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A monodisperse 1D colloidal array is prepared from monomer

directly combining precipitation polymerization and confine-

ment effects.

Colloidal arrays have many useful functions as constituent

materials, removable templates and diffractive elements.1

Commonly, fabrication of a colloidal array needs two steps:

preparation of monodisperse spherical colloids2 and assembly of

the colloids into an ordered array.3 As far as we know, there has

been no one-step method for assembling colloids into the special

confined space from monomers directly till now. Since in

biomineralization, biomaterials are always formed and assembled

concomitantly, it would be valuable to develop such a one-step

method for organizing microstructures based on the coupled

processes in which formation of colloids and their assembly occur

concomitantly. However, in contrast to colloidal inorganic

nanoparticles, which could be synthesized and self-assembled in

a coupled process because of strong attractive interactions between

them first reported by Li et al.,4 monodisperse colloids (here

meaning those usually bigger than 50 nm) lack the inherent

materials-building function, thus other confining conditions should

also be included.

Constrained and organized media is another research focus to

research polymerization as well as polymer self-assembly. In

polymerization, micelles, lipid bilayers, liquid crystals, organic

crystals, as well as micro- and meso-porous materials have been

used as constrained media and products always show several

features such as monodisperse molecular weight (Mw), high Mw

or higher-ordered structures than those formed in non-constrained

and bulk media.5 For example, the Martin group has found that

polyaniline (PAN) prepared in alumina oxide (AAO) channels

shows better conductivity than that in bulk solution.5 As to self-

assembling, research mainly focuses on polymer, especially

copolymer self-assembly.6 The Russell group recently discovered

that when the pore diameter of the AAO membrane was small and

incommensurate with the copolymer period, the imposed curva-

ture produced unusual copolymer morphologies.6 Also, triblock

copolymers such as P123 and F127 can be used as templates to

prepare inorganic meso-structures in AAO membranes.7

Our goal is one-step preparation of a colloidal array with an

AAO membrane as confining environment, combining polymer

chains formation, chains self-assembling into monodisperse

colloids and colloids assembling together to form a colloidal array

within channels (Scheme 1). Monodisperse spherical colloids were

formed along the channels with proper solvent polarity, or other

colloidal morphologies such as rods, wires and particles were

formed. Further, the colloidal array shows a blue-shift in PL

spectra, which proves the existence of confinement effects.

N-vinylcarbazole (NVK, A.R.) was used after recrystallization

in absolute methanol (A.R.) twice and azobisisobutyronitrile

(AIBN, C.R.) was used after recrystallization in acetone (A.R.).

Pyridine (A.R.) was used after distillation. Poly(N-vinylcarbazole)

was bought from Aldrich Chemical Co (PVK, Mw = 80,000).

KOH (C.R.) was used directly. The AAO membranes were

purchased from Whatman Corp. and the pore diameters

determined by SEM were about 200–250 nm.

In a typical example, 0.3 g NVK, 20 mg AIBN and a given

amount of pyridine/water (abbreviated as p/w, listed in Table 1) as

monomer, initiator and dispersion media respectively were added

into a three-necked flask under ultrasound for 1 minute to form a

homogeneous solution. A piece of AAO membrane was put in the

above solution. After bubbling nitrogen for 15 minutes, the flask

was sealed and placed in the dark at 210 uC for 24 hours to fill the
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Scheme 1 Fabrication steps and sample morphologies.

Table 1 Reaction parameters and morphologies for samples a to e

Samples
Pyridine
(ml) Water (ml)

Monomer
(g)

Initiator
(mg)

Colloid
morphologies

a 9 4 0.3 20 monodisperse
and spherical

b 9 3 0.3 20 multidisperse
rods

c 8 2 0.3 20 multidisperse wires
d 8 4 0.3 20 multidisperse

and spherical
e Methanol (10 ml) 0.3 20 monodisperse

and spherical
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channels with solution, which is the key step to form a high-density

polymer colloidal array in the membrane. Then the flask was

heated to 65 uC ¡ 1 uC and reacted for 12 hours. The AAO

membrane turned opaque and then was removed from the

solution.

Samples were measured with SEM, photoluminescence (PL)

and time resolved fluorescence spectrometry respectively. In the

preparation of SEM (Hitachi X650/EDAX, PV9100) samples,

after carefully removing the polymer on the surface of the

membranes with sandpaper, the membranes were cleaved and

etched in 10% KOH aqueous solution for 2 minutes and then

glued to the tack and sputtered with gold. For PL and time

resolved fluorescence spectra (SLM 48000Dscf/AB2 spectrofluoro-

meter, equipped with a HeCd laser with l = 325 nm), the

membranes after sanding on the surface were mounted on the

sample holder and the laser was perpendicular to the plane of

the AAO membrane.

Fig. 1A–1C exhibit the side and top views of the SEM images of

the sample a respectively. Fig. 1A shows that monodisperse

colloids form highly ordered 1D arrays along channels and the size

of the colloids is quite uniform. Fig. 1B shows the ordered

structure in Fig. 1A with higher magnification. Part of the array

structure was destroyed because of cleaving membranes and

etching in the KOH aqueous solution. Fig. 1C shows a top view of

the array composed of ordered monodisperse colloids about

200 nm in diameter on top of the membranes. Fig. 1D shows that

colloids in sample a9 (sample a means colloids formed in channels

and sample a9 means those formed out of membranes) are

multidisperse and their diameter ranges from 0.5 mm–1.2 mm. In

short, colloids in sample a are monodisperse and smaller in

diameter while those in sample a9 are multidisperse and bigger.

Those multidisperse colloids in sample a9 can be easily explained

because in precipitation polymerization, monodisperse colloids are

formed only under special conditions such as in near h solvent or

with cross-linkers.2 As for sample a, the confinement effects should

be in favor of nucleation simultaneously, which is the prerequisite

for formation of monodisperse colloids and colloidal arrays in

channels.

Then we consider the relationship of solvent polarity with the

colloidal morphology in channels (Table 1). As shown in Fig. 1E,

colloidal rods are formed when p/w = 3/1 (sample b). The length of

the rods is from 0.4 mm–1 mm. The rods are formed because when

the colloids are bigger than the channel diameter, they choose to

grow further along the channels. As the polarity is further

decreased to p/w = 4/1 (sample c), ordered arrays of colloidal wires

(a wire is longer than a rod) are generated, which is clearly shown

in Fig. 1F. Conversely, increasing the polarity of the solvent to

p/w = 2/1 (sample d) causes the solubilities of NVK and AIBN to

become smaller. Thus only a few smaller and multidisperse

colloidal particles from 100–200 nm are formed in the channels

(Fig. 1G). Thus, the polarity and solvency of the dispersion media

are important parameters for the size monodispersity and shape of

colloids, because they have a crucial effect on the rate of the

nucleation and the number of nuclei.

Additional to the dispersion medium with p/w = 9/4, pure

methanol is an alternative suitable dispersion medium for

constructing colloidal arrays in membranes. Fig. 1H shows the

side view of the SEM image of the sample e prepared in pure

methanol.

PL spectra of samples a, b, c, a9 and commercial PVK powders

are shown in Fig. 2A. (The particles in sample d are so few that no

PL signals were detected.) Samples a, b and c show that the

fluorescence emission peak appears at 413 nm, which is 7 nm blue-

shifted from that of sample a9 and commercial PVK powders

(curve x) at 420 nm. It has been well recognized that the emission

at 420 nm results from intramolecular triplet–triplet annihilation,

so called delayed fluorescence, and the emitting species have a

configuration in which the interaction between neighboring

chromophoric groups is strong enough.8 Due to the confinement

effects in the channels, PVK chains in colloids may be packed

more compactly, which causes neighboring chromophoric groups

to be closer to each other and results in the existence of stronger

interactions, therefore leading to a 7 nm blue-shift from 420 nm.

Further, from time resolved fluorescence spectra, the lifetime of

three samples is about 7 ns, while the lifetime of sample a9 is 14 ns

Fig. 1 SEM images of side view (A), (B) and top view (C) of 1D array of

sample a. (D) is PVK colloids formed in bulk solution of sample a. (E) is

the side view of sample b and (F) is the top view of sample c. (G) shows the

side view of sample d. (H) is the side view of sample e.

Fig. 2 Fig. 2A is PL spectra of samples a, b, c, a9 and commercial

powder (curve x). Fig. 2B is part of magnified Fig. 2A. Spectra of samples

a, b and c are on the same absolute scale and emission from the AAO

membrane has been abstracted. Signals in sample d are too weak to detect.
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and that of the commercial powder is 15 ns, which may also prove

the existence of confinement effects.

From Fig. 2B, there is emission at about 505 nm for samples a,

b and c, but no such emission in sample a9 and the commercial

powder (curve x). It was reported that there is no phosphorescence

emission at about 505 nm when the Mw of PVK is larger than

106.8 Based on the previous work and the PL spectra, we may infer

that the Mw of colloids in channels is less than those out of

channels. Combined with the information that the diameter of

sample a is smaller than that of sample a9, we may conclude that

colloids in channels are not grown fully. This is reasonable because

when the diameter of the colloids grows near that of the channels,

monomers cannot be transported further from bulk solutions.

Thus the colloids in channels stop growing while those out of

channels continue growing, which causes the diameter and Mw of

the colloids in sample a to be less than those in sample a9.

This is the first report that a colloidal array was constituted in

channels, combining precipitation polymerization and confinement

effects together. Compared to previous reports about polymeriza-

tion within constrained media, we firstly introduced heterogeneous

polymerization and the results are somewhat different from

previous reports. The structure of polymer chains formed with

confinement effects is different from that formed in bulk solution,

which is proved by PL spectra. The narrow Mw dispersion within

channels can be detected since narrow colloids diameter distribu-

tion always corresponds to narrow Mw dispersion. However, in

contrast to previous reports, the Mw of colloids within channels is

lower than that in bulk solution, which is attributed to a shortage

of monomer when the colloids are so big that they block the

channels and no further monomer can be supplied. It is a great

advantage to understand the confinement effects on the poly-

merization and therefore, to construct colloidal arrays in the

desired complex environments.
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