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L= BimetallicBCP fct-FePtNPs

The use of a bimetallic block copolymer (BCP) as a precursor to ferromagnetic FePt nanoparticles

(NPs) has been studied. The use of a phase-separated BCP rather than alternative precursors

(metalated P4VP homopolymer and molecular organometallic complex) was shown to be

important, giving rise to a smaller average NP size and a close to stoichiometric 1:1 Fe:Pt ratio.

ACS Paragon Plus Environment



Page 3 of 41 Submitted to Macromolecules

oNOYTULT D WN =

ABSTRACT

Phase-separated block copolymers (BCPs) that function as precursors to arrays of FePt

nanoparticles (NPs) is of potential interest for the creation of media for the next generation

high-density magnetic data storage devices. A series of bimetallic BCPs has been synthesized by

incorporating a complex containing Fe and Pt centers into the coordinating block of four different

poly(styrene-b-4-vinylpyridine)s (PS-b-P4VPs, P1-P4). To facilitate phase-separation for the

resulting metalated BCPs (PM1-PM4), a loading of the FePt-bimetallic complex corresponding

to ca. 20% was used. The bulk and thin film self-assembly of these BCPs were studied by

transmission electron microscopy (TEM) and atomic force microscopy (AFM), respectively. The

spherical and cylindrical morphologies observed for the metalated BCPs corresponded to those

observed for the metal-free BCPs. The products from the pyrolysis of the BCPs in bulk were also

characterized by TEM, powder X-ray diffraction (PXRD), and energy-dispersive X-ray

spectroscopy (EDX), which indicated that the FePt nanoparticles (NPs) formed exist as a fct phase

with average particle sizes of ca. 4-8 nm within a carbonaceous matrix. A comparison of the

pyrolysis behavior of the metalated BCP (PM3), the metalated P4VP homopolymer (PMS5), and

the molecular model organometallic complex, revealed the importance of using a nanostructured

BCP approach for the synthesis of ferromagnetic FePt NPs with a smaller average NP size and a

close to 1:1 Fe:Pt stoichiometric ratio.
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INTRODUCTION

The development of metal-containing polymers has rapidly expanded over the past two decades, !

and they have been successfully utilized, for example, as stimuli-responsive materials,” in energy

conversion and storage!®!? and as precursors of nanomaterials.!3'7 To enrich the potential

functions of metallopolymers, nanostructured materials are under intensive investigation for

various applications.!®-?? In general, a top-down approach is the most direct method to transfer

patterns to the underlying polymers by masks or molds.?*?* In contrast, the bottom-up approach,

such as block copolymers (BCPs) lithography, relies on the intrinsic self-assembling ability of

metalloblock copolymers to generate hierarchical structures. This approach has demonstrated the

possibility of employing the metalloblock copolymer as lithographic hard mask to fabricate the

cobalt magnetic dot arrays.”> This approach has also shown potential for the creation of

nanoparticle (NP) arrays generated by the metalated BCPs themselves due to the spatial control of

metal moieties within nanometer size domains.?6-2” Hence, it allows the straightforward utilization

of metallopolymers as the precursor to metal/carbon nanocomposites, and offers the desirable

potential to confine the metallic/metal oxide NPs within an ordered structure on the nanometer

scale. To achieve a useful morphology, a metalloblock copolymer is usually employed with

sufficiently low miscibility between the blocks and high molar mass.?® Following appropriate

post-annealing procedures, this templating method has been useful for the fabrication of catalytic

and magnetic nanopatterned materials.?%-3?
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Among the metal-containing BCPs,  poly(styrene-b-ferrocenylethylmethylsilane)

(PS-b-PFEMS), an iron-containing BCP, has been studied extensively in both bulk and thin film

self-assembly, where the immiscible blocks phase-separate into various morphologies depending

on the relative volume fraction of blocks.?* Ordered hexagonally-packed arrays of iron domains

embedded in PS matrix have been realized in the literature.3% 3* Furthermore, iron NPs (i.e. ~ 6.5

nm average size) in a C/SiC matrix could be obtained after pyrolysis. While the current work

described in this manuscript was in progress, the formation of FeRu NPs for potential catalytic

applications from the pyrolysis of a BCP containing Fe and Ru was described.’> Cobalt-based

nanomaterials have also been accessed using BCPs with cobalt-carbonyl clusters attached to

ethynyl units®6-3® or half-sandwich cobaltocenium/ (°-cyclopentadienyl)(#*-cyclobutadiene)cobalt

moieties.!® 3%-40 Nanostructuring of the BCP through cylindrical domain formation has been shown

to alter the magnetic properties of the resulting cobalt NPs.3® In addition, Pd-pincer complexes

have been introduced to poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) via either coordination or

through stacking interactions leading to morphological transitions*' and the formation of

disk-shaped Pd NP aggregates organized into ordered hierarchical arrays.*?

Recently, L1, phase FePt alloy NP has received much attention due to its high magnetic

anisotropic constant (i.e. 7 x 107 erg/cc) and high chemical stability relative to other hard

magnets. -4 In addition, both fcc- and fct-FePt NPs have been shown to exhibit a durable and

enhanced electrocatalytic oxidation and reduction, which potentially serve as promising candidates
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in fuel cells.**4” With novel device architectures (i.e. bit-patterned media (BPM) and

energy-assisted magnetic recording), it is possible to reach an areal density of magnetic FePt NPs

up to several Tbytes/in? for commercial applications.*® In 2008, our groups and our collaborators

employed electron beam lithography (EBL) with polyferroplatinyne polymer precursors to

produce arrays of NPs microbars (ca. 1.0 x 10 um?) with no observable aggregation of FePt

NPs.#? Such aggregation suppression was postulated to be a consequence of the surrounding

carbonaceous matrix. To further develop a low-cost large area fabrication pathway, nanoimprint

lithography (NIL) was then employed to optimize the one-step pyrolysis of a polyferroplatinyne

polymer.?3 3931 Depending on the patterns of the imprint mold, both line and dot arrays of NPs can

be produced. A high coercivity up to 3.6 T of FePt NPs was also recorded.’® However, scaling

down the feature size of NPs in mold to sub-20 nm is still a problem due to the tribological

phenomena in the interface between the mold/substrate and polymers.’> To produce well-defined

arrays of tiny bits of FePt NPs over large areas, BCP self-assembly offers an alternative

templating method to scale down the highly dense bits in the bottom-up method. BCPs have been

employed as a template to incorporate metal precursors or as-synthesized NPs to produce

homogeneous highly ordered nanostructured patterns. Metal salts, molecular organometallic

precursors, or magnetic NPs can be incorporated to BCPs before self-assembly to produce desired

functional BCPs, where coating of oligomeric>-3* or organic ligands®> on NPs may be required in

order to induce hydrophobic/hydrophilic interactions that favor the formation with one type of
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BCP nanodomain. However, significant drawbacks including cross-linking, uncontrolled NP

aggregation, and deviations from the desired stoichiometry for Fe and Pt atoms may exist if

individual metal salts*® or molecular organometallic species’’ are used to produce bimetallic NPs.

The use of single bimetallic precursors was proposed.’®>° Self-assembly of bimetallic BCPs is

expected to be a promising and possible solution to direct and confine the metal precursors in one

of the BCP domains and to obtain metallic NPs of low size dispersity after direct pyrolysis.®%-2 Up

to now, the use of a single bimetallic BCP to synthesize FePt NPs has not been reported. Herein,

we describe the synthesis of a series of bimetallic BCPs by coordinating a specifically designed

FePt bimetallic complex into the nitrogen donor segment of PS-b-P4VP. Morphological

characterization and pyrolysis studies were performed on phase-separated self-assembled

materials in both bulk and in thin films in order to investigate the potential of our approach to

prepare arrays of FePt NPs. The potential of the concept of the formation of large area of FePt NPs

by solely using a phase-separated thin film of a bimetallic-containing BCP is captured in Figure

1'30

Pyrolysis

Figure 1. Schematic diagram of an idealized pyrolysis procedure (Orange: complementary
matrix-forming metal-free block; Blue: FePt bimetallic complexes within spherical nano-domains;
Green: FePt NPs embedded in a grey carbonaceous material). For an analogous process see Figure
4 of ref 27 for the case of Fe NPs.
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EXPERIMENTAL SECTION

Materials. Samples of PS-»-P4AVP and P4VP homopolymer, with molecular weight

characteristics shown in Table 1, were purchased from Polymer Source and used as received.

Potassium tetrachloroplatinate(Il), tetrakis(triphenylphosphine)palladium(0), 2-bromopyridine,

n-BuLi (1.6 M solution in cylcohexane), tetramethyltin, tributyltin chloride and the other

chemicals mentioned in the experimental part were purchased from Aldrich, Tokyo Chemical

Industry Co. and Alfa Aesar. Solvents were either dried by standard procedures or purchased from

Aldrich. 2-(Tributylstannyl)pyridine, cis-dichlorobis(dimethyl sulfoxide)platinum(II),

cis-dimethylbis(dimethyl sulfoxide)platinum(Il) and (£)-1-[2-(4-bromophenyl)vinyl]ferrocene (1)

were prepared as described in the literature.®3-%¢ Unless otherwise stated, all reactions were carried

out under nitrogen with standard Schlenk techniques. Reactions were monitored by thin layer

chromatography (TLC) with Merck pre-coated aluminum plates, whereas silica gel for column

chromatography was purchased from Merck and used directly for product separation and

purification.

Table 1. Molecular weight and volume fraction data of neat PS-5-P4VPs and P4VP.

M, (PS)-M,(P4VP) | PDI* | gpsyp® n:m
(kg/mol) 2
P1 33.0-8.0 1.10 | 0.186 | 316:76
P2 48.0-11.0 1.13 | 0.178 | 459:104
P3 54.0-6.5 1.08 | 0.102 | 517:62
P4 120.0-20.0 1.18 | 0.136 | 1148:190
P4VP (P5) 6.5 1.09 - -

2 Provided by the commercial supplier, Polymer Source Inc.
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b Calculated from pps: 1.05 g/mL, ppgyp: 1.114 g/mL.

Preparation of AFM thin films and TEM bulk films. Samples for AFM imaging were

prepared by spin-coating (3000 rpm, 60-70 s) from 0.6 wt% chloroform solution of BCP on

silicon substrates. TEM samples were prepared by drop-casting chloroform solution (50 mg/mL)

on glass slide and thermally annealed under vacuum at 180 °C for four days, followed by liquid

nitrogen quenching. Ultra-thin sections (60—80 nm) of the bulk films were microtomed and

imaged by TEM.

Instrumentation. 'H and '*C NMR spectra were obtained from Varian 400 and 500 MHz

spectrometers. IR analysis was performed with Perkin-Elmer Spectrum Two IR spectrometer

equipped with attenuated total reflectance (ATR) FT-IR accessary. Mass analysis was performed

with Agilent 6540 Liquid Chromatography—Electrospray lonization Quadrupole-Time-of-Flight

Mass Spectrometer, using methanol and acetonitrile as eluent. Thermogravimetric analysis (TGA)

was performed with TA instruments Q500 using platinum sample pan scanning from 25 to 800 °C

at a heating rate of 10 °C/min under nitrogen. Spin-coating of the thin film was performed by a

Laurell WS-400B-6NPP-LITE spin coater under an argon purge. Silicon wafers were purchased

from Wafer World, Inc, and rinsed with dichloromethane (CH,Cl,), tetrahydrofuran (THF),

acetone and deionized water before use. AFM was carried out in the tapping mode with 10 nm

wide cantilevers (Nunano, Scout 350) using a Nanoscope 3D microscope. TEM was performed on

9
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a Philips Tecnai G2 20 S-TWIN, operating with a tungsten filament at 200 kV. FePt NPs were

prepared by direct pyrolysis of polymers in 5% H,/Ar, in which the samples were placed in a

ceramic boat inside a quartz tube furnace. The tube was then purged with 5% H,/Ar for an hour

and heated to 800 °C from 50 °C in an hour. The temperature was held at 800 °C for 1 h, followed

by cooling to room temperature over 2 h. The black powders were then collected. A little amount

of the powder was suspended in ethanol and sonicated for an hour. The suspension was then

drop-casted on the copper grid coated with carbon film. The sample was air dried and imaged by

TEM. Composition analysis was performed by EDX on fully embedded EDAX detectors within

TEM. The test area was between 500 x 500 to 1000 x 1000 nm?2. Structural characterization was

performed by PXRD on a Bruker D8 machine equipped with Cu K,; (A = 540 nm, 40 kV, dan 30

mA). The magnetic properties were measured by the Physical Property Measurement System

(PPMS) at 300 K.

Synthesis of 2-[4-[(1E)-2-Ferrocenylethenyl]phenyl]pyridine (2). To 50 mL dry toluene, 1

(3.00 g, 8.2 mmol) and 2-(tributylstannyl)pyridine (3.61 g, 10.0 mmol) were added. A catalytic

amount of Pd(PPh;), was then introduced. The mixture was refluxed at 110 °C for 2 days. The

mixture was purified through a wet column with silica gel eluting with hexane and ethyl acetate

(6:1, v/v). A red orange solid was obtained in 76% yield (2.27 g). '"H NMR (400 MHz, CDCls): 6

8.70 (d, J = 4.8 Hz, 1H, Ar), 7.99 (d, J = 8.3 Hz, 2H, Ar), 7.75 (d, J = 5.0 Hz, 2H, Ar), 7.54 (d, J =

10
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8.3 Hz, 2H, Ar), 7.22 (m, 2H, Ar), 6.97 (d, J = 16.3 Hz, 1H, CH=CH), 6.75 (d, J = 16.3 Hz, 1H,

CH=CH), 4.49 (t, J = 3.7 Hz, 2H, ferrocenyl), 4.31 (t, J = 3.7 Hz, 2H, ferrocenyl), 4.16 (s, 5H,

ferrocenyl) ppm. 3C NMR (100 MHz, CDCl3): 8 = 157.25, 149.85, 138.36, 137.34, 136.85,

127.98, 127.28, 126.27, 125.65, 122.06, 120.37, 83.35, 69.40, 69.32, 67.12 ppm. HRMS (ESI-MS,

m/z): [M+H]" 366.0945; calcd for Co3HyoFeN (M+H) 366.0945.

Synthesis of 3. cis-Pt(CH;),(DMSO), (0.40 g, 1.0 mmol) was dissolved in acetone and 2

(0.38 g, 1.0 mmol) was added. The reaction mixture was refluxed at 50 °C overnight. The reaction

mixture was then precipitated in hexane for several times and the formed red orange solid was

dried in vacuo in 86% yield (0.59 g). 'H NMR (400 MHz, CDCls): 6 9.72 (d, J= 5.9 Hz, 1H, Ar),

7.78 (m, 3H, Ar), 7.60 (d, J = 8.1 Hz, 1H, Ar), 7.24 (d, J = 8.1 Hz, 1H, Ar), 7.24 (t, J = 13.0 Hz,

1H, Ar), 6.94 (d, J = 16.0 Hz, 1H, CH=CH), 6.76 (d, J = 16.0 Hz, 1H, CH=CH), 4.49 (t,J = 3.5

Hz, 2H, ferrocenyl), 4.29 (t, J = 3.5 Hz, 2H, ferrocenyl), 4.14 (s, 5H, ferrocenyl), 3.25 (s, Jpey =

16.6 Hz, 6H, SO((CH3),), 0.78 (s, ooyt = 81.9 Hz, 3H, CH3) ppm. HRMS (MALDI-TOF, m/z):

[M-H]"651.0724; calcd for C,sH,sFeNOPtS (M-H) 651.0732.

Synthesis of 4. 3 (0.50 g, 0.8 mmol) was dissolved in CHCI; (10 mL) and pyridine (0.31 g,

4.0 mmol) was added. The reaction mixture was stirred overnight and precipitated from hexane to

get the target compound as a red solid in 80% yield (0.40 g). 'H NMR (400 MHz, CDCl;): & 8.87

11
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(d, J= 5.0 Hz, 2H, py), 7.79 (m, 5H, Ar), 7.51 (m, 3H, Ar), 7.16 (m, 1H, Ar), 6.94 (d, J= 16.2 Hz,

2H, Ar and CH=CH), 6.75 (d, J = 16.2 Hz, 1H, CH=CH), 4.50 (t, J = 3.6 Hz, 2H, ferrocenyl),

4.28 (t, J = 3.6 Hz, 2H, ferrocenyl), 4.14 (s, 5H, ferrocenyl) , 0.92 (m, 3H, CH3) ppm. HRMS

(MALDI-TOF, m/z): [M-H]" 652.1010; calcd for C9H,sFeN,Pt (M-H) 652.1019.

Synthesis of PM1-PMS.

P1 (0.10 g, 2.4 pmol) was dissolved in CHCI; and 3 (0.024 g, 36.8 pmol, 20% of the pyridine

unit) was then added. The reaction mixture was stirred overnight and precipitated in diethyl ether

for three times. The polymeric product was dried under vacuum at 40 °C for two days and isolated

as an orange solid in 56% yield (0.069 g). 'H NMR (400 MHz, CD,Cl,): 6 8.55-8.07 (br, Ph and

uncomplexed 2,6-Py), 7.97-7.40 (br, Ph), 7.23—-6.13 (br, Ph), 4.61-3.93 (b, ferrocenyl), 2.40—0.60

(br, aliphatic -CHCH;-).

P2 (0.10 g, 1.7 pmol) was dissolved in CHCI; and 3 (0.022 g, 33.9 pumol, 20% of the pyridine

unit) was then added. The polymer was prepared by a procedure identical to that for P1 and

isolated as an orange solid in 70% yield (0.080 g). 'H NMR (400 MHz, CD,Cl,): & 8.49-8.06 (br,

Ph and uncomplexed 2,6-Py), 7.96—7.41 (br, Ph), 7.30-6.24 (br, Ph), 4.60—4.00 (b, ferrocenyl),

2.35-0.61 (br, aliphatic -CHCH,-).

P3 (0.10 g, 1.7 umol) was dissolved in CHCl; and 3 (0.013 g, 20.5 pmol, 20% of the pyridine

unit) was then added. The polymer was prepared by a procedure identical to that for P1 and

12
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isolated as an orange solid in 59% yield (0.065 g). '"H NMR (400 MHz, CD,Cl,): & 8.58-8.10 (br,

Ph and uncomplexed 2,6-Py), 8.01-7.63 (br, Ph), 7.49-6.00 (br, Ph), 4.61-3.90 (b, ferrocenyl),

2.36—0.46 (br, aliphatic -CHCH,-).

P4 (0.10 g, 0.7 pmol) was dissolved in CHCl; and 3 (0.018 g, 27 umol, 20% of the pyridine

unit) was then added. The polymer was prepared by a procedure identical to that for P1 and

isolated as an orange solid in 52% yield (0.061 g). '"H NMR (400 MHz, CD,Cl,): & 8.56-8.05 (br,

Ph and uncomplexed 2,6-Py), 7.88-7.41 (br, Ph), 7.27-6.29 (br, Ph), 4.51-4.01 (b, ferrocenyl),

2.38-0.81 (br, aliphatic -CHCH,-).

P5 (0.10 g, 153.8 umol) was dissolved in CHCI; and 3 (0.124 g, 190.8 umol, 20% of the

pyridine unit) was then added. The polymer was prepared by a procedure identical to that for P1

and isolated as an orange solid in 60% yield (0.133 g). '"H NMR (400 MHz, CD,Cl,): 3 8.54—5.99

(br, Ar, complexed and uncomplexed 2,6-Py), 4.63—-3.93 (b, ferrocenyl), 2.70-0.74 (br, aliphatic

"CHCH,-).

RESULTS AND DISCUSSION

Synthesis and structural characterization of PM1-PM4. The ferrocene-containing C"N

ligand 2 was synthesized by Stille coupling of 1 and 2-(tributylstannyl)pyridine, whereas

cis-Pt(CH3),(DMSO), was prepared by reacting tetramethyltin  with  potassium

tetrachloroplatinate(Il) (Scheme 1).93-65 3 was then obtained readily by cyclometalation of

13
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cis-Pt(CH3),(DMSO), with the C N ligand. The weak DMSO donor was then replaced by either

pyridine or the pyridine units in PS-5-P4VP to give 4 and PM1-PM4, respectively. The polymers

can be obtained simply by precipitation from diethyl ether as orange powders in quantitative

yields. Approximately 20% complexation of 4-vinylpyridine with bimetallic complexes along the

polymer backbone was used in this study to preserve the desired morphologies, namely spheres

and cylinders (for an explanation of the rationale for the target loading, see the following section).

14
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ClS-Pt(CH3)2(DMSO)2

Pd(PPh3), acetone
toluene 50°C, 16 h
120°C,24 h
pyridine
CHCly
n m 3
= CHCI,
>N 25°C, 1 day

P1: n:316, m:76
P2: n:459, m:104
P3: n:517, m:62
P4: n:1148, m:190
P5: n:0, m:62

PM1: n:316, m:76, x:0.2
PM2: n:459, m:104, x:0.2
PM3: n:517, m:62, x:0.2
PM4: n:1148, m:190, x:0.2
PMS: n:0, m:62, x:0.2

Scheme 1. Synthetic schemes for PM1-PMS5 and the model complex 4.

All the polymers with a 0—40% loading of 3 were first studied by '"H NMR spectroscopy

(Figure 2). After complexation of 3, the 2 and 6 aromatic proton signals on the pyridine ring

gradually disappeared in the range of 6 8.10-8.50 ppm, whereas the aromatic and ferrocenyl

15
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proton signals were detected at & 7.40—7.90 and 4.00—4.60 ppm, respectively. Complexation of the
metallic complex to P4VP was further confirmed by FTIR spectroscopy, TGA and TEM.
Comparison of the IR spectra of P2 with PM2 in different loadings shows the disappearance of
the uncomplexed PS-5-P4VP vc. band at 1415 cm! (Figure 3) and the decrease of signal intensity
suggests the uptake of 3. On the other hand, the peaks observed at 1471 and 1580 cm! correspond
to the presence of the pyridine-coordinated complex 4. The saturation loading of 3 was at about
30%, and further addition showed no change in the absorbance. Similar results were observed for

the other three BCPs. The effect of complex loading on the morphology was explored through the

thin film study.
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Figure 2. 'H NMR spectra of PM2 with x =0, 0.1, 0.2 and 0.4 from the bottom to the top in

CD,Cl,.
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23 Figure 3. FTIR spectra of powder samples of 3, 4 and PM2 with x =0, 0.2, 0.3 and 0.5.

28 Morphology characterization of PM1-PM4 in bulk and thin films. The phase separation
31 of these polymers in bulk and thin films was characterized by TEM and AFM, respectively. In
34 their TEM images (Figure 4), the darker domains in all cases were assigned to the electron-rich
37 P4VP-3 region (which contains the Fe and Pt atoms bounded with the P4VP-3 block), while the
40 lighter domains were assigned to PS. The microtomed bulk film TEM images of PM1-PM2 both
43 showed hexagonal-packed cylinders with a short range order, while some horizontally oriented
46 cylinders were also observed in the case of PM1. PM3—-PM4, on the other hand, showed a

49 disordered spherical morphology.
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(b)

(©) (d)
Figure 4. TEM images of microtomed samples of (a) PM1, (b) PM2, (c) PM3 and (d) PM4 (scale
bar: 100 nm).

To further demonstrate the potential processability of PM1-PM4, thin films of these
materials were formed from a chloroform solution, which is a good solvent for both blocks, via
spin-coating at a rate of 3000 rpm onto a silicon wafer with a native oxide surface.®’-6% The
concentration of polymer solution was varied from 0.3 to 1 wt% to adjust the film thickness, and
0.6 wt% was selected finally to yield a thickness of thin film in 30—50 nm as measured by AFM
height profile. PM2 was first chosen as a model to investigate the effect of different stoichiometric
ratios (e.g. 0-90 %) of 3 on the morphological behavior in the thin films (Figure 5). A neat film of

P2 was immersed in ethanol prior to AFM analysis to increase the domain contrast via surface

18
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reconstruction. Ethanol is a selective solvent for P4VP, which is insoluble for PS. This results in a

porous structure by leaving the P4VP on the surface of thin film from the cylindrical channels,

without changing the nanostructure.®® Hence, it provides a height difference between the two BCP

domains. The as-spun AFM height image showed vertically aligned cylinders, and further

annealing in dioxane vapor allowed the order of the hexagonal-packing to be improved. This

observation is consistent with the results mentioned by Russell et al.”® By introducing 3 into P2

with the loading percentage of 20-30%, both horizontally and vertically-aligned cylinders were

observed. The quantity of horizontal cylinders was reduced when a 50% loading of 3 was used. A

further increase to 70-90% in loading resulted in spherical dots without any cylindrical structures.

As reported in the literature, small molecule-bound BCPs usually show composition-dependent

morphological transitions.*> 7172 Such morphological changes are attributed to the increase in both

density and volume fractions of the small molecule-bound P4VP block, which eventually alters

the original position in the phase diagram (e.g. spherical to cylindrical and lamellar). However,

there was no such expected morphological change in our case. Considering the IR results of PM2,

the loading percentage of 3 reached the saturation level at around 30% and further addition of 3

did not result in coordination. These unbound complexes may aggregate themselves to promote

the formation of ill-defined structures. Therefore, in order to maintain the desired morphology,

20% loading of the bimetallic complex was employed in these four polymers to ensure sufficient

pyridine moieties for complexation.

19
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(d)
Figure 5. AFM height images of as-spun PM2 on silicon wafers with (a) 0, (b) 20, (¢) 30, (d) 50,
(e) 70 and (f) 90% loading of complex 3 (scale bar: 200 nm).

The as-spun AFM height images of PM1-PM4 films with a ca. 20 % loading of complex are

illustrated in Figure 6, which are in agreement with their morphologies determined by TEM. The

domain sizes were found to be slightly larger than those in the bulk state, which are attributed to

the tip deconvolution effects (in which the resolution in AFM is partially lost). In the cases of both

PM1 and PM2, both horizontally- and vertically-aligned cylinders were observed with small

amounts of hexagonal packing between the vertically-aligned cylinders. The random orientation of

cylinders is believed to be kinetically trapped during the rapid spin-coating process, and additional

processing (e.g. solvent annealing) was required to further improve the order and packing of the

polymers. For PM3 and PM4, disordered spheres were observed in their AFM images.
20
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35 (c) (d)
Figure 6. AFM height images of as-spun (a) PM1, (b) PM2, (c) PM3 and (d) PM4 with a ca. 20

38 % loading of complex 3 on silicon wafers (scale bar: 400 nm).

42 PM2 and PM3 were chosen for further study. Both thermal and solvent annealing were

45 performed for each polymer to investigate whether any improvement in their thin film morphology

48 could be achieved. In the case of thermal annealing at 120 °C under vacuum for 1 day, no

51 observable change in morphology was apparent. On the other hand, solvent-vapor annealing with

54 dioxane (which is a selective solvent to PS block) was also investigated. In the as-spun thin film of

57 PM2, both cylinders parallel and perpendicular to the substrate surface were observed, together

60 with partial hexagonal packing as previously noted (Figure S1). After exposure to dioxane for 24

21
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h, the striped patterns partially disappeared and some hexagonally arranged spheres were

observed. However, no improvement in packing was indicated for longer solvent exposure. This

annealing result is quite different from that of neat P2, in which only ordered hexagonally-packed

cylinders were observed after 24 h of dioxane exposure. We suggest that the complexation may

hinder the mobility of the polymer chains to certain extent, which results in insufficient driving

force to reach the same morphology as in the neat, complex-free polymer.”®> Similar results were

obtained if a common solvent, chloroform, was employed. In the as-spun film of the

sphere-forming PM3, no long-range order was displayed, while the dioxane-annealed film

exhibited slight improvement in the packing of the spheres (Figure S2). Again, changing the

solvent to chloroform resulted in no observable change of the as-spun film.

Pyrolysis studies of PM1-PM4 in bulk and thin film. To investigate the potential of

PM1-PM4 towards the formation of FePt NPs, thermolysis of these materials in bulk was first

monitored by TGA at a scan rate of 10 °C/min under an atmosphere of nitrogen up to 800 °C

(Figure S3). All the polymers were found to be thermally stable to weight loss below 300 °C.

Charred black powders were formed after analysis. From the ceramic yield data, it appears that an

appreciable portion of the organic component may remain inside the residue powder as amorphous

carbonaceous matrix encapsulating the NPs (Table 2).

22
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Table 2. Experimental and theoretical ceramic yields of PM1-PM4 after pyrolysis.
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Experimental ceramic yield Theoretical ceramic yield®

10 PM1 8.3% 7.4%
PM2 15.6% 7.0%
13 PM3 4.4% 4.5%
PM4 10.4% 5.8%

16 2 Assuming only Fe and Pt atoms remained after pyrolysis.

The ceramic products were then imaged by TEM to obtain the average size of NPs. The
average particle sizes of NPs were in the range of 4-8 nm (Figure S4 & Table 3). Under the same
loading percentage of bimetallic complex 3, the cylindrical BCPs (PM1 and PM2) generally
30 generate FePt NPs with larger size than those found in spherical BCPs (PM3 and PM4),
irrespective to the molecular weight. It is probably due to the fact that larger nanodomains are
available in cylinder-forming BCPs than for their spherical analogues, allowing larger NPs to
form. The Fe to Pt atomic ratio was calculated from EDX and the ratios are close to 1:1 in all
42 cases. The formation of the fct L1, phase of the NPs was confirmed by the XRD patterns with the

45 presence of (001) and (110) lattice peaks (Figures 7a and b).
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Figure 7. XRD patterns of the pyrolyzed samples of (a) PM1 and PM2, (b) PM3 and PM4, and
(c) PM3, PMS and 4.

To investigate the role of the BCP for NP growth, the pyrolysis behavior of PM3 was

compared to the corresponding P4AVP homopolymer (PMS5) at the same metal complex loading

and also the model bimetallic complex 4. Although the ceramic products obtained from the

homopolymer and organometallic complex were confirmed to be fc-FePt NPs (Figure 7c¢), their

sizes were around 3 times larger than those obtained from PM3 (Figure 8 and the higher

magnification images in Figure S5) (Table 3). This may be attributed to the phase-separation of
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the BCP in bulk, in which the PS block effectively acts as a barrier to confine the NP growth. This

is also supported by the larger standard deviation of the nanoparticle size in both cases of PM5

and 4. On the other hand, the Fe to Pt atomic ratio is found to be about 1:1.7, which shows a larger

deviation from the targeted 1:1 ratio. Such deviation may be attributed to the lack of confinement.

To provide further evidence that the nanostructuring provided by the BCP is critical to

achieving small FePt NPs with the desired stoichiometry, the pyrolysis of a blend of 4 or PM5

with PS (in similar ratio to PM3) was performed. Similar fct-FePt NPs were obtained in these two

cases, as confirmed by XRD (Figure S6). Interestingly, blending of PS with PMS resulted in a

similar Fe to Pt atomic ratio as that of PM3, however, the size of NPs was found to be 3 times

larger than those obtained from PM3 (Figure S7a). These results eliminate the possibility that the

sole presence of PS can act as a sufficient barrier to uncontrolled particle growth and indicate that

the use of a nanostructured BCP is essential. This successfully demonstrated the importance of

using a phase-separated BCP in the synthesis of FePt NPs, in order to achieve a smaller average

NP size and a close to 1:1 Fe:Pt atomic ratio, which cannot be achieved by using homopolymer or

the analogous molecular organometallic complex.

It is well-known that the high temperatures used in pyrolysis usually yield aggregated

metallic NPs,’#7 therefore inorganic materials (i.e. MgO, SiO, and NaCl) were commonly

employed as barriers.”7® In contrast, it has been reported that part of the polymer backbone can

be converted to carbonaceous matrix, which suppressed the NP agglomeration upon high
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temperature pyrolysis.?> 3% 4% 57 In the present study, self-assembly of bimetallic BCPs resulted in

a nanostructured morphology which confined the bimetallic precursors within the P4VP domains.

Upon annealing, both Fe and Pt atoms were released from the polymer chains, and the

carbonaceous matrix created by the PS block limited the diffusion of the metal atoms. As a result,

NP fusion was greatly suppressed by the presence of surrounding carbonaceous matrix in the case

of nanostructured PM1-PM4. However, in the case of PMS and 4, there was no nanostructure

confinement, which resulted in uncontrolled growth of NPs. Hence, larger NPs sizes with broader

standard deviation were obtained.

(b)
Figure 8. TEM images of pyrolyzed bulk samples of (a) PM3, (b) PMS and (c) 4 (scale bar = 200

nm).

(©)

Table 3. TEM, EDX and AFM data of block copolymers PM1-PM4, homopolymer PMS5 and the

molecular complex 4.

Average NP size

Fe:Pt atomic

Domain size in bulk

Domain size in

(nm) (SD?)® ratio® (diameter, nm)? as-spun thin film

(diameter, nm)¢
PM1 5.9(1.7) 0.47:0.53 12 18
PM2 7.6 (2.0) 0.57:0.43 21 23

ACS Paragon Plus Environment

26



Page 27 of 41 Submitted to Macromolecules

PM3 5.5(2.1) 0.44:0.56 20f 21
PM4 3.7(0.9) 0.58:0.42 27 33
PMS 19.2 (7.3) 0.41:0.59 5 5

4 17.1 (6.9) 0.37:0.63 . 1
10 PS+PM5 18.5 (7.6) 0.44:0.56 . !
1 PS+4 18.2 (8.5) 0.30:0.70 . 1
13 2 SD: standard deviation.

oNOYTULT D WN =

b Determined from average value for >100 nanoparticles in the TEM images of pyrolyzed bulk samples.
16 ¢ Ratio obtained from EDX, uncertainties of Fe and Pt were 0.02—0.06% and 0.08—-0.17%, respectively.
4 Determined from average value for >90 domains in the TEM images of microtomed samples.

19 ¢ Determined from average value for >50 domains in the AFM height images of as-spun thin films.

f Determined from average value for >20 domains in the TEM images of microtomed samples.

2% The magnetic properties of the NPs obtained from PM1-PM4 were characterized by the
magnetic hysteresis loops at 300 K with a magnetic field up to 9 T (Figures 9 and S8). Taking
PM3 as an example, its coercivity was measured to be 8.69 kOe. The hysteresis loop is consistent

to the XRD data in all the cases, showing the ferromagnetic nature of our fcz-FePt NPs.

40

41 10 4

M (emu g_l)
o

51 -10

T T T T T T T T T T T T T T T T
54 -80 -60 -40 -20 0 20 40 60 80
55 H (kOe)

58 Figure 9. Magnetic hysteresis loop of the NPs from the pyrolyzed samples of PM3 measured at
>9 300 K.
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In the introduction, an ideal schematic figure describing the concept of the formation of large

area of FePt NPs by solely using a thin film of bimetallic-containing BCP was given (Figure 1).

Although the attempt to achieve long-range order in thin film was not successful at this stage, it

was still useful to investigate the effect of pyrolysis on the thin film. The thin films were directly

pyrolyzed to 800 °C at a ramp temperature of 10 °C/min in 5% H,/Ar. The samples were then

analyzed by AFM. In the case of PM3, the spherical features were observed in both as-spun and

annealed films after pyrolysis, but suffered from the lack of order (Figures 10c and d). With regard

to the size, there are no significant differences before and after pyrolysis (ca. 18-22 nm), which

may suggest no or little coalescence during pyrolysis. Similar results were observed in the case of

PM2 (Figures 10a and b). Interestingly, horizontally-aligned cylinders were observed in the

as-spun thin film before pyrolysis, but only spherical shaped ceramic materials were detected after

pyrolysis by AFM analysis. In the case of PM3, if the pyrolysis condition could be further

optimized to retain the order of spherical morphology, this prototype BPM should provide an areal

density of 400 Gb in? (calculated from the as-spun thin film). Further optimization of this BCP

system to provide the crosslinking is necessary to facilitate the morphology retention®® and work

along this line is currently in progress.
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(d)
Figure 10. AFM height images of pyrolyzed PM2 with (a) as-spun and (b) 24 h of dioxane

38 exposure and that of PM3 with (c¢) as-spun and (d) 24 h of dioxane exposure on silicon wafers
(scale bar: 400 nm)

45 CONCLUSION

48 In this study, arrays of FePt NPs were prepared from metallo-BCP templating. To achieve this

51 goal, bimetallic complex 3 was designed to facilitate the coordination linkage to the pyridine unit

54 in PS-b-P4VP, so as to create phase-separated cylindrical or spherical FePt-containing

57 nanodomains. A 20% loading of pyridine ligands in the BCPs was targeted to ensure efficient

60 metal binding and well-characterized morphology in thin films.
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Thin film self-assembly was conducted in PM2 and PM3 to illustrate the capability of these

polymers as precursor to form spatially isolated FePt NPs in the well order. The corresponding

morphology found in bulk state was found to be reproducible in the thin films. After solvent-vapor

annealing in dioxane, slightly improved hexagonally-packed cylindrical and spherical

morphologies were revealed. However, the packing was not as good as for the precursor

PS-b-P4VP BCP, which may probably be due to the decrease in mobility after complexation. The

pyrolysis of bulk samples at 800 °C under an inert atmosphere yielded fc#-FePt NPs with average

particle size of 4-8 nm, which was confirmed by TEM and XRD. EDX showed nearly 1:1 Fe to Pt

atomic ratio. From these results, the importance of using metal-containing BCPs in the synthesis

of FePt NPs was demonstrated in order to achieve smaller average NP size with nearly 1:1 Fe:Pt

atomic ratio. In thin film, the features were retained during pyrolysis for PM2 and PM3, but they

did not show high order. The size of the FePt-containing domain was similar to that before

pyrolysis, which showed no or little coalescence after pyrolysis. To optimize the pyrolysis

condition in our BCP system, UV-irradiation may be required in the future study to allow better

shape retention during pyrolysis.3’

From the above results, metallo-BCP lithography is proved to be an effective and

coalescence-free approach to convert a single bimetallic source into FePt NPs without the need of

surfactants of weak binding strength or complicated addition sequence of monometallic salts.
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