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Abstract Colloidal crystallization of copolymer-grafted
silica containing ferrocenyl groups in organic solvents and
effects of ferrocenyl groups on effective refractive index of
colloidal crystal systems were investigated. Poly(ferrocenyl
metharylate (FeMA)-co-methyl methacrylate (MMA)-
grafted silica gave colloidal crystallization in dimethylfor-
mamide and acetonitrile. The colloidal crystals exhibited
characteristic coloration due to cooperative effects of
specific absorption at 400-500 nm by ferrocenyl group
and transmission of 700-800-nm light through the crystals.
It was observed that effective refractive index of colloidal
crystals systems of poly(FeMA-co-MMA)-grafted silica
was higher than that of poly(MMA)-grafted silica. Normal-
ized effective refractive index of the system linearly
increased with mole fraction of FeMA in grafted copoly-
mer. However, poly(FeMA-block-MMA) did not bring
effective increase of the index because of bias formation
of ferrocenyl group on silica.
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Introduction

Recently, three-dimensional (3D) particle array structure,
interparticle space of which is corresponding to visible light
wave length, has been receiving great attention for
promising application to optical devices, such as wave
guide, sensor, and so on [1-8]. So far, there are many
approaches for fabrication of the particle array structure
[1-35]. One of the approaches is the fabrication of 3D array
structure employing colloidal crystal, which is classified by
two categories, hard type and soft type. The hard-type
colloidal crystals are usually formed by deposition or
ordering during drying of colloidal suspension and have
an advantage for making large size of single crystal
[18-24]. However, the hard-type crystal gives blunt Bragg
reflection due to direct affects of particle size distribution
on particle array structure. On the other hand, soft-type
colloidal crystals are formed in deionized aqueous solution
through electrostatic repulsion between the particles
[36, 37]. The soft-type crystals usually exhibit a sharp and
clear Bragg reflection; challenging of photonic crystal
fabrication from the crystals formed in suspension was
carried out by solidification of colloidal crystals in hydro-
gels [13, 16, 25-31, 34, 35]. Moreover, the soft-type
colloidal crystals have the advantage for controlling inter-
sphere distance by changing volume fraction of particles,
which is fairly attractive for application to photonic devices
in spite of polycrystalline. In cases of soft-type systems,
colloidal crystallization in aqueous solution has been
examined employing monodisperse colloidal silica, polysty-
rene, or poly(methyl methacrylate (MMA)) latexes because
of easy availability and stability. Especially, colloidal silica is
fairly favorable to make stable colloidal crystallization in
aqueous solution due to high surface charge.
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In order to fabricate photonic devices composed of 3D
arrayed structure, it is obviously essential to immobilize or
solidify colloidal crystals in polymer matrixes. In this
respect, we have successfully achieved colloidal crystalli-
zation of polymer-grafted silica in organic solvents [38—40]
and then immobilization in polymer gels [41—44]. However,
there are major problems for fabrication of photonic devices
employing colloidal crystals from silica or polymer latexes
because of comparatively low refractive index and/or
dielectric constant. On improvement of shortcomings,
Ashrit et al. have fabricated photonic crystal of WO; by
using inverse colloidal crystals of polystyrene latex [8]. So
far, incorporation of heavy atoms or high electron density
substituent groups into polymer was widely investigated to
increase the refractive index [45, 46]. In this study, colloidal
crystallization of colloidal silica modified with copolymer
of ferrocenyl metharylate (FeMA) and MMA group in
organic solvent and effects of ferrocenyl group on effective
refractive index (n.g) of colloidal crystal system were
investigated. Increasing ionic strength in colloidal suspen-
sion generally disturbs colloidal crystallization in solution
because of decreasing electric double layer on the surface
of particles. Thus, we chose zero-valence Fe(0) complex of
ferrocenyl group as a functional group for increasing
refractive index.

Experimental
Materials

Colloidal silica, of 150 nm in diameter, suspended in
ethanol was kindly offered by JGC Catalysts and
Chemicals, Ltd., Japan. 3-Aminopropyltriethoxysilane
(APTS), N,N'-dicyclohexylcarbodiimide (DCC), N,N,
N',N",N"-pentamethyldiethylene triamine (PMDETA),
and N,N'-azobis(4-cyanovaleric acid) (ACVA) were
pursed from Wako Pure Chemical Industries, Ltd., Japan.
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2-Bromo-2-methylpropionic acid was pursed from Tokyo
Chemical Industry Co. Ltd., Japan.

Measurements

Particle size was determined by a dynamic light scattering
(DLS) on DLS-7000DL Otsuka Electronics Co. Ltd., Japan
using a He—Ne laser at measurement angle of 90°.
Molecular weight of polymer was evaluated by a gel
permeation chromatography on series-connected columns,
PL-gel MIEXED-C and PL-gel MIEXED-D with a differ-
ential refract meter and THF eluent of 0.8 ml/min. Amounts
of grafted polymer was determined by a thermal gravimet-
ric analysis on TG-50, Shimadzu Co. Ltd., Japan under
nitrogen atmosphere in elevating temperature up to 800 at
heating rate 10°C/min. 'H nuclear magnetic resonance (‘H
NMR) spectra were recorded on AVNACE400, Bruker,
Germany at 440 MHz. Reflection spectra of colloidal
crystals were recorded on NAR-2T Atago Co. Ltd., Japan.
Transmission electron microscopy (TEM) observation was
conducted on H-9000NAR, Hitachi Ltd., Japan.

Preparation of carboxyl-terminated poly(FeMA-co-MMA)

The polymer was synthesized by radical copolymerization
of FeMA and MMA in tetrahydrofuran (THF; Scheme 1).
In Table 1, recipe in radical copolymerization of FeMA and
MMA using an initiator of ACVA and molecular weight of
resulting copolymers are shown. In this copolymerization,
carboxyl-terminated copolymers of FeMA/MMA mole ratio
from 1:3 to 1:12 in the molecular weight range from 9,600
to 19,500 were obtained.

Preparation of triethoxysilyl-terminated
poly(FeMA-co-MMA)

The polymer was synthesized according to previous paper
[39]. In a 50-ml flask, 0.622-g carboxyl-terminated poly
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Scheme 1 Preparation of poly(FeMA-co-MMA)-grafted silica
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Table 1 Preparation

of carboxyl-terminated poly Run FeMA/g (mol) MMA/ml (mol) ACVA/mg (mol) M, (My/M,) m/n

(FeMA-co-MMA); in copoly-

merization, 8 ml THF was used 1 0.23 (8.0x10™%) 0.26 (2.4x107%) 1.0 (3.3x10°%) 9,600 (1.4) 13
2 0.29 (1.0x107%) 0.56 (5.3x107%) 3.0 (1.0x107%) 12,000 (1.6) 1/5
3 0.45 (1.6x107%) 135 (1.3x107%) 3.0 (1.0x107%) 16,200 (1.7) 1/7
4 0.19 (7.0x107% 0.73 (7.0x107%) 22.0 (7.0x107%) 19,500 (2.7) 1/12

(FeMA-co-MMA), 2.1 mg DCC, and 0.02 ml APTS in
10-ml chloroform were put, and the mixture was stirred at
0°C in N, atmosphere for 30 min. Evaporation of solvent
and drying under reduced pressure gave 0.47 g copolymer
silane.

Grafting of copolymer silane on colloidal silica

In a 100-ml flask, 0.12 g copolymer silane and 15 ml
colloidal silica ethanol suspension, containing 3.0 g SiO,
and 40 ml 1,2-dimethoxyethane, were put, and the mixture
was sonicated for 30 min at room temperature. After the
suspension was stirred at 90°C to remove 30 ml of solvent
azeotropically, 10 ml THF was then added to the
suspension, followed by heating at 70°C for 12 h. After
washing with THF using centrifugation, drying under
reduced pressure gave about 2.5 g poly(FeMA-co-MMA)-
grafted silica.

Synthesis of 3-(2-bromo-2-methylbutyloyl)aminopropyl
triethoxysilane

A mixture of 1.2 g 2-bromo-2-methylpropionic acid, 1.4 g
DCC, and 10 ml chloroform was stirred at 0°C for 30 min.
After addition of 1.4 g APTS to the mixture, the solution was
stirred at room temperature for 5 h. Filtration, evaporation of
solvent, and drying under reduced pressure gave 2.81 g
product. '"H NMR (CDCls); 0.6 (g, CH»-Si), 1.2 (q, CH3),
1.7 (q, CH,), 2.0 (s, (CH3)y), 3.3 (t, CHy), 7.0 (s, NH)ppm.

Preparation of poly(FeMA-block-MMA)-grafted silica

Grafting of block copolymer on colloidal silica was carried
out by an atom transfer radical polymerization (Scheme 2).
Introduction of initiator group on silica was conducted by
the reaction of 3-(2-bromo-2-methylbutyloyl)aminopropyl
triethoxysilane with colloidal silica by the same method as
described above.

Into a test tube, a mixture of 0.7 g initiator-grafted silica,
0.53 g FeMA, 22 mg CuBr, 32 ul PMDETA, 3 ml
dimethylformamide (DMF), and 0.04 ml 1-(2-bromo-2-
methylbuloyl) aminobutane as a free initiator was put. The
test tube was purged with nitrogen through freeze-pump-thaw
and heated at 70°C for 24 h. After cooling down, the particles
were separated by centrifugation and washed with DMF.
Drying under reduced pressure gave 0.7 g poly(FeMA)-
grafted silica; amount of grafted polymer 20 mg/g, molecular
weight of polymer obtained from a free initiator 2,700. A DLS
analysis of resulting particles showed achieving polymer
grafting without aggregation during the polymerization.

Successive polymerization of MMA on poly(FeMA)-
grafted silica was carried out by the same manner as the first
one. The mixture of 0.7 g poly(FeMA)-grafted silica, 3.25 ml
MMA, 29 mg CuBr, 43 ul PMDETA, 0.075 ml free initiator,
and 3 ml dimethylformamide (DMF) was purged with nitrogen
and then stirred at 70°C for 2 days. The polymerization gave
0.5 g poly(FeMA-block-MMA)-grafted silica: amount of
grafted polymer, 136 mg/g; molecular weight of grafted
polymer, 184,000; average size of the particles, 216 nm.
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Scheme 2 Preparation of poly(FeMA-block-MMA)-grafted silica
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Table 2 Critical volume frac-
tion (¢,) for colloidal crystalli-
zation in organic solvent

Particles Grafted polymer A.P./mg/g SiO, 0,
m/n M, (M,/My) DMF Acetonitrile
Poly(FeMA-co-MMA)/SiO, 1/3 9,600 (2.6) 16 0.094 0.039
1/5 12,000 (1.6) 36 0.089 0.048
1/7 16,200 (1.9) 17 0.081 0.041
1/12 19,500 (2.7) 14 0.083 0.029
Poly(FeMA-block-MMA)/SiO, 1/5 184,000 (1.5) 136 0.24 0.104
Poly(MMA)/SiO, 0/1 25,000 (1.7) 21 0.059 0.017

Determination of effective refractive index

Effective refractive index (nq) of colloidal crystal system
was determined from angle-resolved reflection spectra
according to Bragg equation on assumption of face centered
cubic closed packing [22]:

Amax = 2(2/3)0'5d\/ ngff — sin’6 (])

where A 1S wavelength of reflection peak, € is incident
angle, and d is neighboring particle distance. Actually, nqgr
was estimated from fitting plots of 6 vs A, by putting
appropriate d value in Eq. 1.

Determination of interparticle distance

Neighboring interparticle distance (d) was estimated by
following equation [37]:

a= (/82 o
Nave

where A is peak top wavelength on reflection spectrum

recorded at incident angle 90°, and n,, is average

refraction index of the suspension system calculated by

following equation:

Nave = @ Hsilica + (1 - ¢)nsolvent (3)

where ngjica and ng, are refractive indices of silica and
solvent, respectively, and ¢ is volume fraction of silica.

Fig. 1 Photographs of colloidal
crystals of poly(FeMA-co-

MMA) (m/n=1/3)-grafted silica
in DMF. Front side (a) and rear
side (b) against light irradiation

@ Springer

Results and discussion
Grafting of poly(FeMA-co-MMA) on colloidal silica

Grafting of poly(FeMA-co-MMA) on silica was carried out
by the reaction of colloidal silica with corresponding
polymer silane in 1,2-dimethoxyethane under refluxing.
Amounts of grafted polymer were in the range from 14 to
36 mg/g (Table 2). These particles were well dispersed in
organic solvents, such as THF and acetonitrile.

Colloidal crystallization

When poly(FeMA-co-MMA)-grafted silica was dispersed
in DMF and acetonitrile, colloidal crystallization was
observed. In Table 2, critical volume fraction for colloidal
crystallization of poly(FeMA-co-MMA)- and poly(MMA)-
grafted silica was shown. The critical volume fraction (¢,)
is the minimal fraction of colloidal particles to form
colloidal crystals. Therefore, low ¢, values are attributable
to strong electrostatic interaction, and ¢, values are
sometimes employed as an index of stability of colloidal
crystals. The values of ¢, for copolymer-grafted silica in
DMF were in the range from 0.081 to 0.094, higher than
those, 0.029 to 0.048, in acetonitrile. Probably, high
polarity of DMF disturbs the crystallization due to
decreasing electrostatic repulsion between the particles.
Also, ¢, values for copolymer-grafted silica in DMF and
acetonitrile were fairly higher than those for poly(MMA)-
grafted silica. The reason for low ¢, values in colloidal
crystallization of the present copolymer-grafted silica is still
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Fig. 2 Angle-resolved reflec- b
tion spectra of colloidal crystals a 1500
of poly(MMA-co-FeMA)
(m/n=1/5)-grafted silica in DMF
(a) and fitting curve between 6
and Apeq in Eq. 1 (b) . 560
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unclear. It might come from increasing 7—7t interaction
between ferrocenyl groups in grafted polymer chains to
disturb electrostatic repulsion between the particles. On the
other hand, poly(FeMA-block-MMA)-grafted silica
exhibited relative high ¢ value for colloidal crystallization
in DMF and acetonitrile. In this case, the crystallization
probably takes place based on steric repulsion between
grafted polymer chains on silica particles [47]. Therefore,
relatively high ¢, values presumably come from low
polymer graft density on silica surface.

In Fig. 1, typical pictures of colloidal crystals are shown.
Interestingly, in the front side view against light irradiation,
colloidal crystallites were observed in green solution, and
transmission light in the rear side was colored reddish. The
coloration in colloidal crystallization of polymer-grafted
silica containing diene iron(0) tricarbonyl complex in
organic solvent was observed previously, coming from
cooperative effects of specific absorption of 400-500-nm
light by iron(0) complex moiety and transmission of 700—
800-nm light through the crystals [48].

Effective refractive index
In Fig. 2a, angle-resolved reflection spectra of colloidal

crystals of poly(FeMA-co-MMA)-grafted SiO, in DMF at
incident angle from 20° to 44° were shown. Typical fitting

Incident angle (0) / degree

plotting between 6 and A, in Eq. 1 for optimizing
interparticle distance (d.o110iq) and effective refractive index
(nerr) was shown in Fig. 2b. In Table 3, nes and d values
estimated by fitting plots for colloidal crystals systems of
poly(FeMA-co-MMA)-grafted SiO, in DMF were listed
along with average refractive index (n,,.) and interparticle
distances (d) derived by Egs. 2 and 3, respectively.
Consequently, the value of 7, is simply estimated from
the ones of silica and solvent without taking into account
grafted polymer. As can be seen in Table 3, d values were
well coincident with d g1059 Within 5% deviation. There-
fore, it was suggested that n.g values were reasonable and
relatively precise. The values of n.g slightly increased
with increasing mole fraction of FeMA in grafted polymer.
However, these values changed with volume fraction of
polymer-grafted silica and mole fraction of FeMA in the
copolymer. Thus, differential effective refractive indices
(An/¢), which were normalized by average refractive index
(nave) and volume fraction of particles (¢), were proposed:
An=nqg—n,... Here, it is important to notify that ngg
implies contribution of grafted copolymer involved with
Fe(0) complex to refractive index. In Fig. 3, plots of mole
fraction of FeMA in grafted polymer vs An/¢ were shown.
The normalized values proportionally increased with mole
fraction of FeMA and reached 0.27, which was 50% higher
as compared with that of poly(MMA)-grafted silica. Those

Table 3 Interparticle distance (d) and effective refractive index (n.g) of colloidal crystals in DMF

Particles m/n in graft polymer o d/nm Have deolloig/nM Hefr An

Poly(FeMA-co-MMA)/SiO, 1/3 0.188 237 1.437 224 1.489 0.052
1/5 0.177 241 1.436 235 1.481 0.045
1/7 0.166 246 1.435 241 1.476 0.041

Poly(MMA)/SiO, 0/1 0.225 223 1.439 225 1.478 0.039

An “Neff™ Nave
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Fig. 3 Plots of FeMA mole fraction in grafted copolymer vs
normalized effective refractive index (Anep/0)

results showed that introduction of ferrocenyl group in
grafted copolymer on silica effectively enhanced refractive
index of polymer-grafted silica suspension systems.

In the above cases, the particles were modified with
random copolymer of FeMA and MMA, and then ferro-
cenyl groups in grafted copolymer were probably consi-
dered to exist in relatively homogeneous distribution

Fig. 4 TEM images of poly
(FeMA-co-MMA) (m/n=1/3)-
(a), poly(FeMA-block-MMA)
(m/n=1/5)- (b), and poly
(MMA)-grafted silica (c)

@ Springer

around particle surface. If the ferrocenyl groups could be
effectively condensed near the surface of the particles, the
groups could efficiently contribute to increasing refractive
indices. Therefore, we studied colloidal crystallization of
poly(FeMA-block-MMA)-grafted silica in organic solvents
and effective refractive index of suspension system. The ¢,
values of poly(FeMA-block-MMA)-grafted silica for the
crystallization in DMF and acetonitrile was to be 0.24 and
0.106, respectively, which were fairly higher than those of
poly(FeMA-co-MMA)- and poly(MMA)-grafted silica. In
this case, therefore, effective refractive index was estimated
using colloidal crystals system of poly(FeMA-block-
MMA)-grafted silica in acetonitrile because of low stability
of colloidal crystals in DMF. In Table 3, n.y and An/¢ of
poly(FeMA-block-MMA)—, poly(FeMA-co-MMA)-, and
poly(MMA)-grafted silica colloidal crystal systems in
acetonitrile were listed. These values of poly(FeMA-co-
MMA)-grafted silica system were clearly higher than those
of poly(MMA)-grafted silica. Unexpectedly, An/¢ of poly
(FeMA-block-MMA )-grafted silica colloidal crystals sys-
tem was relatively low as compared with poly(MMA)- and
poly(FeMA-co-MMA)-grafted silica systems, in spite of
higher grafting amount of ferrocenyl methacrylate moiety.
The reason for low distribution of block copolymer to
effective refraction index is discussed below.
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TEM observation of copolymer-grafted silica

Figure 4 shows the TEM images of poly(MMA)-, poly
(FeMA-co-MMA)-, and poly(FeMA-block-MMA)-grafted
silica. It was observed that the surface of poly(FeMA-co-
MMA)-grafted silica was smooth and homogeneous, as
well as that of poly(MMA)-grafted silica, while the surface
of block copolymer-grafted silica was heterogeneous and
spotty area. The area was possibly assigned to aggregates of
ferrocenyl methacrylate moiety, formed due to 77 or
nonpolar—nonpolar interaction between ferrocenyl groups.
Therefore, low effectiveness of ferrocenyl group in block
copolymer-grafted silica on enlargement of refractive index
probably stemmed from bias formation of ferrocenyl groups
on silica surface.

Conclusions

Colloidal silica modified with copolymer tethering ferro-
cenyl group, poly(FeMA-co-MMA), and poly(FeMA-
block-MMA), brought colloidal crystallization in DMF
and acetonitrile. Characteristic coloration of colloidal
crystals was observed due to cooperative effects of specific
absorption at 400-500 nm by ferrocenyl group and
transmission of 700-800-nm light through the crystals.
Normalized effective refractive index by volume fraction of
the particles increased with mole fraction of FeMA in
copolymer. This result suggested that introduction of
ferrocenyl group into grafted copolymer led to enlargement
of refractive index of colloidal silica systems.
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