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Abstract
Nano-objects, such as quantum dots (QDs), are essential units for the construction of functional materials and devices
in current technologies. The establishment of a versatile scheme to sort desired components from a crude product is
crucial for bringing out the full potential of the original materials. However, it is still challenging to separate QDs with
the same composition on the basis of size and to sort QDs with the same size but different optical properties.
Here, we demonstrate such sorting for the first time by combining plasmonic optical trapping with thin-layer
chromatography (TLC), which is a widely used tool. LED photoexcitation of the localized surface plasmon resonance
of Au nanoparticles immobilized on a TLC plate affected the distance QDs traveled depending on the wavelength and
intensity of irradiated light, which led to clear separation according to the size and/or optical properties of the QDs.
Since optical property-based separation cannot be achieved by conventional chromatography, in which the
interactions between stationary phases of chromatographs and QDs are simply based on differences in the size or
surface functionality of the QDs, the present strategy will be a key solution for the establishment of a versatile scheme
for sorting nano-objects.

Introduction
Optical manipulation is a nondestructive and non-

invasive technique based on the use of a focused laser to
apply an optical force on micro- and nanoscale particles,
and it has attracted much attention for various applica-
tions, such as crystallization of organic molecules, sorting
of nanomaterials, and cell manipulation1–12. Optical
manipulation has been an important technology for the
selective transportation of nano-objects since the optical
force on nanoparticles is dependent on their shape and
size as well as their optical properties. Imasaka et al.
developed a new technique called optical chromatography

in which polymer microspheres 1~6 μm in size are opti-
cally sorted under flow in a microcapillary by coaxially
irradiating counterpropagating laser light13. Ajiki et al.
proposed chirality-selective optical sorting of single-
walled carbon nanotubes (SWCNTs)14, and this techni-
que was experimentally demonstrated by Spesyvtseva
et al., who showed that the optical scattering force was
increased by the resonant condition between the elec-
tronic transitions of SWCNTs and the wavelength of laser
light, resulting in an increase in the transport rate of
SWCNTs with a particular chirality15. Dholakia and
coworkers successfully controlled the diffusion direction
of gold nanoparticles of different sizes (100~150 nm) by
using counterpropagating evanescent waves of different
wavelengths16. Fujiwara et al. reported that nanodia-
monds were driven along a nanofiber by optical forces
induced by two counterpropagated lasers, and the direc-
tion was dependent on the presence or absence of
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nitrogen-vacancy centers in the diamonds17. Recently, the
use of plasmonic optical trapping for manipulating
nanoscale objects has also been intensively investigated.
An intense electric field was formed by the excitation of
localized surface plasmon resonance (LSPR) at peaks of
metal nanostructures and the optical force acted on nano-
objects18–21. The advantages of plasmonic trapping are
that it can reduce the intensity of incident laser light by
several orders of magnitude, and it can trap target objects
in a nanometer-scale area near metal nanostructures. For
example, Tsuboi and coworkers demonstrated plasmonic
trapping of CdSe quantum dots of ca. 10 nm in size on
gold nanodimer arrays22. Since optical manipulations,
even plasmonic optical trapping, have generally been
performed in micrometer-scale areas under optical
microscopes, it is currently quite challenging to apply
optical manipulation for treating or sorting nano-objects
in a larger area, such as an area of a few cm2 or larger.
Among the various kinds of nano-objects, semi-

conductor nanocrystals, so-called quantum dots (QDs),
have attracted much attention for various applications,
such as applications in optoelectronic devices, photo-
luminescence materials, and photocatalysts, because they
exhibit unique physicochemical properties that are tun-
able by their size and chemical composition23–27. Less
toxic multinary QDs, such as AgInS2, Cu(In,Ga)S2, and
their solid solutions with other semiconductors28–37, have
been intensively investigated as an alternative to con-
ventional highly toxic binary QDs, such as CdSe and PbS.
Since colloidally synthesized QDs have a certain size
distribution, narrowing their distribution has been an
important postsynthetic treatment for improving their
performance. Various strategies for precisely separating
QDs by size have been developed38. The strategies include
size-selective precipitation39, electrophoresis40,41, and
size-exclusion chromatography42–45, which are based on
the size dependence of the solubility of QDs in solution,
surface charge, and incorporation into mesopores of the
stationary phase, respectively. Unlike binary QDs, how-
ever, multinary QDs exhibit different energy gaps
depending on their chemical composition even if their
particle sizes are the same. Thus, a novel strategy is
needed for the separation of QDs by optical properties as
well as by size.
Here, we propose a unique strategy for the size-selective

separation of QDs by combining plasmonic trapping with
thin-layer chromatography (TLC), a strategy we named
“plasmonic TLC”. TLC techniques are well known as
relatively inexpensive techniques used in laboratories to
investigate the purity of chemicals, monitor the progress
of a reaction and isolate chemical species. Au nano-
particles (NPs) as plasmonic materials were immobilized
on TLC plates. LSPR photoexcitation of Au NPs
decreased the traveling distance of QDs as an analyte on

TLC plates, and the degree was dependent on the irra-
diation intensity. The QDs were captured according to
their size and/or light absorption property in the area of
Au NPs loaded on TLC plates by light irradiation with an
intensity larger than a threshold value. The plasmonic
TLC performance was influenced by the wavelength of
irradiated light: The selection of monochromatic lights,
enabling photoexcitation of both target QDs and the
LSPR of Au NPs, decreased the irradiation intensity to
capture QDs. Plasmonic TLC will be a useful strategy for
relatively large-scale applications to select nano-objects
with differences in their absorption properties as well as
their sizes.

Results and discussion
Trapping of QDs with LSPR photoexcitation
We spread an aqueous solution containing Au NPs

(size: 12 nm) on a silica gel particle layer as the stationary
phase of a TLC plate to form a band-like Au NP-
immobilized area (AuNP-band) (Fig. 1a). Although Au
NPs exhibited a narrow LSPR peak at 520 nm in an
aqueous solution, loading Au NPs on TLC plates pro-
duced a broad LSPR peak in the wavelength range from
500 to >1800 nm, as shown in Fig. S1a. The peak top was
located at ~670 nm on the longer wavelength side of that
of Au NPs in solution. This broad peak was assignable to a
gap-mode LSPR of aggregated Au NPs. SEM measure-
ments (Fig. S2) revealed that Au NPs were not uniformly
immobilized on the silica gel particle surface but formed
large aggregates of ca. 200 nm in size on the gently curved
surfaces of flake-like silica gel particles in the stationary
phase of the TLC plate.
Droplets of a chloroform solution of Zn-Ag-In-S QDs

19 nm in size (ZAIS(19 nm)) (Fig. S3) were placed at the
origin of Au/TLC, followed by development with
chloroform containing oleylamine (10 vol%) as an eluent
(Fig. 1b). The pictures in Fig. 1c show how the ZAIS QD
spots traveled during the development of Au/TLC plates
with or without irradiation by monochromatic light at
820 nm with an intensity of 0.71W/cm2. The corre-
sponding video is available in the Supporting Information
(Movie S1). The AuNP-band in Au/TLC was stable while
the eluent traveled up the silica gel stationary phase on
the plates by capillary action. As the eluent rose and
migrated across an original brown spot, the QD spot
traveled upward and went through the AuNP-band
without light irradiation, as generally expected. In con-
trast, we observed unique behavior with 820-nm irradia-
tion of the AuNP-band. Although the eluent rose in a
similar manner and passed through the AuNP-band on
the TLC plate, the QD spot was trapped in the AuNP-
band. However, irradiation of TLC plates with 820-nm
light of the same intensity could not stop the QD spot
from traveling in the absence of the AuNP-band.
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Irradiation with 610-nm light effectively photoexcited
the LSPR peak of Au NPs loaded on TLC plates, as did the
820-nm light irradiation (Fig. S1). The irradiation inten-
sity affected the distance traveled by the ZAIS(19 nm) on
Au/TLC plates, as shown in Fig. 2a. Irradiation with
610-nm light with an intensity of 0.53W cm−2 or higher
resulted in the trapping of QDs in the AuNP-band.
The light irradiation did not decompose the QDs or

irreversibly immobilize the QDs on the surface of the Au/
TLC plates because the second development of the QDs
trapped in the AuNP-band of Au/TLC without irradiation
enabled the QD spot to migrate across the AuNP-band
(Fig. S4). From photographs of the TLC plates, we
extracted a profile of the brightness level for ZAIS QDs as
a chromatogram using Image-J software and determined

Fig. 1 Development of QD-spotted Au/TLC plates with light
irradiation. a, b Schematic illustrations of an Au NP-immobilized silica
gel TLC (Au/TLC) plate (a) and the apparatus for developing the Au/
TLC plate with light irradiation (b). c Photographs of ZAIS(19 nm)-
spotted Au/TLC plates during elution without and with irradiation of
820-nm monochromatic light through the glass backing of the TLC
plate. A corresponding video is available in the Supporting
Information. The irradiation intensity was 0.71 W/cm2. The elution was
carried out with chloroform containing 10 vol% oleylamine as an
eluent. The elution time is indicated below each picture.

Fig. 2 Dependence of the distance traveled by ZAIS QDs on
irradiation intensity, wavelength of irradiation light, and QD size.
a Photographs of Au/TLC plates spotted with ZAIS(19 nm) after
elution with 610-nm light irradiation of different intensities.
b Dependence of the Rf values of ZAIS QDs with average sizes of 19,
12, 10, and 4.9 nm on the irradiation intensity of 610-nm light. The
dotted lines represent the interpolated Ith values. c Influence of the
wavelength of monochromatic irradiation light, 530, 610, and 820 nm,
on the distance traveled by ZAIS(19 nm) QDs. The gray area of
Rf= 0.20~0.375 represents the location of the AuNP-band. Error bars
represent the full widths at half maximum intensity of the peaks in the
chromatograms for individual spots.

Torimoto et al. NPG Asia Materials (2022) 14:64 Page 3 of 13



the position of the spot of QDs as a peak top in the profile
to calculate the Rf value, which was defined as the ratio of
the distance traveled by the QDs to the distance of the
eluent front from the origin. Figure 2b shows the rela-
tionship between the Rf values of ZAIS QDs with various
sizes and the irradiation intensity of 610-nm light; error
bars represent the full widths at half maximum intensity
of the peaks in the chromatograms for individual spots.
The light intensity dependence of Rf was strongly influ-
enced by the sizes of the QDs. Regardless of the QD size,
the Rf value of the ZAIS QDs decreased with increasing
light intensity. Although QDs of 4.9 nm in size passed
through the AuNP-band regardless of the light intensity,
QDs with sizes larger than 10 nm were trapped in the
AuNP-bands with irradiation intensities larger than the
threshold values, Ith. By drawing a straight line between
the nearest plots for each kind of QD, we interpolated
the Ith value to give Rf= 0.375, which corresponded to the
value of the upper border of the AuNP-band. The
obtained Ith values decreased from 0.75 to 0.55 and to
0.50W/cm2 with an increase in QD size from 10 to 12 and
to 19 nm, respectively. Similar behavior of QD trapping
on Au/TLC plates with irradiation was observed when
various kinds of solvents, including toluene and octane,
were used as eluents.
The light intensity dependence of the Rf value also

varied depending on the wavelength used for irradiation.
Figure 2c shows the Rf values of ZAIS(19 nm) QDs as a
function of the irradiation intensity of monochromatic
light with different wavelengths, 530, 610, and 820 nm.
The distance traveled by ZAIS(19 nm) decreased with
increasing irradiation intensity in each case. The Ith values
were dependent on the wavelength, and the values
determined by interpolation were 0.43, 0.50, and 0.47W/
cm2 for irradiation at 530, 610, and 820 nm, respectively.
A broad LSPR peak of the Au/TLC plate gave similar
values of the Kubelka-Munk (K-M) function at 610 and
820 nm, which were 0.23 and 0.22, respectively (Fig. S1).
In the present case, we can assume that the K-M function
is proportional to the intensity of the LSPR peak of Au
NPs immobilized on TLC plates. Thus, these results
suggested that similar degrees of LSPR excitation of the
AuNP-band gave similar QD trapping efficiencies,
resulting in the observation of analogous Ith values for the
irradiation wavelengths at 610 and 820 nm. However,
since the K-M function of Au/TLC was 0.18 at 530 nm,
the photoexcitation of LSPR of the AuNP-band at 530 nm
was not as effective as that with photoexcitation at 610
and 820 nm, and we expected that the Ith value would
become larger for 530-nm light irradiation. However, this
was not true in the present case. Instead, the 530-nm
irradiation induced more efficient optical trapping of QDs
with an Ith value that was ca. 10% smaller than the values
with 610-nm and 820-nm irradiation. The fact that

ZAIS(19 nm) QDs with an energy gap (Eg) of 1.96 eV were
significantly photoexcited by 530-nm light but not by
610-nm light or 820-nm light (Fig. S3) suggested that the
change in the absorption property of the QDs affected
their migration rates across the AuNP-band.
The TLC performance can be controlled by the LSPR

peak intensity of the AuNP-band. Figure 3a shows the Rf
values of ZAIS(19 nm) on Au/TLC plates with different
Au NP densities as a function of the intensity of 610-nm
light irradiation. By using Au/TLC plates with a Au NP
density <1.1 × 1011 NPs cm−2, ZAIS(19 nm) QDs could
not be trapped in the AuNP-band with light irradiation at
any of the intensities investigated. However, Au/TLC
plates with Au NP densities of 2.2 × 1011 NPs cm−2 or
larger successfully captured the QDs by light irradiation at
higher intensities. The Ith values were interpolated from
Fig. 3a and plotted in Fig. 3b, in which the K-M function

Fig. 3 Influence of the Au NP density on the distance traveled by
ZAIS(19 nm) QDs. a Rf values of ZAIS(19 nm) on Au/TLC plates with
different densities of Au NPs as a function of irradiation intensity of
610-nm light. The numbers in the panel represent the densities of
immobilized Au NPs on TLC plates in units of 1011 NPs cm−2. The gray
area of Rf= 0.20~0.375 represents the location of the AuNP-band.
Error bars represent the full width at half maximum intensity of the
peaks in chromatograms for individual spots. b Dependence of the Ith
value obtained from (a) on the density of Au NPs. The Kubelka-Munk
(K-M) function values at 610 nm of the AuNP-band in the plates are
also indicated.
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values of the Au/TLC plates (Fig. S5) were also plotted.
With an increase in Au NP density, the Ith value gradually
decreased from 0.71 to 0.22W/cm2, accompanied by a
linear increase in the K-M function of the AuNP-band.
These results indicated that the trapping efficiency of QDs
in the AuNP-band was tunable by adjusting the intensity
of the LSPR electric field formed around Au NPs through
modulation of the irradiation light intensity and/or by
varying the density of photoexcited Au NPs that served as
trapping sites.
Another factor to be considered is a temperature

increase (ΔT) on Au/TLC by LSPR photoexcitation. We
estimated the local temperature increase from
temperature-sensitive dye fluorescence46 (see Supporting
Information) and found that the photoexcitation of Au/
TLC plates caused a ΔT of 1.1 K with an increase in the
808-nm laser intensity by 1.0 kW cm−2 for LSPR photo-
excitation (Fig. S6). Even when the plates were irradiated
with monochromatic light with an intensity of 1W cm−2

or less, we concluded that the temperature change of Au/
TLC was negligible in the present study.
Adsorption of a target component on the stationary

phase is one of the important parameters needed for
separating a mixture of chemical species into their com-
ponents with TLC. To clarify the mechanism of trapping in
the AuNP-band with light irradiation, we investigated the
adsorption strength of ZAIS QDs of different sizes on silica
gel particles in chloroform eluent solution. The amount of
QDs adsorbed on silica gel particles, Sad, gradually
increased with increasing concentration of QDs in the
solution, Cs, and finally seemed to reach a plateau (Fig. S7).
By assuming a Langmuir adsorption isotherm for the
adsorption behavior of QDs, we estimated the adsorption
constant, Kad, of QDs on silica gel particles. The Kad values
increased with increased QD size and were determined to
be 1.1 × 107, 6.8 × 107, and 6.3 × 108 dm3mol−1 for
ZAIS(4.9 nm), ZAIS(10 nm) and ZAIS(19 nm) (Table S1),
respectively. Since the obtained Kad values were relatively
large, 107~108 dm3mol−1, we assumed that most of the
QDs were adsorbed on silica gel particles as a stationary
phase in the TLC plate, regardless of their size.
Thus, we can propose a mechanism of QD trapping

with the plasmonic TLC technique. Photoexcitation of the
LSPR peak of Au NPs on the TLC plate results in the
formation of a locally enhanced electric field in the
proximity of Au NPs, which produces an attractive force
(F) between Au NPs and QDs via dipole–dipole interac-
tions. The magnitude of F is roughly approximated as
F ¼ 1

2<½α�∇ E2h i, where α is the polarizability of the target
particle and is proportional to the particle volume, and E
is the total response electric field of incident light3,47.
Adsorbed QDs can move in two dimensions on the silica
gel surface and travel with the eluent by capillary action
until they reach the LSPR-induced electric field around

Au NPs, where a significant attractive force between QDs
and Au NPs retards the surface diffusion of QDs on silica
gel particles. The magnitude of the attractive force
increases with increasing polarizability of the QDs, that is,
with an increase in the QD volume, as well as with an
increase in the intensity of irradiated light to photoexcite
the LSPR of Au NPs. As a result, larger QDs are trapped
in the AuNP-band by a lower irradiation intensity.
We confirmed this hypothesis by model calculations of

plasmonic trapping on a TLC plate. In this calculation, we
examined the size dependence of the migration rates of
QDs with respect to changes in the irradiation intensity.
To elucidate the observed phenomena, we considered the
following simple model. Namely, a small aggregate of Au
NPs is immobilized on the surface of a silica plate
immersed in a chloroform solution (Fig. 4a, b), and a ZAIS
QD moves restrictedly in two dimensions on the silica
surface. Assuming plane wave irradiation, we calculated
the response field near the Au NPs by using the discrete
dipole approximation (DDA) method. Using the resultant
electric field, we estimated the optical force exerted on the
QD48. Then, based on the obtained force, we performed a
simulation of the Brownian dynamics of the QD.
Although the scattering force is induced by the direct
irradiation of incident light on a QD, it is not necessary to
consider its effect because the scattering force is per-
pendicular to the silica surface in this simulation and does
not contribute to the movement of the QD (Fig. 4a). The
QD is adsorbed on the silica surface and moves in two
dimensions in a plane perpendicular to the direction to
the incident light. In the real system, the scattering force
is considered to be almost entirely canceled due to mul-
tiple scattering events inside the silica gel particle layer on
the TLC plate. In the simulation, we took into account
that the displacement of the QD due to Brownian motion
decreases than that in the solvent due to the strong
adsorption of the QD to the silica surface: the random
force displacement, Rran, is 1/100 of that of QDs freely
dispersed in the solvent. The model and calculation
method are described in detail in the Supporting Infor-
mation (Fig. S8). Figure 4c shows the dependence of the
traveling position of ZAIS QDs in the AuNP-band on the
irradiation intensity. The Ith value, extrapolated from the
linear region, increases with a decrease in the QD size,
and the tendency is in good agreement with the experi-
mental results (Fig. 2b).
We found that the light intensity that was necessary to

plasmonically trap QDs in Fig. 2 was several orders of
magnitude smaller than the Ith values in a previous
study22, in which CdSe QDs of ca. 10 nm in size, uni-
formly dispersed in a solution, were optically trapped on
an Au NP array with 808-nm laser irradiation at inten-
sities of 0.5~10 kW/cm2. The most important difference
between the present study and the previous study is the
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dimension of the diffusion of QDs. In the case of the
present plasmonic TLC, QDs were adsorbed on the
adsorbent (silica gel) particle layer on the TLC plate, and
then the migration of QDs was confined in two dimen-
sions on the surface of adsorbent particles, which is dif-
ferent from the previous case of using uniformly dispersed
and freely diffused QDs in a solution. We clarified the
importance of the adsorption of QDs by the simulation, as
shown in Fig. S8b–d. The smaller the disturbance due to
random force is as a result of the increase in the
adsorption strength of the QD on the silica surface, the
slower the migration rate of a QD for each size.
It should be noted that the photons originating from the

photoluminescence (PL) of QDs and/or from the elastic
light scattering by QDs can also excite LSPR of Au NPs to
induce optical force. The QDs used in the present study

exhibited a relatively small PL quantum yield at 5~20%,
and the contribution of PL to the optical force can thus be
assumed to be small in comparison to that of direct LSPR
excitation with irradiation light. Thus, we examined the
contribution of the elastic light scattering by QDs,
namely, we treated the optical response of the total system
of QDs and AuNPs self-consistently. For the simulations
shown in Fig. 4, we did not employ a self-consistent field
for calculating force to avoid a heavy computational load.
The electric field near the AuNPs on the TLC plate was
obtained in the absence of QDs, and the force exerted on
a QD at each point was estimated from the obtained
electric field together with the QD polarizability. Figure
S9 shows a comparison of the results obtained by non-
self-consistent treatment (the same as Fig. 4) and self-
consistent treatment for an 18-nm ZAIS QD with a y-
polarized 610-nm laser. Although a QD feels a slightly
stronger optical force in the case of the non-self-
consistent treatment, it is clearly demonstrated that the
contribution of the elastic light scattering by the QD to
the magnitude of the force is not dominant in this case.
Thus, we conclude that the non-self-consistent calcula-
tion, shown in Fig. 4, is an appropriate approximation
method to understand the essence of the present experi-
mental results.
With the present simulation, however, we cannot esti-

mate the absolute value of the field intensity for QD
trapping in plasmonic TLC in Fig. 2b. Possible factors for
lowering Ith values are multiple light reflections causing
the enhancement of the electric field by stacked silica gel
particles, complicated surface diffusion of adsorbed QDs
due to the surface roughness of individual silica gel par-
ticles and their stacking structure on TLC plates, and the
hydrodynamic behavior of the eluent. These factors were
not considered in the simulations to avoid an unrealisti-
cally long computational time. However, our results
explain the essential tendency of the size dependence of
QD migration by Au/TLC.

Size-selective separation of QDs with plasmon-
photoexcited Au/TLC
We clarified the dependence of the Rf value on the QD

size under light irradiation of constant intensity. The QDs
used were ZAIS and Ag-In-Ga-S (AIGS) QDs of various
sizes32,33,35, the surfaces of which were modified with
dodecanethiol. The Egs of QDs, determined from the
absorption onset, were in the range of 1.95~2.30 eV
(Fig. S3), indicating that the QDs were slightly photo-
excited by the 610-nm light but not by the 820-nm light.
Without irradiation, each kind of QD traveled through the
AuNP-band to give Rf values of approximately 0.7~0.9
(Fig. S10). In contrast, with irradiation of 610-nm light
(0.89W cm−2) and 820-nm light (0.71W cm−2), QDs
with sizes larger than the critical values, 8.0 and 10 nm,

Fig. 4 Simulation of the travel of a ZAIS QD in the area of an Au
NP-immobilized TLC plate under light irradiation. a, b Schematic
illustration of the calculation model (size: 657 × 657 × 657 nm3).
Panel (b) represents the configuration of five Au NPs of size 12 nm,
which are used in (a). A periodic boundary condition is imposed on this
model to simulate the motion of a spherical QD in the AuNP-band of
0.70 cm in length. c Distance traveled by ZAIS QDs in the AuNP-band
(length: 0.70 cm) under irradiation during the time necessary for a QD
to travel 0.70 cm in the dark. The calculation was carried out under
610-nm irradiation with various intensities. External force (gradient
force), F, was obtained by the equation F ¼ 1

2 Re
R
Vdrð∇E�Þ � χε0E

� �48,
where ε0 is the permittivity of a vacuum, and V and χ are the volume
and susceptibility of the QD, respectively. The arrows indicate the
extrapolated values of Ith for trapping QDs in the AuNP-band of TLC
plates. The sizes of the ZAIS QDs for the simulation were 18, 12, 8, and
4 nm.

Torimoto et al. NPG Asia Materials (2022) 14:64 Page 6 of 13



respectively, were trapped in the AuNP-band (Fig. 5). It
should be noted that the change in the critical size of
trapped QDs with the wavelength of monochromatic light
originated from the dependence of Rf values on the irra-
diation intensity shown in Fig. 2. This dependence of Rf
on size motivated us to apply plasmonic TLC to QD size
separation.
A QD mixture sample was prepared by blending rice-

shaped ZAIS(19 nm) with a broad defect-site PL peak at
approximately 700~800 nm and spherical AIGS(4.5 nm)
showing a sharp band-edge PL peak at 530 nm (Fig. S3).
This mixture solution showing two PL peaks at 530 and
740 nm was spotted onto Au/TLC plates, followed by
development in a chloroform eluent solution with or
without 820-nm irradiation. Without irradiation, the QD
spot moved upward through the AuNP-band to form a
smeared red spot at approximately Rf= 0.7~0.95
(Fig. S11), showing almost the same PL spectrum as that
of the QD mixture (Fig. 6a). This indicated that mixed
QDs were not size-selectively separated at all with con-
ventional TLC. On the other hand, development with
820-nm light irradiation produced two spots at different
Rf values, as shown in Fig. 6b. A red spot was trapped at
Rf= 0.25 in the AuNP-band, while a blurred yellow spot
appeared at Rf= 0.6~0.95. The former spot showed only a
broad PL peak at approximately 700~800 nm assignable
to that of ZAIS(19 nm) QDs, and the latter spot exhibited
a sharp band-edge PL peak at 530 nm originating from
AIGS(4.5 nm) (Fig. 6c). It should be noted that the spot at
Rf= 0.6~0.95 also exhibited a broad PL peak at 630 nm
that was assigned to defect-site emission because it was
located at the longer wavelength side of the band-edge
peak (530 nm). This is probably because surface defects

formed due to the partial removal of organic surface
ligands from AIGS(4.5 nm) QDs during elution. To con-
firm the size-selective separation with Au/TLC under
irradiation, a part of each spot and the underlying silica
gel stationary phase were scraped from the developed Au/
TLC plate, and the adsorbed QDs were extracted with
chloroform to measure their size distribution by TEM.
Although the original mixture exhibited a size distribution
with two peaks at ca. 3~5 nm and ca. 15~22 nm (Fig. 6a),
the QDs recovered from each spot had a unimodal size
distribution (Fig. 6c). Only rice-shaped QDs with an
average size of 17 nm were retrieved from the spot at
Rf= 0.25, which were assigned to ZAIS(19 nm), and the
spot at Rf= 0.85 contained only spherical QDs with a size
of 4.1 nm that originated from AIGS(4.5 nm).
Size-selective separation was also carried out using a

mixture of as-synthesized spherical, ellipsoidal, and
dumbbell-shaped ZAIS QDs with sizes of 4~40 nm36

(Fig. S12a). Under 610-nm light irradiation with
0.63W cm−2 intensity, a large blurry spot appeared,
spanning from Rf= 0.45 to 0.25 across the upper border
of the AuNP-band (Fig. S12b). ZAIS QDs were recovered
from the areas in the spot at Rf= 0.4 on a bare TLC plate
and Rf= 0.3 on the AuNP-band. As shown in Fig. S12c,
spherical or ellipsoidal QDs with sizes of 4~8 nm (average
size: 4.6 nm) were observed at Rf= 0.4, while the AuNP-
band trapped QDs with dumbbell and ellipsoidal shapes
of size ca. 10 nm or larger (average size: 15 nm) at Rf= 0.3.
The size limitation of QDs trapped in Au/TLC was ca.
8 nm, agreeing well with the results shown in Fig. 5. Such
size-selective separation was not achieved without irra-
diation, where the QD spot was slightly streaked and then
stopped at Rf= 0.57 (Fig. S12b).

Sorting QDs by their light absorption property
To precisely separate as-prepared QDs by size, most

researchers have used size-selective precipitation39, in
which the addition of a nonsolvent selectively produced
precipitates of larger QDs because of their relatively low
solubility. However, this technique cannot be applied to
the extraction of QDs of a target Eg from a mixture of
QDs having the same sizes but different Egs. Since it is
well known that multinary QDs exhibit tunable light
absorption properties in a wide wavelength region with
respect to their chemical composition as well as with their
particle size, the development of strategies for separating
QDs according to their absorption properties is important
but remains challenging. As mentioned above, it was
suggested from Fig. 2c that the change in the absorption
property of QDs affected their migration rates across the
AuNP-band. This also suggests that the present plas-
monic TLC technique enables sorting of QDs by their
optical properties. Thus, we investigated the influence of
the light absorption properties of rod-shaped QDs with

Fig. 5 Relationship between QD sizes and Rf values obtained
after elution with irradiation. Irradiation was carried out by
monochromatic light at 610 and 820 nm, the intensities of which were
0.89 and 0.71 W cm−2, respectively. The gray area of Rf= 0.20 ~ 0.375
represents the location of the AuNP-band. Error bars represent the full
widths at half maximum intensity of the peaks in chromatograms for
individual spots.
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Fig. 6 Separation of QDs of different sizes from a mixture with Au/TLC. a PL spectrum, TEM image, and size distribution of the mixture of
ZAIS(19 nm) and AIGS(4.5 nm). b Photographs of a QD-mixture-spotted Au/TLC plate after development with 820-nm light irradiation (intensity:
0.71 W cm−2). The density of immobilized Au NPs was 8.7 × 1011 particles/cm2. c PL spectra of the spots at Rf= 0.25 and 0.85 on the developed Au/
TLC plate (b) and TEM images and size distributions of QDs extracted from corresponding positions.
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lengths of 15~16 nm and widths of ca. 4 nm, that is, ZAIS-
rod and AgCuInTe (ACITe)-rod QDs (Fig. 7a, b), on the
distance they travel when exposed to 820-nm light
irradiation.
Since ZAIS-rod and ACITe-rod QDs had onsets of

absorption spectra at 480 and 1150 nm, respectively,
the 820-nm light irradiation for LSPR excitation of the

AuNP-band can photoexcite only ACITe-rod QDs during
the development of Au/TLC plates (Fig. 7b). Without
light irradiation, the Rf values obtained were ca. 0.6 for
ZAIS-rod QDs and ca. 0.8 for ACITe-rod QDs. With an
increase in the intensity of irradiation at 820 nm, the
Rf values tended to decrease, and then both kinds of rod-
shaped QDs were trapped in the AuNP-bands with irra-
diation intensities larger than the Ith values, which were
interpolated to 1.02W cm−2 for ZAIS-rod QDs and ca.
0.77W cm−2 for ACITe-rod QDs. The Ith value of ACITe-
rod QDs decreased compared to that of ZAIS-rod QDs.
Since the 820-nm light effectively photoexcited
ACITe-rod QDs in addition to the AuNP-band, the dif-
ference in the optical properties of the QDs caused
remarkable differences in their migration rates across the
AuNP-band. By using the calculation model shown in
Fig. 4, we simulated the influence of the intensity of 820-
nm irradiation on the distance traveled by two different
kinds of spherical QDs (diameter of 8 nm) composed of
ZAIS or ACITe, the absorption spectra of which were
assumed to be the same as those shown in Fig. 7b. At an
incident light wavelength of 820 nm, the real parts of the
susceptibilities of the ACITe and ZAIS QDs were
obtained as 11.0 and 0.634, respectively, using the relative
permittivity εr estimated from the experimental data of
the absorption spectra, χ= εr – 1. The polarizabilities are
defined by susceptibilities and volume of QDs; α ¼ χV=ε0,
where ε0 represents the permittivity of a vacuum and V
and χ are the volume and susceptibility of the QDs,
respectively. QDs are attracted by the gradient force
arising from LSPR in the vicinity of Au NPs. This slows
the speed of the migration of QDs in the TLC, as shown in
Fig. S13. Since this optical force (gradient force) is pro-
portional to the real part of the polarizability of the QD,
the migration speed depends on the optical properties of
the QD. The Ith values were obtained in the simulation
from the relationship between the distance traveled by a
QD and the irradiation intensity (Fig. S13). ACITe QDs
exhibited a smaller Ith value than that obtained for ZAIS
QDs. This tendency agreed with the results shown in
Fig. 7c, although the simulated values were much greater
than the experimentally obtained values, similar to the
difference between the results shown in Figs. 2b and 4c.
To compare the magnitude of the optical force

depending on the absorption property of the QD, we
obtained maps of the forces acting on each QD in Fig. S14
under 820-nm light irradiation with the intensity at Ith for
the ACITe QD in Fig. S13. Their line profiles are shown in
Fig. S15. The difference in the force map originated from
the magnitude of the real part of the polarizability of QDs.
By integrating the forces in the y-z plane, we obtained
maps of the potential, U, of the optical force field for 8-nm
ACITe and ZAIS QDs. Assuming that the diffusion dis-
tance Rran on the TLC plate is g times that of Brownian

Fig. 7 Dependence of the distance traveled by rod-shaped QDs
with different absorption properties. TEM images (a) and
absorption spectra (b) of ZAIS-rod and ACITe-rod QDs. The diffuse
reflectance spectrum of the AuNP-band (density of immobilized Au
NPs: 8.7 × 1011 particles/cm2) in the Au/TLC plate is also shown in
b. c Rf values of rod QDs on the Au/TLC plates as a function of
irradiation intensity of 820-nm light. The density of immobilized Au
NPs was 8.7 × 1011 particles/cm2. Error bars represent the full widths at
half maximum intensity of the peaks in chromatograms for
individual spots.
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motion in the solvent because of the adsorption effect, the
diffusion energy can be estimated as U0= kT/g2 (see
Supplementary Information). The potential maps nor-
malized by the diffusion energy without irradiation (U0)
are shown in Fig. 8, where we set g= 1/100, corre-
sponding to Fig. S13 in the Supplementary Information.
Regardless of the kind of QDs, the potential becomes
lower with decreasing distance between the QD and the
aggregate of Au NPs, but the magnitude of the potential
decrease is larger for ACITe QDs than for ZAIS QDs
because of a larger value of the real part of the polariz-
ability. These results indicate that an ACITe QD can be
more easily optically trapped near Au NPs at the intensity
of Ith for ACITe, overcoming diffusion, while a ZAIS QD
is not captured.
Figure 7c suggests that ACITe-rod QDs were selectively

captured in the AuNP-band if a mixture of these QDs was
eluted on Au/TLC under 820-nm irradiation with inten-
sities in the range of 0.77~1.02W cm−2. To confirm this
hypothesis, we prepared a mixture by blending ZAIS-rod
and ACITe-rod QDs with a particle number ratio of 80:20
(Fig. S16). This mixture was not separated into the two
kinds of original QDs by a conventional size-selective pre-
cipitation method. Droplets of the solution containing the

mixture of QDs were placed onto Au/TLC plates, followed
by development in a chloroform eluent solution under 820-
nm irradiation of 0.78W cm−2 intensity. A dark-brown
spot was trapped at Rf= 0.27 in the AuNP-band on the
developed TLC plate (upper panel of Fig. 9a), and a yellow
PL spot was seen at Rf= 0.46 under UV light (lower panel
of Fig. 9a). Figure 9b shows the diffuse reflectance spectrum
and PL spectrum of each spot. The spot at Rf= 0.27
exhibited broad absorption in the visible and near-IR
wavelength regions, and the absorption onset was observed
ca. 1000 nm, which was assigned to the ACITe-rod QDs
(Fig. 7b). Considering that ZAIS-rod QDs had an intense
PL peak at 580 nm (Fig. S3), no PL peak appeared for
the spot at Rf= 0.27, indicating that the trapped QDs were
composed of pure ACITe-rod QDs. However, the spot at
Rf= 0.46 had almost no absorption in the range of
400–800 nm but showed a PL peak at 580 nm, indicating
the presence of only ZAIS-rod QDs. A part of each spot
with the underlying silica gel stationary phase was scraped
from the developed plate, and then the trapped QDs were
extracted with chloroform to measure their size distribu-
tion by TEM. Rod-shaped QDs were observed at individual
spots, as also shown in Fig. 9b, and their size distributions
were almost the same, with average values (length × width)
of 15 × 4.0 nm and 16 × 4.5 nm for QDs at Rf= 0.27 and
0.46, respectively. A dark-brown spot and a yellow PL spot
passed through the AuNP-band in the case of development
of the Au/TLC plate without irradiation and then stopped
at Rf= 0.90 and 0.49 on the Au/TLC plate (not shown),
respectively, which were in rough agreement with the Rf
values of the corresponding pure samples (Fig. 7c). Thus,
we concluded that the present plasmonic TLC strategy
enables optical-property-dependent separation of QDs even
when target QDs have a particle size and a morphology that
are almost the same as those of other QDs in the mixture
such as a byproduct or contaminant.

Conclusions
We successfully developed a novel plasmonic TLC

technique for the separation of QDs by coupling conven-
tional TLC plates and Au NPs as plasmonic materials.
Monochromic incoherent light of relatively weak intensity,
such as LED light, enabled the plasmonic TLC to be driven.
We successfully separated QDs from a mixture of QDs
using this strategy. Although QDs <6 nm in size were not
trapped at any of the irradiation intensities investigated,
QDs 8 nm or larger in size strongly adsorbed on the
adsorbent layer on the TLC plate and were captured in the
band-like Au NP-immobilized area by LSPR photoexcita-
tion with a light intensity of ca. 0.5 ~ 1W/cm2, which was
several orders of magnitude less than that previously
reported for plasmonic trapping of QDs uniformly dis-
persed in a solution with Au NP arrays22. The two-
dimensional surface diffusion of QDs plays an important

Fig. 8 Potential maps of the optical force field depending on the
absorption properties of QDs. a Potential maps in the y-z plane for
8-nm ACITe and ZAIS QDs in the vicinity of the AuNPs, corresponding
to the results shown in Fig. S13 under 820-nm light irradiation with
the intensity at Ith for ACITe QDs. b Line profiles of the potential of
8-nm ACITe and ZAIS QDs. The profiles with respect to the y-center
axis of the Au NPs in (a) are shown.
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role in their capture using plasmonic optical trapping in the
present strategy. Theoretical simulations confirmed that
the migration rates of target QDs were retarded by the
attractive forces between LSPR-excited Au NPs and QDs
adsorbed on the stationary phase, the magnitude of which
was dependent on their size. Furthermore, we found that
differences in the optical properties of QDs affected their

trapping efficiency in the AuNP-band, enabling the sorting
of QDs of similar sizes by the difference in their optical
properties. The essence of the selectivity according to the
optical properties of QDs can be theoretically understood
on the basis of the change in the attractive forces acting on
QDs in the LSPR-electric field (induced by the incident
light) with the difference in the real part of the polarizability

Fig. 9 Isolation of target QDs from a mixture according to their absorption property. a Photographs of spots of a QD-mixture on an Au/TLC
plate after development with 820-nm light irradiation (intensity: 0.78 W cm−2). The QD mixture contained ZAIS-rod and ACITe-rod QDs with a particle
number ratio of 80:20 (Fig. S16). The density of Au NPs immobilized on the TLC plate was 8.7 × 1011 particles/cm2. b Diffuse reflectance spectra (left)
and PL spectra (middle) of the spots at Rf= 0.27 and 0.46 on the developed Au/TLC plate. TEM images of QDs extracted from corresponding
positions are also shown (right).
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of QDs. Our findings and the underlying mechanism will
be important for developing a novel strategy for the
separation of QDs with similar sizes but different optical
properties. Such optical property-based separation cannot
be achieved by conventional chromatography, where the
interactions between stationary phases of chromatographs
and QDs are simply based on the differences in the size or
surface functionality of QDs. In the near future, plasmonic
TLC will become another useful strategy for separating
nano-objects, such as metal nanocrystals, quantum dots,
polymers, vesicles, and biomolecules, by optical properties
as well as size.

Methods
Silica gel TLC plates (Anal Tech, stationary phase: 15-

μm silica gel particles with 60 Å pores, layer thickness:
250 μm, C18-hydrocarbon-impregnated (5%)) were cut
into pieces of 5.0 cm in length × 1.5 cm in width and used
as substrates for the immobilization of Au NPs. An aqu-
eous dispersion of Au NPs (size: 12 nm) was uniformly
spread in the band area, 0.7 × 1.5 cm, on a TLC plate with
a height of 1.5~2.2 cm from the plate bottom (AuNP-
band, Fig. 1a), followed by drying under vacuum. The NP
density of the AuNP-band was 8.7 × 1011 NPs cm−2,
unless otherwise noted. The thus-obtained plates are
denoted here as Au/TLC plates. A line was drawn as the
origin of TLC with a pencil 0.70 cm from the TLC plate
bottom. The Au/TLC plates were immersed for ca. 5 min
in chloroform containing 5 vol% oleylamine to remove
impurities adsorbed on the plates, followed by drying.
Multinary QDs with various sizes, including Zn-Ag-In-S

(ZAIS) QDs of 4.9, 8.0, 10, 12 and 19 nm in size and Ag-
In-Ga-S (AIGS) QDs with sizes of 3.0, 4.5, and 6.0 nm,
were prepared by previously reported procedures32,33,35

with slight modification (details in the Supporting Infor-
mation) and were dissolved in chloroform. We used the
abbreviations ZAIS(size) and AIGS(size) to refer to QDs
with different sizes. The concentration of QDs in a solu-
tion for spotting was typically 1.4 × 10−6 mol(QDs) dm−3.
A 4.0-mm3 portion of the QD chloroform solution was
applied to the origin of the Au/TLC plate, with the size of
the round spot typically being 0.3~0.4 cm in diameter.
After drying the spot, the Au/TLC plate was placed in a
development chamber (screw-capped glass vial, 3 cm in
diameter × 6.5 cm in height) with chloroform containing
10 vol% oleylamine as an eluent. Until the eluent front
reached ca. 0.30 cm below the top of the TLC plate,
monochromatic light (Fig. S1b) was directly irradiated on
the AuNP-band from the silica gel surface of the TLC
plate, except when recording a video of Au/TLC devel-
opment, in which case the irradiation passed through the
glass backing of the TLC plate. The monochromatic light
sources used for irradiation were a red LED unit (CCS
Inc., PFBR-150RD) for 610-nm light, a green LED unit

(CCS Inc., PFBR-150GR) for 530-nm light, and a 300-W
Xe lamp light (EAGLE, CX-05E) through near-IR band-
pass filters (SIGMAKOKI, ITF-50S-83RT and SCF-50S-
64R) for 820-nm light. The experimental setup is shown
in Fig. 1b. The eluent was allowed to travel 4.0 cm from
the origin, that is, to 0.30 cm below the top of the TLC
plate, and as a result, the AuNP-band was located in the
area of Rf= 0.20~0.375 after development.
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