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Abstract

Anthraquinone-based solvent red, yellow (or green), and blue dyes used as essential ingredients were completely dissolved in styrene mini-
emulsion system, and a set of nanocolorants were successfully prepared by using a modified miniemulsion polymerization process. In architec-
ture, the obtained nanocolorants belong to a class of nanocomposite entities, in which a fraction of dye molecules are attached with crosslinked
macromolecular chains and more dye being embedded in the interior of crosslinked polymer owed to the high hydrophobicity of dyes and phase
separation between dye and polymer during the polymerization process. The performance characterization of the obtained nanocolorants
indicated that they exhibited excellent chromatic properties attributed to the nanoscale effects of homogeneous nanocolorants, and really achieved
superior migration fastness, light fastness, thermal stability, and good processibility. These nanocolorants are very applicable for aqueous ink-jet
inks, color resistance, high-performance coloration for polymers, and for electrophotographic toners.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, because of the rapid popularization of dig-
ital camera and increasing utility of non-impact digital
printers, the market demand for color ink-jet inks and color
toners were emerging in multitude [1]. Simultaneously the
market expansion of liquid crystal displays (LCDs) made color
filter (CF), used as the key part of LCDs, to greatly go up, in
which color resists were the crucial material for fabrication of
RGB color layer [2]. However, up to now the preparation and
application of color ink-jet inks and color resists are still in
a dilemma whether to choose dyestuff or organic pigment.
As for ink-jet inks, the water-soluble dye-based inks exhibited
poor durability, e.g., poor light stability, weak water resistance
and insufficient thermal stability, whereas the pigment-based
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inks had defects like poor image gloss, duller color brilliance,
and especially the high cost derived from traditional physical
submicronization of pigment particle [3]. And for color resists,
which are prepared by the prevailing pigment dispersed
method at present still had some drawbacks, e.g., imperfect
color saturation and contrast, and the same high cost resulted
from submicronization of pigment particle like pigmented inks
[2]. Those earlier prepared by dyeing method were too short in
life-time due to the poor high-temperature stability and light
fastness of the used dyes, but could obtain more excellent
color saturation, contrast, and larger color gamut than other
methods [2].

Nanocolorants were regarded as a new class of colorants
which could get out of dilemma between dyestuffs and organic
pigments [3—6]. In nature nanocolorants are a class of nanocom-
posites which recombine dye acted as an essential ingredient
and suitable polymeric matrix, and its performance target is to
integrate excellent chromatic properties and good processibility
of dyestuffs and good durability of organic pigments. Early two
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approaches were briefly reported to prepare nanocolorants. Bar-
ashkov and Liu packaged the water-soluble fluorescent dye into
submicron polymer particle by a conventional emulsion poly-
merization, which was called dye-packaging technology
(DPT) [3], and Boehm and co-workers prepared the colorants
applied for coloration of plastics, cosmetics, etc. via miniemul-
sion polymerization [4,5]. But the particle homogeneity [6],
light fastness, high-temperature stability, and migration fastness
of their products were still suspectable. It was well known that
miniemulsion polymerization can provide many advantages
for the preparation of nanoparticles [7—11]. In a highly stable
miniemulsion system, the nucleation of polymerization can
only take place in the monodispersive minidroplets which con-
tained the dispersed inorganic or dissolved organic essential in-
gredients for the nanohybrid formation, which makes the
situation very close to a 1:1 copying procedure of minidroplets
to nanoparticles; thus the minidroplets really acted as the inde-
pendent nanoreactors. Recently Takasu et al. prepared nano-
sized colored latex by miniemulsion polymerization [12,13],
and the colored lattices with polyurea shell were prepared by ap-
plying interfacial polycondensation reaction to the miniemul-
sion polymerization process [14].

In this paper, a modified miniemulsion polymerization pro-
cess was reported to prepare a set of nanocolorants based on
the architecture which we originally designed as follows, and
the practical performances of the obtained nanocolorants were
well characterized. Because the dyes incorporated into the
nanocolorants combined with the polymer by non-covalent in-
teraction, in order to realize the performance target of nanoco-
lorants, several key issues must be solved, i.e., how to realize
the homogeneity of nanoscale particle for generating sufficient
color brilliance and depth, how to achieve the recombinational
integrity between dye and polymer to obtain superior migration
fastness and thermal stability, and how to really obtain satisfying
photostability. First of all, it was crucial to select optimum dye-
stuffs. The basic requirements of dyes to be suitable for the in-
troduction into minidroplets are high hydropobicity, high
solubility in monomer, large absorption coefficient, and small
radical transfer coefficient [12]. In this case highly hydrophobic
anthraquinone-based solvent dyes were used, so the used dyes
themselves just acted as good hydrophobes to prevent the mini-
droplets from Ostwald ripening [15]. The amount of hydropho-
bic dyes dissolved in styrene played an important role in the
phase separation between polymer and dye during the polymer-
ization process [16]. For the small dye loading, the intermolec-
ular interaction of dyes is weak due to the relatively large
intermolecular distance, thus it is difficult to obtain complete
phase separation. As a result, the dye molecule is likely to be, re-
spectively, having affinity to macromolecular chains. Along
with the increasing amount of dye, the enhanced intermolecular
interaction of dye and hydrophobicity facilitate the phase sepa-
ration. Thereby, besides a fraction of dye being affinitied with
polymeric chains, the more dye forms the separated dye-phase
and tends to embed in the polymeric core, finally to be encapsu-
lated by the outer polymer.

Secondly, to achieve integrated morphology of nanocolor-
ants and to promote the preserving fastness of dye in

polymeric matrix, on the basis of water-insoluble nonpolar
styrene, it is very important to introduce a proper amount of
polar monomers. In this case, we introduced polar methyl meth-
acrylate (MMA) and polar glycol dimethacrylate (GDMA)
which also acted as a crosslinker. Due to the incomplete sur-
factant molecules coverage for minidroplets [17], the polar
monomers in minidroplets tend to concentrate in oil/water
interface region because of their higher hydrophilicity and in
order to further lower the interfacial energy, simultaneously
the high hydrophobic dyes were impelled into the inner region
of minidroplet. Accordingly, it facilitated the crosslinked polar
polymer to mainly locate on the outer layer of nanoparticle
and made the dye to embed in the interior of nanoparticle dur-
ing the polymerization process; also the nanocolorant particles
obtained a modified polarity and surface property at last. In
addition, to enhance the preserving fastness of dye in poly-
meric matrix as well as the heat-durability of matrix polymer,
the moderate crosslinking density for polymer is indispens-
able. Because the crosslinking can lead the more compact
polymeric exterior and greatly reduce the free volume of the
polymer, the dye molecular migration from polymeric matrix
will be sharply controlled. In addition to GDMA being used
as crosslinker, a proper amount of divinylbenzene (DVB)
was added.

Finally, to really ensure the enhancement of light stability
of both matrix polymer and dye, we introduced the well com-
patible light stabilizer into minidroplets, especially the intro-
duction of copolymerizable light stabilizer, e.g., reactive
hindered amine light stabilizer (r-HALS) into the system,
which is supposed to make nanocolorants to structurally
achieve photostability [13,18,19].

2. Experimental section
2.1. Preparation of nanocolorants

Anthraquinone-based solvent red, yellow, blue and green
dyes (technical grade, Aolunda Co. Ltd and Bayer Corp.)
were used as the essential material, the molecular structure
of which are shown in Scheme 1.

The deionized water (50 g) solution of sodium dodecyl
sulfate (SDS, analytical grade, based on water 20 mM) and
sodium bicarbonate (NaHCOj;, analytical grade) was added
to styrene (10 g) solution comprising 1.5 g MMA, 1.0 g DVB
and GDMA (technical grade, Shanghai Chemistry Reagent
Co.), 0.8—2.0 g completely dissolved dyes, 0.15 g predis-
solved polystyrene (M, = 50,000, Shanghai Chemistry Re-
agent Co.), and reactive light stabilizer (HALS-13, Clariant
Corp.), and then quickly stirred at room temperature for
20 min. The resultant macroemulsion was miniemulsified
with an ultrasonic homogenizer (ZhiSun Instrument Co.,
JYD-650), operated at 400—500 W for 15 min under ice cool-
ing, and finally obtained a miniemulsion. The miniemulsion
was transferred into a flask equipped with an agitator, a ther-
mometer, a reflux condenser, and a nitrogen tube. The system
was purged with nitrogen for 10 min and heated to 60 °C under
nitrogen flow, simultaneously stirring by paddle stirrer at
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Scheme 1. Molecular structure of the used dyes.

200 rpm. The reaction was initiated by the injection of a water
solution of potassium persulfate (KPS) at 60 °C, and then kept
polymerization at 65 °C for 4 h. The polymerization conver-
sion was determined by a gas chromatography (GC, FULI An-
alytical Instrument Co., GC9790), until no monomer could be
detected.

2.2. Analysis and performance characterization

Samples dispersed in deionized water were transferred to
copper grids and left to dry for transmission electron micros-
copy (TEM, JEOL JEM-2010) and field emission TEM
(JEOL JEM-2100F). Samples properly diluted in high-purity
water were studied with a photon correlation spectrum (PCS,
Malvern Zetasizer 3000HSA) to obtain the particle size and
size distribution. UV—vis absorption was studied using
a UV—vis spectrometer (Lambda-20, Perkin Elmer). For the
thermogravimetric analysis, the used apparatus was a TGA-7
from Perkin Elmer. The { potential was measured using a
Zetasizer Nano ZS (Malvern Instruments), and the samples
were prepared by the same procedure as those of PCS.

2.2.1. Preparation of color films on paper and light
fastness test

The dyes predissolved in a proper amount of ethanol and
then blended with transparent water-varnish to obtain coating
system with 0.3 wt% dye content, whereas the nanocolorant
(dye/polymer =0.8, 1.2, 1.5 g/12.5 g represented loading of
red, yellow, and blue dyes, respectively) dispersions were
directly blended with the same varnish to obtain coating system
with the same dye content based on total recipe. Finally the

color films with definite thickness were prepared by coating
the coating systems on the printing paper using a Bar-coater
and then dried. The color films were irradiated by a Xenon
lamp for 120 h under the condition, i.e., 30,000 lux light illu-
mination, 6 & 1 cm distance between samples and light source,
60 °C, and 50% relative humidity. Before and after light irra-
diation, the color difference (AE) of each sample was directly
obtained by a benchtop colorimeter (HunterLab Co., Color-
Quest® XE).

2.2.2. Preparation of colored PS sheets and migration
fastness test

The nanocolorants treated by spray drying and corresponding
dyes (0.2 part of each dye vs 1.8 parts of each nanocolorant)
were added into 50 parts polystyrene (PS, M, =280,000
g/mol) bulk, and uniformly mixed at 175 °C by Hakke Rheocord
System (Rheocorel 90), and then the mixtures were pressed to
sheets of 1 cm thickness by using compression moulding
machine at 190 °C. The colored PS sheet of 1.0 g was put in
the 30 ml capped sample bottle poured with 15 ml absolute ethyl
alcohol, and placed in 70 °C calorstat for 60 h. The obtained
solution was drawn for UV—vis absorption analysis which can
evaluate migration fastness of nanocolorants.

3. Results and discussion
3.1. Analysis by TEM and PCS
Typical TEM images obtained demonstrated that the mor-

phology of nanocolorants is homogeneous spherical nanopar-
ticle with a uniform surface, as shown in Fig. 1. Under the

Fig. 1. TEM images of nanocolorants: (a) red, (b) yellow, (c) blue nanocolorant (scale bar 200 nm). Insets: enlarged images by field emission TEM image. Dye/
polymer =0.9, 1.2, 1.5 g/12.5 g represented loading of red, yellow, and blue dyes, respectively.
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condition of enough dye loading, the phase separation between
polymer and dye would generate the polymerization process.
By field emission TEM it could be shown that the separated
dye-phase, i.e., the darker domain was embedded in the cross-
linked polymer matrix.

By using photon correlation spectra (PCS), we could ex-
actly obtain the particle size and size distribution of nanoco-
lorants. As shown in Fig. 2, the average particle size was
below 100 nm which is identical with TEM result, and the
polydispersity index (PDI) indicated that the size distributions
of nanocolorants are unimodal. However, the PDI of red nano-
colorant (dye/polymer =1.0 g/12.5 g) was relatively wide,
which resulted from the poorer solubility of Solvent Red in
styrene. The saturated concentration of Solvent Red dissolved
in 10 g styrene was 1.0 g, so some dye aggregate would be
expelled out from the polymeric matrix due to the dye/polymer
phase separation in the polymerization process, which led the
PDI to increase.

3.2. UV—vis absorption spectra of nanocolorants

UV—vis absorption spectra were obtained from the dried
nanocolorants dispersed in absolute ethanol (0.2 mg/ml) and
corresponding dyes dissolved in absolute ethanol (0.05 mg/ml
which do not lead to dye molecular stacking) by using absolute
ethanol as reference solvent. When compared with the maxi-
mum absorption wavelength (A,.x) of corresponding dye,
Amax Of each nanocolorant showed a bit of bathochromic shift
as shown in Fig. 3, i.e., Anax 514 nm of red nanocolorant vs
Amax 508 nm of dye, A.x 459 nm of yellow nanocolorant vs
Amax 447 nm of dye, A,.x 631 nm and 585 nm of blue nanoco-
lorant vs A,.x 627 nm and 581 nm of dye. Because the anthra-
quinone-base of dye is a big m-conjugated planar structure,
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Fig. 2. The size distributions of nanocolorants from PCS: (a) red nanocolorant,
Zave 82.2nm, PDI 0.136; (b) yellow nanocolorant, Za,. 90.8 nm, PDI
0.0243; (c) blue nanocolorant, Za, 86.2 nm, PDI 0.0175. Dye/polymer = 1.0,
1.2, 1.5g/12.5g represented loading of red, yellow, and blue dyes,
respectively.
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Fig. 3. UV—vis absorption spectra of: (a) red nanocolorant, (b) yellow nano-
colorant, (c) blue nanocolorant, (d) blue dye, (e) red dye, and (f) yellow dye.
Dye/polymer =0.9, 1.2, 1.5 g/12.5 g represented loading of red, yellow, and
blue dyes, respectively.

which generates intermolecular t—7t interaction and lead to
molecular stacking [20]. Therefore, we concluded that the sep-
arated dye-phase embedded in polymeric matrix will similarly
form molecular stacking, which resulted in the bathochromic
shift of Apax [20].

3.3. Nanocolorant aqueous dispersions’ behavior

As shown in Table 1, each of the obtained nanocolorant
aqueous dispersion demonstrated a high surface tension,
very low rotary viscosity, high { potential and excellent stor-
age stability. These characteristics are very desirable for aque-
ous ink-jet inks application.

3.4. Chromatic properties of nanocolorants

To test the chromatic properties of nanocolorants compared
with dyes, the color films on paper prepared as described in
Section 2 were photographed by a digital camera. The same
dye-content nanocolorants (a, d, f) exhibited excellent color
properties as seen in Fig. 4, which showed even brighter light-
ness and higher saturation than that of the corresponding dyes

Table 1
Characteristics of nanocolorant aqueous dispersions (dye/polymer =0.9, 1.2,
1.5/12.5 g represented loading of red, yellow, and blue dyes, respectively)

Color Surface Rotary 4 Storage

sample tension viscosity Potential stability
(30 °C, mN/m) (30°C, cP) (mV)

Red 54.1 1.1 —55.1 E

Yellow 54.3 1.0 —53.9 E

Blue 60.2 1.2 —57.8 E

Storage stability evaluated as E, i.e., dispersed very well without agglomerate,
settled for 60 days at 30 °C.
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a b c d
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Fig. 4. Digital photographs of the color films prepared by using nanocolorants and corresponding dyes: (a) red nanocolorant, (b) red dye, (c) uncrosslinked red
nanocolorant, (d) yellow nanocolorant, (e) yellow dye, (f) blue nanocolorant, and (g) blue dye.

(b, e, g). Herein, we considered that the dye incorporated into
a nanocolorant particle performs the function similar to that of
chromophore group in a dye molecule due to the nanoscale
effects of homogeneous nanocolorants. Moreover, the smaller
particle size, the stronger color depth owing to its descending
light reflection index. But the uncrosslinked colorant showed
a weak color depth and dull saturation as in Fig. 4 (c) due
to the dye migration from the polymeric matrix as well as
the formation of some agglomerates in which mixed dye mi-
grated from polymeric matrix with latex particles. Therefore,
we could achieve equivalent or slightly higher color saturation
and lightness by using lower loading of relatively expensive
dyes.

3.5. Migration fastness of nanocolorants

We specially designed an experiment as described in Sec-
tion 2 to evaluate the migration fastness of nanocolorants, in
which the both migration fastness of nanocolorant in PS media
and preserving fastness of dye in polymeric matrix were in-
cluded. When the concentration of dye in solution is low
enough to obey Beer’s Law, the lower UV—vis absorption
peak indicates that the amount of colorant migrated out from

Abs.

Wavelength / nm

Fig. 5. UV—vis absorption spectra to evaluate the migration fastness of nano-
colorants and corresponding dyes: (a) uncrosslinked red colorant, (b) blue dye,
(c) blue nanocolorant, (d) red dye, (e) red nanocolorant, (f) yellow dye, and (g)
yellow nanocolorant.

the media is smaller. In Fig. 5, it is shown that the migration
fastness of nanocolorants in PS media is markedly improved
than that of the corresponding dyes, which just indirectly re-
flected that the preserving fastness of dye in polymeric matrix
is superior. Whereas the uncrosslinked colorant exhibited
a poorer migration fastness due to the inferior preserving fast-
ness of dye in polymeric matrix.

3.6. Light fastness of nanocolorants

The light fastness of the nanocolorants was evaluated by an
irradiation experiment on color films as shown in Section 2,
simultaneously compared with that of the corresponding
dyes. The larger the AFE, the weaker the light fastness of color
sample [3].

As listed in Table 2, the light fastness of nanocolorants are
much better than that of the corresponding dyes. The great en-
hancement of photostability was owed to the covalently bound
light stabilizer and polymeric matrix which can insulate the
ambient oxygen and other harmful chemicals.

3.7. Thermal behavior of nanocolorants

Through thermogravimetric analysis (TGA), the thermal
behavior of nanocolorants could be obtained. Herein, we illus-
trated the thermal behavior of blue nanocolorant, which is
quite similar to that of red, yellow and green nanocolorants.
The space length of crosslinked macromolecular chains will
increase as well as the affinity between dye molecule and mac-
romolecule will weaken along with the increasing tempera-
ture. When the temperature rises to a certain extent, the dye
molecule affinitied with macromolecular chain will first be
broken away from the polymeric matrix. From Fig. 6, it could

Table 2
Light fastness of the films coated on printing paper using nanocolorants and
the corresponding dyes

Color sample AE

Red dye 10.04
Red nanocolorant 2.73
Yellow dye 3.83
Yellow nanocolorant 0.71
Blue dye 13.92
Blue nanocolorant 3.56
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Fig. 6. TGA of the blue nanocolorant (dye/polymer = 1.5 g/12.5 g) and corre-
sponding dyes operated at 15 °C/min.

be concluded that the starting temperature of dye disengaged
from blue nanocolorant matrix is about 175 °C.

Along with the further increase of temperature, the clus-
tered dye-phase embedded in interior of crosslinked polymer
would also be gradually escaped and sublimated. Moreover,
the heat resistance of nanocolorants can be more improved
by optimizing the formulation of reaction system. Therefore,
it was also indicated that the obtained nanocolorants have suf-
ficient thermal stability for practical applications.

4. Conclusions

In conclusion, based on the architecture of nanocolorants
that we originally designed, a set of red, yellow (or green),
and blue nanocolorants with monodispersive particle size
less than 100 nm were successfully prepared by using a modi-
fied miniemulsion polymerization process, which holds the
advantages, such as facilitation and availability, low-cost,
and environment-friendly, etc. The obtained nanocolorants
exhibited excellent color saturation, lightness and strong color
depth owed to the nanoscale effects of homogeneous nanoco-
lorants. By dissolving primary color dyes in the minidroplet,
the full-tone nanocolorants will be easily obtained according
to additive color matching. They really achieved superior
migration fastness, light fastness, thermal stability, and good
processibility, and their aqueous dispersions can be easily made
to high-quality color ink-jet inks, and be used in color resists.
Furthermore, through spray drying and simple post-treatment

they will be turned to ultrafine color toners suitable for
electrophotographic process and for high-performance color-
ation of polymers. Accordingly we suggest that the structural
concept of nanocolorant should be applied to develop some
advanced optoelectronic functional materials, e.g., electronic
inks for electrophoretic display [21], light-stable solid laser
dyes [22], etc.
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