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Abstract Synthesis of fullerene (Cgp)-tethered polymer-
grafted silica and colloidal crystallization of the particles was
investigated. The particles were prepared by the reaction of
Ceo with 4-azidobenzoyl groups introduced in poly(methyl
methacrylate-co-2-hydroxyethyl methacrylate), followed by
esterification of 2-hydroxyethyl metharylate moieties with 4-
azidobenzoyl chloride and grafting onto colloidal silica. The
reaction afforded bindings of Cqy in the range from 0.44x 10*
to 1.71x10* molecules/particle. The Cgy amounts did not mo-
notonously increase with 4-azidobenzoyl group on the parti-
cles, but decreased with mole fraction of methyl methacrylate
in the copolymer. Colloidal crystallizations of the Cy(-tethered
silica particles were observed in acetonitrile with critical vol-
ume fractions in the range from 0.018 to 0.024. Inter-sphere
distances in the colloidal crystals were consistent with calcu-
lated values on assumption of face-centered cubic-closed
packing, and then it was suggested that the crystallization took
place due to electrostatic repulsion between the particles.
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Introduction

Three-dimensional (3D) particle-arrayed structure, inter-
sphere distance of which is comparable to visible light wave
length, has been receiving much attention for the promising
application to optical devices, such as wave guide, sensor, and
so on [1-6]. So far, many approaches for fabrication of 3D
particle arrays have been reported [ 1-22]. One of the attractive
approaches is the fabrication employing colloidal crystals
formed in solution due to easy tuning inter-sphere space by
changing the volume fraction and exhibiting sharp and clear
Bragg reflection. The fabrications have been mostly carried
out by immobilization of colloidal crystals formed in aqueous
solution in hydrogels [7, 10, 14-18]. However, in the practical
application, it is quite difficult to utilize the hydrogels for
optical devices because they contain much water. In this re-
gard, we have successfully achieved colloidal crystallization
of polymer-grafted silica in organic solvents [23—26] and then
immobilization of the crystals in polymer matrix [19-22].
Colloidal crystallizations in organic solvents are favorable
for fabrication of 3D particle-arrayed structure by immobili-
zation in polymer matrixes because of being able to utilize
various polymerization reactions.

Concerning colloidal crystallization in solution, in
many cases, monodisperse colloidal silica, polystyrene,
and poly(methyl methacrylate) are employed for colloidal
particles because of giving stable crystallites. Among
them, colloidal silica usually brings stable colloidal crys-
tals in aqueous solution due to negatively high surface
charge. However, fabrication of 3D particle-arrayed opti-
cal device from colloidal crystals of silica has major
shortcomings stemming from original property of silica,
comparatively low refractive index, and dielectric con-
stant. In this respect, we have reported that introduction
of ferrocenyl groups in polymer grafted onto silica
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particles effectively increases refractive index of colloidal
crystal system [27].

Meanwhile, fullerenes have been attractive and highlighted
materials due to spherical 7t-conjugated molecule exhibiting
characteristic properties, i.e., electron accepting or releasing
abilities, high dielectric constant, high heat conductivity, ther-
mal stability, high refractive index, radical trapping, UV ab-
sorption, and so on. Thus, Cgy and Cgo-based nanomaterials
have been contributing to a variety of promising application to
functional materials, such as high surface area particles and
supports in catalysis [28], electron carriers in electronic de-
vices [29], and semiconductors [30, 31]. Furthermore, Tu and
coworkers have recently reported that grafting of Cg( into
polyesters elevates refractive index to give the maximum val-
ue of 1.79 [32]. Therefore, incorporation of Cg into colloidal
crystals could lead not only to improvement of refractive in-
dex but also to challenging fabrication of new functional ma-
terials, exhibiting specific properties of Cgo. In this study,
preparation of Cgo-tethered polymer-grafted silica (Cgo/poly-
mer/SiO;) and colloidal crystallization of the composite par-
ticles in organic solvent was investigated.

Experimental
Materials

Colloidal silica aqueous sol, containing 20 wt% SiO, of 134 nm
in diameter with a polydispersity 0.030, was kindly gifted by
Nikki Catalysts & Chemical Co. Ltd., Kanagawa, Japan.
Fullerene (Cgp), Nanom purple ST, was purchased from
Frontier Carbon Co. Ltd., Tokyo, Japan. Methyl methacrylate
(MMA) and 2-hydroxyethyl methacrylate (HEMA), (3-
mercaptopropyl)trimethoxysilane, 2,2'-azobis(isobutyronitrile)
(AIBN), tetrahydrofuran (THF), N,N,N-triethylamine, diethyl
ether, 1,2-dimethoxyethane (DME), acetonitrile, and toluene
were obtained from Wako Chemicals Co. Ltd., Osaka, Japan.
4-Azidobenzoyl chloride was purchased from Kanto Chemicals
Co. Ltd., Tokyo, Japan.

Measurements

Number average of molecular weight (M,,) of the synthe-
sized polymers were determined by a gel permeation chro-
matography (GPC) on the columns, TSK gel G4000Hg,
and G5000H¢, Tosoh Co. Ltd., Yamaguchi, Japan, at
35 °C using THF as an eluent at the flow rate of 0.8 mL/
min calibrated with a polystyrene standard. "H NMR spec-
tra for solution samples and '*C CP/MAS NMR spectra for
solid state samples were recorded on a Bruker AVANCE
400 (400 MHz) and 300 (300 MHz) using a 7-mm rotor
prove, Karisruhe, Germany respectively. Amounts of
grafted polymer and Cgy were determined by a thermal-
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gravimetric analysis on TG-50, Shimadzu Co. Ltd.,
Kyoto, Japan, during elevating temperature up to 800 °C
at heating rate 10 °C/min. Particle size and its distribution
were determined by a dynamic light scattering (DLS) on an
Otsuka Electronics DLS-7000 spectrophotometer,
equipped with a He—Ne laser (10 mW, 633 nm), Osaka,
Japan. Reflection spectra of colloidal crystals were record-
ed on a multichannel spectrometer, Hamamatsu Photonics
PMA-11, Shizuoka, Japan.

Synthesis of trimethoxysilyl-capped
poly(MMA-co-HEMA)(1)

A typical run was as follows. A mixture of 12.0 mL
(112 mmol) MMA, 0.68 mL (5.6 mmol) HEMA, 10 mg
(0.07 mmol) (3-mercaptopropyl)trimethoxysilane, 16 mg
(0.17 mmol) AIBN, and 20 mL dry THF was put into a
50-mL flask and stirred at 70 °C for 10 h in N, atmo-
sphere. After evaporation of THF from the mixture and
precipitation with diethyl ether, drying under reduced
pressure gave 7.2 g copolymer 1, of M, 24,000 and
MMA/HEMA mole ratio 14.7:1.0. The mole ratio was
determined by the area ratio of resonance peak at
3.63 ppm assigned to methyl protons of MMA moiety to
peaks at 3.87 and 4.15 ppm assigned to methylene protons
of HEMA moiety on 'H NMR spectrum (Fig. 2a). 'H
NMR (CDCl3): 0.87, 1.05, 1.23 (m, CH3), 1.76-2.15
(broad, CH,, CH), 3.63 (s, OCHj;), 3.87 (broad,
COOCH,), and 4.15 ppm (broad, CH,OH).

Synthesis of trimethoxysilyl-capped poly(methyl
methacrylate-co-2-(4-azidobenzoyloxy)ethyl metharylate)

@

Into a 50-mL flask, 2.0 mL N,N,N-triethylamine, 3.0 g 1, and
30 mL dry chloroform were put, and the mixture was cooled
on an ice bath. Chloroform solution 2.0 mL containing 3 g (17
mml) 4-azidobenzoyl chloride was added dropwise to the so-
lution, followed by stirring for 6 h at room temperature.
Filtration, evaporation of solvent, and precipitation with
diethyl ether gave 2.45 g 2. "H NMR (CDCls): 0.87, 1.05,
1.23 (m, CHj;), 1.76-2.15 (broad, CH,, CH), 3.63 (s,
OCHj3), 3.87 (broad, COOCH,), 4.15 (broad, CH,OH), 4.32
(broad, COOCH,CH,0C=0C¢H4N3), 4.55 (broad,
CHQOC:OC6H4N3), 7.18 (broad, O_CH2 (C:OC6H4N3)),
and 8.09 ppm (board, m—CH, (C=OC¢H4N3)).

Preparation of poly(methyl
methacrylate-co-2-(4-azidobenzoyloxy)ethyl metharylate)
-grafted silica (3)

Colloidal silica suspended in ethanol was prepared by solvent
exchanging with azeotropic evaporation of water after
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addition of ethanol to the original aqueous sol. A mixture
of 0.5 g 2, 50 mL colloidal silica ethanol suspension, con-
taining 1.0 g SiO,, and 50 mL DME was put into a 100-mL
flask. After sonication for 30 m, the suspension was stirred
at 90 °C for 5 h along with azeotropical removal of ethanol.
Centrifugal washing with THF eight times and drying un-
der reduced pressure gave 1.0 g 3, with 47.8 mg/g grafted
polymer. '*C CP/MAS NMR: 10.3-25.2 (broad, —CH,—
C(CH3)(C=0)-), -CH,—C(CH;)(C=0)-), 44.5 (-CH,—
C(CH;)(C=0)—), 40.8-62.0 (broad, O—CH;3, O—CH,CH,—
0), and 177.8 ppm (C=0).

Reaction of Cg, with 3

Into 20 mL toluene, 50 mg Cgp and 1.0 g 3 were put, and
the mixture was stirred at 110 °C under a nitrogen atmo-
sphere for 24 h. Centrifugal separation of resulting parti-
cles with toluene and drying under reduced pressure gave
0.88 g 4. °C CP/MAS NMR: 9.9-26.8 (broad, —CH,—
C(CH;)(C=0)-), —CH,—C(CH3)(C=0)-), 44.6 (-CH,—
C(CH3)(C=0)-), 39.1-70.3 (broad, O-CHj3;, O-
CH,CH,-0), 107.7-153.0 (broad, —Cgg), and 177.3 ppm
(C=0).

Determination of grafted polymer and Cg on silica

Amounts of grafted polymer on 3 and 4 were determined by
weight decrease (Wpyolymer) during elevation from 170 to
420 °C on a thermogravimetric analysis. The amount of Cgq
tethered on 4 was also determined by weight loss (Wcg),
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Fig. 1 Typical thermogravimetric thermograms of 2 with mole ratio of
MMA/HEMA=1.9:1.0, 4-1 and Cg

corresponding to Cg ignition, during elevation from 550 to
800 °C. Typical thermograms of 4, along with those of
poly(MMA-co-HEMA) 2 with mole ratio of MMA/
HEMA=1.9/1.0 and Cg, are shown in Fig. 1.

Observation of colloidal crystallization and determination
of inter-sphere distance

Colloidal crystallization of silica composite particles in organ-
ic solvent was observed by naked eyes and a digital camera.
Inter-sphere distance () in colloidal crystal was calculated
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Scheme 1 Synthesis of Cgo/polymer-grafted silica, 4
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Characterization of 1, 2, 3 and 4

Table 1

4-N;CgHy group in 2, mmol/g Particle 3 Grafted polymer on 3, mg/g-SiO, 4-N3CgH, group on 3, pmol/ g-SiO, Particle 4 Cgo on 4

Polymer 1

mg/g-Si0, pumol/g-Si0, Number of Cgq /10* /unit particle

Mole ratio, m/nM,/10*

1.71
1.31
0.97
0.67
0.44

10.2

7.37
5.65
3.75
2.93
1.90

41

34.1

62.7

31

0.59
0.73
0.86
1.03
0.22

11
13
15
16
24

1.9:1.0

7.84
5.20
4.01
2.63

42
43
44
45

19.9
41.1

34.1

32

42:1.0

54.1

33
34
35

5.7:1.0

515

56.2

9.3:1.0

10.5

437

14.7:1.0

from the volume fraction on assumption of face centered cubic
(fce) closed packing by Eq. (1) [33]:

dea = 0.9047 x 1+ ¢'/3 (1)

where ¢ is volume fraction of polymer-grafted silica, d, is
neighboring inter-sphere distance, and  is diameter of the
particle. The inter-sphere distance (d,ps) in the crystals was
also determined according to Bragg formula by following
the equation [34]:

3

dops = /= 2 2
obs 8 1 ( )
where A, is the peak top wavelength on a reflection spectrum
and n is average refractive index of the suspension system

calculated by Eq. (3)
n= ¢ X Nsilica + (1_¢) X Nsol (3)

where 7., and ng, are refractive index of silica and solvent,
respectively, and ¢ is volume fraction of silica. Equations (1),
(2), and (3) are given in detail in Online resource.

Results and discussion
Synthesis of Cg(/polymer/SiO, (4)

In Scheme 1, the synthetic route of 4 was shown.
Trimethoxysilyl-terminated poly(MMA-co-HEMA), 1, was
synthesized by a radical copolymerization of MMA and
HEMA in the presence of (3-mercaptopropyl)trimethoxysilane
of a chain transfer reagent using AIBN as an radical initiator.
The polymers of M;,=11,000-24,000 with mole ratios of
MMA/HEMA in the range from 1.9:1.0 to 14.7:1.0 were ob-
tained by changing feed ratio of the monomers (Table 1). The
reaction of 4-azidobenzoyl chloride with 1 was carried out in
the presence of N,N,N-triethylamine at 4 °C. In Fig. 2, "H NMR

1
HO—CH,—CH,—0C— n

< - |
! | \NL JJ‘WJ”U .

N3CQH4(|.j—O—CH2—CH2—Og—
2 A AL \\\IJ;JL L/\_I\LU

9 8 7 6 5 4 3 2 1 0
3/ppm
Fig. 2 Typical "H NMR spectra of 1 and 2 with mole ratio of MMA/
HEMA=9.3:1.0
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Fig. 3 Particle size distributions of original colloidal silica (a), 3-4 (b), and 4-4 (¢) in THF

spectra of respective 1 and 2 were shown. The introduction ~ were confirmed by the appearance of resonance peeks at
of 4-azidobenzoyl group into HEMA moieties in 2 was 107.7-153.0 ppm, assignable to carbon atoms in Cgg, Oon a
confirmed by the appearance of resonance peaks at 4.32 3C CP/MAS NMR spectrum in Fig. 4. Particle sizes of 4
and 4.55 ppm on "H NMR spectrum, assignable to protons ~ were 157—167 nm, being ca. 15 nm larger than those of 3,
in ethylene group of HEMA moiety, and at 7.18 and  but those distributions were still narrow (Fig. 3c). Thus, it
8.09 ppm, assignable to protons in 4-azidobenzoyl group  was observed that aggregation between particles of 3
(Fig. 2). Amounts of 4-azidobenzoyl group were deter-  scarcely took place during the reaction of 3 with Cgo.
mined by area ratio of peaks at 7.18 and 9.08 ppm to peaks  Interestingly, amounts of tethered Cg¢, decreased with mole
at 3.87 and 4.15 ppm, assignable to unreacted methylene  ratio of MMA/HEMA in 1, not simply with amounts of 4-
groups of HEMA moiety. The amounts of 4-azidobenzoyl = azidobenzoyl group on 3. Probably, polymer chains with 4-
group unexpectedly increased with decreasing HEMA  azidobenzoyl groups on 3, prepared from high mole frac-
fraction in 1 (Table 1). Polymer chains of 1 with high  tion of HEMA in 1, might have high flexibility during the
MMA fraction were probably favorable to react with 4-  reaction of Cgo with 3 in toluene. In other words, 4-
azidobenzoyl chloride due to highly affinity with chloro-  azidobenzoyl group in grafted polymer composed of high
form. The reaction of 2 with colloidal silica particles was  mole fraction of MMA moiety on 3 could be less active for
conducted in DME at 90 °C for 5 h along with azeotropical ~ Cgo bindings due to shrinking of polymer chains in
removal of ethanol. Average particle sizes of 3 were in the  toluene.

range from 145 to 150 nm, summarized in Table 1, being

11-16 nm larger than that of the original silica. Particle  Colloidal crystallization

sizes of 3 slightly became larger by polymer grafting, but

distributions of particle size were still narrow, as shown in  The authors have reported that poly(methyl methacrylate)-
Fig. 3. Therefore, we confirmed that aggregation between  grafted silica particles formed colloidal crystals in polar sol-
the particles scarcely occurred during the reaction. A '°C vents, such as CH;CN, acetone, and N,N-dimethylformamide
CP/MAS NMR spectrum of 3 distinctly indicated grafting [23-25]. When spheres of 4 were dispersed in CH;CN,
of 2 on silica particles by the appearance of resonance

peaks at 10.3-25.2, 44.5, 40.8-62.0, and 177.8 ppm

assigned to CH, on polymer backbone and branched

CHj, quaternary carbon, OCH; of MMA moieties, and 3

OCH,CH,0- of HEMA in HEMA moieties and carbonyl

respectively, as shown in Fig. 4. The grafting reactions

resulted in bindings of 4-azidobenzoyloxy groups in the

range from 10.5 to 51.5 mmol/g-SiO, on 3 (Table 1).

Amounts of 4-azobenzoyl group on 3, calculated from 4

grafted polymer on 2, decreased with increasing of MMA .,,./\w /\

fraction in 1. The reaction of Cgo with 3 was carried out in = wimépssspnpumienliniy WNWMWMM va
toluene at 110 °C under a nitrogen atmosphere for 30 h to == 5 s prn = :
give bindings of Cg( from 1.90 to 7.37 mg/g-SiO,, that is, a/ppm

from 2.63 to 10.2 umol/g-SiO,. The bindings of C¢o on 4  Fig. 4 '*C CP/MAS NMR spectra of 3-4 and 4-4
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Fig. 5 Photographs and reflection spectra of colloidal crystals of 4 in CH;CN

formation of colloidal crystals was observed. Typical photo-
graphs and reflection spectra of the crystals were shown in
Fig. 5. Color of'the crystals of 4 with much amount of tethered
Ceo was dark green, which gradually became pale green with
decrease of the Cgo amount, probably due to absorption of Cg
at near ultraviolet light region. In Table 2, critical volume
fractions of 4, &, being minimal volume fraction in the crys-
tallization in CH3CN were listed. Values of ¢, for colloidal
crystallization in CH3CN were in the range from 0.018 to
0.022, being mostly comparable in the crystallization of
poly(MMA )-grafted silica [23, 24]. Values of ¢, in CH3;CN
were independent on Cgo amounts on silica. The reasons for
the phenomenon were still unclear.

In Table 3, inter-sphere distances, d,,s and dg,y, in col-
loidal crystals of 4 in CH3CN were summarized. The ob-
served values of d,,s estimated by Eq. (2) were well co-
incident with d,, which were evaluated on postulation of
fce-closed packing from volume fraction of the particles
by Eq. (1). Therefore, these results indicated that the col-
loidal crystallization took place based on electrostatic re-
pulsion between the particles to form fcc-closed packing,
as well as ones of colloidal silica in aqueous solution [34].
Colloidal crystallization of spherical particles in solution

Table 2 Critical volume

predominantly holds stable fcc structure rather than bce
packing [34].

Conclusions

Fullerene(Cgp)-tethered polymer-grafted silica spheres were
successfully synthesized via reaction of Cgg with 4-
azidobenzoyl group in poly(MMA-co-HEMA) grafted on sil-
ica. Bindings of Cg( on poly(MMA-co-HEMA)-grafted silica
were confirmed by appearance of characteristic resonance
peaks at 107-153 ppm, assignable to carbon atoms of Cg,
on a >°C CP/MAS NMR spectrum. The reaction afforded
bindings of Cgq in the range from 2.63 to 10.2 pumol/g-SiO,,
corresponding to 0.44x10% to 1.71x10% molecules/particle,
on the polymer-grafted silica. Colloidal crystallization of
Ceo/polymer/SiO, particles was observed in CH3CN, and crit-
ical volume fraction in the crystallization was in the range
from 0.018 to 0.024. Inter-sphere distances in the colloidal
crystals mostly agreed with calculated values on assumption
of fec-closed packing. Therefore, it was suggested that the
crystallization occurred due to electrostatic repulsion between

Table 3  Inter-particle distances in colloidal crystals of Cgo/polymer-
grafted silica in CH;CN

fraction (¢p,) of Ceo/ Particle Size / nm bo
polymer-grafted SiO»,, 4, 4 Particle Volume fraction (¢) dq/nm Ama/nm® dops/nm
in colloidal
crystallization in 4-1 157 0.024  4-1 0.147 229 500 222
acetonitrile 42 162 002 42 0.136 235 518 231
43 164 0021 43 0.122 244 530 237
44 166 0.020  4-4 0.114 250 538 241
4-5 167 0.018  4-5 0.106 256 548 248

@ Springer



Colloid Polym Sci (2015) 293:2075-2081

2081

the particles as well as those of colloidal silica particles in
aqueous solution.

References

10.

11.

12.

13.

14.

15.

16.

17.

Holtz JH, Asher SA (1997) Polymerized colloidal crystal hydrogel
films as intelligent chemical sensing materials. Nature 389:829-832
Reese CE, Mikhonin AV, Kamenjicki M, Tikhonov A, Asher SA
(2004) Nanogel nanosecond photonic crystal optical switching. J
Am Chem Soc 126:1493-1496

Muscatello MMW, Stunja LE, Thareja P, Wang L, Bohn JJ,
Velankar SS, Asher SA (2009) Dependence of photonic crystal
nanocomposite elasticity on crystalline colloidal array particle size.
Macromolecules 21:4403-4406

Xia Y, Gates B, Yin Y, Lu Y (2000) Monodispersed colloidal
spheres: old materials with new applications. Adv Mater 12:693—
713

Lawrence JR, Ying Y, Yiang P, Foulger SH (2006) Dynamic tuning
of organic lasers with colloidal crystals. Adv Mater 18:300-303
Park JH, Ohoi WS, Koo HY, Kim DY (2005) Colloidal photonic
crystal with graded refractive-index distribution. Adv Mater 17:
879-885

Zhou J, Cai T, Tang S, Marquez M, Hu Z (2006) Growth of colum-
nar hydrogel colloidal crystals in water—organic solvent mixture.
Langmuir 22:863-866

Li Y, Kunitake T, Fujikawa S, Ozasa K (2007) Photoluminescence
modification in 3D-ordered films of fluorescent microspheres.
Langmuir 23:9109-9113

Zhou Z, Yan Q, Li Q, Zhao XS (2007) Fabrication of binary col-
loidal crystals and non-close-packed structures by a sequential self-
assembly method. Langmuir 23:1473-1477

Hosein ID, Lindell CM (2007) Homogeneous, core—shell, and
hollow-shell ZnS colloid-based photonic crystals. Langmuir 23:
2892-2897

Weekes SM, Ogrin FY, Murray WA, Keatley PS (2007)
Macroscopic arrays of magnetic nanostructures from self-
assembled nanosphere templates. Langmuir 23:1057-1060
Camargo PH, Lee YH, Jeong U, Zou Z, Xia Y (2007) Cation
exchange: a simple and versatile route to inorganic colloidal
spheres with the same size but different compositions and proper-
ties. Langmuir 23:2985-2992

Nakamura H, Ishii M (2005) Effects of compression and shearing
on the microstructure of polymer-immobilized non-close-packed
colloidal crystalline arrays. Langmuir 21:11578-11581

Nakamura H, Mitsuoka T, Ishii M (2006) Microstructures and op-
tical features of polymer-immobilized non close-packed colloidal
crystalline array. J Appl Polym Sci 102:2308-2314

Kumada M, Watanabe M, Takeoka Y (2006) Preparations and op-
tical properties of ordered arrays of submicron gel particles: inter-
connected state and trapped state. Langmuir 22:4403-4407

Sakai T, Takeoka Y, Seki T, Yoshida R (2007) Organized monolay-
er of thermosensitive microgel beads prepared by double-template
polymerization. Langmuir 23:8651-8654

Toyotama A, Yamanaka J, Shinohara M, Onda S, Sawada T,
Yonese M, Uchida F (2009) Gel immobilization of centimeter-
sized and uniform colloidal crystals formed under temperature gra-
dient. Langmuir 25:589-593

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Evanoff DD, Hayes SE, Ying Y, Shim GH, Lawrence JR, Carroll
JB, Roeder RD, Houchins JM, Huebner CF, Foulger SH (2007)
Functionalization of crystalline colloidal arrays through click chem-
istry. Adv Mater 19:3507-3512

Yoshinaga K, Mouri E, Ogawa J, Nakai A, Ishii M, Nakamura H
(2004) Preparation of poly(methyl methacrylate) films containing
silica particle array structure from colloidal crystals. Colloid Polym
Sci 283:340-343

Yoshinaga K, Fujiwara K, Mouri E, Ishii M, Nakamura H (2005)
Stepwise controlled immobilization of colloidal crystals formed by
polymer-grafted silica particles. Langmuir 21:4471-4477
Yoshinaga K, Satoh S, Mouri E, Nakai A (2006) Immobilization of
colloidal crystals, formed by polymer-grafted silica in organic sol-
vent, in physical gels. Colloid Polym Sci 285:694—698

Ma Z, Watanabe M, Mouri E, Nakai A, Yoshinaga K (2011) Effects
of particle volume fraction on distortion of particle-arrayed struc-
ture during immobilization of colloidal crystals formed by
poly(methyl methacrylate)-grafted silica in acetonitrile. Colloid
Polym Sci 289:85-91

Yoshinaga K, Chiyoda M, Yoneda A, Nishida H, Komatsu M
(1999) Formation of colloid crystals from polymer-modified mono-
disperse colloidal silica in organic solvents. Colloid Polym Sci 277:
479-482

Yoshinaga K, Chiyoda M, Ishiki H, Okubo T (2002)
Colloidal crystallization of monodisperse and polymer-
modified colloidal silica in organic solvents. Colloids Surf
A 204:285-293

Yoshinaga K, Fujiwara K, Tanaka Y, Nakanishi M, Takesue M
(2003) Immobilization of colloidal crystals, formed from
polymer-modified silica in organic solvent, in polymer gel with
radical polymerization. Chem Lett 32:1082—1083

Yoshinaga K, Shigeta M, Komune S, Mouri E, Nakai A (2007)
Colloidal crystallization of colloidal silica modified with ferrocenyl
group-containing polymers in organic solvents. Colloids Surf B 54:
108-113

Ma Z, Watanabe M, Mori E, Yoshinaga K (2010) Effects of
ferrocenyl group on refractive index of colloidal crystal system
formed by polymer-grafted silica in organic solvent. Colloid
Polym Sci 288:519-525

Dresselhaus MS, Dresehaus G, Eklund PC (1996) Science of ful-
lerenes and carbon nanotubes. Academic, San Diego

Bonifazi D, Enger D, Diedrich F (2007) Supramolecular [60] ful-
lerene chemistry on surfaces. Chem Soc Rev 36:390—444

Lee JK, Ma WL, Brabec CJ, Yuen J, Moon JS, Kim JY, Lee K,
Bazan GC, Heeger AJ (2008) Processing additives for improved
efficiency from bulk heterojunction solar cells. J] Am Chem Soc
130:3619-3623

Fernandez G, Sanchez L, Veldman D, Wienk MM, Atienza C,
Guldi DM, Janssen RAJ, Martin N (2008) Tetrafullerene conju-
gates for all-organic photovoltaics. J Org Chem 73:9-3196

Yan H, Chen S, Lu M, Zhu X, Li X, Wu D, Tu Y, Zhu X (2014)
Side-chain fullerene polyesters: a new class of high refractive index
polyesters. Mater Horiz 1:247-250

Okubo T, Okada S (1998) Kinetic analyses of colloidal crystalliza-
tion in alcoholic organic solvents and their aqueous mixtures as
studied by reflection spectroscopy. J Colloid Interface Sci 204:
198-204

Okubo T (1996) Importance of electrical double layers in structural
and diffusional properties of deionized colloidal suspensions.
Colloid Surf A 109:77-88

@ Springer



	Colloidal crystallization of C60/polymer-grafted silica particles in organic solvent
	Abstract
	Introduction
	Experimental
	Materials
	Measurements
	Synthesis of trimethoxysilyl-capped poly(MMA-co-HEMA)(1)
	Synthesis of trimethoxysilyl-capped poly(methyl methacrylate-co-2-(4-azidobenzoyloxy)ethyl metharylate) (2)
	Preparation of poly(methyl methacrylate-co-2-(4-azidobenzoyloxy)ethyl metharylate)-grafted silica (3)
	Reaction of C60 with 3
	Determination of grafted polymer and C60 on silica
	Observation of colloidal crystallization and determination of inter-sphere distance

	Results and discussion
	Synthesis of C60/polymer/SiO2 (4)
	Colloidal crystallization

	Conclusions
	References


