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Ultra-fine iron particles were dispersed in a glasslike carbon matrix by the heat treatment of acetylferrocene-

furfural resins.
and by means of electron microscopy.

The dispersed iron particles were investigated by means of X-ray and electron diffraction analyses
In resins heat-treated at 400 °C, iron particles of varying diameters were

observed by means of electron microscopy. The crystal structure of the iron particles was analyzed by means of

X-ray and electron diffractions.

Finely subdivided iron particles were identified as hexagonal, close-packed

(hep) and expanded, body-centered cubic (bcc) irons. The hep iron is the high-pressure phase of iron metal.
The ultra-fine iron particles were coagulated to larger particles by heat treatment above 400 °C. The size of

their unit cell was the same as that of standard bcc iron.

Considerable interest is being devoted to the study of
ultra-fine particles of metals and metal compounds
because many of their properties are essentially different
from those in the bulk state. Fine particles are prepared
by means of the evaporation and condensation of metal
in an inert gas at a low pressure. In the fine particles of
chromium (>>100 A), a new class of crystals has been
observed.'®  As the particle size of ferromagnetic
material is reduced to a diameter of 10—100 A, it shows
a ferromagnetic-to-superparamagnetic transition. By
the use of ferromagnets dispersed in glass and zeorite
matrices, their superparamagnetic behavior has been
investigated.3-? Ultra-fine particles of iron and cobalt,
less than about 30 A in diameter, which have been
prepared by electrodeposition onto mercury, are
superparamagnetic.8:%9 Superparamagnetic cobalt par-
ticles (<14 A) are prepared by precipitation into Cu~
29%,Co alloy.1%11)  Ultra-fine nickel particles (<50 A) are
reduced from Ni(NOy), in a silica gel and are super-
paramagnetic.!%1%  Ferrite particles whose diameters
are less than about 100 A have superparamagnetic
properties.141%)  Moreover, atomic metals have been
prepared in the matrices of inert gas from the vapour
of metals at the temperature of liquid helium,16-18)

As has been reported in previous papers, ultra-fine
iron particles have been prepared in a glasslike carbon
matrix by the heat treatment of acetylferrocene-
furfural resins.!®-21) Their particle size varies with the
iron content in the resin. The dispersion of iron particles
is markedly related to the resin structure. The ultra-fine
particles are not prepared by the heat treatment of
ferrocene—phenol resin, which is different in structure
from the acetylferrocene—furfural resin.??) The glasslike
carbon is stable at elevated temperatures, and does not
show any strong peaks in X-ray and electron diffrac-
tions. Its absorption coefficient for X-rays and an
electron beam is small, since it is an amorphous com-
pound consisting of carbon, hydrogen, and oxygen.
Therefore, the iron particles dispersed in the glasslike
carbon matrix are favorable for the X-ray and electron
diffraction analyses and for electron-microscopic obser-
vations.
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In the present investigation, the crystal structure and
size of iron particles dispersed in the glasslike carbon
matrix were studied in detail. The iron atoms were
liberated from ferrocene skeletons in the acetylferro-
cene-furfural resin by heat treatment at 400 °C. The
liberated iron coagulated to ultra-fine iron particles of
various sizes. The ultra-fine iron particles were coagulat-
ed in the glasslike carbon matrix by the irradiation of
the electron beam and by heat treatment above 400 °C.
The crystal structure of these iron particles was then
analyzed by means of X-ray and electron diffractions.
The size and shape of the particles were observed by
means of an electron microscope.

Experimental

Preparation and Pyrolysis of Resins. The synthesis of
acetylferrocene—furfural resin was described in a previous
paper.?  When the molar ratio of furfural (F) to acetyl-
ferrocene (A) in the starting material exceeded the F/A ratio
of 15, the resin was not obtained. Acetone was added to the
starting material containing furfural a more than the F/A
ratio of 15. The furfural (1 mol) was mixed with 0.2 mol of
acetylferrocene and acetone. To the mixture, concentrated
sulfuric acid was then added until it amounted to 4 wt9%, of
the total weight of furfural, acetylferrocene, and acetone. The
subsequent treatment to get the resin was done in the way
reported previously.?® The resin was heated in an electric
furnace under a vacuum as follows: 100—350°C, 3.5 h;
350—400 °C, 2 h; 400—1500 °C, 100 °C/h. The heating
was stopped at the desired maximum temperature. The heat-
treated resin was then cooled to room temperature in an
electric furnace. The heat-treated resin in a vacuum con-
tainer was placed in the glovebox replaced with argon gas.
The following operating procedures were carried out in the
glovebox. The heat-treated resin was ground to powder
using an agate mortar and a pestle. For X-ray diffraction
measurements, the fine powdered sample, which had been
passed through a 325-mesh screen, was loaded into a thin
glass capillary and then sealed with silicone grease. The
powdered sample for electron-microscopic measurements was
placed in a glass tube filled with anhydrous hexane and then
sealed with a rubber cap.

Elemental Analysis and Measurement of Properties. The
determination of the iron was carried out with a Hitachi-207
atomic absorption spectrophotometer. The apparent densi-
ties were calculated from the weight and size of the resins,
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TABLE 1. POLYCONDENSATION OF ACETYLFERROCENE AND FURFURAL

Molar concentration Elemental analysis (wt 9) Density
Acetylferrocene Furfural Acetone Fe C H (g/em?)

2-Resin 1 2 0 12.2 64.98 4.29 1.43

5-Resin 1 5 0 9.08 64.01 3.77 1.43

10-Resin 1 10 0 7.51 62.50 3.95 1.02
20-Resin 1 20 3 3.14 63.56 4.01 0.976
30-Resin 1 30 5 2.26 63.65 3.91 0.968
40-Resin 1 40 7 1.67 62.16 3.49 0.973
100-Resin 1 100 19 0.81 63.16 3.62 0.947
Furan resin 0 5 1 0 63.04 3.11 0.946

The X-ray diffraction patterns were recorded on a Rigaku
Geigerflex diffractometer using a Debye-Scherrer camera,
Fe Ka radiation, and a Mo filter. Electron-microscopic
observation was carried out by using a JEM-100B transmission
electron microscope at a direct magnification of 150000.

Results and Discussion

The synthetic results for acetylferrocene—furfural
resins are summarized in Table 1. The structure of
acetylferrocene—furfural resin has already been elucidat-
ed.?® Ferrocene skeletones form a main chain in the
structure. It is evident that the resin is stable above
300 °C, since the IR spectrum of resin does not change
up to 300 °C. Upon heating the resin at 400 °C, though,
all the absorption bands in the IR spectrum disappear.2?)
Therefore, the resin can be concluded to be destroyed
and converted into a glasslike carbon containing iron.
It seems likely that the iron atom in the ferrocene
skeleton is liberated and then forms an iron metal or
its compound. When ferrocene is pyrolyzed above 400
°C, the iron metal is liberated from it. The liberated
iron does not react with carbon, since iron carbides are
not detected in the pyrolyzed product.?® Moreover,
body-centered cubic (bcc) iron is the only product
when a graphite-FeCl; intercalate compound is heated
at 950 K for 3 h.28) Therefore, iron carbides are not
produced from the liberated iron in the heat-treated
resin. In addition, the formation of iron oxides has to be
taken into account, since the glasslike carbon contains
oxygen. It is well known that an iron monoxide is
reduced with carbon at 350 °C in vacuo.2® Therefore,
it was considered that the liberated iron did not react

in vacuo with the oxygen contained in the glasslike
carbon. In the heat-treated resins, 10-Resin heat-
treated at 400 °C [10-Resin (400 °C)] was pyrophoric
on exposure to air. However, the pyrophoric phenome-
non was not observed in the resin heat-treated above
400 °C. Asisshown in Table 2, the quantity of hydrogen
and oxygen in heat-treated resins decreased with an
increase in the heat-treatment temperature, in a manner
analogous to that of heat-treated glasslike carbons.2”
The iron contents of heat-treated resins increased
with an increase in the heat-treatment temperatures
(400—1200 °C). However, the iron contents of resins
(1500 °C) decreased compared with those of resins
(1200 °C). The decrease in the iron content was due
to the higher vapour pressure of iron metal than that
of carbon at high temperatures.2®)

Electron-microscopic Observation. The transmission
electron micrographs of resins (400 °C) are shown in
Photo. 1: Micrographs (1-1 and 1-2) correspond to the
bright-field image of 2-Resin (400 °C); 1-3, 1-4, 1-5,
1-6, and 1-7, to the bright-field images of 10-, 10-, 30-,
40-, and 100-Resins (400 °C) respectively. The trans-
mission electron micrograph (1-8) is based on Furan
resin (400 °C). In the micrograph (1-1), iron particles
10—25 A in diameter were uniformly dispersed, while
larger iron particles (30—150 A) were only thinly
scattered. These iron particles coagulated upon irradia-
tion by a strong electron beam, as is shown in Photo. 1-2.
The coagulation of iron particles was due to the heat
generated by the irradiation of the electron beam. In
the case of 5-Resin (400 °C), the uniform dispersion of
iron particles (10—25 A) was similar to that of 2-Resin
(400 °C). This uniform dispersion can be observed in

TaBLE 2. ELEMENTAL ANALYSIS OF HEAT-TREATED RESINS (wt %)

Heat treatment (°C)

Sample 400 800 1200 1500

—_—— —— —_— —_——

Fe C H Fe (6] H Fe C H Fe C H
2-Resin 13.20 69.07 3.68 19.1 76.01 0.61 21.2 76.43 0.15  19.1 80.49 0.06
5-Resin 10.60 71.08 3.22 13.8 80.54 0.63 15.6 81.31 0.33 15.9 83.27 0.07
10-Resin 7.96 72.01 3.58 12.1 81.01 0.50 12.9 81.90 0.29 11.7 87.96 0.09
20-Resin 3.65 73.33 3.65 4.47 87.01 0.71 6.45 88.20 0.31 5.87 93.55 0.02
30-Resin 2.54 75.06 3.77 4.13 87.31 0.51 4.45 90.12 0.16 3.32 95.77 0.03
40-Resin 2.06 76.36 3.69 3.41 87.87 0.66 3.50 91.40 0.21 2.90 96.23 0.09
100-Resin 1.00 77.14 3.78 1.10 89.90 0.61 1.82 93.28 0.31 0.98 98.43 0.10
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the micrograph (1-3) of 10-Resin (400 °C). However,
iron particles of irregular sizes (10—150A) were
dispersed in the other part of the 10-Resin (400 °C), as
is shown in Photo. 1-4. Since the density of 10-Resin
was less than that of 2- and 5-Resins, the coagulation of
iron must be greatly affected by the small difference
in the heating temperature in the resin. Iron particles
of irregular sizes (10—100 A) were also observed in
the glasslike carbon matrix of 30-Resin (400 °C).
However, the number of iron particles in it was less
than in 10-Resin (400 °C). No iron particles were
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found in the glasslike carbon of 40-Resin (400 °C), as is
shown in Photo. 1-6. This indicates that the iron
particles are subdivided into finer particles less than
about 10 A in diameter and which cannot be detected
by means of the electron microscope. In the case of
100-Resin (400 °C), the iron particles were similarly
less than about 10 A in diameter. The transmission
electron micrographs of 40- and 100-Resins (400 °C)
were the same as that of Furan resin (400 °C). The
size of the iron particles, as observed by means of the
electron microscope, is shown in Table 3. The iron
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Transmission electron micrographs of resins heat-treated at 400 °C. (1-1): 2-Resin, (l-):

2-Resin irradiated with electron beam, (1-3): 10-Resin, (1-4): 10-Resin, (1-5): 30-Resin, (1-6): 40-

Resin, (1-7): 100-Resin, (1-8): Furan resin.

100-Resin.

particles in resins (400 °C) did not coagulate to large
particles, and their diameters were less than about
200 A, as is shown in Table 3. Transmission electron
micrographs of 2-Resin (800 °C) and 100-Resin (800
°C) are shown in Photo. 2 (2-1, 2-2). The iron particles
which were not detected in 100-Resin (400 °C) were
observed in 100-Resin (800 °C) as particles 30—200 A
in diameter. The uniformly dispersed iron particles
(10—25 A) coagulated to larger ones with a diameter of
more than about 30 A in 2- to 10-Resins (800 °C). The
iron particles of the resins became larger in size than
those of the resins, as is shown in Table 3. The pyro-
phoric phenomenon was due to the presence of the
ultra-fine particles less than 200 A in diameter. The
reason for the pyrophoric phenomenon of 10-Resin was
explained by the density being lower than those of 2-
and 5-Resins and the iron content being higher than
those of 20- to 100-Resins. The number of iron particles
observed in 30- to 100-Resins (800 °C) was small, but
was greater than that of iron particles (30—200 A)
in 2- to 30-Resins (400 °C). The size of the iron
particles increased with an increase in the heat-treatment
temperature from 1200 to 1500 °C, as is shown in

Photo. 2. Transmission electron micrographs of resins heat-treated at 800 °C.

(2-1): 2-Resin, (2-2):

TABLE 3. SIZE OF IRON PARTICLES IN
HEAT-TREATED RESINS (A)

Heat treatment (°C)

Sample
400 800 1200 1500
2-Resin 10—150 30—200 50—250 50—600
5-Resin 10—200 30—400 50—400 50—500
10-Resin 10—150 30—500 100—600 100—1000
30-Resin 10—100 30—100 100—600 100—1000
40-Resin <10 30—100 100—500 100—500
100-Resin <10 30—200 100—200 100—500

Table 3. The largest iron particles, with a diameter of
about 1000 A, were observed in 10- and 30-Resins
(1500 °C). In another resin (1500 °C), the iron particles
were not able to coagulate to such large particles. The
smallest particles of 2- to 5-Resins (1200 and 1500 °C)
were less than those of other resins (1200 and 1500 °C),
despite their high iron contents. These results show
that the iron particles are finely subdivided in a glasslike
carbon matrix, even at high temperatures. The dense
glasslike carbon prepared from 2- to 5-Resins was
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TABLE 4. X-RAY ANALYSIS OF IRON PARTICLES
DISPERSED IN THE GLASSLIKE CARBON MATRIX

Heat treatment (°C)

Sample \
400 800 1200 1500

2-Resin o +e o o ®
5-Resin o' +e o o« a
10-Resin o’+e o o o
20-Resin — o o a
30-Resin — — « «
40-Resin — — o o
100-Resin — — o o

a’: expanded bee Fe, y=2.95. a: bec Fe, ay=
2.86—2.87. &: hep Fe, 4y=3.30, ¢,=5.21.

excellent in its dispersion of iron particles. The observed
iron particles were nearly spherical. No characteristic
shape related to the crystal structure was found.
Structural Analysis. The crystal structure of iron
particles dispersed in the glasslike carbon matrix was
analyzed using the X-ray diffraction data. The results
are summarized in Table 4. In the X-ray diffraction
patterns of 2- to 10-Resins (400 °C), lines based on two
kinds of crystals were observed. One of the crystals
consisted of expanded, body-centered cubic (bcc) iron,
and its unit cell was ¢;,=2.95, larger than that of
standard bcc iron (Ref. 29, 4,=2.8664). The other
crystal consisted of hexagonal, close-packed (hcp) iron.
The hcp iron is a high-pressure phase.?® In the X-ray
diffraction of the high-pressure-phase iron, the six
diffraction lines are interpreted as being 101, 100, 110,
112, 002, and 103.3D) As is shown in Table 5, these lines

TABLE 5. X-RAY DIFFRACTION DATA OF
THE ULTRA-FINE IRON PARTICLE IN
2- To 10-rEsINs (400 °C)

d(A) (kl)
2.85 (100)
2.61 (002)
2.51 (101)
1.61 (110)
1.48 (103)
1.39 (112)
1.30 (004)
1.10 (203)

were also observed in the X-ray diffraction pattern of
ultra-fine iron. Moreover, two extra lines in it corre-
sponded to the 004 and 203 lines. In the diffraction
pattern of the 2- to 10-Resins (400 °C), the 110 line
of hep iron overlapped with the 200 line of the expanded
bce iron. The size of the unit cell of the high-pressure
phase varies with the pressure: a=2.465, c=4.050, ¢/a=
1.643 at 150 kbars; a=2.421, ¢=3.828, ¢/a=1.580 at
400 kbars.®) At an atmospheric pressure of 1, the hep
phase of the binary Fe-C alloy has been prepared by
means of a splat quenching; ¢y=2.502, ¢/a=1.643.3%
The unit-cell size of ultra-fine hcp iron was ¢y=3.30 and
¢y=5.21 (¢/a=1.58). The unit cell of ultra-fine iron was
larger than those of the high-pressure phase and the
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binary alloy. However, the ¢/a ratio was similar to those
of these hcp phases. For 20- to 100-Resins (400 °C),
no diffraction lines were observed except for a broad
line in the vicinity of 20=>50°. The broad line was
thought to be due to the glasslike carbon, since the
same line was observed in Furan resin (400 °C). The
few iron particles (10—150 A) that were observed in
20- to 30-Resins (400 °C) did not contribute to the
X-ray diffraction line. The line due to the bcc phase
was observed in 2- to 20-Resins (800 °C). Its unit-cell
size was a;=2.86—2.87, equal to that of the standard
bce iron. While the iron particle was observed in 30-
to 100-Resins (800 °C), the diffraction line of the iron
particles was not obtained. The iron particles did not
coagulate enough to give an X-ray diffraction pattern
in these resins. The broad line due to the glasslike
carbon was, however, present in these resins (800 °C).
X-ray diffraction confirmed the presence of standard
bce iron in 2- to 100-Resins (1200° and 1500 °C),
although the iron content of 100-Resin (1500 °C) was
lower than 19,. In these resins the iron particles
coagulated to become a large iron particle which was
adequate for the X-ray diffraction. In 2- to 10-Resins
(400 °C), the number of iron particles (30—200 A)
was less than that of 30- to 100-Resins (800 °C). It is
most likely that the iron particles (30—200 A) in 2- to
10-Resins (400 °C) do not reveal any diffraction lines.
Therefore, the hcp and expanded bec irons are inter-
preted as being iron particles with diameters 10—25 A.
According to the similarity in crystal structure, it is
reasonable to imagine that the iron particles grow in
this order; the hcp iron, the expanded bcc iron, and the
standard bcc iron.

TABLE 6. ELECTRON-DIFFRACTION ANALYSIS
OF IRON PARTICLES DISPERSED IN
HEAT-TREATED RESINS

Heat treatment (°C)

Sample
400 800 1200 1500
2-Resin R4S RS R+S R+S
5-Resin R-+S R+S R+S R+S
10-Resin —_ R+S R+S R+S
20-Resin — R4S R4S R4S
30-Resin — R+S R+S R+S
40-Resin — R+S R+S R+S
100-Resin — R+S R+S R4S

R: diffraction ring. S: diffraction spot.

The results of the electron-diffraction analysis are
shown in Table 6. In the electron-diffraction profiles of
2- and 5-Resins (400 °C), diffraction rings of both hcp
iron and expanded bcc iron were observed. Both rings
consisted of diffraction spots. The precise dimensions
of the unit cell could not be calculated from the diffrac-
tion ring. The appearance of spots suggested that the
hcp and expanded bcec irons were a single crystal or a
polycrystalline. Since their crystal size was less than
25 A, it was concluded that the polycrystalline could
not be formed. In 10- to 100-Resins (400 °C), there
existed only a broad ring instead of the diffraction ring
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based on the hcp and expanded bec irons. The broad
ring was due to the glasslike carbon. In 30- to 100-
Resins (800 °C), the crystal structure of ultra-fine iron
particles which were not clarified by the X-ray diffrac-
tion analysis was identified as that of the standard bcc
iron. The diffraction rings and spots due to the standard
bce iron were observed in all resins (800 to 1500 °C),
as is shown in Table 6.

These results lead to the following conclusions. The
ultra-fine iron particles are prepared by the heat treat-
ment of acetylferrocene-furfural resin in vacuo. The hcp
and expanded bcc irons are identified in the ultra-fine
iron particles prepared at 400 °C. The unit cell of hcp
iron was larger than that of iron metal under a high
pressure. Upon heating, both hcp and expanded bec
iron particles coagulate to larger particles to form the
standard bcc iron.

The authors would like to thank Mr. Tsutomu Shoji
and Mrs. Hide Arai, Tohoku University, for their
cooperation in the iron and CH analyses. Thanks are
also due to Messrs. Haruo Yotsumoto and Eiichi
Watanabe of the Japan Electron Optics Laboratory for
their assistance in the electron-microscopic observation.
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