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ABSTRACT

New types of air-stable metal-carbon composites which contain
ultrafine metal particles (Fe, Co, Ni, Pd, Pt, Rh, Cu, etc.) uniform-
ly dispersed in a carbon matrix were obtained by pyrolysis of a
variety of soluble organometallic polymers, macromolecular-metal
complexes, and blends of coal pitch with metal complexes at 400-
1400°C in N,. Some of their unique physical properties and func-
tions are noted.

INTRODUCTION

As a part of the search for potentially new functionality in organome-
tallic polymers and macromolecular-metal complexes, pyrolysis (calcina-
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tion and sintering) of these compounds in an inert gas was explored to
find a new type of metal-carbon composite. The modification of carbon
fibers and carbonaceous materials by coating with metallic substances
has been studied in order to improve their wettability and to endow them
with new functions [1-3]. Thus far, all attempts to create iron-carbon
composites by pyrolysis methods using polymers with pendant ferrocenyl
groups have given unsatisfactory results since the products are either
pyrophoric mixtures or simply iron carbide [4, 5]. We have recently found
that pyrolysis of a series of solution-processable polymers containing
transition metal complexes under appropriate conditions (650-1400°C
for 1-2 day(s) in N, or Ar) produces highly air-stable metal-carbon com-
posites which contain ultrafine metal particles (M = Fe, Co, Ni, Pd, Pt,
Rh, Cu) of uniform diameter. Raising the temperature at a sufficiently
slow rate (e.g., 0.3°C/min) is essential to obtaining the desired samples.
The particles are homogeneously dispersed throughout the resulting car-
bon matrix, such that metal units remain well separated from each other
by the carbon phase. This paper outlines our recent results on the pyroly-
sis of various macromolecular-metal complexes and some of unique
properties of the resulting composites.

The major advantages of the present method and benefits derived
from the present composites are in the following:

1) Simple preparation procedure which allows large-scale production
of air-stable metal-carbon composites, especially highly graphitized
composites, at relatively low heat treatment temperatures.

2) Potential to mold the resulting metal-carbon composites into vari-
ous forms, i.e., thin film, fibers, powder, and pellets in various M/
C ratios (variable up to ~ 70% metal content).

3) Possible broad applications of the resulting new materials in elec-
tronic, electric, and magnetic devices (magnetic powder, electro-
magnetic wave absorber, electrode), oxidation/reduction catalyst
(selective hydrogenation of C—C, C—O, or C—N unsaturation,
and decomposition of peroxides), adsorbents (emphasized by met-
al), antibacterial agents, etc. '

EXPERIMENTAL

General

Pyrolysis of macromolecular-metal complexes and pitch blends were
conducted in an atmosphere of argon or nitrogen in a computer-con-
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trolled electric combustion tube furnace. Samples are placed in a ceramic
crucible with a lid and heated to 1000°C at a rate of 0.3-0.6°C/min and
maintained at 1000°C for 2 h. In those cases where the samples were
molded into pellets, the precursor polymers were first calcined at 350~
450°C, divided into fine powders, compressed (under 1 GPa), and then
sintered at 1000°C. TEM figures were obtained on a JEOL JEM-2000FX
analytical electron microscope at 120 kV, fitted with a Tracor Northern
Model TN-5500 EDX analyzer. X-ray diffraction analysis was performed
in a Rigaku RAD-C system using CuK, radiation (\ = 1.5406 A) and
assignments of the resulting metal species were made based on literature
data [6]. SEM and EPMA measurements were run on a JEOL JXA-733
microscope. Coercivity and saturation magnetization were measured by a
dc magnetic hysteresis loop tracer at 30°C. *Fe Mdssbauer spectra were
taken in a standard transmission geometry at 30°C with Co in Rh
source. Isomer shift was calibrated with an «-Fe foil.

Synthesis of Metal-Containing Monomers and Polymers

Metal-containing monomers such as 2,4-hexadienyl(tri(carbonyl)iron]
acrylate (1) [7] and (4-vinylpyridine),CoCl, [8] were prepared according to
the procedure reported in the literature. In a similar manner, (4-vinyl pyri-
dine),TiCl, was obtained as a yellow solid. Copolymerization of 1 with
acrylonitrile (AN), styrene (ST), methyl methacrylate (MMA), or 4-vinyl
pyridine (VP) was carried out in benzene at 60°C using AIBN (2-8 x 103
equivalent moles of monomer) as an initiator. The resulting polymers were
precipitated in methanol or hexane. Yields of polymers ranged from 58 to
88%. The 1:9 copolymerization of 1 with AN gave a polymer with a
monomer ratio of 1.1 : 8.9 as confirmed by elemental analysis.

Synthesis of Macromolecular-Metal Complexes

Carboxylated polystyrene was prepared according to the procedure
reported by Frechet [9], and its complexation with nickel was carried out
by the following procedure. Carboxylated polystyrene (10 mol% of the
styrene unit was carboxylated at the p-position, 10.9 g) was suspended in
100 mL of THF/water (2 : 1). To this suspension was added 10 mL of 1 N
ethanolic KOH solution. Then NiCl, (10 mmol) in water (10 mL) was
added and the mixture was stirred at 60°C for 30 min. The resulting
product mixture was poured into degassed water, resulting in the precipi-
tation of a nickel containing pale green polymer.

Diphenylphosphinomethylated polystyrene (10 mol% of the styrene
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unit was substituted) was prepared by the known method starting from
(p-chloromethyl)styrene [10]. The phosphinated polymer (6.5 g), dissolv-
ed in 250 mL CH,Cl,, was added to a CH,Cl, solution of Pd(cycloocta-
dienyl)Cl, (25 mmol). A yellow polymer precipitated immediately after
mixing; the polymer was washed with hexane (yield, 92%).

Pitch blends of metal complexes were prepared in the following man-
ner. A powdered coal pitch (20.0 g) was added to poly(vinyl ferrocene)
(4.0 g) in THF (250 mL). The mixture was filtered, and the sclution was
evaporated to dryness. Heat treatment of the resulting powdery substance
at 400-1000°C in argon gave the desired metal-carbon composites.

RESULTS AND DISCUSSION

1. Synthesis of Precursor Polymers

The precursor organometallic polymers or macromolecular-metal
complexes employed here may be prepared either by 1) homopolymeriza-
tion of vinyl monomers containing metal complexes (e.g., 2,4-hexadi-
enyl[tri(carbonyl)iron] acrylate) or its copolymerization with acrylonitrile
(AN), styrene (ST), methyl methacrylate (MMA), or 4-vinyl pyridine
(VP); 2) complexation of metal species to organic polymers with func-
tional groups (e.g., poly(VP), poly(AN), and modified polystyrene con-
taining COO-, NR,, or cyclopentadienyl ligand as a pendant group; or 3)
blending of soluble macromolecular-metal complexes (e.g., poly(vinyl
ferrocene) and 1,1’-bis(naphthylmethyl)ferrocene) with a pitch or organic
polymers such as poly(AN) and poly(VP). (See Scheme 1.) Excellent
survey monographs [11-14] should be consulted for synthesis of macro-
molecular-metal complexes.

2. Carbon Composites Containing Iron Particles

2.1. Pyrolysis of Organoiron Polymers

An organoiron monomer, 2,4-hexadienyltri(carbonyl)iron] acrylate
(1), is a convenient monomer with stability in air and moisture [7] which
can be readily copolymerized with AN, ST, MMA, and VP in various
ratios using a radical initiator, AIBN. Pyrolysis of copolymers, poly(AN/
1) (9: 1) and poly(ST/1) (9: 1), at 1000°C for 2 h (heated to 1000°C over
a period of 2 days at a rate of 0.3°C/min) under argon or nitrogen
provided a new type of metal-carbon composite in 15-46% yield.
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Ultrafine particles of a-Fe (diameter, 70-170 nm) are dispersed uniformly
in the resulting carbon matrix as confirmed by transmission electron
microscopic measurement (TEM) (Fig. 1), energy dispersive x-ray analy-
sis (EDX) (Fig. 2), power x-ray diffraction (XRD) measurement (Fig. 3),
and Massbauer spectroscopic analysis [15]. The scanning electron micro-
scopic (SEM) measurement of pelletized samples shows smooth surfaces,
and the electron probe microanalysis (EPMA) reveals that metal particles
are dispersed isotropically (Fig. 4).

Size and shape (polyhedron) of the resulting iron particles does not
vary significantly by changing the concentration of iron component in the
precursor polymer, i.e., the homopolymer of 1 yielded upon heat treat-
ment a composite with ultrafine iron particles (Fe, 63; C, 36; H, 0.01%),
the diameter of which (70-180 nm) is similar to those obtained from
copolymers such as poly(AN/1) and poly(ST/1).

The BET specific surface area of the composite (C, 83.9; N, 0.3; H, <
0.01; Fe, 15.8%) resulting from poly(AN/1) (9: 1) is 103-140 m?/g, indi-
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FIG 1. Transmission electron micrograph of the carbon/Fe composite pre-
pared by pyrolysis of poly(AN/1) (9:1) at 1000°C.

cating the material is microporous. The composite is electrically conduct-
ing (0 = ~10* S/cm) and exhibits fairly good magnetic properties. The
coercive force, Hc, is 110 Oe, and the saturation magnetization, Im, is 19
emu/g.

2.2. Pyrolysis of Pitch Blends of Iron Complexes

The coal pitch used here is composed of a mixture of polyaromatic
compounds with a softening point of 80°C (C, 92.0; H, 4.8; N, 0.3; S,
0.1%) and is soluble in benzene and THF. Pyrolysis of blends, prepared

Fe
base {Cu)
base(Cul L \
i J\_ }ﬂ e LUs Nlihds. . Ank h
2 4 6 8 1 2 4 6 8 10
ENERGY [ kev] ENERGY [kev]

(a) (b)

FIG. 2. EDX spectra of the pyrolytic product of poly(AN/1) (9: 1): (a) particle
region and (b) carbon matrix.
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by mixing ferrocene or vinyl ferrocene (~5-40 wt%) with pitch in benzene
followed by flash evaporation of solvent, does not produce the desired
material containing an iron component because these iron complexes
sublime. The use of poly(vinyl ferrocene) or less volatile 1,1'-
bis(naphthylmethyl)ferrocene (2) provided the solution to this problem.
Pitch blends containing these complexes (5-20 mol%) yielded air-stable
ultrafine particles of «-Fe (~20 nm) dispersed in carbon by heat treat-
ment even at 450°C, although pyrolysis of poly(vinyl ferrocene) itself
gave a pyrophoric complex mixture in low yield (< 5%). Further heating
to 900°C resulted in growth of the pure a-Fe particles with a diameter of
120-159 nm. Heat treatment at 1400°C brings about contamination by
Fe,C (18%) and v-Fe (11%) in «-Fe as analyzed by Mossbauer studies
(Fig. 5). Blending of Fe(acac), or Fe,(CO), also provided a convenient
route for synthesis of the iron-carbon composites. Although pyrolysis at
400°C produced undesired Fe,O, (magnetite) particles as a major prod-
uct, subsequent heat treatment at 800°C successfully gave rise to the
formation of desired «-Fe particles (diameter, ~50 nm) dispersed in car-

Fe,C
AL MA «-Fe (70%) ¥-Fe (11%)
. . S Feac (13%)

¥-Fe

= .'ﬁ -, g .:"'.,-‘WJ.'\F'.
G| 800°C T LI ®-Fe (87%) r-Fe (7%)
& .
@ T Fe,C (5%)
=2 X
[77) .
=z .
é '-.‘m:n,\ r :, P
| 400°C L '.“'-__iﬂ‘.”. 5.
a-Fe

L‘_l_‘._ ———L_«Fe
H | ET— 1 !' L

-10 -5 0 5 10
VELOCITY mm-sec™

FIG. 5. 57Fe Méssbauer spectra of the pyrolytic product of pitch/1,1'-
bis(naphthylmethyl) ferrocene, heat treated at 1000°C (top), 800°C (middle), and
400°C (bottom).
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bon in A78% carbonization yield (the oxide was reduced to the metal by
the effect of carbon). The exceedingly high stability of these iron-carbon

. composites in aerobic conditions (>2 months at room temperature) may

be ascribed to the encapsulation of the iron particle by the surrounding
carbon. The BET specific surface areas of the present pitch system
(1000°C treatment) are rather small (5-10 m2/g) unless otherwise activat-
ed by steam or CO, treatment. The electrical conductivity (o) is ~102 S/
cm.

3. Carbon Composites Containing Cobalt and Nickel Particles

Highly air-stable ultrafine particles of pure 8-Co (cubic) and nickel
(cubic) can be produced quite readily using the present method. For
example, heat treatment of poly[AN/(VP),CoCl,] (18:1) (3) at 1000°C
provided ultrafine particles (diameter, 30 nm) of pure 3-Co, while pyroly-
sis of poly[ST/(VP),CoCl,] gave a 4 : 1 mixture of 8- and «-Co particles
(Fig. 6). In a similar manner, poly{ST/(CH,CHC,H,CO,),Ni] (4) (18:1)
and poly[AN/(AN),NiCl,] (18 : 1) were converted into a carbon compos-
ite containing Ni particles (diameter, 120-160 nm) (Fig. 7). Thus the use
of organocobalt or organonickel polymers as precursors is not always
required. This finding is of significant importance because the air- and
moisture-sensitive organometallic polymers are inconvenient to handle in
the synthesis of composites. Noteworthy are the blends of pitch with air-
sensitive cobaltocene or nickelocene which decompose smoothly upon
heating to 450°C to produce the desired carbon-cobalt (diameter of Co,
80 nm) and carbon-nickel composites (diameter of Ni, 30 nm) as con-
firmed by TEM and XRD analyses.

—(CHZCH)(—,T(CHZET)@ ~£CH,CHY;4CH,CH)55
N ™
f (=]
(COClz)yz COO(Nize)yz
3 4

More remarkable is the progressive catalytic effect of iron, cobalt, and
nickel in graphitization of the carbon composites. Poly(AN), poly(ST),
and poly(VP) with pendant Fe, Co, and Ni complexes noted above were
converted into highly graphitized materials upon heating to 1000°C (the
extent of graphitization calculated based on Warren’s p-value [16] is 75~
82%), while graphitization does not occur when pitch blends of these
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FIG. 6. XRD patterns of the carbon/Co composites derived from (a) po-
Iy[AN/(VP) ,CoCl,] (18:1) and (b) poly[ST/ (VP) ,CoCl,] (18:1).
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R

FIG. 7. Transmission electron micrograph of carbon/Ni composite obtained
from poly[{ST/(CH,CHC-H,COO) ,Ni] (18:1).

metal complexes are treated under the same conditions. Since graphitiza-
tion of conventional organic polymers generally requires a much higher
temperature (>2000°C), the present method seems to offer practical ap-
plications which would lead to significant energy reduction in industrial
graphitization processes. All the graphitized carbonaceous materials thus
obtained exhibit good electrical conductivity irrespective of the identity
of the metal (¢ = ~102 S/cm), while nongraphitized samples obtained
below 600°C show rather small conductivity (¢ = <10 S/cm).

4. Carbon Composites Containing Noble Metal Particles

The eight elements, i.e., Ag, Au, Ru, Os, Rh, Ir, Pd, and Pt, are
conventionally referred to as noble metals. However, these metals are
known to become pyrophoric when in a finely divided state. We could
also obtain carbon composites containing ultrafine particles of these met-
als by starting from appropriate macromolecular-metal complexes. For
example, pyrolysis of poly[AN/(CH,CHCOO),Pd] (5) (18 : 1), poly[AN/
(CH,CHCOO),Rh] (18 : 1), or poly[ST/(VP),AgNO,] (18:1) at 1000°C
for 2 days gave rise to the formation of ultrafine particles of Pd (2-5 nm),
Rh (5-20 nm) or Ag (1-5 nm) dispersed homogeneously in carbon matri-
ces (Fig. 8).
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FIG. 8. XRD profile of the carbon/Pd composite obtained by pyrolysis of
poly[AN/ (CH,CHCOO),Pd] (18:1) at 1000°C.

———_

The composite containing ultrafine particles of Cu (<2 nm) is also
available by heat treatment (1000°C) of a polymer containing copper
carboxylate as the pendant group. Thus, pyrolysis of polymers with pen-
dant noble metal complexes gave the desired pure metal particles, sup-
pressing the formation of metal oxides or metal nitrides, regardless of the
presence of (COO),M, COOH, amine, or CN group in polymers. How-
ever, the polymers containing phosphine ligands show a markedly dif-
ferent behavior. A typical example is seen in the pyrolysis of poly[ST/
(CH,CHCH,CH,PPh,),PdCl,] (6) (18: 1) at 1000°C, which yields only
fine particles of phosphide (Fig. 9) (diameter, ~20 nm) composed of
Pd,P, (60%) and PdP, (40%) as confirmed by XRD analysis [6]. It
should be noted that the resulting carbon matrices were amorphous when
polymers containing noble metal complexes were used. These materials
exhibit relatively small electrical conductivity (¢ = <10 S/cm).

~CH,CHYp7¢CH,CHs ~CH,CH}—¢CH,CH55-
O(%e 20y C=N
d
% H PPh,
(Pd(“z)‘/z

5 6
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FIG. 9. Transmission electron micrograph of the pyrolytic product of poly[ST/
(CH,CHC,H,CH,PPh,),PdCl,) (18:1). Particles are palladium phosphide.

5. Pyrolysis of Polymers Containing Early Transition Metals

Polymer complexes containing early transition metals generally
produce ultrafine particles of metal nitrides, metal oxides, or metal car-
bides in place of metal particles. For example, pyrolysis of poly[ST/
(VP),TiCl,] (18:1) and poly(vinyl alcohol/ZrCICp,) (7) (20:1) at
1000°C led to the formation of TiN (diameter, 20~160 nm) and ZrO, (.2
nm), respectively. Poly[ST/(CH,CHC,H,)Cr(CO),] (8), which is prepared
by the reaction of Cr(CO), with polystyrene, gave Cr,C, particles of ~30
nm. The carbon phase is amorphous in all cases.

0.05 (S
—(ZC;)SCI > OCF(CO):; @
()

7 8

6. Reaction Pathways for the Formation of Ultrafine Particles

The dependency of particle size and chemical constitution of the prod-
uct on the heat treatment temperature was analyzed by TGA, XRD, and
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Mossbauer studies by using poly[AN/2,4-hexadienyl[tri(carbonyl)iron]
acrylate (1) (9: 1) as a typical precursor. Heat treatment of the sample at
250-280°C in vacuo shows a weight loss of 15% as analyzed by TGA.
This may be ascribed to the evolution of CO from the iron complex. The
weight loss reaches ~55% upon subsequent heating to 800°C in vacuo.
The formation of Fe,C is predominant at this temperature as revealed by
TEM, XRD, and Mdssbauer measurements. The average particle size is
30 nm. Prolonged heating at 1000°C resulted in a significant loss of H
and N components and conversion of Fe,C into a-Fe. Thus the particles
grow larger (120-170 nm) during this procedure and the carbon phase is
graphitized. We can therefore estimate that the Fe atoms or clusters
generated by reductive decomposition of Fe,C at around 850-950°C cata-
lyze by both carbonization and graphitization and gradually coagulate to
a-Fe particles, presumably via the liquid state (ultrafine metals generally
show remarkably lower melting point as compared to bulk metals). A
similar catalytic effect of Fe, Co, and Ni metals is reported in gas-phase
whisker formation [17-19]. The poor thermal stabilities of cobalt and
nickel carbides are responsible for the predominant formation of Co and
Ni metal particles in pyrolysis at relatively lower temperatures (450-
600°C). Although magnetite (Fe;O,) generated in the initial stage of pyro-
lysis of pitch-Fe(acac), is able to be reduced to «-Fe particles at 800°C by
the action of the surrounding carbon, particles such as Cr,C,, ZrO,, and
TiN remain unreacted under similar conditions.

7. Characteristic Properties of the Present Metal/Carbon
Composites

Since the present composites containing Fe, Ni, and Co particles are
conducting with fairly large magnetic susceptibilities (Hc = 100-500
Oe), they may serve as good electromagnetic shielding devices or absor-
bers. Indeed, composites derived from pitch/poly(vinyl ferrocene)
showed sufficient S-parameter and permittivity for high frequency waves
(200 m-2 GHz). The carbon composite containing Pt-Fe alloy (PAN
system) revealed especially high catalytic activity in the hydrogenation of
1-hexene leading to hexane (13.0 H, mol/metal mol'h). The pyroproduct
from 1 and PAN also exhibits good catalytic activity in the decomposi-
tion of aqueous 5-30% H,O, (evolution of O,, 9.8 mol/mol metal -
min), and Pt fine particles (diameter, 1-2 nm) dispersed homogeneously
in actjvated carbon (steam-treated pitch system) and also showed excel-
lent activity (985 mol/mol metal - min). Bacteriostatic activities were
especially found in cases of Ag- and Co-dispersed carbon composites.



17: 38 24 January 2011

Downl oaded At:

PYROLYSIS OF POLYMER COMPLEXES 1361

Their activities are nearly the same as that of colloidal silver deposited on
the surface of activated carbon. These may therefore serve as a conven-
ient long-life sterilizer.

Further applications of a series of the present metal composites are
now in progress.
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