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Size-Dependent Thermochromism through Enhanced Electron-
Phonon Coupling in 1 nm Quantum Dots**

Haruna Tamaki, Hiroto Watanabe, Sachiko Kamiyama, Yuya Oaki, and Hiroaki Imai*

Abstract: 1 nm CuO quantum dots (QDs) were produced in
size-controlled super-micropores of a silica matrix. The
reversible color change of the QDs from pale blue to deep
green was clearly observed in a wide temperature range from
298to 673 K. This particular thermochromism is ascribed to an
enhanced bandgap shift depending on temperature with
a strong electron—-phonon coupling in the confined space of
the 1 nm QD:s.

Thermochromism, reversible and visible color change with
temperature variation, has been attracting interest for a long
time."® The reversible and visible color change is utilized for
various applications, such as solar protection, and thermal
indicators.? The mechanism of the thermochromism
depends on the type of material. For example, the color
change of several organic substances is attributed to an
equilibrium between two molecular species, two stereoiso-
mers, or two crystal structures.l'! The distinct thermochrom-
ism of inorganic transition-metal salts is generally ascribed to
phase transitions.””’ On the basis of the mechanisms, the color
change of a wide variety of thermochromic materials occurs at
a certain transition temperatures below approximately 500 K.
Although a gradual color change of ZnO from white to yellow
is observed in a wide temperature range of 10-800 K,¥! the
thermochromism that originates from the bandgap shift is not
highly visible owing to the small temperature coefficient
a (0.6 meV/K). Herein, we report thermally stable, visible,
and gradual thermochromism in a wide temperature range,
from 298 to 673K, on 1 nm CuO quantum dots (QDs)
produced in super-microporous silica (SMPSs).
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QDs have attracted considerable attention because of
their unique size-dependent properties, such as photolumi-
nescence, intrinsic magnetism,[sl and electrochemical char-
acteristics,’®! which deviate significantly from those of their
bulk states due to the quantum-size effect.”” These novel
properties show great potential as sensors,®! photocatalysts,”!
optoelectronic devices,'” and for various biological and
medical applications.”! Although temperature dependence
of the bandgap and photoluminescence was reported for
QDs,"12 thermochromism enhanced by the quantum-size
effect has not been reported for metal oxides.

Single nanosized QDs have been synthesized by various
methods, such as laser ablation,”'*! organometallic chemical
synthesis,'¥ and with designed dendrimers.”! However, size-
controlled synthesis of sub-nanosized QDs below approx-
imately 1 nm has been difficult using conventional methods.
Strong quantum-size effects are usually observed on single
nanosized QDs, such as CdS, CdSe, and CdTe.'¥ On the other
hand, the QD size must be lowered to approximately 1 nm to
observe significant effects for most transition-metal oxides
because of their small exciton Bohr radius.”'®! Therefore,
size-controlled synthesis in the range around 1 nm is required
to utilize the enhanced properties of the metal oxides.

Porous materials, such as zeolites and mesoporous
silicas (MPSs),l" ¥ are used as a template for the synthesis of
QDs because the pore size can control the dot size. However,
coexistence of the pore windows and large cages restricts the
uniformity of QDs prepared in zeolites. In contrast, using
MPSs has many advantages, such as controllability of the
narrow particle-size distribution. However, the synthesis of
sub-nanosized QDs below 1 nm has rarely been achieved
because of the difficulty in controlling the pore size in the
super-micropore region (0.7-2.0 nm).['”) Recently, our group
produced SMPSs by the solvent-free synthetic method.”’ In
our previous research, size-controlled WO; QDs (0.7-1.8 nm)
were synthesized using SMPSs as templates. The bandgap
varied from 2.6 (bulk) to 3.7 eV (0.7 nm QD) owing to the
quantum-size effect. Moreover, enhancement of the photo-
catalytic ability with the bandgap expansion was demon-
strated.

CuO is an indirect semiconductor with a bandgap of
approximately 1.3 eV.*"! The oxide semiconductor has been
studied for various application fields, such as photocata-
lysts,”!! sensors,? and lithium-ion batteries.® The nano-
particles of CuO were synthesized through various routes,
such as a hydrothermal method,? electrochemical fabrica-
tion,?" and flame spray pyrolysis,” to enhance their perfor-
mance. Although the templating method using MPSs has
been reported, the lower limit of the particle size prepared in
the mesopores was approximately 3.0 nm.”
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In the present study, CuO QDs were synthesized in porous
silicas with pores from 0.64 to 1.69 nm in diameter. The
bandgap of the CuO QDs steeply increased as their size
decreased below 2 nm. Moreover, the color of the QDs
reversibly varied with changing temperature in the range
from 298 to 673 K, whereas visible thermochromism cannot
be observed in bulk CuO. This interesting phenomenon that
originates from the bandgap shift’s dependence on temper-
ature is ascribed to the strong electron—phonon coupling that
is enhanced in the confined space of the 1 nm QDs. Three
kinds of porous silicas, listed in Table 1, were used as

Table 1: The porous silicas used as templates of CuO QDs.

Sample Directing agent Pore size [nm] Particle size [nm]
c4 C4TAC 0.64 Ll

cst C8TAB 0.87 1.05+0.5

Ci12 C12TAB 1.69 1.65+0.8

[a] A mixture of TEOS and TEVS was used as a silica source for adjusting
the pore size. [b] The particle size was not clearly defined owing to weak
contrast of the image for sub-nanometer dots in C4.

templates for the production of CuO QDs (C4, C8, and
C12). More information about porous silicas is provided in
the Supporting Information (Figure S1 and Table S1). As
shown in the typical STEM images (Figure 1), many black
spots can be observed in the silica matrix. The average sizes of
the spots estimated from the images nearly agree with the
pore size of the templates (Table 1). Signals assigned to silicon
and copper were detected by energy-dispersive X-ray spec-
troscopy (EDX). The value of the 2p;, binding energy and the
appearance of two satellite peaks in an X-ray photoelectron
(XPS) spectrum for C12 (Figure S2) indicate the presence of
CuO in the silica matrix.’® According to these results, we
successfully synthesized CuO QDs whose particle size nearly
agrees with the pore size of the silica templates.

Figure 2a shows distinct, gradual variation of the color
and the UV/Vis spectra of the CuO QDs in the porous silica
matrix with the change in the pore size of the templates. This
variation is attributed to a remarkable blue shift of the
absorption edge as a result of a bandgap expansion of the
CuO QDs. A broad signal of around 750 nm is attributed to d—
d transitions of Cu?" surrounded by oxygen in CuO.

Figure 2b shows the bandgap energy of the CuO QDs
obtained from the Tauc plot (Figure S4 in the Supporting
Information).””) The theoretical size-dependence of the
bandgap of CuO was estimated using the Brus equation

[Eq. (1D)].”

2
B = B9+ g (5 + 0
where r is the particle radius, E,(co) is the bandgap energy of
bulk, 4 is the Planck constant, m, is the effective mass of the
electron, and my, is the effective mass of the hole. For CuO,
1.25 eV as E,(c0), 1.96 x 10" kg as m,, and 7.20 x 10~ kg as
m,2*?! were used for the calculation. Because the exper-
imental data agreed with the theoretical values, the significant
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Figure 1. Representative STEM images and histograms of particle size
estimated from the images. a) C12, b) C8, and c) C4. The average
diameters of the dots in C12 and C8 were estimated to be 1.65 and
1.05 nm, respectively. The size of dots in C4 seems to be below 1 nm,
but was not clearly defined owing to the weak contrast of the image.
These pictures were obtained from STEM images by contrast inversion
for clear visualization.

bandgap expansion of the CuO QDs is attributed to the
strong quantum-size effect.

The color of CuO QDs depends on their size. Moreover,
the distinct and reversible color change of the QDs is
observed with temperature variation, as shown in Figure 3 a.
This thermochromism of CuO is ascribed to the shift of the
absorption edge in the visible region. The temperature-
dependent shift of the bandgap is essential for this color
change. The UV/Vis spectra of all of the samples depending
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Figure 2. UV/Vis spectra, color, and bandgap energy of CuO. a) Nor-
malized UV/Vis spectra and optical photographs of bulk CuO (black),
and CuO QDs in the porous silica matrix (C12 (green), C8 (blue),

C4 (purple)). b) The correlation between the bandgap of CuO QDs and
their size. The black line represents the Brus equation [Eqg. (1)], and
circles represent experimental data. The pore size of the silica template
is indicated instead of the particle size for C4.

on temperature are shown in Figure S5. As shown in Fig-
ure 3b and Figure S6, the bandgap energy of the CuO QDs
depends on the temperature. The experimental data from 298
to 673 K were fitted by the Varshni equation (see Supporting
Information)® and the O’Donnell and Chen equation
[Eq. (2)].1*?1 From the Varshni equation, we determined

28(ho)
ElT) = EO) = o o) fla T — 1 ;

the temperature coefficient a (Figure S7). The a values
increased from 0.8 meVK™ (bulk) to 2.3 meV/K (in C4) by
decreasing the particle size of CuO QDs. These values are
remarkably higher than the previously reported values of
ZnO (0.6 meVK™) and QDs of InP (0.3-0.7 meVK™).5!
The bandgap shift is not attributed to the effect of lattice
dilation itself or the quantum-confined energy shifts arising
from the thermal dilation because of a small thermal
expansion coefficient of CuO (ca. 6 x 10°° K™).”Y Therefore,
the experimental data were fitted by the O’Donnell and Chen
equation based on an analysis of the specific mechanism
causing bandgap narrowing, involving the electron-phonon
coupling,['-1?

where T is the temperature, E,(0) is the bandgap at 0 K, S is
the Huang—Rhys factor, which reflects the electron—phonon
coupling strength, (fiw) is the average phonon energy, and kg
is the Boltzmann constant. As shown in Figure 3¢, the §
values increase as the particle size is decreased.!'” The high
values for the 1nm CuO QDs suggest that the distinct
thermochromism is ascribed to the electron—phonon coupling
that is extremely enhanced in the confined space.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

298K 373K 473K 573K 673K

Banes

A E A

250 350 450 550 650 750

Wavelength [nm]

(b) *

ca

3_\‘\‘\‘\\
= Cc8

@

s

£ 2 [ c2

s S oo o

o -

1 M

200 300 400 500 600 700
Temperature [K]

c)
( 12 -
o
FET
S I ®
=3
8
73
F
o
o
c
S
r 6 ®
Bulk
7 U
2 . .
0.1 1 10 100

Particle size [nm]

Figure 3. Dependence of UV/Vis spectra, color, and bandgap energy of
CuO on temperature. a) UV/Vis spectra and optical photographs of C8
containing CuO QDs at different temperatures from 298 to 673 K.

b) Temperature dependence of the bandgap of CuO QDs in the porous
silica matrix (C4 (), C8 (m), C12 (o)), and bulk CuO (e). Plots are
experimental data and solid lines are obtained by the O’Donnell and
Chen equation [Eq. (2)]. ¢) Dependence of the Huang—Rhys factor S on
the particle size of CuO QDs. The pore size of the silica template is
indicated instead of the particle size for C4.

The bandgap of bulk CuO changes slightly with temper-
ature variation (Figure 3b), and the shift in the infrared
region is invisible. On the other hand, the bandgap energy of
CuO is drastically shifted to the UV region, because of the
quantum size effect, by means of the formation of 1 nm QDs
in the super-micropores of the silica matrix. The visible
thermochromism from pale blue to deep green is clearly
observed for the CuO QDs in the porous silica matrix because
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of the significant expansion of the bandgap. Moreover, the
distinct color change with temperature variation is enhanced
with the strong electron-phonon coupling in the confined
space.

In conclusion, we produced 1 nm CuO QDs in a super-
microporous silica matrix. Thermally stable, visible, and
gradual thermochromism was observed on the CuO QDs
with significant bandgap expansion due to the quantum-size
effects and the enhanced electron—phonon coupling.
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