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Abstract
Preparation and properties of latent pigment nano- and micro-encapsulated in inorganic capsule have been investigated. Sol-gel derived C6H5-SiO2 sphere capsules
containing organic pigment were prepared using solvent-soluble latent pigment. By controlling the sol-gel reaction of C6H5-Si(OC2H5)3 as starting material by acidic
catalyst, followed by basic catalyst, it was possible to prepare spherical inorganic capsules containing organic pigment with micro- and nano-size. Multi-colored
inorganic sphere capsules ware prepared by using the three primary colors of latent pigments (Qn-BOC, Indigo-BOC, and PY-BOC). Colored microcapsules (MCs)
with excellent heat resistance, light resistance, and coloring property were obtained. Inorganic micro- and nano-capsules of Qn-BOC showed strong fluorescenceemission characteristics.

Introduction
Microcapsules (MCs) are rapidly being developed as materials
for applications such as information recording, cosmetics, coatings,
and food stuffs. In particular, as for microencapsulation of functional
organic dyes, it is expected to be applied to, for example, display
materials, information-recording materials, microsphere lasers,
biomaterials such as drug delivery system and in-vivo fluorescent dye
materials, and it is a field in which great development is expected in the
future [1-13]. Conventionally, MCs of functional organic dyes have a
structure in which an organic dye forms a core that is encased by an
organic-polymer shell. However, due to the low durability of the dye,
such MCs have been insufficient in terms of performance. Although
organic pigments with good durability have been used, they are not
soluble in a solvent, so it is difficult to make them into microparticles
and microencapsulate them, and good performance has not been
achieved [8]. In general, mechanical pulverization by a bead mill or
the like is mainly used for micronizing an organic pigment [14,15].
A point of issue with that processing, however, is that the resulting
particle shape is non-uniform, and spherical MCs cannot be obtained.
Furthermore, when organic pigments are used, organic polymers
are used for the shell structure; consequently, heat resistance, light
resistance and mechanical durability (such as hardness) are low.
The present study aimed to microencapsulate high-durability
and high-performance functional organic pigment in inorganic
polymer. In particular, organic-solvent-soluble latent pigment was
microencapsulated in inorganic MCs formed from inorganic polymer
synthesized by the sol-gel method. In that manner, inorganic MCs
containing organic pigment were synthesized, and the properties of
the MCs were investigated. Starting as an organic pigment, a latent
pigment is made soluble in various solvents by introducing an organic
substituent into an insoluble organic pigment [16]. A latent pigment
has the property that it can be returned to the original pigment by heat
treatment. For that reason, it can be easily introduced into a capsule
because it has solubility like a dye being introduced into a film, and
after the pigment is transformed by heat treatment, it manifests high
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durability. Organic-pigment-containing inorganic MCs (MCs) were
synthesized by combining the latent pigment with an inorganic
polymer synthesized by the sol-gel method. As for the inorganic
polymer (synthesized by the sol-gel method), phenyltriethoxysilane
was used as the starting material, and MCs with spherical shape were
made by coating an organic pigment with an inorganic polymer
(C6H5-SiO2: Ph-SiO2), in which a phenyl group is chemically bonded
to a siloxane skeleton. In this manner, organic-pigment-containing
inorganic MCs with higher durability than MCs formed with organic
resin could be developed. In addition, it was possible to make MCs of
various colors by using latent pigments of the three primary colors as
coloring material.

Experiment
Synthesis of latent pigment
The latent pigment was synthesized with three primary-color
pigments as coloring materials, namely, magenta-colored quinacridone
(Pigment Violet 19: Dainichiseikakougyo Co. Ltd.), indigo (for cyan)
(Tokyo Chemical Inc.), and a diazo yellow (for yellow) (Pigment
Yellow 93: Dainichiseikakougyo Co., Ltd.), by a previously reported
method [17].

Synthesis of inorganic micro- and nano-capsules
2.40 g (9.98 mmol) of phenyltriethoxysilane (PTES; Shin-Etsu
Chemical Co., Ltd.) was mixed with 3.00 g of HCl (adjusted to pH 3),
and the mixture was stirred at room temperature for 24 hours. As the
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polymerization reaction progressed, the solution became an opaque
emulsion. When the solution was allowed to stand for 72 hours, it
became separated into two layers: one layer of C6H-SiO2 polymer
and one layer of hydrochloric-acid aqueous solution. The upper
layer (hydrochloric-acid aqueous solution) was removed, and a SiO2
polymer sol having a phenyl (Ph) group was obtained by a sol-gel
reaction. The Ph-SiO2 polymer sol was dropped into NH4OH solution
(adjusted to a constant amount of 13 mol/L) by using a micropipette
and stirred for 30 minutes, after which MCs settled out. The produced
MCs were separated and dried at 100°C for 30 minutes. Then, 5- to
80-wt% solutions in which the Ph-SiO2 polymer sol was dissolved in
1,4-dioxane were prepared, and those solutions were used to prepare
MCs in the same manner as described above.

Synthesis of latent-pigment-containing inorganic micro- and
nano-capsules
Latent pigment was added to and mixed with a solution prepared
by dissolving the Ph-SiO2 polymer sol (prepared as described in
Section 2.2) in 1,4-dioxane to give a homogeneous solution. When that
solution was added dropwise to an ammonia solution (13 mol/L), MCs
containing the latent pigment were generated. The MCs were taken
out and dried at 100°C for 30 minutes. They were then heat-treated
at 160°C for 30 minutes to convert the latent pigment into an organic
pigment encapsulated in the inorganic polymer MCs.

Evaluation
To determine the molecular structure of the prepared Ph-SiO2 MCs,
an infrared absorption spectrum was measured (with a Shimadu FTIR8400) by the KBr method. Differential thermogravimetric analysis was
also performed with a Shimadu TG-50. The surface morphorogy of
the MCs was observed by optical microscope and scanning electron
microscope (SEM; KEYENCE VE-8800). A light-resistance test (an
accelerated ultraviolet exposure test) was then performed. In detail,
MCs were spin-coated on a quartz substrate, irradiated with ultraviolet
light (wavelength: 365 nm; intensity: 614 μW/cm2) for a certain time,
and the change in the light-resistance property was tracked by using a
visible-ultraviolet transmission spectrum (Shimadu UV-2450).

Result and discussion
Preparation and properties of inorganic MCs
The synthetic route for the MCs is shown in Figure 1. To prepare
inorganic MCs with high durability, PTES (C6H5Si(OC2H5)3) is used
as a starting material, and an inorganic-polymer precursor (in which
a phenyl group is bonded to a siloxane skeleton) is synthesized by
the sol-gel method with an acidic catalyst using HCl. Then, MCs are
formed by developing this precursor in NH4OH (which is a basic
catalyst). After the inorganic polymer is generated as straight chains
by using acidic catalyst, three-dimensional condensation is promoted
by an accelerating reaction with an alkali catalyst, and spherical MCs
are subsequently obtained. By introducing a phenyl group into the
inorganic polymer network, compatibility with a latent pigment
having an aromatic ring is improved, incorporating the pigment into
the inorganic polymer becomes easy, and the coloring property of the
pigment is improved. By accelerating the two-step sol-gel reaction
with the acidic and basic catalysts, a spherical inorganic capsule was
successfully synthesized.
The procedure for preparing the MCs is shown schematically in
Figure 2. When PTES was added in a hydrochloric-acid aqueous
solution of pH 3 and stirred, they did not mix and formed an emulsion
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state. When this emulsion-forming reaction was continued for a
certain period of time in this state, a polymerization reaction (by the
sol-gel reaction of PTES) proceeded, and a PTES sol was formed. After
standing for 72 hours, the PTES sol and the HCl aqueous solution
phase separated; accordingly, after this sol solution was extracted and
added in aqueous NH4OH, spherical MCs were formed. In the case
that a latent pigment was included (as described later), a solution of
latent pigment and PTES sol dissolved in 1,4-dioxane was added in the
NH4OH. In this way, MCs containing a latent pigment were formed,
and by heat-treating the MCs to convert the latent pigment into an
organic pigment, and organic-pigment-containing MCs were obtained.
Optical-microscope and SEM images of the prepared inorganic
MCs (heat-treated at 160°C) that do not contain the latent pigment
are shown in Figure 3. As shown in Figures 3(a) and 3(b), spherical
MCs with smooth surface and sizes in the range of 30 to 100 µm were
obtained. An observation image of the internal structure of an inorganic
microcapsule with a diameter of 300 μm taken by SEM (i.e., the fracture
surface of an inorganic microcapsule) is shown in Figure 3(c). It is clear
from the image that the capsule is composed of a core-shell structure in
which the inside is hollow. And the latent pigment is mainly contained
in this hollow interior. The thickness of the inorganic coating on the
hollow exterior shell depended on the size of the inorganic capsule, and
when the capsule diameter was large, the thickness of the coating also
tended to be large.

Infrared-absorption spectrum
analysis of inorganic MCs

and

thermogravimetric

Infrared spectra of the fabricated MCs (PTES-MCs) and PTES
starting material are compared in Figure 4. In the case of the PTESMCs, absorption due to the -CH stretching vibration of -OEt (C2H5)
from 2900 cm-1 to near 2800 cm-1 seen in PTES disappeared, and wide
absorption due to Si-O-Si vibration was observed at 1000 to 1200 cm1
. This finding suggests that the condensation reaction proceeded by
the sol-gel reaction, and an inorganic polymer was formed. Moreover,
absorption due to CH vibration of the phenyl group was observed near
3100 cm-1 and absorptions of C=C and Si-Ph bonds of the phenyl group
were observed near 1600 cm-1 and around 1430 cm-1, respectively,
indicating the MCs have a molecular structure in which a phenyl group
is bonded to an inorganic skeleton of SiO2. In addition, absorption due
to Si-OH was observed at 3660 cm-1, suggesting that an -OH group was
formed in part of the inorganic skeleton of SiO2.
The results of thermogravimetric analysis (TG) of PTES-MCs
and polystyrene (PS) (which is an organic polymer) are compared in
Figure 5. In the case of PTES-MCs, although a slight weight loss was
observed from around 400°C, a significant weight loss was confirmed
from 500°C to 650°C (namely, about 56%). That weight-loss percentage
roughly agrees with the value (i.e., 52.6%) given when the phenyl group
in C6H5-SiO2 burns off, resulting in weight loss. This result suggests that
the PTES-MC has a structure in which a phenyl group directly bonds
to a siloxane skeleton. Above 650°C, the phenyl group was completely
combusted, and only the SiO2 skeleton remained. On the contrary,
in the case of PS, weight loss began from 200°C, and a large weight
loss was observed at 300 to 400°C. At 400°C, combustion of PS was
complete; that is, weight loss was 100%. This result demonstrates that
the prepared MCs have very high heat resistance compared with the
organic polymer used for conventional microencapsulation, i.e., PS.

Particle-size control of MCs and factors affecting particle size
The size of the microcapsule particles depended on the concentration
of the inorganic-polymer precursor used during preparation of the
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Figure 1. Formation of microcapsule containing latent pigment by using acid and basic sol-gel method
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PTES-MCs and the amount of PTES sol dripped into the ammoniacatalyst solution. Accordingly, by controlling those conditions, it was
possible to control MC particle size. Change in diameter of MCs with
raw-material concentration (PTES sol) is plotted in Figure 6. The
dropping amount at each PTES-sol concentration was fixed at 1.2×10-2
g. Although diameter of 300 µm was obtained at PTES concentration
of 100 wt%, when PTES-sol concentration was reduced in the order
80%→60%→40%→20%→10%, MC particle diameter was reduced in the
order 150 µm→120 µm→50 µm→20 µm→5 µm.

Figure 3. Optical microscope and SEM images of microcapsule (MC)
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Figure 4. Infrared spectra of PTES-MC and PTES
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Change in mean particle diameter with PTES-sol concentration
with PTES dropping weight as a parameter is plotted in Figure 7. When
dropping weight was reduced from 1.2×10-2g to 3.0×10-3g, mean particle
diameter was significantly decreased. In other words, nanometer-sized
(i.e., sub-micron level) particles were obtained. At PTES concentration
of 60%, particle diameter dramatically was reduced, namely, from
120 to 5 µm. At PTES concentrations of 40% and 20%, particle
diameters were 2 and 1 µm, respectively. At the PTES concentration
of 10%, nanometer-sized MCs (i.e., diameter of about several hundred
nanometers) were obtained. When the PTES sol was dropped into the
base catalyst (NH4OH), particulate MCs were formed immediately. It
is presumed that since the PTES sol is insoluble in an aqueous solution,
the sol-gel reaction proceeds on the surface in a three-dimensional
direction as soon as the droplet of the sol contacts the base-catalyst
surface. And since the size of the droplet is determined by the volume
of sol dropped, the sol-droplet volume has a significant effect on the
size of the MCs formed.
Observation images (taken by SEM) of micrometer-sized and
nanometer-size MCs are shown in Figure 8. It is clear from these
SEM images that both the micrometer-sized and nanometer-sized
MCs are spherical. MCs and NCs (nanocapsules) show significantly
different heat resistance. Change in the surface morphology of MCs
and NCs heat-treated at 180, 200, and 220°C are shown in Figure 9. In
this temperature range, the MCs show no change in morphology; in
contrast, the NCs start to melt and fuse together when heated above
200°C. It is considered that the difference in the two types of capsules
in terms of thermal energies is derived from the difference in specific
surface areas of the particles. Such reduction of the melting point by
this so-called “nano-sizing” is a phenomenon also known to occur in
the case of other particles (e.g., fine metal particles) [18].
In the manner explained above, by controlling PTES-sol
concentration and volume of PTES-sol dropped into the base catalyst,
it is possible to obtain MCs with size ranging from the sub-micron level
to around 300 µm and to control particle diameter by controlling the
synthesis conditions during fabrication of MCs. It will be possible to
more precisely control particle size by centrifugation of the prepared
particles. That matter will be reported in a future paper.

Synthesis and properties of microencapsulated latent pigment

PS
PTES-MC
100 200 300 400 500 600 700 800
Temperature [℃]
Figure 5. TG Curves of PTES-MC and PS
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As for synthesis of PTES-MCs, latent pigment dissolved in solvent
(dioxane) was added to sol solution (formed by polymerization of
PTES by acid catalyst), and when this mixed solution was dropped
into a basic catalyst solvent, a microencapsulated latent pigment was
formed. The chemical structures of the latent pigments used are shown
in Figure 10. Three primary-color pigments, namely, quinacridoneBOC (for magenta), indigo-BOC (for cyan), and Pigment Yellow 93BOC (PY-BOC) (for yellow), were selected for the latent pigmentation.
In the three kinds of latent pigments, the hydrogen of the N-H group
in each organic pigment molecule was substituted with a t-BOC
(COOC(CH3)3) group, and all three kinds were soluble in an organic
Volume 3(3): 4-8
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colored with the three primary-color materials, namely, red-purple
(quinacridone, Qn), blue (indigo), and yellow (PY93), were obtained.
It is clear that colors of the MCs differ considerably before and after the
heat treatment and that the pigment is formed inside the MCs due to
the heat treatment. Moreover, the MC surface after heat treatment was
smooth, and porosity due to gas generated when the latent pigment
transforms to the pigment was not observed on the surface of the MCs.
By varying the mixing ratio of the three primary-color latent pigments
of this color material, it is possible to develop MCs with various colors.
Multi-colored MCs prepared by mixing the three primary-color latent
pigments are shown in Figure 12. By systematically varying the mixing
ratios of PY93/Qn, indigo/Qn, and PY93/indigo from 9: 1 to 1: 9, it was
possible to produce inorganic MCs with various colors, including red,
blue, and green (namely, the three primary colors of light). In addition,
it was possible to prepare nanoencapsulated organic pigment by
controlling the particle diameter during preparation of the inorganic MCs.

Figure 6. Relationship between PTES concentration and mean diameter of MC

Figure 7. Relationship between PTES dropping weight and mean diameter of MC

Figure 8. SEM photographs of micro-size and nano-size capsules

solvent such as 1,4-dioxane. As for the MCs containing the latent
pigments, under heat treatment in the range of 160 to 180°C, the t-BOC
group of the latent pigment was eliminated, and when isobutylene gas
(H2C=C(CH3)2) and CO2, which were generated by decomposition of
t-BOC, were removed from the system, the pigment was formed inside
the MCs.
Surface states of the microencapsulated latent pigments before and
after heat treatment are shown in Figure 11. When the MCs containing
the latent pigments were heat treated at 160°C, spherical MCs
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Light-resistance test of inorganic-material-microencapsulated
organic pigment
Light resistance is one factor that becomes important when coloring
materials are applied in optical materials. It is a particularly important
property in cases such as when continuity of coloration (e.g., storage
stability of a pigment) must be necessary. In light of that requirement,
a light-resistance test on the prepared inorganic-microencapsulated
organic pigment was performed. The result of that test on microcapsulated PTES-Qn pigment is shown in Figure 13 in comparison
with PS encapsulated Acid Red (organic polymer encapsulated dye).
The relationship between UV exposure time and change in maximum
absorption wavelength for each sample is shown in Figure 13.
A sample in which inorganic MCs containing Qn (PTES-MCs)
were coated as a film on a glass substrate was prepared and tested. As a
comparison target, polystyrene MCs (PS-MCs) containing a rhodamine
dye called Acid Red 52 (sulfophorhodamine B sulphonylchloride) were
also prepared and tested. Acid Red 52 was chosen because it is a typical
magenta-coloring material and has an absorption peak at 560 to 550
nm in almost the same manner as that of Qn.
As for the test method, the samples were irradiated with ultraviolet
rays (with wavelength of 365 nm and intensity of 614 μW/cm2), and
the change with time of the transmittance of the films at 550 nm was
recorded. One sample was irradiated for 24 hours, and the temporal
change of the UV/VIS transmittance spectrum for the maximum
absorption wavelength (Qn: 550 nm; Acid Red: 560 nm) of the pigment
was calculated under the assumption that the transmittance at time
zero was 100%.
Since the film was made by using MCs, transmittance varied
according to location; despite that variation, the transmittance of
the inorganic-material-microencapsulated Qn pigment varied only
slightly.
In contrast, as for the PS MCs containing Acid Red, transmittance
decreased significantly with passage of time, and after 24 hours, it
decreased by about 30%. This result can be explained by the fact
that Acid Red (which is an organic dye) and PS (which is an organic
resin) are decomposed by ultraviolet rays. It is clear from the above
results that the Qn-containing inorganic MCs developed in this study
show significantly improved light resistance compared to the PS MCs
(organic resin) using conventional organic dye. Moreover, as for the
MCs containing yellow (PY93) and cyan (Indigo) pigments, according
to accelerated UV-irradiation tests, decrease in transmittance was not
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Figure 9. Surface morphology of micro- and nano- capsules after heat treatment

Figure 10. Chemical structure of three primary colors of latent pigments

observed, so it is concluded that the light resistance of the developed
microencapsulated pigment is extremely high.
General organic pigments are insoluble in solvents, so fabricating a
homogenous system with macromolecules used for microencapsulation
is difficult; moreover, it is not easy to introduce them into a sol-gel film
because organic pigment has an aromatic ring in a molecule and shows
hydrophobic properties, compatibility to sol-gel solution synthesized
in a polar solvent is not good.
A latent pigment is easy to introduce into the sol-gel derived
inorganic MCs because it is soluble in a solvent, and Ph-SiO2 (used
in this study) has a phenyl group, so its compatibility with an organic
pigment is high. Moreover, converting the latent pigment inside MCs
to organic pigment is easy by heating at about 160°C. Since the shape
Front Nanosci Nanotech, 2017
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of the organic-pigment-containing inorganic MCs made in this study
is spherical, it is easy to pack them uniformly in a matrix and prepare
dispersed solutions. The organic pigment, with high thermal and
light resistance, is embedded in an inorganic network; consequently,
the durability of the fabricated multicolored inorganic MCs is high.
As a result, it is considered possible to develop it in a wide range of
applications such as pigments for inkjets and toners and pigments for
decoration.

Fluorescence-emission characteristics of micro- and nanoencapsulated Qn-BOC latent pigment
The latent pigment Qn-BOC showed strong fluorescence.
Fluorescence emission spectrum of Qn-BOC in ethanol solution and
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Figure 11. Color change of micro capsules containing three primary colors of latent pigments by heat treatment

Figure 12. Multi-colored micro-capsules prepared by mixing three primary colors of latent pigments

emission state of Qn-BOC nanocapsules are shown in Figure 14.
Although Qn-BOC shows absorption peak at 450 nm, when UV light
with excitation wavelength of 284 nm (Qn-BOC has a strong absorption
with molar absorption coefficient of log ε=5 at 284 nm) was irradiated
onto the solution, an emission spectrum with a peak at 510 nm was
obtained [Figure 14(a)]. Both the Qn-BOC-containing inorganic MCs
and nanocapsules showed a stronger fluorescent property. The state
(yellow-green) of fluorescence emission when UV light was irradiated
onto the Qn-BOC nanocapsules is shown in Figure 14(b). By using the
dispersed solution of nanocapsules with an inkjet, it was possible to
print a character pattern. When the character pattern was irradiated
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with UV light, it emerged as fluorescent emission, and it was possible
to define various character styles [Figure 14(c)]. Since complex-shaped
patterns can be printed by inkjet, it is conceivable that the nanoparticles
can be applied to fluorescent labeling, for example.

Conclusion
Three basic primary-color latent pigments (Qn-BOC, Indigo-BOC,
and PY-BOC) as coloring materials and Ph-SiO2 (synthesized by the
sol-gel method) were used to synthesize organic-pigment-containing
inorganic micro- and nanocapsules. By controlling the sol-gel reaction
between acidic catalyst and basic catalyst, it was possible to prepare
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