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The effects of molecular structures on nanostructural morphol-

ogies have been studied through the preparation of nano-

spheres, square nanowires, and nanocubes from three isomeric

molecules of bis(iminopyrrole)benzene.

Recent researches on organic nanoparticles (ONPs) demonstrated

that not only can the wide panel of physical properties provided by

functional compounds be fully exploited, but the properties can

also be modulated by the particle size and shape.1–3 However,

although tailor-made molecules can generally be obtained by

organic synthesis, ensuring that the molecules aggregate in a

specific way and thus generate nanostructures with a desirable size,

shape, and therefore function, remains a great challenge.4 This is

because molecule components are easily trapped in kinetically

stable arrangements of varying topology. The ability to understand

and predict the complex nanostructural morphology lies in

understanding how the specific structures of interacting

molecules encode information about the final geometry of the

organized objects. This is also a central topic in fields such as

supramolecular chemistry,4,5 organic and protein crystallization,6

and biomineralization.7

Manipulation of particle morphology by altering the initial

molecular geometry of the compound being precipitated has been

met with limited success.8 Our group have fabricated uniformly

shaped organic nanorods and nanospheres by the self-aggregation

of different stilbazolium-like dyes.2b Zang and co-workers have

prepared nanobelts and nanospheres from different derivatives of

perylene diimide.3 In both cases, the molecular structure of the

target dye compound is modified by the introduction of long alkyl

chains. Therefore, the dominant driving forces for molecular

aggregation are turned from strong p–p interactions between dye

molecular cores to hydrophobic interactions between alkyl chains,

leading to the formation of organic nanostructures with distinct

shapes. Herein, we report nanostructures with well-defined shapes,

such as sphere, square wire, and cube, prepared from three

isomeric molecules of bis(iminopyrrole)benzene. Although all

three isomeric precursors present similar strong multiple

hydrogen-bonding interactions for molecular aggregation, dis-

tinctly shaped nanostructures are obtained. It is the different

interactions for aggregate stacking at supramolecular level caused

by the isomeric molecular structures that is most likely responsible

for the different morphological evolution.9

Model compounds of isomers of o-, m- and p-bis(iminopyrrole)

benzene are synthesized by condensation of o-, m- and p-

phenylenediamines with 2-carboxaldehyde pyrrole in high yields.10

The crystal structures of these compounds are shown in Fig. 1 as a,

b and c, respectively.{ All three isomeric molecules are semi-rigid

and almost full conjugated with characteristic configurations. The

angles between the long axes of two iminopyrroles (IP) groups on

phenyl ring are 60u, 120u, and 180u, in compounds a, b and c,

respectively. Moreover, the two IP groups, which can rotate to

some extent, point in opposite directions, up and down, divided by

the central phenyl plane. It can be seen from Fig. 1 that each

molecule contains four complementary hydrogen-bonding sites in

two IP subunits: the two imine N atoms act as acceptors and the

two pyrrolic NH groups act as donors.

Self-assembled nanoscale structures with distinct morphologies

are fabricated by the deposition of target compounds from a

saturated solution onto clean substrates. In a typical preparation,

the substrates are immersed in saturated solutions of precursors in

acetonitrile at room temperature. Then the temperature is

gradually decreased to 25 uC, and kept for several days. To

obtain nanostructures with perfect morphology, the speed of

cooling is very important to assure an equilibrium-based

organizational process so that the precursors are neither trapped
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Fig. 1 ORTEP drawings of compounds a, b and c, respectively, with

50% probability ellipsoids for non-hydrogen bonding atoms. The N and H

atoms forming the hydrogen bonds are labelled with black symbols.
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in kinetically stable arrangements of varying topology nor form

the bulk crystals easily. Scanning electron microscopy (SEM)

results reveal that compounds a and c generate spherical and cubic

nanoparticles as shown in Fig. 2A and C, respectively, while

compound b forms nanowires with a square shaped cross-section

(Fig. 2B). The diameter of the nanospheres and the side length of

the nanocubes are around 400 and 300 nm, respectively. The side

length of the square cross-section of the nanowires is around

300 nm, but the length of nanowires adds up to several

micrometres. These crystalline nanowires display moderate

mechanical flexible property, which is in sharp contrast with the

macroscopic crystalline materials (see Figure S4{). Nanostructures

of compound a–c are also successfully deposited on carbon film

and imaged by transmission electron microscopy (TEM). As

shown in Fig. 2, the overall morphologies observed by TEM are

quite the same as those observed by SEM. Note that (i) all the

preparation conditions for the nanostructures are identical for

compounds a–c; (ii) similar results are observed by using different

substrates. Therefore, we conclude that the distinct morphologies

of self-assembled nanostructures are intrinsically related to the

molecular structures of compounds a–c.

To characterize the molecular packing in the solid state, single

crystal X-ray diffraction (XRD) analysis is performed in detail for

compounds a–c.{ Two IP groups in compound a are 60u open-

armed. Therefore, two monomers of a can embed into each other

and form a dimer via quadruple hydrogen bonds, in which no

additional sites are available for further hydrogen bonding. These

dimers are the actual building blocks (see Fig. S1{) for solid state,

and are brought together via van der Waals interactions. Single-

crystal analysis of a reveals that two kinds of dimer are required to

form a unit crystal cell. In contrast with a, the configurations of b

and c, with two IP groups open-armed at an angle of 120u and

180u, respectively, determine that every molecule has to connect

with two different molecules by hydrogen-bonding, forming a

chain-like structure. Also determined by molecular configurations,

the chain of b is zigzag shape (see Fig. S2{) while that of c is almost

linear (see Fig. S3{). These chains are the actual building blocks for

solid state of b and c.

The comparison between the X-ray diffraction profiles of

nanostructures and bulk powder in Fig. 3 provides a clue for us to

understand the real picture of molecular packing at nanoscale

regime. In each panel of Fig. 3, stick plot represents the bands

simulated by using of the program of DIAMOND based on the

single-crystal structure data. It can be seen that the diffraction

peaks observed for nanostructures and bulk powder can be

perfectly indexed to the single-crystal data. For compound a, there

are no characteristic diffraction peaks detectable for nanospheres.

This indicates that the nanospheres are amorphous as a result of

the randomly packing of a dimers. As the above mentioned

crystals of a are built by two kinds of dimers held together by a

multitude of van der Waals interactions. The amorphous nature of

the nanospheres means that the collective magnitude of van der

Waals interactions at the nanoscale is too weak to ensure perfect

crystal packing. In contrast to the case of the nanospheres

fabricated by a, there are characteristic diffraction peaks detectable

for nanowires (Fig. 3B) and nanocubes (Fig. 3C) fabricated by b

and c, respectively. Fig. 3C shows that for compound c the

diffraction profile of the nanocubes is almost the same as that of

the powder. However, for compound b, a distinct peak

corresponding to (010) plane is clearly observed in the diffraction

profile of the nanowire, but is not observed in that of powder

(Fig. 3B). This, plus the ED pattern of square nanowires in TEM

measurements (see the inset of Fig. 2D) suggest that molecules of b

within the nanowires prefer to arrange themselves along the crystal

(010) direction.

Why does preferential crystal growth occur for b nanowires but

not for c nanocubes? In order to correlate the molecular structures

to the morphologies of nanostructures, we propose a mechanism

in Fig. 4. In our systems and similarly to the process of protein

folding11 as well as the growth of fibrillar structures,12 the

Fig. 2 SEM images of (A) nanospheres, (B) square nanowires and (C)

nanocubes, fabricated from compounds a, b and c, respectively. The insets

in (A) and (C) show the corresponding TEM images. The inset in (D) of

the TEM image of square nanowires depicts the electronic diffraction

pattern. All the scale bars are 1 mm.

Fig. 3 XRD patterns of self-assembled nanostructures (above), powder

(middle), and simulated bands (below) of compound a, b and c,

respectively. The simulation has been performed by using of the program

of DIAMOND based on the single-crystal structure data.
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formation of an organized object requires several steps: (i)

formation of preaggregates (primary), (ii) association of preag-

gregates (secondary), and (iii) conversion into the final structure

(tertiary).11,13 Compound a forms dimers as the preaggregate,

which are quasi-spherical (see the middle image in Fig. 4A). The

weak and diffuse nature of van der Waals driving forces for the

association of dimers leads to the formation of amorphous

nanospheres. Unlike a, preaggregates for b and c should be the

zigzag and linear hydrogen-bonded chains (see the middle images

in Fig. 4B and 4C). Although aggregation numbers are unknown

in both cases, they are hydrogen-bonding open with two free sites

at each end. Therefore, association of chain-like preaggregates can

occur either by direct lock-in of existing preaggregates via

hydrogen-bonding interactions or by side-by-side stacking of

hydrogen-bonded chains via van der Waals interactions. In the

case of b, the zigzag shape of chain-like preaggregate provides

more molecular contacts as recognition sites favourable for the

latter path (see Fig. S2c and S2d{). On the one hand, side-by-side

stacking of hydrogen-bonded chains facilitates the molecules in the

preaggregates become more restricted in relative position,

necessary for the formation of organized structure, for example,

crystal structure. On the other hand, larger is the aggregate

generated by side-by-side stacking, more hydrogen-bonding sites

does the aggregate provide and thus larger is its hydrogen-bonding

association constant. Therefore, association of preaggregates for b

is a cooperative process, according to a very recent publication by

Jonkheijm and co-workers.12 The ED and XRD pattern of square

nanowires indicate that the nanowire is growing along the crystal

(010) direction, coincident with the direction of b zigzag hydrogen-

bonded chains. In the case of c, lack of recognition sites (see

Fig. S3c and S3d{) make the association of c linear chains less

cooperative, thus nanocubes rather than square nanowires are

formed. At one time, the side-by-side stacking of chain-like

preaggregates are considered to be against the direct linkage in the

assembling process of one-dimensional nanomaterials.14 Our

results indicate that the growth along the direction of preaggre-

gates has been in cooperation with the side-by-side stacking of

preaggregates to obtain one-dimensional morphology.

In conclusion, we successfully prepared nanospheres, square

nanowires, and nanocubes from three isomeric molecules respec-

tively. We found that molecular structures not only decide the

primary hydrogen-bonding geometries of preaggregates, but also

influence the secondary association of preaggregates, and therefore

the final morphologies of nanostructures. Essentially, hierarchical

intermolecular interactions may have different effects and play

different roles at different level of size regime. (i) To get organic

nanocrystalline, strong intermolecular interactions, such as p–p,

hydrogen-bonding, has to survive at supramolecular level. (ii) The

cooperation of the growth along the direction of preaggregates

with the side-by-side stacking of preaggregates is necessary to

obtain one-dimensional morphology.
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