate 
[33,34], bioavailability [35] and mechanical 
properties [36] ). 

Nakanishi et al. in 2002 [37] reported a method 
to prepare single-crystal-to-single-crystal (SCSC) 
chemical reactivity in organic solids by reducing the 
crystal size. In this work, diolefin crystals of nano 
and micrometer dimensions are synthesized and 

then photopolymerization of crystals is carried out 
by irradiating UV light. For a diolefin bulk crystal 
cracks are generated during the polymerization 
[38]. 

In the case of the diolefin nano crystals, these 
solids enabled to maintain single-crystallinity 
under the stressful UV-conditions of the 
photoreaction (Fig. 1). The crystals with smaller 
dimensions (nano and micrometer-sized) often 
exhibit different physical properties relative to 
macrocrystalline solids. 

In 2010, Sander et al. [39] introduced 
sonochemistry based on a combination of 
multiple-solvent selection and the use of a 
surfactant (Span-85) to generate pharmaceutical 
cocrystals of (caff)·(dhba)·(H2O) with nanometer-
scale dimensions. With decreasing the particle size 
of pharmaceutical cocrystals to the nanometer 
scale, one can expect further improved properties 
for a pharmaceutical agent (e.g. dissolution rate). 
This method overcomes the inherent solubility 
difference between the pharmaceutical agent 
(caffeine in this case) and the cocrystal former 
(2,4-dihydroxybenzoic acid) with increasing 
numbers of organic functional groups. Studies on 
the morphology of the cocrystals obtained using 
SEM micrographs showed that unlike the single-
solvent approach, the individual crystals formed 

 
 

Fig. 1. Morphology of diolefin bulk and nanocrystals before and after UV irradiation observed 

by SEM. Adapted from Ref [36]. 
  

Fig. 1. Morphology of diolefin bulk and nanocrystals before and after UV irradiation observed  by SEM. Adapted from  Ref  [37].
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using the two-solvent method were exclusively of 
nanometer dimensions (Figs. 2 and 3). Also, Fig. 4 
presents particle size distribution of the cocrystals 
obtained.

Spitzer and co-workers [38] employed the Spray 
Flash Evaporation (SFE) process for generation 
of pharmaceutical and energetic micro and 
nanococrystals of explosive materials [41] (Fig. 
5). The interest toward design the co-crystals of 
energetic materials is indicative of their ability 

to offer better thermodynamic stability. In this 
method, nano-sized cocrystals of CL-20 with 
1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane 
(HMX) and 2,4,6- trinitrotoluene (TNT) prepared 
using SFE. Note that, the beginning of the 
crystallization process during rapid heating at 2000 
°C/s, a combination of in situ nanocalorimetry and 
nanofocus X-ray diffraction was employed. With 
the help of this pathway, different types of mixtures 
such as crystalline composites, semicrystalline 

Fig. 2. Micrographs of agglomerated (caff)•(dhba)•(H2O) prepared by the two-solvent  approach. Adapted from  Ref  [39].

Fig. 3. Micrographs of (caff)•(dhba)•(H2O) prepared with Span-85 a) single-solvent approach and b) two-solvent 
approach. Adapted from Ref  [39].
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mixtures and nano-sized cocrystals have been 
produced, depending on the type of molecular 
interaction between the initial compounds.

From the viewpoint of preparation of 
organic nanococrystals targeting optoelectronic 
nanodevices, a research group in Japan, in 
2012 [42], reported the synthesis of an organic 
nanococrystals of functional dyes of perylene and a 
perylene derivative. The nanococrystals containing 
different molar ratios of perylene to N,N’-bis(2,6-
dimethylphenyl)perylene-3,4,9,10-tetracarboxylic 
diimide (DMPBI) were prepared by the 
reprecipitation method [43]. The authors believe 
that the reprecipitation method has the possibility 
to create a distinctive crystal structure compared 

with the conventional evaporation technique. Also, 
the results showed that intermolecular electronic 
interaction between perylene and DMPBI in the 
nano-cocrystal form is observed in absorption and 
fluorescence spectral measurements. 

Very recently, Xie and co-workers [44] 
disclosed the synthesis of myricetin–nicotinamide 
nanococrystals by top down and bottom up 
technologies. In grinding (top down) approach 
nanococrystals were prepared with a balance 
between the particle size and distribution. While, in 
a modified bottom up method based on a solution 
method in conjunction with sonochemistry, 
homogeneous nano-sized particles were reduced 
and agglomeration was eliminated.

 

 

 

 

 

Fig. 4. Particle size distribution for (caff)·(dhba)·(H2O) from single solvent 

and two-solvent approaches with Span-85. Adapted from Ref [38]. 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Particle size distribution for (caff)•(dhba)•(H2O) from single solvent and two solven-
tapproaches with Span-85. Adapted from  Ref  [39].
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 Fig. 5. Process scheme, and types of organic mixtures obtained by the Spray Flash 

Evaporation process. Adapted from Ref [39]. 

 

 

 

 

 

 

 

 

Fig. 5. Process scheme, and types of organic mixtures obtained by the Spray Flas Evaporation process. Adapted from  
Ref  [40].
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PREPARATION AND PROPERTIES OF NANO 
METAL-ORGANIC FRAMEWORKS

Crystal engineering of crystalline metal–organic 
frameworks (MOFs) involves self-assembly of 
organic ligands and metal ions. They have many 
promising characteristics including structural 
adaptivity and flexibility and multiple coordination 
sites. These compounds which arevcomposed 
of organic building block and metal node have 
attracted extensive attention for their use in 
nanotechnological devices, such as gas storage 
and separation [45,46], catalysis [47,48], molecule 
recognition [47,48] and luminescent materials 
[51,52]. These compounds are discussed in 
following.

Makiura et al. in 2010 [53] reported a method 
on the basis of the layer-by-layer growth technique 
is that the reaction components are combined in 
a sequential manner. Layer-by-layer protocol was 
used widely to grow supramolecular architectures 
on surfaces, [54] however, only recently it has 
been applied for the fabrication of MOF [55,56]. 
Metalloporphyrin molecules as substrates are 
excellent candidates to act as components of 
molecular building blocks for the construction 
of MOFs. The rational bottom-up assembly of 
MOF thin films on substrates, where crystalline 
order is endowed in either of out-of-plane and 
in-plane orientations, is remained an elusive 
target. According to this method, expect that the 
versatility of the solution-based growth strategy 
presented here will allow the fabrication of various 
well-ordered MOF nanofilms opening the way for 

their use in a range of important applications. 
In 2014, Yaghi et al. [57] showed that MOFs 

fabricated as nanocrystals (nMOFs) can be doped 
with graphene and successfully incorporated into 
devices to function as supercapacitors. A series 
of 23 different nMOFs with multiple organic 
functionalities and metal ions, differing pore 
sizes and shapes, discrete and infinite metal oxide 
backbones, large and small nanocrystals, and a 
variety of structure types have been prepared and 
examined. Several members of this series give high 
capacitance, in particular, a zirconium MOF which 
exhibits exceptionally high capacitance (Fig. 6).

Following the success of Yaghi et al.’s report, 
Yaghi et al. [58] proposed a metal nanocrystals 
(NCs) embedded in single nanocrystals of MOFs as 
heterogeneous catalysts. This study clearly indicates 
that it is possible to make MOF nanocrystals around 
Pt NCs with the MOF being in monocrystalline 
form, and that such a construct can be used as a 
catalyst capable of lowering the temperature of 
C−C and C−H bond activation reactions by 100 °C 
and favorably altering product selectivity. Also in 
2016, our group presented a synthesis and single 
crystal X-ray diffraction of hybrid inorganic-
organic based on nano-structured silicotungstate. 
In this work, hybrid inorganic-organic material 
based on Keggin type polyoxometalates 
([SiW12O40]

4-) and praseodymium-dipicolinic 
acid (pydc; 2,6-pyridindicarboxylic acid) with the 
formula of [Pr2(pydc)2(H2O)8][H2SiW12O40]∙4H2O 
is obtained under a hydrothermal condition. In 
this compound, the praseodymium atoms connect 

 

 

Fig. 6. Construction of nMOF supercapacitors. Adapted from Ref [56]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Construction of nMOF supercapacitors. Adapted from  Ref  [57].
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to each other through organic linkers to form four 
nuclear cycles. Through connection of these cycles, 
another two cycles in different orientations will 
be formed which are bigger by 8 nodes. Finally, 
silicotungstate molecules accommodate these 
cycles up and down. This motif will be extended 
regularly in all dimensions to construct a 3D 
coordination polymer accompanied by Keggin 
nano-particle guests (Fig. 7).

PREPARATION OF POLYOXOMETALATE/
NANOCARBON COMPOSITE MATERIALS

Composites based on polyoxometalates (POMs) 
and nanostructured carbon such as graphene or 
carbon nanotubes (CNTs) have attracted particular 
attention. Combining the unique chemical reactivity 
of POMs with different properties of nanocarbons 
such as: high surface area, specific electrical 
conductivity, exceptional physicochemical stability 
and significant mechanical strength show wide 
applications of these composites in catalysis, energy 
conversion and storage, electronics and molecular 
sensors [59-61].

Two main routes for the synthesis of the 
POM/nanocarbon composites can be described, 
covalent functionalization and non-covalent 
functionalization pathways. In covalent pathway, in 
attachment of POMs to nanocarbons, one organic 
functionalization group can be just attached to 
one specific cluster type. In non-covalent pathway, 

bonding between POMs and nanocarbons, which 
will be addressed in following, can be achieved 
using a range of intermolecular interactions. 

 In 2012, Quintana et al. [61] reported 
the molecular engineering of a unique water 
oxidation catalysis (WOC) skeleton, based on 
functionalized graphene nano-sheets to combine 
the tetra-ruthenium polyoxometalate {Ru4(μ-
O)4(μ-OH)2(H2O)4[γ-SiW10O36]2}

10- (Ru4POM). 
The functionalized graphene is designed to host 
the polyanionic Ru4POM catalyst via a cooperative 
interplay of electrostatic interactions and hydrogen 
bonds. This strategy exploits the complementary 
charge attraction between the positive ammonium 
groups formed on graphene, and the negative 
polyoxometalate residues.

Moreover, the metal-oxo framework of Ru4POM 
serves as multi-site hydrogen bond-acceptor, thus 
reinforcing the supramolecular interaction with 
the RNH3

+ functionalized graphene environment 
(Fig. 8). So, in this case, the use of electrostatic 
interactions to attach anionic POMs to positively 
charged nanocarbons. The WOC performance of 
this compound has been evaluated. The authors 
suggested that the high catalytic activity and 
stability is due to the non-invasive and highly 
dispersed surface modification of the graphene, 
enabling electron transport and accumulation 
across the extended π-bond network.

In 2011, Kawasaki et al. [62] reported a 

 

 

Fig. 7. Connecting four nuclear cycles to each other and forming a larger ring of eight nuclear and 

accommodate POMs to metal-organic framework structure and formation of hybrid inorganic-

organic materials based on POMs. Adapted from Ref [17]. 

 

 

 

 

Fig. 7. Connecting four nuclear cycles to each other and forming a larger ring of eight nuclear and accommodate POMs to metal-or-
ganic framework structure and formation of hybrid inorganic-organic materials based on POMs. Adapted from  Ref  [27].
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nanohybridization of polyoxometalate clusters with 
single-wall carbon nanotubes (SWNT) and their 
applications in molecular cluster batteries (Fig. 9). 

Cationic functionalization of single-wall carbon 
nanotube can be performed through intermolecular 
interactions, e.g. van der Waals interactions. 

Fig. 10 shows a transmission electron microscopy 
(TEM) image of the POM/SWNT hybrid. The 
individual POM molecules of [PMo12O40]

3− are 
considered to be separately grafted onto the 
surfaces of the SWNTs. The charging-discharging 

measurements for the molecular cluster batteries at 
which the cathode includes the POM/SWNT hybrid 
material indicates a higher battery capacity and 
faster charging-discharging compared with those 
of the microcrystalline POM molecular cluster 
batteries. It is concluded that nanohybridization 
of molecular clusters with SWNTs is a promising 
method for improving electron transport and fast 
lithium-ion diffusion.

When an extended aromatic system is covalently 
attached to a POM, this hybrid molecule can 

 

Fig. 8. Synthesis of cationic graphene nano-platforms supporting Ru4(SiW10)2. Graphene is 

covalently functionalized with organic cations, which then bind Ru4(SiW10)2 through 

electrostatic interactions. Adapted from Ref [60]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Expected battery reactions in the POM/SWNT hybrid materials. Adapted from Ref [61]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Synthesis of cationic graphene nano-platforms supporting Ru4(SiW10)2. 
Graphene is covalently functionalized with organic cations, which then bind 

Ru4(SiW10)2 through electrostatic interactions. Adapted from  Ref  [61].

Fig. 9. Expected battery reactions in the POM/SWNT hybrid materials. Adapted from  Ref  [62].
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be linked to nanocarbons through π–π stacking 
interactions. Song et al. [63] studied new modes 
of chemically attaching redox-active POMs to 
single-walled carbon nanotubes (SWNTs) for 
improved charge transfer. The authors designed 
a novel method to modify SWNTs with organo-
functionalized [SiW11O39]

7− clusters. Pyrene 
moieties were covalently attached to the cluster 
by silanol linkages and the functionalized clusters 
were attached to the SWNTs through π–π stacking, 
allowing the assembly of Py–SiW11/SWNT/nano-
composite materials.

Layer-by-layer (LbL) assembly can be achieved 
by repeatedly stacking POMs and nanocarbons 
using chemical deposition methods. By cationic 

modifcation of the nanocarbon, strong electrostatic 
interactions can be used to stack the alternating 
POM and nanocarbon layers. A different 
approach was reported by Lian et al. [64]. They 
demonstrated that facile LbL assembly techniques 
can be used to access supercapacitors. Using a 
3-layer LbL assembly based on was demonstrated 
on multi-walled carbon nanotubes (MWNTs), 
poly diallyldimethylammonium chloride (PDDA) 
and two types of pseudo-capacitive POMs, (Fig. 
11). Multiwall carbon nanotube was modified by 
superimposing two types of polyoxometalates, 
SiMo12O40

4− and PMo12O40
3−. The superimposed 

POM layers showed a synergistic effect from 
both POM layers. The special capacitance was 

 

 

Fig. 10. TEM image of the POM/SWNT hybrid material. Adapted from Ref [61]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. TEM image of the POM/SWNT hybrid material. Adapted from Ref  [62].

[PMo12O40]
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Fig. 11. Schematic representation of the 3-layer LbL deposition using 

MWNTs, PDDA and POM. Adapted from Ref [61]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Schematic representation of the 3-layer LbL deposition using MWNTs, PDDA and POM. Adapted 
from  Ref  [62].
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quadrupled after two layers alternate coatings of 
POM. Superimposing different POM molecules 
via LbL provides an easy and effective approach 
to design and deposit active layers to achieve the 
desired electrochemical behavior.

The LbL supercapacitor assembly was further 
extended by Kulesza et al. [65] who prepared 
a composite by depositing the Dawson anion 
[P2VW17O62]

8− onto MWNTs. The results confirm 
that the LbL technique is a simple and effective 
tool for developing thin, nano-scale POM/CNT 
multilayer coatings to improve the capacitance 
properties without dedicating electric conductivity. 
In addition to these well-known assembly methods 
for POM/nanocarbon composites, electro-assisted 
or photo-assisted assembly was also used to 
fabricate POM/nanocarbon composite materials 
[66]. For example, Wu et al. [67] successfully 
designed a nanocomposite through a SiW12-
catalyzed electrochemical reduction where SiW12 
transfers electrons from the electrode to graphene 
oxide (GO), giving reduced graphene oxide 
(rGO). The strong adsorption effect between 
the SiW12 clusters and rGO nanosheets induces 
the spontaneous assembly of SiW12 on rGO in 
a uniformly dispersed state, forming a porous, 
powder-type nanocomposite. The high porosity 
makes the material interesting as a cathode 
material for lithium ion batteries and high specific 
capacity.

OTHER SUPRAMOLECULAR POLYOXO-
METALATE NANOCOMPOSITES 

The regioselective deposition of POM anions at 
specific sites of conductive polymers would allow 
the tuning of materials properties such as electron 
transfer, cooperative cluster interactions

and synergistic redox-switching. This can in 
principle be achieved by covalent functionalization 
routes, however, often, these are limited by complex 
syntheses. Switching to supramolecular assembly 
routes, it can be envisaged that POMs attach to 
specific, pre-designed binding sites within the 
conductive polymers through intermolecular 
interactions such as electrostatics, hydrogen-
bonding, or coordinative interactions. Using 
well-known supramolecular assembly principles, 
functional materials with controllable properties 
could become accessible. [60].

In one example, Wu et al. reported the 
incorporation of POMs into submicrometer sized 
polystyrene (PS), POM-PS nanoparticles were formed 
by first assembling supramolecular POM-surfactant 
aggregates in the presence of styrene, resulting in the 
formation of a microemulsion. Polymerization of 
the microemulsion droplets gave access to POM/PS 
nanoparticles in the 50 nm size range [68]. 

Nisar et al. in 2009, [69] stated that self-assembly 
of Keggin structure polyoxometalate nanoclusters 
into nanodiscs, nanocones, and nanotubes has been 
discovered (Fig. 12). In contrast to the traditional 

 

Fig. 12. Schematic illustration of three-dimensional arrangement of POM clusters in different 
nanostructures. Adapted from Ref [68]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Schematic illustration of three-dimensional arrangement of POM clusters in different nanostructures. 
Adapted from  Ref  [69].
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molecule- and nanocrystal-based self-assembly, the 
cluster-based nanotube and nanocone architectures 
are totally dynamically reversible.

The same research group in 2010 [70] showed 
that polyoxometalate supramolecular nanobuilding 
blocks-based, well-defined and robust rose, 
snowlike, and ice ball architectures have been 
developed by simple but effective exploitation of 
noncovalent interactions such as electrostatic, 
dipole-dipole, van der Waals, hydrogen bonding, 
solvophobic interactions, and hydrophobic 
interactions between the POM supramolecules 
in the reaction system (Fig. 13). In addition, the 
specific number of surfactant molecules attached to 
POM cluster also plays a significant role to develop 
assembly structure of a particular shape. The 

nanoarchitectures are formed by the precisely order 
and successive organization of polyoxometalate 
nanosupramolecules in a lamellar pattern.

Under the hydrothermal conditions, Zhang et 
al. [71] reported the successful synthesis of four 
novel heteropolyoxonibate-based inorganic−
organic hybrids materials, composed of bicapped 
polyoxoanions [TNb12V2O42]

12−  (T = Si and Ge) 
and metal−organic groups, were successfully 
synthesized. These compounds represent a 
promising structural model toward core−shell 
nanostructures (Fig. 14). The obtained materials 
show high antitumor activity against SGC7901 cells 
and HepG2 cells.

Cronin and co-workers [72] disclosed 
the synthesis and structure of a nanoscale 
phosphotungstate, K24[P4W52O178]·47H2O. The pH-
controlled assembly/disassembly of a nanoscale 
{P4W52O178}

24− cluster at pH 2 to a {P4W44O152}
20− 

cluster at pH 3-5 via a {P3W39O134}
19− cluster species 

at pH 2-3 to finally give {P2W19O69 (OH2)}14− at 
pH 6 is reported (Fig. 15). This process can be 
traced crystallographically in the solid state and in 
solution using dynamic light scattering studies.

CRYSTAL ENGINEERING OF GRAPHENE AND 
CARBON NANOTUBE

In nanotechnology, organic chemistry 
approaches can in principle provide alternative 
and valid solutions in electronics, optoelectronics, 
photonics, energy storage, and medicine [73,74]. 
Virtually, most of these technologies (from optics 
to electronics and sensors) rely on the interplay 
between the spatial molecular organization and the 
electronicmotions, thus attaining the resolution 
and responsiveness necessary for practical 
applications. Therefore, the ability to organize, in 
a controllable way, individual or a small number 
of functional molecules or nano-objects on 
multidimensional scales is the key aspect in this 
engineering methodology [75,76]. In this respect, 
graphene and carbon nanotube are among the most 
studied materials for biology [77,78], biosensors 
[79,80] and drug delivery [81,82]. 

Eder et al. [83] showed the effect of various 
graphene materials with different chemical 
functionalities on the size and morphology of 
titanium silicalite (TS-1) crystals with the help 
of experimental as well as the computational 
techniques, and investigated the use of the 
resulting insights to propose a crystal engineering 
mechanism based on the preferential adsorption 

 

 

Fig. 13. POM cluster combined with surfactant cation to form the POM supramolecular 

nanobuilding block (SP) that is subsequently self-assembled in specific nanoenvironment to 

produce rose flowers (RF), snow flowers (SF), and ice balls (IB). Adapted from Ref [69]. 

 

 

 

 

 

Fig. 13. POM cluster combined with surfactant cation to form 
the POM supramolecular   nanobuilding block (SP) that is 
subsequently self-assembled in specific nanoenvironment to 
produce rose flowers (RF), snow flowers (SF), and ice balls 

(IB). Adapted from  Ref  [70].
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of nanocarbon on the TS-1 surface. These results 
uncover a simple new method for controlling the 
synthesis of zeolitic materials and, through their 
generality, suggest a new strategy for using two-
dimensional materials in engineering inorganic 
crystals.

The development of new methods for patterning 
CNTs on substrates has become increasingly 

important for the fabrication of CNT-based 
devices. The self-assembly approach provides an 
extremely unique route. To this end, in another 
interesting research, Prato et al. [84] reported a set 
of unprecedented experiments combining “bottom-
up” and “top-down” approaches, the engineering 
of patterned surfaces in which functionalized 
MWCNTs were selectively adsorbed on polymeric 

 

Fig. 14. Compounds a and b are both composed of the bicapped heteropolyoxonibate core 

surrounded by a shell. Compounds c and d are also composed of a bicapped polyoxoanion. 

Adapted from Ref [70]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Compounds a and b are both composed of the bicapped heteropolyoxonibate core surrounded by a shell. 
Compounds c and d are also composed of a bicapped polyoxoanion. Adapted from  Ref  [71].

 

 

Fig. 15. Molecular structures of {P4W52} cluster anion and its pH controlled decomposition 

products. Adapted from Ref [71]. 

 

 

 

 

 

 

 

Fig. 15. Molecular structures of {P4W52} cluster anion and its pHcontrolled decom-
position products. Adapted from Ref  [72].
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matrices as obtained by microlithographic. In 
this respect, chemical modification of CNTs with 
supramolecular approach is employed (Fig. 16).

CONCLUSIONS
In conclusion, we have presented the design 

principles which are currently employed 
in the crystal engineering on the nanoscale 
materials. Their advantages and associated 
challenges were discussed and potential future 
developments in the field were described. This 
study was conducted in four categories including: 
nanococrystals, nano metal-organic frameworks, 
composites of polyoxometalates and also some 
of the nanocarbons. The applications of this 
materials in technologically relevant areas such as 
electrochemical and photoelectrochemical energy 
storage, and electrochemical catalysis have been 
described.
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Fig. 16. Chemical structure of the supramolecular polymer MWCNT hybrid complex. 
Adapted from  Ref  [84].



83Nanochem Res 2(1): 71-85, Winter and Spring 2017

M. Arab Fashapoyeh et al. / Crystal Engineering from Nanoscience Views

A, Van Deun R, et al. Syntheses, structures, properties 
and DFT study of hybrid inorganic–organic architectures 
constructed from trinuclear lanthanide frameworks and 
Keggin-type polyoxometalates. Dalton Trans. 2014; 43 (4): 
1906-16.

[11] Lotfian N, Mirzaei M, Eshtiagh‐Hosseini H, Löffler 
M, Korabik M, Salimi A. Two Supramolecular 
Inorganic–Organic Hybrids of 12‐Silicotungstic Acid 
Heteropolyoxometalate and Trinuclear Lanthanide 
Clusters: Syntheses, Structures, and Magnetic Properties. 
Eur. J. Inorg. Chem. 2014; 2014 (34): 5908-15.

[12] Najafi A, Mirzaei M, Mague JT. Structural scope of six new 
layered to pillar-layered hybrid inorganic–organic networks 
bearing [BW12O40]5− and lanthanoid-cluster; database 
study toward ligand role in assemblies. CrystEngComm. 
2016; 18 (35): 6724-37.

[13] Najafi A, Mague JT, Mirzaei M. Non-covalent interactions 
in tungsten-doped sodium ammonium decavanadate 
decahydrate. J Iran Chem Soc. 2016; 13 (4): 773-7.

[14] Alipour M, Akintola O, Buchholz A, Mirzaei M, Eshtiagh‐
Hosseini H, Görls H, et al. Size‐Dependent Self‐Assembly 
of Lanthanide‐Based Coordination Frameworks with 
Phenanthroline‐2,9‐dicarboxylic Acid as a Preorganized 
Ligand in Hybrid Materials. Eur. J. Inorg. Chem. 2016;  (34): 
5356-65.

[15] Mirzaei M, Eshtiagh-Hosseini H, Alipour M, Bauzá A, 
Mague JT, Korabik M, et al. Hydrothermal synthesis, 
X-ray structure and DFT and magnetic studies of a 
(H2SiW12O40)2−  based one-dimensional linear 
coordination polymer. Dalton Trans. 2015; 44 (19): 8824-
32.

[16] Mirzaei M, Eshtiagh-Hosseini H, Arefian M, Akbarnia F, 
Miri F, Edalatkar-Moghadam S, et al. Spectroscopic studies 
on tungstoheteropolyanions functionalized by amino acids. 
J. Iran. Chem. Soc. 2015; 12 (7): 1191-8.

[17] Bazargan M, Mirzaei M, Eshtiagh-Hosseini H, Mague JT, 
Bauzá A, Frontera A. Synthesis, X-ray characterization and 
DFT study of a novel Fe(III)–pyridine-2,6-dicarboxylic acid 
N-oxide complex with unusual coordination mode. Inorg. 
Chim. Acta. 2016; 449: 44-51.

[18] Mirzaei M, Eshtiagh-Hosseini H, Bazargan M, Mehrzad F, 
Shahbazi M, Mague JT, et al. Two new copper and nickel 
complexes of pyridine-2, 6-dicarboxylic acid N-oxide and 
their proton transferred salts: Solid state and DFT insights. 
Inorg. Chim. Acta. 2015; 438: 135-45.

[19] Mirzaei M, Eshtiagh-Hosseini H, Bazargan M. Syntheses 
and X-ray crystal structure studies of four new coordination 
complexes and salts based on proton-transferred pyridine-2, 
6-dicarboxylic acid N-oxide. Res. Chem. Intermed. 2015; 41 
(12): 9785-803.

[20] Mirzaei M, Eshtiagh-Hosseini H, Karrabi Z, Notash B, 
Bauzá A, Frontera A. Synthesis, structure and DFT study 
of a chelidamic acid based Cu coordination polymer: On 
the importance of π–π interactions and hexameric water 
clusters. J. Mol. Struct. 2015; 1080: 30-6.

[21] Eshtiagh-Hosseini H, Mirzaei M, Biabani M, Lippolis V, 
Chahkandi M, Bazzicalupi C. Insight into the connecting 

roles of interaction synthons and water clusters within 
different transition metal coordination compounds 
of pyridine-2,5-dicarboxylic acid: experimental and 
theoretical studies. CrystEngComm. 2013; 15 (34): 6752-
68.

[22] Mirzaei M, Lippolis V, Aragoni MC, Ghanbari M, Shamsipur 
M, Meyer F, et al. Extended structures in copper(II) 
complexes with 4-hydroxypyridine-2,6-dicarboxylate and 
pyrimidine derivative ligands: X-ray crystal structure, 
solution and magnetic studies. Inorg. Chim. Acta. 2014; 
418: 126-35.

[23] Mirzaei M, Eshtiagh-Hosseini H, Bauzá A, Zarghami 
S, Ballester P, Mague JT, et al. On the importance of non 
covalent interactions in the structure of coordination 
Cu(II) and Co(II) complexes of pyrazine-and pyridine-
dicarboxylic acid derivatives: experimental and theoretical 
views. CrystEngComm. 2014; 16 (27): 6149-58.

[24] Mirzaei M, Eshtiagh-Hosseini H, Bolouri Z, Rahmati Z, 
Esmaeilzadeh A, Hassanpoor A, et al. Rationalization 
of Noncovalent Interactions within Six New MII/8-
Aminoquinoline Supramolecular Complexes (MII= Mn, 
Cu, and Cd): A Combined Experimental and Theoretical 
DFT Study. Cryst. Growth Des. 2015; 15 (3): 1351-61.

[25] Mirzaei M, Eshtiagh-Hosseini H, Abadeh MM, Chahkandi 
M, Frontera A, Hassanpoor A. Influence of accompanying 
anions on supramolecular assembly and coordination 
geometry in Hg II complexes with 8-aminoquinoline: 
experimental and theoretical studies. CrystEngComm. 
2013; 15 (7): 1404-13.

[26] Arefian M, Mirzaei M, Eshtiagh-Hosseini H, Frontera A. 
A survey of different roles of polyoxometalates in their 
interaction with amino acids, peptides and proteins. Dalton 
Trans. 2017. Accepted Manuscript.

[27] Najafi A, Mirzaei M. Synthesis and single crystal 
X-ray diffraction of hybrid inorganic-organic based on 
Praseodymium-dipicolinic acid and nano-structured 
silicotungstate.  Iran. J. Cryst. Miner. 2017; 24 (4); 769-78.

[28] Gratton SE, Williams SS, Napier ME, Pohlhaus PD, Zhou 
Z, Wiles KB, et al. The pursuit of a scalable nanofabrication 
platform for use in material and life science applications. 
Acc. Chem. Res. 2008; 41 (12): 1685-95.

[29] Kwon SG, Hyeon T. Colloidal chemical synthesis and 
formation kinetics of uniformly sized nanocrystals of 
metals, oxides, and chalcogenides. Acc. Chem. Res. 2008; 
41 (12): 1696-709.

[30] Murphy CJ. Spatial control of chemistry on the inside and 
outside of inorganic nanocrystals. ACS nano. 2009; 3 (4): 
770-4.

[31] Jin R. Super robust nanoparticles for biology and 
biomedicine. Angew. Chem. Int. Ed. 2008; 47 (36): 6750-3.

[32] Skrabalak SE, Xia Y. Pushing nanocrystal synthesis toward 
nanomanufacturing. ACS nano. 2009; 3 (1): 10-15. 

[33] Nehm SJ, Rodríguez-Spong B, Rodríguez-Hornedo N. 
Phase solubility diagrams of cocrystals are explained by 
solubility product and solution complexation.  Cryst. 
Growth Des. 2006; 6 (2): 592-600.

[34] Remenar JF, Morissette SL, Peterson ML, Moulton B, 



84

M. Arab Fashapoyeh et al. / Crystal Engineering from Nanoscience Views

Nanochem Res 2(1): 71-85, Winter and Spring 2017

MacPhee JM, Guzmán HR, et al. Crystal engineering of 
novel cocrystals of a triazole drug with 1,4-dicarboxylic 
acids. J. Am. Chem. Soc. 2003; 125 (28): 8456-7.

[35] McNamara DP, Childs SL, Giordano J, Iarriccio A, Cassidy 
J, Shet MS, et al. Use of a glutaric acid cocrystal to improve 
oral bioavailability of a low solubility API. Pharm Res. 2006; 
23 (8): 1888-97.

[36] Sun CC, Hou H. Improving mechanical properties of 
caffeine and methyl gallate crystals by cocrystallization. 
Cryst. Growth Des. 2008; 8 (5): 1575-9.

[37] Takahashi S, Miura H, Kasai H, Okada S, Oikawa 
H, Nakanishi H. Single-crystal-to-single-crystal 
transformation of diolefin derivatives in nanocrystals. J. 
Am. Chem. Soc. 2002; 124 (37): 10944-5.

[38] Nakanishi H, Nakano N, Hasegawa M. Crystalline polymer 
obtained by solid‐state photopolymerization of 2,5‐
distyrylpyrazine. J. Polym. Sci. B: Polym. Lett. 1970; 8 (11): 
755-60.

[39] Sander JR, Bučar DK, Henry RF, Zhang GG, MacGillivray 
LR. Pharmaceutical Nano‐Cocrystals: Sonochemical 
Synthesis by Solvent Selection and Use of a Surfactant. 
Angew. Chem. Int. Ed. 2010; 49 (40): 7284-8.

[40] Spitzer D, Risse B, Schnell F, Pichot V, Klaumünzer M, 
Schaefer M. Continuous engineering of nano-cocrystals for 
medical and energetic applications.  Sci. Rep. 2014; 4.

[41] Risse B, Spitzer D, Hassler D, Schnell F, Comet M, Pichot 
V, et al. Continuous formation of submicron energetic 
particles by the flash-evaporation technique. Chem. Eng. j. 
2012; 203: 158-65.

[42] Baba K, Konta S, Oliveira D, Sugai K, Onodera T, Masuhara 
A, et al. Perylene and perylene derivative nano-cocrystals: 
preparation and physicochemical property. Jpn. J. Appl. 
Phys. 2012; 51 (12R): 125201.

[43] Kasai H, Kamatani H, Okada S, Oikawa H, Matsuda H, 
Nakanishi H. Size-dependent colors and luminescences 
of organic microcrystals. Jpn. J. Appl. Phys. 1996; 35 (2B): 
L221.

[44] Liu M, Hong C, Li G, Ma P, Xie Y. The generation of 
myricetin–nicotinamide nanococrystals by top down and 
bottom up technologies. Nanotechnology. 2016; 27 (39): 
395601.

[45] Czaja AU, Trukhan N, Müller U. Industrial applications of 
metal–organic frameworks. Chem. Soc. Rev. 2009; 38 (5): 
1284-93.

[46] Yaghi OM, O'keeffe M, Ockwig NW, Chae HK, Eddaoudi M, 
Kim J. Reticular synthesis and the design of new materials. 
Nature. 2003; 423 (6941): 705-14.

[47] Yoon M, Srirambalaji R, Kim K. Homochiral metal–organic 
frameworks for asymmetric heterogeneous catalysis. Chem. 
Rev. 2011; 112 (2): 1196-231.

[48] Corma A, García H, Llabrés i Xamena F. Engineering metal 
organic frameworks for heterogeneous catalysis. Chem. 
Rev. 2010; 110 (8): 4606-55.

[49] Inokuma Y, Yoshioka S, Ariyoshi J, Arai T, Hitora Y, Takada 
K, et al. X-ray analysis on the nanogram to microgram scale 
using porous complexes. Nature. 2013; 495 (7442): 461-6.

[50] Ning GH, Inokuma Y, Fujita M. Stable Encapsulation of 

Acrylate Esters in Networked Molecular Capsules. Chem 
Asian J. 2014; 9 (2): 466-8.

[51] Allendorf M, Bauer C, Bhakta R, Houk R. Luminescent 
metal–organic frameworks.  Chem. Soc. Rev. 2009; 38 (5): 
1330-52.

[52] Cui Y, Yue Y, Qian G, Chen B. Luminescent functional 
metal–organic frameworks. Chem. Rev. 2011; 112 (2): 
1126-62.

[53] Makiura R, Motoyama S, Umemura Y, Yamanaka H, Sakata 
O, Kitagawa H. Surface nano-architecture of a metal–
organic framework. Nat. Mater. 2010; 9 (7): 565-71.

[54] Yang HC, Aoki K, Hong HG, Sackett DD, Arendt MF, 
Yau SL, et al. Growth and characterization of metal(II) 
alkanebisphosphonate multilayer thin films on gold 
surfaces. J. Am. Chem. Soc. 1993; 115 (25): 11855-62.

[55] Scherb C, Schödel A, Bein T. Directing the Structure of 
Metal–Organic Frameworks by Oriented Surface Growth 
on an Organic Monolayer. Angew. Chem. 2008; 120 (31): 
5861-3.

[56] Shekhah O, Wang H, Kowarik S, Schreiber F, Paulus M, 
Tolan M, et al. Step-by-Step Route for the Synthesis of 
Metal−Organic Frameworks. J. Am. Chem. Soc. 2007; 129 
(49): 15118-9.

[57] Choi KM, Jeong HM, Park JH, Zhang Y-B, Kang JK, Yaghi 
OM. Supercapacitors of Nanocrystalline Metal–Organic 
Frameworks. ACS Nano. 2014; 8 (7): 7451-7.

[58] Na K, Choi KM, Yaghi OM, Somorjai GA. Metal 
Nanocrystals Embedded in Single Nanocrystals of MOFs 
Give Unusual Selectivity as Heterogeneous Catalysts. Nano 
Lett. 2014; 14 (10): 5979-83.

[59] Bamoharram FF. Role of Polyoxometalates as Green 
Compounds in Recent Developments of Nanoscience. 
Synth. React. Inorg., Met.-Org., Nano-Met. Chem. 2011; 41 
(8): 893-922.

[60] Song Y-F, Tsunashima R. Recent advances on 
polyoxometalate-based molecular and composite materials. 
Chem. Soc. Rev. 2012; 41 (22): 7384-402.

[61] Quintana M, López AM, Rapino S, Toma FM, Iurlo M, 
Carraro M, et al. Knitting the Catalytic Pattern of Artificial 
Photosynthesis to a Hybrid Graphene Nanotexture. ACS 
Nano. 2013; 7 (1): 811-7.

[62] Kawasaki N, Wang H, Nakanishi R, Hamanaka S, Kitaura R, 
Shinohara H, et al. Nanohybridization of Polyoxometalate 
Clusters and Single-Wall Carbon Nanotubes: Applications 
in Molecular Cluster Batteries. Angew. Chem. 2011; 123 
(15): 3533-6.

[63] Ma D, Liang L, Chen W, Liu H, Song Y-F. Covalently Tethered 
Polyoxometalate–Pyrene Hybrids for Noncovalent Sidewall 
Functionalization of Single-Walled Carbon Nanotubes as 
High-Performance Anode Material. Adv. Funct. Mater. 
2013; 23 (48): 6100-5.

[64] Akter T, Hu K, Lian K. Investigations of multilayer 
polyoxometalates-modified carbon nanotubes for 
electrochemical capacitors. Electrochimica Acta. 2011; 56 
(14): 4966-71.

[65] Sosnowska M, Goral-Kurbiel M, Skunik-Nuckowska M, 
Jurczakowski R, Kulesza PJ. Hybrid materials utilizing 



85Nanochem Res 2(1): 71-85, Winter and Spring 2017

M. Arab Fashapoyeh et al. / Crystal Engineering from Nanoscience Views

polyelectrolyte-derivatized carbon nanotubes and 
vanadium-mixed addenda heteropolytungstate for efficient 
electrochemical charging and electrocatalysis. J. Solid State 
Electrochem. 2013; 17 (6): 1631-40.

[66] Li H, Pang S, Feng X, Mullen K, Bubeck C. Polyoxometalate 
assisted photoreduction of graphene oxide and its 
nanocomposite formation. Chem. Commun. 2010; 46 (34): 
6243-5.

[67] Wang S, Li H, Li S, Liu F, Wu D, Feng X, et al. Electrochemical-
Reduction-Assisted Assembly of a Polyoxometalate/
Graphene Nanocomposite and Its Enhanced Lithium-
Storage Performance. Chem. Eur. J. 2013; 19 (33): 10895-
902.

[68] Li H, Li P, Yang Y, Qi W, Sun H, Wu L. Incorporation of 
Polyoxometalates Into Polystyrene Latex by Supramolecular 
Encapsulation and Miniemulsion Polymerization. Rapid 
Commun. 2008; 29 (5) 431-6.

[69] Nisar A, Zhuang J, Wang X. Cluster-Based Self-Assembly: 
Reversible Formation of Polyoxometalate Nanocones and 
Nanotubes. Chem. Mater. 2009; 21 (16): 3745-51.

[70] Nisar A, Lu Y, Wang X. Assembling Polyoxometalate 
Clusters into Advanced Nanoarchitectures. Chem. Mater. 
2010; 22 (11): 3511-8.

[71] Zhang Y, Shen J-Q, Zheng L-H, Zhang Z-M, Li Y-X, 
Wang E-B. Four Polyoxonibate-Based Inorganic–Organic 
Hybrids Assembly from Bicapped Heteropolyoxonibate 
with Effective Antitumor Activity. Cryst. Growth Des. 2014; 
14 (1): 110-6.

[72] Pradeep CP, Long D-L, Streb C, Cronin L. “Bottom-Up” 
Meets “Top-Down” Assembly in Nanoscale Polyoxometalate 
Clusters: Self-Assembly of [P4W52O178]

24− and Disassembly 
to [P3W39O134]

19−. J. Am. Chem. Soc. 2008; 130 (45): 14946-
7.

[73] Cölfen H, Mann S. Higher-Order Organization by 
Mesoscale Self-Assembly and Transformation of Hybrid 

Nanostructures. Angew. Chem. Int. Ed. 2003; 42 (21): 2350-
65.

[74] Gates BD, Xu Q, Stewart M, Ryan D, Willson CG, Whitesides 
GM. New Approaches to Nanofabrication:  Molding, 
Printing, and Other Techniques. Chem. Rev. 2005; 105 (4): 
1171-96.

[75] Reed MA, Zhou C, Muller CJ, Burgin TP, Tour JM. 
Conductance of a Molecular Junction. Science. 1997; 278 
(5336): 252-4.

[76] Postma HWC, Teepen T, Yao Z, Grifoni M, Dekker C. 
Carbon Nanotube Single-Electron Transistors at Room 
Temperature. Science. 2001; 293 (5527): 76-9.

[77] Zhang X, Prasad S, Niyogi S, Morgan A, Ozkan M, Ozkan 
CS. Guided neurite growth on patterned carbon nanotubes. 
Sens. Actuators B. 2005; 106 (2): 843-50.

[78] Zhang S. Fabrication of novel biomaterials through 
molecular self-assembly. Biotechnol. 2003; 21 (10): 1171-8.

[79] Gruner G. Carbon nanotube transistors for biosensing 
applications. Anal. Bioanal. Chem.  2006; 384 (2): 322-35.

[80] Balasubramanian K, Burghard M. Biosensors based on carbon 
nanotubes. Anal. Bioanal. Chem.  2006; 385 (3): 452-68.

[81] Lacerda L, Bianco A, Prato M, Kostarelos K. Carbon 
nanotube cell translocation and delivery of nucleic acidsin 
vitro and in vivo. J. Mater. Chem. 2008; 18 (1): 17-22.

[82] Javey A, Guo J, Farmer DB, Wang Q, Wang D, Gordon 
RG, et al. Carbon Nanotube Field-Effect Transistors with 
Integrated Ohmic Contacts and High-κ Gate Dielectrics. 
Nano Lett.  2004; 4 (3): 447-50.

[83] Gebhardt P, Pattinson SW, Ren Z, Cooke DJ, Elliott JA, 
Eder D. Crystal engineering of zeolites with graphene. 
Nanoscale. 2014;6(13):7319-24.

[84] Quintana M, Traboulsi H, Llanes-Pallas A, Marega R, 
Bonifazi D, Prato M. Multiple Hydrogen Bond Interactions 
in the Processing of Functionalized Multi-Walled Carbon 
Nanotubes. ACS Nano. 2012; 6 (1): 23-31.


	Recent Advances in Crystal Engineering from Nanoscience Views: A Brief Review
	Abstract
	Keywords
	How to cite this article 
	PREPARATION AND PROPERTIES OF NANOCOCRYSTALS
	PREPARATION AND PROPERTIES OF NANO METAL-ORGANIC FRAMEWORKS
	PREPARATION OF POLYOXOMETALATE/NANOCARBON COMPOSITE MATERIALS
	OTHER SUPRAMOLECULAR POLYOXO-METALATE NANOCOMPOSITES 
	CRYSTAL ENGINEERING OF GRAPHENE AND CARBON NANOTUBE
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTERESTS 
	References

