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Abstract
The effects of liquid properties, such as pH and conductivity, on the thermal stability of electrostatically interacting colloidal 
silica crystals generated from heterogeneous nuclei were investigated mainly by measuring relative reflection spectra. The 
melting behavior of the colloidal crystals was also investigated. The melting points of both negatively and positively charged 
3-aminopropyltriethoxysilane (APS)-treated substrates with different surface charges increased or decreased with increasing 
or decreasing pH. For both substrates, pH 5.5 was the modulation point of the crystal melting, and the melting point increased 
with increasing pH. For the negatively charged substrate, the melting point increased slowly as the pH decreased from pH 
5.5. Meanwhile, the melting point of the APS-treated substrate increased more with decreasing pH from 5.5 than that of  
the negatively charged substrate. The cationisation of the substrate increased with decreasing pH, resulting in stronger 
electrostatic interactions with the negatively charged colloidal crystals and enhanced thermal stability. Next, we investigated 
the size of colloidal crystal grains in sample bottles for different liquid properties, and the results show that at the higher pH, the 
smaller crystal grains, indicating that pH affects both the substrates and crystals. Moreover, the binding effect of the APS-treated  
substrate on the crystals became stronger at lower pH, thereby enhancing the thermal stability of the crystals.
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Introduction

A colloid is a mixture wherein a substance as fine as 1 nm 
to 1 μm is dispersed in a medium, such as a liquid, gas, or 
solid. Colloidal crystals are formed in a colloidal dispersion 
wherein solid colloidal particles are dispersed in a liquid, 
such as water, in stable, regular lattice-like arrays. The arrays 
selectively reflect light according to Bragg’s law and exhibit 
beautiful color and brilliance when their periodicity is equal 
to the wavelength of light [1]. The phenomenon is called 
structural coloration and exhibits the elegant color of peacock 

feathers and morpho butterfly wings. Because the structural 
color is generated from the optical properties exhibited by 
the microstructure of colloidal crystals, no discoloration or 
fading occurs if the structure is maintained. Colloidal crystals 
are expected to be used for sensors and displays as optical 
materials and for coloring fibers and polymer materials as 
substitutes for organic dyes. There are two types of colloidal 
crystals: tightly packed colloidal crystals—wherein particles 
contact each other and are oriented—and loosely packed 
colloidal crystals—wherein particles carry an electric charge in 
water and are regularly arranged without contacting each other 
by electrostatic repulsion through an electric double layer [2]. 
The latter are also called electrostatically interacting colloidal 
crystals, and their crystal structure can be controlled by adding 
an electric charge to the substrate. Therefore, because of their 
ability to control structural coloration, they are expected to be 
applied to structural color sensors and displays. In this study, 
we focus on electrostatically interacting colloidal crystals. 
Silica can generate colloidal crystals [3]. Silica particles 
are negatively charged in water because of the dissociation  
of silanol groups on their surfaces, and counterions form a  
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layer of ions. There is a fixed layer adsorbed on the particle 
surfaces and a diffuse layer that diffuses from the particle 
surfaces to a certain area [4]. When a dispersion of colloidal 
particles in water is desalted and the ionic strength is adjusted, 
the concentration of negative charges fixed on the particle 
surfaces does not change but the positive charges around the 
particles decrease, thereby binding the positive charges that drift 
far from the particles and expanding the electric double layer [5]. 
At higher pH of colloidal crystals, the number of charges on the 
particle surface increases and the density of electric double layer 
increases with incleasing counter ions interact with the surface 
charges of the particle; while at lower pH, the density of the 
electric double layer decreases. When the particles containing the 
electric double layer exceed the average interparticle distance, they 
are fixed in space and only oscillate in motion due to interparticle 
repulsion, thereby crystallizing in situ [6]. When electrostatically 
interacting colloidal crystals are applied to a material, they form 
heterogeneous nuclei and grow from the material surface with 
the densest faces of the crystal lattice oriented. In this process, 
crystals grow from a dense crystal lattice formed by particles 
aligned parallel to the surface [6, 7]. When heterogeneous nuclei 
crystallize, the resulting crystals are aligned with the surface, 
making them easy to employ for optical properties applicable 
to structural coloration. Because silica particles are negatively 
charged in liquid, there have been reports of deposited colloidal 
crystals forming due to electrostatic interaction between the 
particles and substrate by imposing a positive charge of opposite 
sign on the substrate surface [8–10]. However, the electrostatic 
interaction between the substrate and particles is unknown. We 
have previously shown that in electrostatically interacting colloidal 
crystals formed from heterogeneous nuclei, the electrostatic 
interaction between the substrate and particles controls particle 
mobility on the substrate and improves the thermal stability of the 
crystal lattice structure on the substrate [2, 11]. However, more 
precise control of the melting point difference of colloidal crystals 
is necessary to realize sensor and display applications based on 
structural coloration. In this study, we further investigate the 
thermal stability of colloidal crystals. Based on the lattice structure 
stability of electrostatically interacting colloidal crystals formed 
from heterogeneous nuclei, we specifically analyze the effects of 
liquid properties, such as pH and conductivity, on the thermal 
stability of colloidal crystals formed on substrates with different 
charge properties.

Materials and methods

Preparation of colloidal dispersions

A silica colloidal dispersion (KE-W10, purchased from 
Nippon Shokubai Co., Ltd.) containing 10%–20% silica 

particles (amorphous), 80%–90% water, and 0.1%–0.9% 
ethylene glycol (impurity) was employed. The particle 
size of silica particles was 110 nm, and the particle size 
distribution was measured by dynamic scattering. The 
average pore size was 112.7 nm [12]. Ultrapure water 
(18.2 MΩ-cm) was added to the silica colloidal dispersion 
to adjust the concentration to 4.8 vol%. The ultrapure 
water was obtained from an ultrapure water production 
unit (Thermo Fisher Scientific). The silica colloidal 
dispersion (4.8 vol%) was then desalted by dialysis and 
ion exchange resin addition, and the crystallization 
conditions [11] were met. Particle concentration in the 
dispersion, salt concentration, and the number of surface 
charges on the silica particles—all of which influence 
crystal growth—satisfy the crystallization conditions 
[13]. The liquid properties (pH and conductivity) of the 
colloidal dispersion were then adjusted by adding 0.1-M 
sodium hydroxide solution (purity ≥ 97%, Nakalitesque 
Corporation). The pH was measured using a tabletop pH 
and water quality analyzer LAQUA (Horiba, Ltd.), and the 
conductivity was measured using a tabletop conductivity  
meter (DS-52, Horiba, Ltd.).

Glass substrate processing

The hydrophilic treatment of glass is described below. 
Glass (BIOPTECH) was ultrasonically cleaned in 
toluene (Nacalai Tesque Co., Ltd.), acetone (Fujifilm 
Wako Pure Chemicals) and ultrapure water for 15 min 
each. The cleaned glass was immersed in sulfuric 
acid (purity: 95.0%, Nacalai Tesque Co., Ltd.) and 
allowed to stand for at least 1 day. The glass was then 
immersed in ultrapure water and allowed to stand for 
1 day. The following describes the glass aminosilane 
treatment. The hydrophilic-treated glass substrates 
were further treated via the sol–gel method using 
3-aminopropyltr iethoxysilane (APS) (FUJIFILM 
Wako Pure Chemicals Corporation) to introduce amino 
groups. The glass substrates were immersed for 30 s in 
APS solution (4.5 wt%) that has been stirred for 48 h 
in a water bath at approximately 27 °C, dried at room 
temperature, and then heated at 130 °C for 30 min. This 
cycle was repeated six times to introduce amino groups 
on the substrates [2, 12].

Glass substrate contact angle measurements

Ultrapure water (5 μl) was dropped at five locations on the 
glass substrates, and contact angles were measured via the 
tangential method using an automatic contact angle meter 
(Kruss DSA20 (Easy Drop), R-DEC Co.
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X‑ray photoelectron spectroscopy (XPS) measurements

Elemental analysis of the glass substrates was performed 
using XPS (JPS-9010MCY, JEOR Ltd.)

Flow and measurement of silica particle dispersion

As shown in Fig. 1, a 0.1-mm-thick polytetrafluoroethyl-
ene sheet with rectangular (14 × 22  mm2) holes was sand-
wiched between a glass substrate with T-shaped grooves 
(130,119-5NC, BIOPTECH) and a cover glass (40–1313-
0319–100, BIOPTECH). The T-shaped groove glass and 
cover glass were surface treated as described in the glass 
substrate treatment method. A temperature-variable sand-
wich cell was constructed by connecting a sandwich cell 
to a temperature controller (NCB-1200, Tokyo Science 
Instruments Co). The colloidal dispersion solution meet-
ing the crystallization conditions was passed into the sand-
wich cell, and the crystals were melted by shear stress and 
recrystallized after the flow was stopped. A USB-4000 
spectrometer (Ocean) was used to measure the relative 
reflectance of crystals due to inhomogeneous nucleation 
from the substrate at 0° incidence angle into the cell and 
0° detection angle at each temperature [12].

Patterning based on melting point difference

On the left half of one negatively charged substrate, an amino 
group was introduced by APS, and colloidal crystals were 
uniformly formed. The sandwich cell was then heated, and 
the colloidal crystals were photographed using a camera 
(iPhone 11,GZ-RY980 (JVC)) at 0° incidence and reflection 
angle for each temperature.

Size of colloidal crystal grains with different  
liquid properties

For future applications of colloidal crystals, we observed 
colloidal crystals crystallized in sample bottles using a 
camera (iPhone 11) to investigate the differences in the per-
ceived size of the crystal grains with respect to differences 
in liquid properties (pH and conductivity).

Results and discussion

Characteristics of glass substrates

Contact angle measurements showed that the untreated 
and APS-treated substrate surfaces had contact angles of 
40°. The contact angle of the hydrophilic-treated substrate 
surfaces was approximately 7°, indicating that the silanol 
groups were exposed due to their high wettability [2]. The 
composition ratio of nitrogen to carbon, oxygen, and silicon 
on the surface of each glass substrate was measured by XPS. 
The nitrogen composition was approximately 1% or less for 
the untreated and hydrophilic-treated substrates and 6.1% for 
the APS-treated substrate. The binding energy of the XPS 
spectrum was detected, confirming that nitrogen was derived 
from amino groups and indicating that the amino groups 
were introduced on the substrate by APS treatment. There-
fore, the hydrophilic- and APS-treated substrate surfaces 
were negatively and positively charged, respectively [2].

Effect of liquid properties on the melting point 
of colloidal crystals

The relationship between the peak intensity and temperature 
of the measured reflectance spectra of colloidal crystals 
on the substrates is shown in Fig. 2. The peaks observed in 
the measurements were thought to originate from the body-
centered cubic (bcc) densely packed surface. Using the particle 
diameter and volume fraction of the colloidal dispersion, it was 
possible to estimate the Bragg peak wavelength. From a 110-
nm particle size and a 4.8-vol% volume fraction, the bcc peak 
wavelength was estimated to be 581 nm [14, 15]; however, the 
actual observed peak wavelength was approximately 625 nm. 
This discrepancy is attributable to inaccuracies in the particle 
size [2]. The point at which the peak of the reflection spectrum 
began to drop shows where the crystal structure began to 
collapse, indicating the crystal melting point. The colloidal 
crystal structure is formed by electrostatic interactions between 
the substrate and particles near the substrate surface and by 
interactions between particles within the crystal. When heat is 
applied to the structure, the particles undergo violent Brownian 
motion and the crystal melts.

Fig. 1  Schematic diagram of the 
Sandwich cells

Sandwich cells Glass
(T-shaped groove)

Teflon sheet
(0.1mm thickness)

Cover glass
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Figure 3 shows the melting points of colloidal crystals of 
various liquid properties plotted against pH for the measure-
ments shown in Fig. 2. The pH values apply to the crystal-
lization conditions of the colloidal crystals. We attempted to  
investigate the effect of ion concentrations and other factors, 
such as those in the electric double layer that vary with pH,  
on the melting point. For both treated substrates, the melt-
ing point change was bounded around pH 5.5. The melt-
ing points of the hydrophilic- and APS-treated substrates 
increased from approximately 40 to 60 °C and 80 °C, respec-
tively, with decreasing pH from pH 5.5. Above pH 5.5, the 
melting points of both substrates changed from approxi-
mately 40 to 65 °C.

The melting point difference (APS − hydrophilic) was 
calculated from the results in Fig. 3 and plotted against pH 
in Fig. 4.

In Fig. 4, the melting point difference above pH 5.5 is 
approximately 0 °C, whereas the melting point difference 
below pH 5.5 varies from approximately 0 to 20 °C with 
decreasing pH.

Factors that contribute to an increase in the melting point 
of colloidal crystals are described. For the hydrophilic-
treated substrate with silanol groups on the surface, elec-
trostatic repulsion occurs between the colloidal particles 
and negatively charged substrate. The dissociation of the 
silanol groups is suppressed as the pH decreases. Therefore, 
the ion concentration in the electric double layer decreases 
and the repulsive force between the substrate and particles 
through the electric double layer decreases. In other words, 
the substrate’s ability to bind the particles increases, and 
we believe that this enhances the thermal stabilizing effect 
of the crystals. It has been reported that the zeta potential 
ranges from approximately − 60 to − 40 mV for colloidal 
particles and from − 75 to − 50 mV for negatively charged 
substrates between pH 4 and 5.5 [16, 17]. Meanwhile, for 
the APS-treated substrate with amino groups on the sur-
face, the amount of positive charge increases in the consid-
ered pH range because the dissociation of the basic amino 
groups is accelerated by a decrease in pH. It has also been 
reported that the zeta potential increases from approximately  
45 to 70 mV between pH 4 and 5.5 [17]. Thus, the zeta 
potential of the APS-treated substrate, which has a positive 
charge opposite to that of the particles, tends to increase 
with decreasing pH, suggesting that the substrate binds the 
particles more easily and enhances the stabilizing effect. It 
is thought that the APS-treated substrate may increase the 
force required to bind the particles, thereby disorganizing the 
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Fig. 2  Relative reflectance spectra of colloidal crystals (conductivity, 
0.712 mS/m; pH, 4.598) on negatively charged and APS-treated sub-
strates with increasing temperature
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particle arrangement and preventing crystallization. How-
ever, the crystallization was confirmed. Next, above pH 5.5, 
the melting point increase rates of both substrates are simi-
lar, and the melting point difference is negligible. The zeta 
potential increases from approximately − 60 to − 70 mV for 
the colloidal particles with increasing pH and is nearly con-
stant at approximately − 75 and 50 mV for the hydrophilic- 
and APS-treated substrates, respectively. The change in zeta 
potential is confirmed only by the colloidal particles. The 
increase in the zeta potential of silica particles with increas-
ing pH is due to the increase in the number of charges on 
the silica particles, suggesting that the electrostatic repulsive 
force through the electric double layer increases, thereby 
enhancing the stabilizing effect of the colloidal crystals. 
Therefore, it is thought that the particle-to-particle inter-
actions exceeded the substrate-to-particle interactions and 
the substrate-to-particle interaction exceeded the particle-
to-substrate interaction at pH 5.5 or lower. The pH 5.5 is 
seen as the inflection point of the graph showing the melting 
point of each substrate in Fig. 3. However, the reason for the 
inflection point at pH 5.5 is unclear. Therefore, in order to 
elucidate the reason for pH 5.5, it is necessary to find the 
relationship between the glass surface charge and particle 
surface charge as a function of the melting temperature and 
the pH of the colloidal crystal. To elucidate these effects, 
it is necessary to measure the zeta potentials of the glass 
substrate and the particle surface. We will continue to pay 
attention to this issue in our future research. The crystal 
melting may occur due to the increased Brownian motion of 
the particles as the temperature increased. However, at the 
present time, the completely melted colloidal crystals did not 
recrystallize when the temperature was lowered below the 
melting point. Therefore, the thermal reversibility of the col-
loidal crystals was irreversible. Convection due to the tem-
perature gradient in the cell and dissolution due to increased 
ionic impurities produced from the cell as a mechanism for 
crystal melting could be the result of the increased ionic con-
centration. Furthermore, the APS on the substrate is eas-
ily hydrolyzed to form ionic amines. Crystal melting due to 
this is one possibility. A full comprehension of the working 
mechanism of the sandwich cell and a thorough elucidation 
of the phenomena inside the sandwich cell after crystals are 
melted deserve further research.

Patterning based on melting point difference

Figures 5 and 6 show colloidal crystals formed on a substrate 
with amino groups introduced by APS in the left half and 
on a negatively charged substrate in the right half, as con-
firmed by the melting points. As the temperature increases, 
the melting behavior of the colloidal dispersions is clearly 
observed. As shown in Figs. 3 and 4, colloidal crystals with 
low-pH values have large melting point differences, whereas 

those with pH values close to 5.5 have small melting point 
differences. In Fig. 5, only the low-pH colloidal crystals on 
the negatively charged substrate melted first at 60.9 °C, fol-
lowed by those on the APS-treated substrate. Meanwhile, the 
high-pH colloidal crystal melting began almost simultane-
ously on both substrates (Fig. 6).

Fig. 5  Crystallization and melting behaviors of low-pH dispersions 
(conductivity, 0.575 mS/m; pH, 4.776) on a APS-treated substrate 
and b hydrophilic-treated substrate

Fig. 6  Crystallization and melting behaviors of high pH dispersions 
(conductivity, 0.643 mS/m; pH, 5.853) on a APS-treated substrate 
and b hydrophilic-treated substrate



 Colloid and Polymer Science

Size of colloidal crystal grains in the sample bottle

The grain size of the colloidal crystals formed in sample 
bottles was observed with respect to the liquid properties 
(pH and conductivity). From Fig. 7, the recognition of grain 
size decreases as the pH increases, and a mixture of large 
and small grain sizes in the pH range of 5–5.5 shows that 
the grain size continuously decreases, indicating that the 
particle size continuously decreases with increasing pH. 
This is attributable to the increase in the charge density of 
the electric double layer and faster crystal nucleation as pH 
increases. Moreover, Fig. 7 confirms that grain size is not 
affected by conductivity.

Conclusions

In this study, we investigated the effect of liquid properties (pH 
and conductivity) on the thermal stability of colloidal crystals 
formed on substrates with different charge properties based 
on the stability of the lattice structure of electrostatic inter-
action colloidal crystals formed from heterogeneous nuclei. 
This study is significant because the realization of sensor and 
display applications based on structural coloration requires 
precise control of the thermal stability of colloidal crystals. 
Some colloidal crystals comprise negatively charged silica 
particles due to the dissociation of silanol groups in water. 
Colloidal crystals with various liquid properties (pH and 
conductivity) were formed on hydrophilic- and APS-treated 
substrates with different functional groups. The thermal sta-
bility of the colloidal crystals was investigated by measuring 
their melting points. The melting points of colloidal crystals 
on both substrates increased with pH variations around 5.5. 
The rate of increase in the melting point on the APS-treated 
substrate was larger than that on the hydrophilic-treated sub-
strate. On the hydrophilic-treated substrate, the dissociation 
of silanol groups is suppressed with decreasing pH and the 

electrostatic repulsion force between the substrate and parti-
cles weakens. In other words, the substrate can easily bind the 
particles, resulting in improved thermal stability. Meanwhile, 
on the APS-treated substrate, the dissociation of amino groups 
is accelerated as pH decreases and the amount of positive 
charge increases, thereby making it easy for the substrate to 
bind the particles and improving thermal stability. At pH 5.5 
or higher, the thermal stability improvement is attributed to 
particle-to-particle interaction rather than electrostatic inter-
action between the substrate and particles. Therefore, the dis-
sociation of silanol groups was accelerated with increasing 
pH for both substrates, and the thermal stability was improved 
because of the stronger particle-to-particle interaction. The 
pH 5.5 is seen as the inflection point of the melting point of 
each substrate. However, the reason for the inflection point at 
pH 5.5 is not entirely clear. Therefore, in order to elucidate 
the reason for pH 5.5, it is necessary to find the relationship 
between the glass surface charge and particle surface charge as 
a function of the melting temperature and pH of the colloidal 
crystal. To elucidate these effects, it is necessary to measure 
the zeta potentials of the glass substrate and the particle sur-
face. We will continue to pay attention to this issue in our 
future research. A decrease in the size of colloidal grains in 
sample bottles with increasing pH is attributable to an increase 
in the charge density of the colloidal particles and a faster 
nucleation rate. The results of patterning on a single substrate 
by adjusting the liquid properties of the colloidal crystals sug-
gest that the thermal stability of the colloidal crystals varies 
depending on the liquid properties. Therefore, patterning can 
be applied to the realization of sensors and displays based 
on structural coloration. In summary, the liquid properties of 
electrostatically interacting colloidal crystals generated from 
heterogeneous nucleation can influence their thermal stability.
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