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Lithographic patterning of ferromagnetic FePt
nanoparticles from a single-source bimetallic
precursor containing hemiphasmidic structure for
magnetic data recording media
Zhengong Meng1,3, Cheuk-Lam Ho2,3*, Hon-Fai Wong4, Zhen-Qiang Yu1*, Nianyong Zhu3,
Guijun Li4, Chi-Wah Leung4* and Wai-Yeung Wong1,2,3*

ABSTRACT Patterning of L10 FePt nanoparticles (NPs) with
high coercivity offers a promising route to develop bit-pat-
terned media (BPM) for the next generation magnetic data
recording system, but the synthesis of monodisperse FePt NPs
and mass production of their nanopatterns has been a long-
standing challenge. Here, highly efficient nanoimprint litho-
graphy was applied for large-scale universal patterning, which
was achieved by imprinting the solution of a single-source
bimetallic precursor. The rigid coplanar metallic cores and the
surrounding flexible tails in the bimetallic complex permit the
spontaneous molecular arrangements to form the highly or-
dered negative morphology replicated from the soft template.
In-situ pyrolysis study was then investigated by one-pot pyro-
lysis of the precursor under an Ar/H2 atmosphere, and the
resultant NPs were fully characterized to identify the phase,
morphology and magnetic properties. Finally, highly-ordered
patterns on certain substrates were preserved perfectly after
pyrolysis and could be potentially utilized in magnetic data
recording media.

Keywords: FePt nanoparticles; single-source bimetallic pre-
cursors; one-pot pyrolysis; lithographic patterning; magnetic
data recording media

INTRODUCTION
Magnetic nanoparticles (NPs), owing to their designable
functional properties, are regarded as an important class

of artificial nanostructured materials in various fields,
such as electrocatalysis, magnetic data storage, and bio-
medical applications [1–11]. Monodisperse L10 FePt NPs
with nearly equal atomic ratio exhibit high magneto-
crystalline anisotropy and have a chemically ordered face-
centered tetragonal (fct) structure [12], which are also
considered as the prospective activated materials for the
next-generation data storage system [13].
While the properties of FePt NPs are closely related to

their dimensions, compositions, and structures, great ef-
forts on controlling the size, shape, composition and
structure of FePt NPs as well as their specific functionality
for certain targeted applications have been made [14].
Generally, preparation of FePt NPs could be achieved by
vacuum deposition techniques, gas phase evaporation and
organic phase synthesis, etc. Since Sun et al. [15] firstly
reported the synthetic method of FePt NPs by combining
high temperature pyrolysis of Fe(CO)5 with chemical
reduction of Pt(acac)2, organic phase syntheses have been
widely used to prepare FePt, FePd and CoPt NPs, owing
to the distinct advantages over conventional physical
methods [16,17]. Alternative counterparts of the unstable
iron source were also sought, such as Fe(acac)3 and FeCl3,
etc [14,18]. To better control the ratio of Fe and Pt ions in
NPs, single-source precursors containing iron and plati-
num atoms in a single molecule were designed and syn-
thesized [19–21]. Also, various attempts have been made
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to directly prepare the L10 FePt NPs by a one-step ap-
proach [22], and some approaches of avoiding particle
sintering during post-annealing were developed, such as
by lowering the transformation temperature from face-
centered cubic (fcc) phase to fct phase [23] or mixing the
sources with finely grounded NaCl to protect NPs from
agglomeration [24,25]. Recently, our group has developed
an alternative method for synthesizing L10 FePt NPs with
high dispersity by the one-step pyrolysis, which relied on
the intelligent design of some bimetallic precursors [26–
30]. Such method can produce fct phase NPs without
further thermal annealing and allow their patterning on a
large scale easily by lithographic methods [6–8].
Patterning of the FePt NPs on a certain substrate is the

key point to extend their application in bit-patterned
media (BPM), in which one separate bit is located in
every magnetic island, and such approach had a bright
future for magnetic data recording to enhance the data
storage density [31]. Although periodic arrays of FePt
NPs could be obtained by self-assembly [13], there is still
a big challenge for their mass production. We have tried
to introduce the lithographic approach to prepare regular
arrays and tested for their potential in magnetic data
recording system after pyrolysis, but only mechanically
robust polymers have been investigated successfully till
now [6,7]. It is still hard to form ordered patterns by
using small molecules. As we know, polymer materials
can be easily patterned by nanoimprinting lithography
(NIL); however, it is typically difficult to use small mo-
lecules in preparing ordered morphology due to the poor
processability. Considering that certain orientation of
small molecular liquid crystals can be achieved by special
structural design, we integrated here the idea of using
single-source bimetallic precursors with the hemi-
phasmidic structure of the ligand to obtain highly ordered
patterns of NPs, which can further provide magnetic
patterns after pyrolysis. This is the first time to extend the
NIL technique to prepare ordered arrays by a small mo-
lecular organometallic complex instead of an organome-
tallic polymer. Such molecular design with
hemiphasmidic structure can induce and promote the
spontaneous arrangements to prepare a certain mor-
phology which is a negative copy replicated from the soft
template during the lithographic process. Ferrocene-
functionalized Pt(II) complexes with coplanar hemi-
phasmidic structure have been demonstrated to be in-
telligent materials showing excellent processability with
versatile applications [32–34].
In this work, a novel dendrimer-like molecule 1 was

prepared from a neutral Fe,Pt-containing bimetallic

complex 2 with a tridentate chelating ligand 6-(4-(tert-
butyl)phenyl)-4-ferrocenyl-2,2ʹ-bipyridine, where the
ligand can bind to Pt(II) ions easily to give the neutral
complex 2 with good solubility. After further introducing
the three octyl chains in 1, the processability for sub-
sequent patterning studies was greatly enhanced. Both of
the bimetallic complexes were used as single-source
precursors to obtain FePt NPs and the relationships be-
tween the properties of the resultant FePt NPs and their
chemical structures of the two different precursors were
studied. In addition, highly ordered patterns of FePt NPs
suitable for magnetic data recording media were im-
printed on the silicon substrate by the mass productive
NIL method.

EXPERIMENTAL SECTIONS

General procedures and materials
All reactions were carried out under nitrogen unless
otherwise stated. Commercially available reagents were
used as received without further purification. 3,4,5-Tris
(octyloxy)benzyl alcohol was synthesized according to the
modified literature method [35]. All reactions were
monitored by thin-layer chromatography (TLC) with
Merck pre-coated glass plates. Compounds were visua-
lized with UV light irradiation at 254 and 365 nm. Pur-
ification of products was achieved by column
chromatography. NMR spectra were measured in CDCl3
on a Bruker AV 400 NMR instrument with chemical
shifts being referenced against tetramethylsilane as the
internal standard for 1H and 13C NMR data.
For the single-crystal analysis of 2, X-ray diffraction

data were collected at 173 K using graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å) with a
Bruker APEX II CCD diffractometer. The collected
frames were processed with the software SAINT+ and an
absorption correction (SADABS) was applied to the col-
lected reflections. The structure was solved by direct
methods (SHELXTL) in conjunction with standard dif-
ference Fourier techniques and subsequently refined by
full-matrix least-squares analyses on F2. Hydrogen atoms
were generated in their idealized positions and all non-
hydrogen atoms were refined anisotropically. CCDC-
1562137 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_ request/cif.
The structural characterization of the as-synthesized

FePt NPs was performed by powder X-ray diffraction
(PXRD) on a Bruker D8 machine with Cu Kα1 (λ =
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1.541 Å, 40 kV, 30 mA) for analyzing the composition
and phase purity of the resulting NPs [36,37]. Trans-
mission electron microscopy (TEM) analysis was carried
out on a Philips Tecnai G2 20 S-TWIN for probing the
morphology, particle size and size distribution of the NPs.
Energy dispersive X-ray (EDX) spectra were obtained on
a LEO 1530 SEM to study the ratio of Fe and Pt in the
resultant metal alloy NPs. The morphology of the as-
prepared arrays of L10 phase FePt NPs was investigated
by a LEO 1530 scanning electron microscope (SEM). The
magnetic hysteresis loops at room temperature were
measured by a quantum design physical property mea-
surement system (PPMS).

Synthesis of organometallic precursors
L1: To the solution of ferrocenecarboxaldehyde (2.14 g,
10 mmol) in 15 mL of ethanol, 4-tert-butylacetophenone
(1.76 g, 10 mmol) and NaOH (0.60 g, 15 mmol) were
added. The mixture was stirred for 2 h at room tem-
perature to get a red precipitate. The solid was filtered off
and washed with water. The product was collected and
dried as a red solid (2.9 g, 91%). 1H NMR (CDCl3,
400 Hz, δ/ppm): 7.93 (s, 2H), 7.74 (d, J = 13.6 Hz, 1H),
7.51 (s, 2H), 7.14 (d, J = 14 Hz, 1H), 4.60 (s, 2H), 4.48 (s,
2H), 4.17 (s, 5H), 1.36 (s, 9H). 13C NMR (CDCl3, 100 Hz,
δ/ppm): 189.5, 156.1, 146.3, 135.9, 128.3, 125.5, 119.2,
79.3, 71.3, 69.8, 69.0, 35.1, 31.2.
1-(2-Oxo-2-(pyridin-2-yl)ethyl)pyridinium iodide

(L2): A warm (80°C) red-brown solution of iodine
(5.06 g, 20 mmol) in 30 mL of dry pyridine was added to
2-acetylpyridine (2.42 g, 20 mmol) under nitrogen. The
reaction mixture was stirred at 120°C for 30 min. A black
solid was observed after being cooled down to room
temperature. The precipitate was filtered and washed with
dry pyridine (75 mL). Product L2 (29.21 g, 56%) was
obtained as a yellow-green solid. 1H NMR (DMSO-d6,
400 Hz, δ/ppm): 9.03–9.01 (m, Py-H, 2H), 8.89–8.86 (m,
Py-H, 1H), 8.77–8.71 (m, 1H), 8.31–8.26 (m, Py-H, 2H),
8.17–8.12 (m, Py-H, 1H), 8.09–8.06 (m, Py-H, 1H), 7.86–
7.82 (m, Py-H, 1H), 6.52 (s, –CH2–, 2H). 13C NMR
(DMSO-d6, 100 Hz, δ/ppm): 191.4, 150.4, 149.5, 146.3,
146.2, 138.1, 129.1, 127.7, 122.0, 66.6.
L: To a 50 mL ethanol solution of L1 (0.74 g, 2 mmol)

and L2 (0.65 g, 2 mmol), anhydrous ammonium acetate
(1.23 g, 16 mmol) was added. The mixture was refluxed
for 3 h and then cooled down to room temperature. The
precipitate was filtered off and washed with water and
ethanol. The mixture was purified by a silica gel column
with the eluent of a CH2Cl2/hexane mixture (v/v = 1/1) to
give L as a bright yellow solid (0.43 g, 45%). 1H NMR

(CDCl3, 400 Hz, δ/ppm): 8.73 (d, J = 4.8 Hz, 1H), 8.67 (d,
J = 8 Hz, 1H), 8.42 (d, J = 1.6 Hz, 1H), 8.11 (d, J = 8.8 Hz,
2H), 7.85 (t, J = 8 Hz, 1H), 7.80 (d, J = 1.2 Hz, 1H), 7.57
(d, J = 8.8 Hz, 1H), 7.35–7.32 (m, 1H), 4.93 (t, J = 2 Hz,
2H), 4.46 (t, J = 2 Hz, 2H), 4.08 (s, 5H), 1.40 (s, 9H). 13C
NMR (CDCl3, 100 Hz, δ/ppm): 156.6, 155.6, 152.2, 150.2,
149.0, 137.0, 136.8, 126.8, 125.7, 123.7, 121.6, 117.2, 115.9,
81.8, 70.1, 70.0, 67.2, 34.8, 31.4.
2: The tridentate ligand L (0.37 g, 0.78 mmol) and

K2PtCl4 (0.36 g, 0.86 mmol) were dissolved in a mixture
of acetonitrile/water (9 mL, v/v = 2/1). The mixture was
refluxed for 24 h and an orange precipitate was formed.
The precipitate was centrifuged and successively washed
with water, acetonitrile and diethyl ether. The product
was recrystallized from a MeCN/Et2O solution mixture to
give pure 2 (0.4 g, 73%). 1H NMR (CDCl3, 400 Hz, δ/
ppm): 8.94 (d, J = 4.8 Hz, 1H), 7.96–7.90 (m, 2H), 7.76 (s,
1H), 7.46 (t, J = 6.4 Hz, 1H), 7.36 (s, 1H), 7.27 (s, 1H),
7.19 (d, J = 7.6 Hz, 1H), 7.09 (d, J = 8 Hz, 1H), 4.76 (s,
2 H), 4.52 (s, 2H), 4.06 (s, 5H), 1.37 (s, 9H). 13C NMR
(CDCl3, 100 Hz, δ/ppm): 165.5, 157.0, 154.2, 153.5, 152.3,
148.7, 143.8, 138.9, 127.0, 123.8, 122.5, 121.1, 114.0, 113.9,
79.9, 71.3, 70.3, 67.4, 35.2, 31.4. Tonset = 385°C (heating
rate: 10°C min–1).
Ethyl-3,4,5-tris(octyloxy)benzoate (D1): Methyl-3,4,5-

trihydroxybenzoate (3.68 g, 0.02 mol), 1-bromooctane
(10.5 mL, 0.06 mol) and K2CO3 (16.56 g, 0.12 mol) were
added to a round-bottomed flask with 100 mL of di-
methylformamide (DMF). The mixture was stirred for
24 h at 75°C. The mixture was then poured into 150 mL
of water and extracted with EtOAc for three times. The
combined organic extracts were washed with saturated
NaCl solution, dried over anhydrous Na2SO4, filtered and
concentrated under reduced pressure. The residue was
purified on a silica gel column eluting with a CH2Cl2/
hexane mixture (v/v = 1/4) mixture to give 9.37 g (90 %)
of a colorless oil of D1. 1H NMR (CDCl3, 400 Hz, δ/ppm):
7.25 (s, 2H), 4.04–4.00 (m, 6H), 3.89 (s, 3H), 1.85–1.71
(m, 6H), 1.51–1.43 (m, 6H), 1.33–1.29 (m, 24H), 0.88 (t, J
= 6.8 Hz, 9H); 13C NMR (CDCl3, 100 Hz, δ/ppm): 153.2,
137.4, 136.2, 105.2, 73.4, 69.0, 68.0, 65.5, 31.8, 31.6, 30.3,
29.4, 25.8, 25.6, 22.7, 22.6, 14.1, 14.0.
3,4,5-Tris(dodecyloxy)benzyl alcohol (D2): To a

solution of ethyl-3,4,5-tris(octyloxy)benzoate (10.5 g,
0.02 mol) in tetrahydrofuran (THF) was added LiAlH4
(1.9 g, 0.05 mol) slowly at 0°C. The mixture was stirred at
80°C for 10 h and was then quenched by slow addition of
isopropyl alcohol (3 mL), water (10 mL) and 30% aq.
NaOH (2 mL) successively. The mixture was extracted
with EtOAc for three times and the combined organic
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extract was dried by anhydrous Na2SO4. After the re-
moval of solvent under reduced pressure, the crude
product was obtained and further recrystallized from
EtOAc to give pure D2 as a colorless oil (8.4 g, 85 %). 1H
NMR (CDCl3, 400 Hz, δ/ppm): 6.54 (s, 2H), 4.59 (d, 2H),
3.97 (t, 4H, J = 7.0 Hz), 3.94 (t, 2H, J = 6.8 Hz), 1.84–1.71
(m, 6H), 1.50–1.42 (m, 6H), 1.31–1.28 (m, 24H), 0.88 (t,
J = 6.8 Hz, 9H); 13C NMR (CDCl3, 100 Hz, δ/ppm): 153.2,
138.3, 132.3, 107.0, 73.4, 69.1, 68.0, 47.0, 31.8, 31.6, 30.3,
29.3, 25.8, 25.6, 22.7, 22.6, 14.1, 14.0.
5-(((4-Iodobenzyl)oxy)methyl)-1,2,3-tris(octyloxy)

benzene (D3): To a solution of 3,4,5-tris(dodecyloxy)
benzyl alcohol (2.84 g, 5.6 mmol) in 20 mL of THF was
added NaH (60% in mineral oil, 0.27 g, 6.7 mmol) at 0°C.
After the mixture was stirred for 1 h, a solution of
p-bromomethyl iodobenzene (1.84 g, 6.2 mmol) was
dropwisely added and the mixture was further stirred at
60°C for 4 h. The solvent was reduced in volume and the
mixture was extracted with CH2Cl2 for three times. The
crude product was obtained from the organic extracts and
purified on a silica gel with an eluent of a CH2Cl2/hexane
(v/v = 1/3) solution mixture to give the entitled colorless
oily compound (3.29 g, 83 %). 1H NMR (CDCl3, 400 Hz,
δ/ppm): 7.68 (d, J = 8 Hz, 2H), 7.10 (d, J = 8.4 Hz, 2H),
6.52 (s, 2H), 4.47 (s, 2H), 4.43 (s, 2H), 3.97–3.92 (m, 6H),
1.82–1.70 (m, 6H), 1.48–1.43 (m, 6H), 1.36–1.27 (m,
24H), 0.88 (t, J = 7.2 Hz, 9H); 13C NMR (CDCl3, 100 Hz,
δ/ppm): 153.2, 138.0, 137.8, 137.5, 133.0, 129.7, 106.3,
93.0, 73.4, 72.5, 71.3, 69.2, 31.9, 31.8, 31.6, 30.3, 29.6, 29.4,
29.4, 29.3, 26.1, 22.7, 22.7, 14.1.
Trimethyl((4-(((3,4,5-tris(octyloxy)benzyl)oxy)methyl)

phenyl)ethynyl)silane (D4): To a mixture of D3 (2.43 g,
3.4 mmol) in triethylamine (15 mL) and dichloromethane
(15 mL) solution was added CuI (150 mg) and Pd(PPh3)4
(200 mg). Trimethylsilylacetylene (1 mL) was then added
and the suspension was stirred at 75°C for 12 h before
being warmed to room temperature. The solvent mixture
was evaporated and the crude product was purified by
column chromatography on silica gel with CH2Cl2/hex-
ane (v/v = 1/3) solution mixture as the eluent to provide
the product as a colorless oil (1.96 g, 85%). 1H NMR
(CDCl3, TMS, δ, ppm): 7.45 (d, J = 8 Hz, 2H), 7.29 (d, J =
8.4 Hz, 2H), 6.53 (s, 2H), 4.52 (s, 2H), 4.43 (s, 2H), 3.97–
3.92 (m, 6H), 1.82–1.70 (m, 6H), 1.48–1.41 (m, 6H), 1.32–
1.26 (m, 24H), 0.88 (t, J = 6.8 Hz, 9H). 13C NMR (CDCl3,
100 Hz, δ, ppm): 153.0, 138.7, 137.5, 132.8, 132.2, 127.6,
121.4, 106.4, 83.5, 73.4, 72.6, 71.5, 69.2, 31.9, 31.8, 31.6,
30.3, 29.4, 29.4, 29.3, 26.1, 22.7, 22.6, 14.1, 0.0.
5-(((4-Ethynylbenzyl)oxy)methyl)-1,2,3-tris(octyloxy)

benzene (D): To a solution of D4 (1.7 g, 2.5 mmol) in

MeOH (15 mL) and CH2Cl2 (15 ml) solution, K2CO3
(0.7 g, 5 mmol) was added. The mixture was stirred vig-
orously at room temperature for 10 h and was then
concentrated and extracted with CH2Cl2 for three times.
The combined organic extract was collected and dried.
The crude product was purified by column chromato-
graphy on silica gel with CH2Cl2/hexane (v/v = 1/3)
solution mixture as the eluent to provide the target
compound as a colorless oil (1.44 g, 95%). 1H NMR
(CDCl3, TMS, δ, ppm): 7.48 (d, J = 8.4 Hz, 2H), 7.32 (d, J
= 8.4 Hz, 2H), 6.53 (s, 2H), 4.53 (s, 2H), 4.45 (s, 2H),
3.98–3.92 (m, 6H), 3.07 (s, 1H), 1.83–1.70 (m, 6H), 1.48–
1.43 (m, 6H), 1.36–1.25 (m, 24H), 0.88 (t, J = 6.8 Hz, 9H).
13C NMR (CDCl3, 100 Hz, δ/ppm): 153.2, 139.2, 137.8,
133.0, 132.2, 127.6, 121.4, 106.4, 83.5, 73.4, 72.6, 71.5,
69.2, 31.9, 31.8, 31.6, 30.3, 29.4, 29.4, 29.3, 26.1, 22.7, 22.6,
14.1.
1: To 2 (0.38 g, 0.54 mmol) in a mixture of CHCl3/

i-Pr2NH (v/v = 1/1) (20 mL), D (0.33 g, 0.54 mmol) and a
catalytic amount of CuI (5 mg) were added, and the
mixture was stirred for 16 h under nitrogen and mon-
itored by TLC. The solvent was removed in vacuo and the
crude product was purified by recrystallization from
CHCl3/ Et2O with the yield of 83%. 1H NMR (CDCl3,
TMS, δ, ppm): 9.18 (dd, J = 56.4, 4.8 Hz, 1H), 8.14–7.97
(m, 3H), 7.58–7.47 (m, 4H), 7.38–7.27 (m, 3H), 7.13 (t, J
= 8 Hz, 2H), 6.55 (d, J = 16.4 Hz, 2H), 4.81 (s, 2H), 4.53
(d, J = 6.8 Hz, 4H), 4.45 (s, 2H), 4.08 (d, J = 8 Hz, 5H),
4.00–3.92 (m, 6H), 1.46–1.45 (m, 10H), 1.35–1.25 (m,
26H), 0.88 (t, J = 6.4 Hz, 9H). IR (KBr, cm−1): 2,095
(–C≡C–); Tonset = 331°C (heating rate: 10°C min−1).

Preparation and characterization of FePt nanoparticles
The bimetallic complexes 1 and 2 were used as single-
source precursors to prepare FePt NPs. The precursor
was first put in a ceramic boat and the boat was then
placed in a tube furnace equipped with temperature and
gas-flow controls. The precursor was heated to 800°C at
the rate of 15°C min−1 and kept for 1 h at 800°C under an
Ar/H2 atmosphere. After being cooled to room tem-
perature, black powdery FePt NPs were formed. FePt-1
and FePt-2 NPs were synthesized from 1 and 2, respec-
tively. The resultant nanomaterials were then character-
ized by PXRD, TEM, EDX and PPMS.

Patterning of the precursors by NIL
A solution of 1 in chloroform (20 mg mL−1) was prepared
and filtered by a syringe with a 0.22 μm pore size
hydrophobic Nylon membrane. 20 μL of the solution was
drop-casted onto a Si wafer (10×10 mm2), which was
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previously cleaned with acetone. Then, a poly-
dimethylsiloxane (PDMS) template with special stamps
such as line, hole or pillar arrays was immediately im-
printed onto the wafer for 5 min under 1 N cm−2 of
pressure. After removing the template, the reverse stamps
of the precursor 1 were left on the Si substrate. The
substrate was annealed to get the ferromagnetic patterns
according to the same pyrolysis condition as for the
preparation of FePt NPs.

RESULTS AND DISCUSSION

Neutral Fe,Pt-containing bimetallic complexes with
C^N^N tridentate ligand
The synthesis of the ligand precursors and complexes 1-2

are depicted in Schemes 1 and 2. Ferrocenyl-functiona-
lized tridentate ligand (L) with a bipyridine moiety and a
modified phenyl group was firstly prepared based on the
Kröhnke methodology via an isolated enone (Scheme 1).
The ligand L was then easily coordinated with K2PtCl4 to
give the bimetallic coplanar compound 2, in which the
platinum center binds to three adjacent moieties to form
a conjugated plane. The coordinated chloride in 2 can be
easily substituted by a terminal acetylide ligand, and here
a terminal alkyne substituted dendritic ligand D was used
to attach to Pt to give the complex 1 with good solubility
in common organic solvents. All the new materials were
air-stable and fully characterized by 1H and 13C NMR,
infrared and UV-vis spectroscopies. The thermal stabi-
lities of the metallic complexes were also studied by

Scheme 1 Synthetic scheme of Fc(C^N^N)PtCl (2) with a tridentate coplanar structure.

Scheme 2 Synthetic routes to Fe,Pt-containing complex 1 with a flexible dendritic tail.
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thermogravimetric analysis (TGA), in which the complex
1 with flexible dendritic tails showed a lower onset
decomposition temperature (330°C) than 2. Their ther-
mograms are demonstrated in Fig. S1.
The molecular structure of complex 2 in the solid state

was established by X-ray crystallography and is shown in
Fig. 1a. The metric parameters are given in the supporting
information and the selected bond distances and angles
are listed in Table 1. The crystals were grown by slow
vapour diffusion of Et2O into a chloroform solution of 2.
The structure revealed that the Pt ion binds tightly to the
three adjacent coplanar sites and an irregular square-
planar motif was formed. A linear chain-like packing
between molecules was observed with the Pt···Pt bonds
that stacked on top of each other in a head-to-tail fashion,
while the ferrocenyl groups in the two adjacent molecules
were arranged in the opposite directions. The torsion
angle of Pt···Pt···Pt is 115.97°, and the distances of the
stacking plane are measured to be alternate between 3.408

and 3.450 Å. In addition, their absorption spectra were
recorded in solution phase (Fig. S2). The broad peak from
the ferrocenyl group was obviously shifted from 460 nm
to 520 nm after coordination with the metal center, and
the shoulder peak at 375 nm appeared owing to the in-
termolecular metal-to-ligand charge transfer (MLCT) and
intraligand transitions [38,39].

Figure 1 (a) ORTEP views of the bimetallic complex 2 and the partial atom numbering scheme. The H-atoms are not shown for clarity. (b) Schematic
representation of the stacking orientations of 2 (blue and green colors represent sets of ligands on the molecule and dotted lines represent Pt···Pt
interactions). (c) Illustrations of the π-π stacking and Pt···Pt interactions in the molecular structure of 2 along b-axis.

Table 1 Selected bond lengths (Å) and angles (°) for 2

Length Angle

Pt(1)–N(1) 2.1075(16) N(2)–Pt(1)–C(12) 82.33(6)

Pt(1)–N(2) 1.9491(15) N(2)–Pt(1)–N(1) 79.49(6)

Pt(1)–C(12) 1.9873(18) C(12)–Pt(1)–N(1) 161.71(6)

Pt(1)–Cl(1) 2.3089(9) N(2)–Pt(1)–Cl(1) 177.14(4)

C(12)–Pt(1)–Cl(1) 98.90(5)

N(1)–Pt(1)–Cl(1) 99.17(5)
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Preparation and characterization of FePt NPs
Two bimetallic complexes 1 and 2 acting as single-source
precursors were pyrolyzed to synthesize FePt NPs under a
protective gas environment (95% Ar + 5% H2). The in-
troduction of 5% hydrogen was identified to protect the
NPs from potential trace oxidation and was also revealed
to better control the morphology of the final products by
hydrogen adsorption on the surface of the seeds [40,41].
The precursor was placed in a quartz boat which was put
into a tube furnace that was full of a given gas, and then it
was heated to 800°C at the heating rate of 15°C min−1 and
held for 1 h at 800°C. After being cooled down to ambient
temperature, FePt-1 NPs and FePt-2 NPs were generated
from 1 and 2, respectively.
The morphology and size of the resultant FePt NPs

were investigated by typical TEM and the corresponding
images are displayed in Fig. 2. The resultant FePt NPs
were spherical in shape and were dispersed on the car-
bonaceous matrix, which could protect the NPs from
oxidation in an ambient environment. The size distribu-
tions of the obtained FePt-1 NPs and FePt-2 NPs were
narrow, and an obvious discrepancy in size was easily

observed. The FePt-1 NPs had an average size of 9.5 nm
with a standard deviation of 2.5 according to the statis-
tical analysis (Fig. 2c) from the TEM image (Fig. 2a),
while the average size of FePt-2 NPs was larger than
20 nm and the size distribution was also very broad as
shown in Fig. S3. As the spatial structures of the orga-
nometallic precursors would affect the size, morphology
or phase of the NPs [27,42], the incorporation of the
dendritic functional group in 1 would destruct or weaken
the π-conjugated coplanar stacking and Pt···Pt interac-
tions in comparison to that of 2, which is consistent with
the UV-vis spectral results. Hence, the growth of FePt-2
NPs was easier with larger size than that of FePt-1 NPs
due to the stronger interactions. Furthermore, lattice
fringes with the distance of 0.38, 0.27, 0.23 nm were
measured by the high-resolution TEM image (Fig. 2b),
which corresponded to the (001), (110), (111) planes of
FePt alloy NPs, respectively. Besides, the compositions of
the NPs were characterized by EDX, in which both of the
FePt-1 and FePt-2 NPs were found to have nearly equal
atomic ratio of Fe to Pt, which were consistent with the
stoichiometric ratio of the precursors.

Figure 2 (a) and (d): TEM images of the as-synthesized FePt-1 NPs and FePt-2 NPs, respectively; (b) high-resolution TEM image of FePt-1 NPs with
lattice fringe; (c) size distribution of FePt-1 NPs; (e) powder XRD of the resultant FePt-1 and FePt-2 NPs. (Inset: the amplified (111) peak in XRD
pattern); (f) magnetic loops of the FePt-1 NPs and FePt-2 NPs measured at room temperature.
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The crystallinity and phase purity of the as-prepared
FePt NPs were confirmed by PXRD studies. The XRD
patterns shown in Fig. 2e matched well with the standard
FePt alloy NPs (JCPDS No 43-1359). The appearance of
the peaks (001), (110) and the emergence of the diffrac-
tion of the peaks (200)/(002) and (220)/(202), all of the
characteristics indicated that the formed FePt NPs had a
chemically ordered fct crystalline structure. The (111)
peak at 41.06° indicated the atomic ratio of Fe/Pt, as es-
timated by the Klemmer’s report [43], and it was about
53:47 [44]. The full width at half maximum of the (111)
peak for FePt-2 NPs was narrower than that for FePt-1
NPs due to the difference in particle size. The average size
of 9.7 nm for FePt-1 NPs was also calculated by the
Scherrer formula on the basis of the (111) peak, while the
size for FePt-2 NPs was 20.5 nm, which are in good
agreement with the TEM analysis.
The magnetization curves of the as-synthesized FePt

NPs at room temperature are shown in Fig. 2f. The sa-
turated moment at the applied magnetic field up to 6.5 T
of FePt-2 NPs (63.7 emu g−1) was larger than that of
FePt-1 NPs (25.3 emu g−1) due to the different carbon
content in their respective precursors, which is relatively
lower than that of the reported FePt NPs, because the as-
synthesized FePt nanomaterials from the pyrolysis of

organometallic precursors contain a certain amount of
amorphous carbon. Nevertheless, the hysteresis loops of
FePt-1 and FePt-2 NPs gave a similar coercivity of
10.6 kOe. Therefore, the chemical structures of the bi-
metallic precursors play an important role in the size
distinction of the formed FePt NPs, but with negligible
effect on their coercivities. The mass of carbon was taken
into account in the calculation of magnetic moment
(emu g−1) except that of FePt NPs, which indicated that
the part of carbon with no contribution on magnetic
moment contributed to the sharp decrease of the bulk
value of the saturation magnetization of FePt NPs. In
addition, the magnetic fluctuations in the hysteresis loop
of FePt-1 NPs could be ascribed to the existence of
amorphous carbon.

Patterning of organometallic precursor by NIL
The storage layer in magnetic data recording media is
composed of ferromagnetic NPs to allow writing and
storing magnetic transitions at high densities. Especially
in BPM, each recording bit contains hundreds of NPs
with ultra-high coercivity. The strategies of making the
required patterns on selective substrate were developed
rapidly in the past decades, and a high-throughput
technique of NIL was applied here for patterning of the

Figure 3 (a) Schematic illustration of the lithographic process; (b–d): SEM images of the line, hexagonal pillar and hole arrays ordered patterns of the
organometallic precursor 1, respectively; (e–g): the SEM images of the line, hexagonal pillar and hole arrays magnetic patterns after pyrolysis
corresponding to (b–d), respectively.
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FePt NPs. Due to the strong Pt…Pt interactions and π-π
stacking behavior in the precursor, the FePt-2 NPs easily
grew into alloy with bigger size, but the flexible dendritic
tails in the hemiphasmidic complex 1 reduce the stacking
behavior and enhance the processability. The precursor 1
was used for patterning by NIL and this is the first time to
get the ordered patterns by using small molecular orga-
nometallic complex. The procedures are given in the
schematic illustration in Fig. 3a. The organometallic
precursors 1 and 2 were first dissolved in CHCl3 to get
saturated solutions, in which the gel-like solution of the
functionalized compound 1 exhibited better solution
processibility and was successfully patterned on silicon
substrate by NIL with a soft PDMS template. Fig. 3b–d
show the ordered patterns of 1 with line, hexagonal pillar
and hole arrays morphology, respectively. The obtained
arrays perfectly match with the opposite shape of the
corresponding templates. After pyrolysis by using the
same conditions as for the preparation of FePt-1 NPs
preparation, the morphologies are well-preserved with
the pre-defined periodicity, except for the decrease in the
height of the patterns due to the collapse of the organic
molecular frameworks, which have been identified by the
SEM images with obvious lower contrasts as shown in
Fig. 3e–g. Although the size of pattern still needs to be
further narrowed down, the potential application for
BPM by using a small metal complex has been demon-
strated, and the various morphology obtained further
identified the feasibility of this technique. The line arrays
in this paper were obtained by the DVD-type soft tem-
plate, which is suitable for common DVD recording
media. Besides, we also revealed the universality of NIL
by various patterns in different scales.

CONCLUSIONS
In summary, a neutral chelated complex 2 was synthe-
sized and subsequent functionalized to get compound 1
by the CuI-catalyzed dehydrohalogenation reaction. Both
1 and 2 were applied for the preparation of FePt NPs. The
dendritic functional group in 1 could effectively tune the
spatial property and weaken the molecular interactions,
which would further make the size of the as-prepared
FePt NPs from 1 smaller than that of 2. The resultant NPs
showed similar coercivities of 10.6 kOe, but different
magnetic moments were detected due to the distinct
discrepancy of the molecular structures of the precursors.
Also, the bimetallic compound 1 exhibited gel-like
property in CHCl3 and its saturated solution was suc-
cessfully patterned on silicon substrate. The pyrolyzed
patterns were found to be perpendicularly magnetic and

suitable for future magnetic data recording applications.
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半竹节虫型双金属配合物制备铁铂纳米颗粒及其图案化阵列的磁存储应用
孟振功1,3, 何卓琳2,3*, 王汉辉4, 余振强1*, 朱年永3, 李桂君4, 梁志华4*, 黄维扬1,2,3*

摘要 L10相铁铂合金纳米颗粒具有较高的磁矫顽力, 其图案化阵列有望用于开发下一代磁性数据记录系统, 但是单分散铁铂纳米颗粒的
合成及大规模制备图案化阵列的制备仍是巨大的挑战. 本文合成了一种含有铁铂的双金属配合物, 配合物由刚性的共平面金属中心和柔
性尾链形成半竹节虫型结构, 这种特殊的分子结构有利于机械加工中分子有序排列. 配合物用作单源前驱体经一步热解即可制备L10相铁
铂合金纳米颗粒. 另外, 借助高效的纳米印刷技术, 对配合物溶液进行压印即可制备大规模高度有序的图案化阵列, 所得阵列在氩氢混合
气保护下原位热解, 形成规则的磁性阵列, 表明这种方式制备的磁性图案可用于磁数据存储设备.
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