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Abstract: Self-assembly of d8 metal polypyridine systems is a well-
established approach for the creation of 1D organometallic 
assemblies but there are still challenges for the large scale 
construction of nanostructured patterns from these building blocks. 
We describe here the use of high-throughput nanoimprint lithography 
(NIL) to direct the self-assembly of the heterobimetallic complexes 
[4′-ferrocenyl-(2,2′:6′,2′′-terpyridine)M(OAc)]+(OAc) (M = Pd or Pt; 
OAc = acetate). Uniform nanorods are fabricated from the molecular 
self-organization and evidenced by morphological characterisation. 
More importantly, when top-down NIL is coupled with the bottom-up 
self-assembly of the organometallic building blocks, regular arrays of 
nanorods can be accessed and the patterns can be controlled by 
changing the lithographic stamp, where the mold imposes a 
confinement effect on the nanorod growth. In addition, patterns 
consisting of the products formed after pyrolysis are studied. The 
resulting arrays if ferromagnetic FeM alloy nanorods suggest 
promising potential for the scalable production of ordered magnetic 
arrays and fabrication of magnetic bit patterned media. 

Introduction 

Self-assembly has emerged as a highly effective bottom-up 
strategy for the construction of artificial architectures from simple 
building blocks, allowing precise control of otherwise randomly 

oriented molecules into highly ordered aggregates. Assemblies 
with  increasing complexity in molecular packing often possess 
unique properties which offer potential in a variety of 
applications.[1] Within this field, metallosupramolecules formed 
by a weak driving force such as metal-ligand coordination, 
hydrogen bonding, or π-π interactions represent one of the most 
common building blocks to offer a bottom-up approach inspired 
by nature.[2] 

Coordination compounds with a square-planar geometry have 
been of particular interest as precursors to construct 
supramolecular self-assembled systems due to the molecular π–

π stacking and metal-metal interactions.[3] Self-assembly of 
these systems has attracted much attention because of the 
intriguing properties of the resulting assemblies, as well as the 
propensity to manipulate the structural ordering in 
organometallic compounds. Typically, N^N^N azole-based or 
polypyridyl ligand-based d8 metal complexes have been well-
known to exhibit a tendency towards stacking through weak non-
covalent interactions.[4] The ligand is coordinated with diverse d8 
metal ions (such as Pt, Pd and Au, etc.) so as to facilitate the 
formation of stable square-planar structures, and the complexes 
show a strong tendency towards assembling into highly ordered 
aggregates with certain shape such as fibers, sheets, grids, 
cubes and wheels, etc.[5] Much progress on the supramolecular 
self-assembly of monometallic compounds has been achieved 
over the last few decades, however the construction of 
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heterometallic extended architectures represents a significant 
challenge. The heterometallic block may furnish unprecedented 
morphologies and unique functions in the tailored assemblies 
because of the intrinsic synergistic effect between different 
metals, thus offering potential for numerous technological 
applications.[6] 

In our recent work a ferrocenyl-functionalized polypyridyl 
ligand (Fc-TPy) has been coordinated by d8-metal ions to form 
unique square-planar complexes, where the ferrocene (Fc) 
group as a pendant can fill the stacking space and further 
enhance the intermolecular interactions.[7] The introduction of 
ferrocene in polypyridyl ligands leads to particularly interesting 
behavior in a heterobimetallic system after metal ion 
coordination.[8] With respect to redox switching, the Fc unit 
shows the reversible Fc/Fc+ couple for electroactive 
nanoarchitectures and switchable anticancer activity has also 
been reported.[8c,9] For the synthesis of Fe-based ferromagnetic 
alloy nanoparticles (NPs), the weak interactions among the 
molecular precursors enable the formation of ordered 
aggregates which further ensure the uniformity of NPs.[7] 
Besides providing the rich functionality, the sterically bulky 
pendant has also been shown not to affect the intramolecular 
interactions, but to favor the stacking behavior in a head-to-tail 
mode.[7a] Following this principle and our previous research work 
on the synthesis and patterning of FePt NPs, it would be 
intriguing to develop the Fc-TPy system for heterobimetallic self-
assembly. 

The aggregates formed by bottom-up self-assembly often 
possess uniform molecular order but this remains difficult to 
prepare the precise patterns in a large scale. In contrast, the 
top-down method of nanoimprint lithography (NIL) provides a 
feasible approach to establish an ideal solution-processable 
technique for mass production with high throughput.[7b,10] In this 
method, the imprinted regular features can be observed, but the 
molecular arrangement on the lithographic lengthscale is also 
difficult to control. For this reason, the combination of self-
assembly and NIL offers the possibility of effectively achieving 
the goal of patterning the assemblies, especially in the case of 
in-situ self-assembly within the features of the template.[11]                                                                     
This may promote the application of assemblies in device 
fabrication and further optimize their efficiency.[12] In this respect, 
as previous reports on the patterning of magnetic NPs using 
block copolymers led to dot arrays as separate magnetic islands 
in bit-patterned media,[13] the introduction of soft lithographic 
methods should further help to achieve the goal of patterning the 
assemblies.[14] 

Inspired by the well-established self-assembly of square-
planar Pt(II) and Pd(II) complexes,[15] we further exploited this 
approach to construct nanoarchitectures based on 
heterobimetallic complexes, and also demonstrate how 
assembled bimetallic complexes can be orderly patterned in bulk 
to furnish magnetic recording media through a combination with 
NIL. To achieve our aim, we prepared two cationic bimetallic 
complexes, namely Fc-TPyM (M = Pt or Pd), where the typical 
terpyridine ligand for coordinating d8 metal ions is introduced to 
favor the common M···M and π-π stacking interactions. These 

complexes are expected to exhibit a strong tendency to 
aggregate, and are shown to further self-assemble into highly 
oriented arrays of nanorods along lithographic features which, 
upon pyrolysis, afford ferromagnetic FeM alloy nanorods while 
maintaining the same periodicity. The potential of the latter in 

magnetic recording media is highlighted in the magnetic force 
microscope (MFM) images. 

Results and Discussion 

Molecular design and characterization 

In our synthetic design, the tridentate ligand of 4′-(ferrocenyl)-
[2,2′:6′,2′′]terpyridine was synthesized and the terpyridine unit 
was used to provide coordination site for metal ions. The 
synthetic routes are shown in Scheme S1. The heterobimetallic 
complex Fc-TPyPd was obtained by directly coordinating the 
ligand with Pd(OAc)2 (OAc = acetate) and the substitution of 
chloride in Fc-TPyPt-Cl with AgOAc gave Fc-TPyPt. The 
introduction of acetyl group was utilized to increase the 
intermolecular interactions due to the H-bonding apart from the 
M…M and π-π stacking interactions. 

 

Figure 1. (a) Chemical structure of heterobimetallic complexes Fc-TPyM (M = 
Pt, Pd); (b) An ORTEP view of Fc-TPyPd and the partial atom numbering 
scheme; (c) Illustrations of the π-π stacking and Pd…Pd interactions in the 
molecular structure along the c-axis. The H-atoms are not shown for clarity. 

High quality crystals of Fc-TPyPd were grown by slow vapor 
diffusion of Et2O into a MeCN (acetonitrile) solution of the 
complex, and the molecular structure in the solid state was 
established by X-ray crystallography. The corresponding metric 
parameters, selected bond lengths and angles are given in 
Tables S1 and S2, respectively. The space group of Fc-TPyPd 
is P21212 with a formula of [4′-ferrocenyl-(2,2′:6′,2′′-
terpyridine)Pd(OAc)]+ for the cation. As shown in Figure 1b, the 
Pd ion binds tightly to the three adjacent pyridyl N sites and an 
irregular coplanar motif is formed. Also, a dimeric packing motif 
was observed with a Pd···Pd distance of 3.17 Å and adjacent 
molecules stacked on top of each other in a head-to-tail fashion, 
while the ferrocenyl groups in the two adjacent molecules were 
located in the opposite directions. Besides, the cationic Pd(II) 
molecules formed separate columnar stacking parallel to the c-
axis (Figure 1c) owing to their π-π stacking between the 

coplanar terpyridine moieties, resulting in the torsion angle of 
Pd···Pd···Pd to be 123.41° and the interplanar distance to be 
3.10 Å. The side view along the crystallographic c axis is shown 
in Fig. S1, and clear channels were observed to further indicate 
their ordered intermolecular stacking. The planar structure and 
the suitable distance of two adjacent π-planes further give the 
intermolecular interactions suitable for self-assembly, including 
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the π-π stacking and intermetallic interactions, etc. Furthermore, 
the intermolecular metal-metal-to-ligand charge transfer 
(MMLCT) and intraligand transitions in solution were also 
established from their UV absorption spectra (Figure S2) to 
instrumentally explain the potency in the stacking behavior. 
Empirically, the intermolecular distance in the range of 3.0-3.5 Å 
usually brings about the axial interaction with π-π stacking and 

metal···metal orbital overlap. The close interaction gives rise to 
the possible transitions with the MMLCT nature. The broad peak 
from the ferrocenyl pendant was obviously shifted from 460 nm 
to over 600 nm after coordination with the metal center, and the 
shoulder peak appearing at 375 nm for Fc-TPyPd could be 
ascribed to the metallophilic Pd···Pd interaction. The twin plot for 
Fc-TPyPt with respect to Fc-TPyPd was observed with an 
obvious redshift and implied the same type of MMLCT 
transitions. 

 

Figure 2. (a) SEM image and (b) TEM image of the self-assembled nanorods 
prepared from the Fc-TPyPt solution of hexane/CHCl3 (v/v = 4/6) after aging 
for 15 min; (c) STEM image and the corresponding elemental mapping images 
for N, Fe and Pt atoms. Scale bar: 1 μm. 

Kinetic control of self-assembly 

In this bimetallic system, the introduction of the sterically bulky 
ferrocene did not prevent the square planar geometry of the 
terpyridine complexes from  favoring the formation of aggregates 
mediated by the intermolecular interactions. As a consequence, 
the saturated solution of Fc-TPyM in CHCl3 easily self-
assembled to give a precipitate, and the morphology of the 
resulting aggregates was observed and is shown in Figure S3. 
The overall aggregate was amorphous, but part of the nanorods 
was clearly observed in scanning electron microscope (SEM) 
presumably due to the stronger M···M interactions in Fc-TPyPt 
than that in Fc-TPyPd. 

To further gain the deeper insight into the self-assembly 
process of such bimetallic complexes, the kinetic equilibrium of 
Fc-TPyPt in solvent/non-solvent mixtures with controllable ratios 
was systematically studied. In view of the solubility in good 
solvent and the miscibility of two solvents, the mixture was 
chosen as CHCl3:hexane and a wide range of ratios was used. 
For the specific volume ratio of 50:50 (CHCl3:hexane), 0.4 mL of 
CHCl3 and 0.5 mL of hexane was mixed uniformly, and then 0.1 
mL of the solution of Fc-TPyPt in CHCl3 (10-3 M) was rapidly 
injected into the solvent mixture, the mixture was aged until the 
dynamic equilibrium was reached. The equilibrium with a faster 
aging process was reached upon increasing the hexane content, 
but the rapid rate was identified to favor precipitation and not 
suitable for ordered molecular arrangements. The aggregates 
were obtained in the mixture when its ratio of CHCl3:hexane was 
50:50, and the SEM image in Figure S4 presents the 
agglomeration state on a large lengthscale comprising many 
separated nanorods. The ratio of CHCl3:hexane was further 

optimized at 40:60 to give highly ordered and monodisperse 
rods in the aging process. The SEM and transmission electron 
microscope (TEM) images in Figure 2 show the uniform shape 
of rods with an average length of 2 μm, and TEM-elemental 
mapping of the molecular assemblies demonstrated the 
homogeneous distribution of elemental N, Pt and Fe, suggesting 
the bimetallic composition of Fe,Pt-based organometallic rods 
(Figure 2c). Thus, the Fc-TPyPt complex exhibited an 
interesting metallophilic assembly process during the kinetic 
crystallization process, and then the crystallization-driven self-
assembly (CDSA) was further accompanied by the growth of 
rods . 
Nanoimprint lithography-directed self-assembly 
Although the creation of uniform architectures from the bottom-
up self-assembly is fascinating owing to the weak 
supramolecular interactions, achieving the regular orientation of 
the molecular assemblies is important for realizing their potential. 
Ultimately driven by the metallophilic interactions and π-π 

stacking forces between adjacent molecules, the heterometallic 
complexes of Fc-TPyM could serve as novel building blocks to 
construct more functional structures with the subtle molecular 
control. The self-assembled rods were obtained by kinetically 
controlling the process of crystallization, but to fulfill their real 
promise control over their dispersion on a substrate was 
required. 

 

Figure 3. (a) Illustration of the lithographic process of self-assembly: the 
chloroform solution of Fc-TPyPt as ink is drop-cast onto the substrate, and 
then the PDMS stamp is pressed onto the sample; In-situ self-assembly is 
promoted along the features of the PDMS template and the self-assembled 
nanorods are being patterned; the stamp is then lifted off and the patterned 
assemblies are left along the features. Inset: the enlarged view of the selected 
area. (b) a cartoon representation of the formation of nanorods in the mold 
cavity. 

Lithographic patterning was identified as an efficient approach 
to prepare ordered functional features on a large scale, and the 
strategy of integrating bottom-up self-assembly and top-down 
NIL was explored here to direct the orientation of the assembled 
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nanostructures and the building of ordered patterns on certain 
substrates. As illustrated in Figure 3a, the chloroform solution of 
Fc-TPyPt (10-3 M) was drop-cast onto a silicon substrate, and 
then a featured poly(dimethylsiloxane) (PDMS) template was 
cast to control the slow evaporation of the solvents and promote 
molecular self-organization in the mold cavity; Finally, the 
assemblies were patterned along the feature of the template. In 
addition, a cartoon representation in Figure 3b was used to 
clearly illustrate the formation of nanorods in the mold cavity. 
Initially, the molecules were discrete and freely dispersed in 
solution. The solvents were evaporated slowly during the 
stamping process, and the nanorods grew gradually to provide 
the final patterned nanorods along the features. When there 
were no features in the templates, the  patterns obtained were 
only formed by the molecular self-assembly and characterized 
by SEM and atomic force microscopy (AFM), as shown in 
Figures 4a and 4e, and the images indicate that the 
monodisperse rod-like arrays were formed with the mean height 
of 30 nm, but there was no fixed orientation. On this basis, 
PDMS stamps with ordered line or hexagonal arrays were 
further introduced, and then the material was assembled along 
the features of the templates, Figures 4b-d give clear patterns of 
nanorods along the templates’ features and identify the 
feasibility of controlling the orientation by NIL. The length of the 
rods is decreased to about 300 nm after introducing the 
lithographic process, which is considerably shorter than that of 
the assembled rods in solvent/non-solvent media; Also, the 
length of less than 200 nm is further shortened in the line or 
hexagonal arrays. This can be attributed to a confinement effect, 
in which the soft templates effectively fix the solution into their 
features to offer a limited space for self-assembly, and the 
growth of the rods can only proceed along the confined features 
of the templates. Overall, the soft lithography and self-assembly 
were nicely combined to prepare the organometallic patterns 
successfully, and provided a high throughput method for 
orienting the assembled architectures. 

 

Figure 4. The self-assembled nanorods derived from Fc-TPyPt are patterned 
using NIL: SEM images of (a) disordered patterns, (b) line-oriented patterns, 
(c) hexagonal patterns and (d) amplified hexagonal patterns; scale bar: 1 μm. 

(e) AFM image and (f) cross-section analysis displaying the height profile of 
the self-assembled patterns; size: 22 μm2. 

Fe,Pt-containing bimetallic complexes were identified as 
single-source precursors from which to prepare magnetic FePt 
alloy NPs by one-step pyrolysis, and to fabricate ordered 
patterns with ultra-high density for magnetic recording media. 
Herein, Fc-TPyPt  served as a single-source precursor to FePt 
NPs. The characterization data in Figure S5 show the spherical 

morphology, L10 phase and ferromagnetic hysteresis loop, etc of 
these NPs. This set of pyrolytic conditions was also deployed for 
the pyrolysis of the self-assembled rods of Fc-TPyPt at 800 ℃ 
for 1 h under an Ar/H2 (95/5) atmosphere, and then Fe and Pt 
were allowed to form ferromagnetic FePt rods with the collapse 
of the organic frameworks. As expected, the pyrolyzed patterns 
were observed in Figure 5a and 5b. The features and 
morphology were also kept the same as before, but the height of 
the nanorods in Figure 5b compared to that in Figure 4e was 
decreased from 30 nm to 10 nm due to the collapse of the 
organic skeleton according to the AFM images. In addition, the 
magnetic behavior was also studied by MFM, as indicated in 
Figure 5c and 5f, and the distinct magnetic signal corresponding 
to the related AFM images was detected, which implied the 
strong magnetic properties of the NIL-directed assemblies. 

 

Figure 5. Magnetic patterns of FePt alloy NPs derived from the pyrolysis of 
the self-assembled nanorods of Fc-TPyPt: SEM images in (a) and (d) of the 
magnetic patterns corresponding to Figure 4a and 4b, respectively; scale bar: 
1 μm. (b) and (e): AFM images of the patterns; (c) and (f): MFM images 

related to (b) and (e), respectively; size: 22 μm2 for (b) and (c); 55 μm2 for 
(e) and (f). 

The other bimetallic complex, Fc-TPyPd, also showed 
significant π–π stacking and metallophilic interactions, and 

easily aggregated in the solid state or concentrated solution. 
However, the intermolecular Pd···Pd interaction is significantly 
weaker than the Pt···Pt case, such that the lithographic self-
assembly of Fc-TPyPd cannot be achieved directly. Hence, a 
subtle design was explored to assist the process by introducing 
a linear polystyrene (PS). The chloroform solution of TPy-FePd 
and PS (10-3 M, 7:3 in mole ratio) was used as the substituents 
to achieve the assembled patterns. As shown in Figure S8a, the 
morphology of PS nanospheres together with TPy-FePd 
nanorods was observed by SEM analysis. The nanorods had an 
average length of 250 nm and were evenly dispersed around the 
PS spheres. Besides, the introduction of the line features also 
afforded the alternate PS line arrays and FePd metallic rods 
along the line orientation (Figure S8d). TPy-FePd was also 
identified as a good candidate for preparing ferromagnetic FePd 
alloy NPs, and Figure S6 shows the characterization of the 
resultant FePd NPs in detail. The NPs exhibited excellent 
ferromagnetic behavior with a high coercivity of 4.9 kOe and 
were evenly dispersed in the carbon matrix with the mean size 
of 16.2 nm. Then the substrate was subject to pyrolysis by the 
same conditions as in the preparation of ferromagnetic FePd 
NPs. As shown in the SEM image (Figure S8b), all the PS 
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spheres were removed after pyrolysis, and only magnetic FePd 
alloy NPs were left on the substrate, which still kept their original 
shapes of the nanorods but with a skeletal collapse. The AFM 
image in Figure S8c further indicates the morphology of the 
pyrolyzed nanorods and the decreased height. Also, the line-
oriented FePd nanorods were pyrolyzed to present the resultant 
ferromagnetic patterns in a grating array. The XPS spectra of Fe 
2p and Pd 3d in Figure S9 further supported the formation of 
FePd alloy NPs. 

Conclusion 

Ferrocene-based terpyridine was used to coordinate with d8 
metal ions to form two cationic heterobimetallic complexes Fc-
TPyM (M = Pt, Pd) with intermolecular π-π stacking and M…M 
interactions. The self-assembly of the complexes was 
investigated in a solvent/non-solvent system to reveal the 
dynamic equilibrium to prepare highly ordered rod-like 
heterobimetallic architectures. We further promoted the 
development of patterning the assemblies by combining the 
bottom-up self-assembly and the top-down NIL. Precise control 
of the orientation of the assemblies was realized along the 
lithographic features, and the morphology corresponding to 
magnetic islands of the oriented assemblies was retained on 
pyrolysis to suggest potential for the approach in magnetic data 
recording. As demonstrated here for the lithography-induced 
self-assembly, it is possible to contemplate the mass production 
of the ordered arrays of the assemblies in a large scale by 
exploiting the high throughput NIL protocol. 
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When the top-down lithography is coupled with the bottom-up self-assembly, the molecular self-assembly of heterobimetallic 
complexes can be precisely controlled to prepare ordered patterns of assemblies with high throughput. 
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