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Quantum dots (QDs) exhibit size-dependent optical properties, where both the absorption and fluorescence energy levels vary
with QD size. However, this dependence results in a discontinuity of intrinsically accessible energy levels for the bandgap,
posing challenges in achieving precise energy tuning within a specific range. Herein, we demonstrate emission energy control
of QDs with identical absorption energy levels by manipulating the spatial arrangement of QDs within QD-polymer
complexes through hydrophobic interactions. The phase behavior of the QD-polymer complexes was modulated by adjusting
the mass fraction of hydrophilic and hydrophobic blocks in the block copolymer, utilizing two types of amphiphilic block
copolymers and varying temperatures. The QDs were spontaneously trapped within the hydrophobic region of the polymer
template in water, resulting in spherical, cylindrical, and vesicle structures of QD-polymer complexes, corresponding to
spherical, cylindrical, and layered assemblies of QDs, respectively. Depending on the QDs’ location within the QD-polymer
complex, the surface area in contact with water varied, leading to different degrees of oxidation and, consequently, a change in
the fluorescence energy level of QDs. This study introduces a novel method to fine tune the emission energy (<15eV) of QDs
by adjusting the polymer form factor without complicated procedures.

1. Introduction

Semiconductor nanocrystals, known as quantum dots (QDs),
possess unique and attractive electronic and optical properties
[1-4] that are not observed in bulk materials with sizes above
the micrometer scale. Consequently, QDs ofter various poten-
tial applications, including energy reservoirs, electron carriers,
light display, and sensorable materials [2-7]. However, the

practical application of QDs is hindered by the narrow and
discontinuous accessible energy levels for absorption and fluo-
rescence, which strongly influence their optical properties.
While the energy level of QDs can be readily controlled by
their size during synthesis [8, 9], the maximum synthesizable
size of QDs in the solvothermal method is limited to <6 nm,
leading to restrictive accessible energy levels [10]. Further-
more, most QDs contain heavy metals, presenting challenges
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in safe handling. Therefore, achieving practical and wide-
spread application of QDs requires precise control over their
energy levels for absorption and fluorescence, as well as the
development of safe handling methods.

Recently, polymers have been utilized to encapsulate the
surface of QDs, improving their safety [2, 11-13], leading to
the formation of core-shell-type nanoparticles with a QD
core and a polymer shell configuration [14, 15]. In the QD
core-polymer shell form, QDs and polymers are used as
tracers and drug releasers for the drug delivery system,
respectively, to improve the drug delivery performance and
biocompatibility [16, 17]. However, the range of applications
for polymer encapsulation of QDs remains limited due to
the narrow and discrete accessible energy levels determined
solely by the synthesis method (size control). Generally,
the absorption and emission wavelengths of QDs can be
shifted by adjusting their size, but achieving detailed control
within specific wavelength ranges has been challenging.

To overcome these limitations, this study proposes uti-
lizing block copolymer phase behavior [15, 18, 19] to achieve
a wide range of bandgaps for QDs. With their diverse phase
behavior, block copolymers have been employed as tem-
plated materials to obtain various nanostructures. When
QDs are mixed with block copolymers in an aqueous solu-
tion, a complex with diverse nanostructures is expected to
form. The spatial arrangement of QDs within the complex
can be influenced by interactions between the polymers
and QDs, leading to variations in the water contact area of
the QDs within the QD—polymer complex. Since the water
contact of QDs directly influences their oxidation, control-
ling the water contact area allows for the modulation of
QD oxidation levels. Considering that the fluorescence
energy level (emission energy) of QDs depends on their
degree of oxidation [18], it was hypothesized that the optical
properties of QDs can be controlled through the spatial
arrangement of QDs within the QD-polymer complex in
an aqueous solution.

To demonstrate the control of emission energy through the
QD-polymer complex, CdSe, a typical QD, was chosen as the
model system. The CdSe QD was initially prepared in an
organic solvent and then mixed with amphiphilic block copol-
ymers in water through emulsification, forming QD-polymer
complexes upon evaporation of the organic solvent. For this
purpose, amphiphilic block copolymers, specifically poly(ethyl-
ene oxide)-poly(allyl glycidyl ether) (P(EO,~b-AGE))) diblock
copolymers with different values of x and y, were synthesized
using living anionic ring-opening polymerization (LAROP)
[19]. By mixing two types of P(EO,~b-AGE,) block copoly-
mers with different geometrical shapes [20, 21], the phase
behavior of the block copolymer was controlled, leading to
the formation of QD-polymer complexes with distinct
structures.

The morphologies of the CdSe QD-P(EO,-b-AGE))
polymer complexes were characterized using small-angle
neutron scattering (SANS), revealing spherical, cylindrical,
and vesicular structures depending on the mixing ratio of
the two types of block copolymers with different geometrical
shapes. The different geometrical shapes of the block copol-
ymers resulted in varying curvatures during micellization,
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thereby influencing the arrangement of QDs within the
QD-polymer complex and leading to different water contact
areas for the QDs in water. The energy levels (optical prop-
erties) of the CdSe QD-P(EO,-b-AGE,) polymer complexes
with different overall structures were confirmed through
ultraviolet-visible (UV-vis) absorbance and photolumines-
cence (PL) measurements. This validation demonstrated dis-
tinct emission energy without changes in the absorption
energy of QDs, corresponding to the arrangement of QDs
in various geometric phases of the QD-polymer complex.

To the best of our knowledge, this study is the first to
demonstrate fine control of the emission energy of QDs
through the molecular self-assembly of QD-polymer com-
plexes. This method offers a wide range of energy adjustments
for QDs without size limitations, opening up possibilities for
various applications. Furthermore, this approach provides
new insights into the spatial arrangement of QDs within the
polymer matrix.

2. Materials and Methods

2.1. Materials. Several molecules and solvents were prepared
to synthesize block copolymers. Poly(ethylene oxide) methyl
ether polymer (mPEQO; number average molecular weight,
Mn =2000 and 750 g/mol), a monomer of allyl glycidyl ether
(AGE; weight average molecular weight, Mw = 114.144 g/mol),
potassium cube (in mineral oil), naphthalene (99%), 2.0 M
butyl magnesium chloride (in tetrahydrofuran (THF)) solu-
tion, 1.4 M sec-butyllithium (in cyclohexane) solution, and
anhydrous hexane (99%) were purchased from Sigma-
Aldrich (USA). Tetrahydrofuran (THF) was obtained from
Junsei (Tokyo, Japan). Anhydrous methanol (99.9%) was pur-
chased from Alfa Aesar (USA). THF and AGE were purified
before use. For the synthesis of CdSe QD nanoparticles,
cadmium oxide (CdO, 99.5%), oleic acid (90%), selenium
(Se, 99.5%), 1l-octadecene (90%), and trioctylphosphine
(97%) were purchased from Sigma-Aldrich. Solvents ethanol
(95%) and N-hexane (95%) were purchased from Samchun
Chemical, Inc. (Republic of Korea).

2.2. Purification of AGE and THF. The AGE monomer was
purified using 2.0 M butyl magnesium chloride for 30 min
and degassed by three freeze-pump-thaw cycles under vac-
uum. To remove impurities in THF, a mixture of THF and
1.4M sec-butyllithium was vigorously stirred for 30 min,
followed by three cycles of freeze-pump-thaw.

2.3. Synthesis of Block Copolymers. Diblock copolymers of
P(EO,-b-AGE,) were synthesized via LAROP. The LAROP
process is extremely sensitive to oxygen and humidity; there-
fore, all of the experimental processes were conducted under
a vacuum. mPEO polymer blocks with weights of 5 and 1g
(for P(EO x-b-AGE,,) and P(EO,,-b-AGE,), respectively)
were purified in a vacuum reactor at 45°C and continuously
stirred. Then, approximately 5mL of 04M potassium
naphthalenide solution (initiator) was injected into the
vacuum reactor, followed by the direct injection of 10 mL
of purified THF. After the initiator was injected, the mPEO
solution turned dark green, and the initiation reaction
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proceeded for 30 min. Subsequently, AGE monomers weigh-
ing 5 and 20 g were added to the mPEO polymer solutions
for P(EO,4-b-AGE,,) and P(EO,,-b-AGE,), respectively.
The reaction of this mixture was propagated for 20h, after
which the solution turned light brown. The reaction was ter-
minated using anhydrous methyl alcohol. The final solutions
were precipitated with hexane, and the remaining hexane in
the obtained block copolymer was evaporated under a vac-
uum for a minimum of 1d.

2.4. Synthesis of Cadmium Selenide Quantum Dots. A three-
step process was performed to prepare the 4.5nm CdSe QD
nanoparticles [10]. First, a solution containing 30 mg sele-
nium in 5mL of octadecene was prepared in a vial under a
nitrogen atmosphere, and 0.4mL of trioctylphosphine
(TOP) was injected into the vial using a syringe (Se/TOP
precursor). The Se/TOP precursor was stirred vigorously at
40°C. Second, 19.5mg of CdO, 0.75mL of oleic acid, and
15mL of octadecene were mixed in a round flask under an
argon atmosphere (Cd precursor), and the Cd precursor
was mixed at 250 rpm as the temperature was increased to
225°C for 45 min. When the temperature of the Cd precursor
reached 225°C, 1.5mL of the Se/TOP precursor was injected
into the Cd precursor using a syringe. After 15 min, the CdSe
in the octadecene mixture was rapidly cooled using air or
water. The cooled mixture was replenished with 120 mL of
ethanol. The diluted mixture was centrifuged at 3000 rpm for
10 min, and the quenched CdSe QD nanoparticles were redis-
persed in hexane (24 mL).

2.5. Preparation of the CdSe-Polymer Mixtures. The samples
were prepared by mixing two types of P(EO,-b-AGE))
diblock copolymers with Mn of 2K-2.56K (P(EO,.-b-
AGE,,)) and 0.75K-2.05K (P(EO,,-b-AGE,s)) in D,O.
The samples were diluted to facilitate the observation of
the micellar shapes. Dilute systems are preferred for observ-
ing the formation of molecules in a system because of the
absence of interparticle interference. The concentrations of
the 2K-2.56 K samples were fixed to 0.1 wt%, while those
of the 0.75K-2.05K samples were gradually increased in
0.1 wt% intervals (0, 0.1, 0.2, 0.3, 0.4, and 0.5 wt%) to control
the hydrophobicity of the mixtures in 4 mL of D,0O. The pre-
pared polymer mixtures were then divided into two groups.
One group was mixed with CdSe QD hexane solution (5g/L).
The CdSe QD hexane solution (0.4mL) was mixed with the
one-polymer mixture group (6 prepared in 2mL D,O; hexane
was desolvated and dispersed in D,O by sonication for 8h).
Here, the 2K-2.56K (P(EO,s-b-AGE,,)) and 0.75K-2.05K
(P(EO,4—-b-AGEy)) block copolymers were labeled as P(46-
22) and P(16-18), respectively, for convenience.

2.6. Dynamic Light-Scattering (DLS) Measurements. DLS
measurements were conducted using a particle size analyzer
(A =659 nm, ZetaPLUS, Brookhaven Instruments Corpora-
tion, USA) to determine the temperature dependence of
the micellar hydrodynamic radius (R;,). The DLS-measured
intensity autocorrelation function was obtained using the
cumulative method. The normalized values indicate the rel-

ative width of the distribution. The corresponding value of
R, was calculated using the Stokes-Einstein equation.

2.7. Small-Angle Neutron-Scattering (SANS) Measurements.
SANS measurements were performed using a 40 m SANS
at HANARO, Republic of Korea [22]. The configurations

were set to cover the Q range of 0.0012 A< Q<05 AT

for polymer complexes and 0.001 A" <Q<044i" for
QD-polymer complexes (where Q = (47r/A) sin (6/2) is the
magnitude of the scattering vector, and 6 is the scattering
angle). The scattering intensities measured under two differ-
ent SANS configurations (high- and low-Q regions) were
overlapped to cover the entire Q range. All SANS measure-
ments were performed in D,O to increase neutron-scattering
contrast.

2.8. Small-Angle X-Ray-Scattering (SAXS) Measurements.
SAXS measurements were performed to obtain Fourier trans-
forms of the hybrid nanostructures. To cover the Q range of
0.012-0.45A7" for polymer complexes and 0.0037-0.6A~"
for QD-polymer complexes, the sample-to—detector distance
was set to 2m. The experiments were performed at the 4C
and 9A SAXS beamlines of the Pohang Accelerator Labora-
tory (POSTECH, Republic of Korea) and the NANOPIX
laboratory-scale X-ray scattering instrument at the Research
Center for Advanced Nuclear Interdisciplinary Technology
(JBNU, Republic of Korea).

2.9. Transmission Electron Microscopy (TEM) Observations.
A TEM grid was pretreated by glow discharge, after which
a sample drop (20 uL) was placed on the grid using a pipette.
The sample-containing TEM grid was freeze-dried using lig-
uid nitrogen and a freeze dryer to fix the nanostructures in
the studied mixtures. The samples were imaged using cor-
rected (JEM-ARM200F, JEOL, USA) and high-resolution
(JEM-2010, JEOL, USA) TEM instruments located at the
Jeonbuk National University (Republic of Korea).

2.10. Ultraviolet-Visible Measurements. UV—-vis characteri-
zation was performed using a UV-vis spectrophotometer
(LAMBDA 950, PerkinElmer, Inc., USA). Absorbance was
measured in the wavelength range of 190-3000 nm using
quartz cuvettes with a 10 mm path length (in this paper,
the results for the critical wavelength range of 450-700 nm
are presented).

2.11. Photoluminescence (PL) Measurements. PL measure-
ments were performed using a luminescence spectroscope
(LS-55, PerkinElmer, Inc., USA). An excitation wavelength
of 574nm was used to measure the emission wavelength of
the samples. Emission was measured in the wavelength
range of 200-800 nm using quartz cuvettes with a 10 mm
path length (in this study, the results for the critical wave-
length range of 450-700 nm are presented).

3. Results and Discussions

Although CdSe QDs exhibit different energy levels based on
their particle size, there is a limitation to the extent of energy
control achievable through particle size manipulation, which



consequently restricts their range of practical applications.
Moreover, this energy selectivity linked to particle size
results in disparate energy bands, posing challenges in
achieving precise energy tuning within specific energy
ranges. Therefore, alternative approaches are required to
achieve fine adjustments in the energy levels of QDs.
Because it is well-known that the spatial arrangement of
QDs is highly related to the optical property arising from the
interaction of QD, it needs to control it for precise tuning of
the energy level of QDs. For this purpose, we used two types
of amphiphilic diblock copolymers, P(EO,-b-AGE,) diblock
copolymers, consisting of hydrophilic PEO and hydrophobic
PAGE blocks, which were synthesized by LAROP (Figure S1,
Supporting Information), as a template to form block
copolymer-QD complexes. Herein, the hydrophilic and
hydrophobic blocks of the diblock copolymers were varied to
induce the rich polymer phase behavior for achieving
various spatial arrangements of QDs in the polymer matrix,
where the used P(EO,-b-AGE,) diblock copolymers are
P(EO,-b-AGE,,) and P(EO,,—b-AGE ;) block copolymers
(labeled as P(46-22) and P(16-18), respectively), which is
characterized by nuclear magnetic resonance (NMR) and gel
permeation chromatography (GPC) (Figure S2, Supporting
Information). Based on the NMR and GPC measurement
results, the Mw (Mw/Mn) of the P(46-22) and P(16-18)
block copolymers were calculated to be 2K-2.56K (1.04)
and 0.75K-2.05K (1.13), respectively.

In fact, owing to the energy difference between the emis-
sion and absorption of light, the Stokes shift phenomenon in
the QDs occurs, presenting a specific color that depends on
the QD size. In case of CdSe QDs with different diameters,
we confirmed the difference in the Stokes shift by analyzing
the absorbance (absorption) and the emission of UV-vis
light (Figure S3, Supporting Information), which is similar
to the previous studies [8, 9]. Although CdSe QDs have a
different energy level per particle size that can be used in
various applications, the achievable energy level is still
narrow because the size control of QD is limited in the
synthesis process. In addition, this energy selectivity with
the particle size leads to a discrepancy in the energy bands,
making it challenging to achieve precise energy tuning
within a specific energy range. To achieve a broad spectrum
of the energy level of CdSe QDs, therefore, CdSe QDs with a
representative size (4.5nm, which has the lowest Stokes
shift) were used, and then, their emission energies were
systematically investigated in the P(EO,-b-AGE,) diblock
copolymer matrix. Herein, the sizes of the CdSe QDs
(4.5nm with the particle size distribution of 0.07) were
characterized by small-angle X-ray-scattering (SAXS) and
transmission electron microscopy (TEM) measurements
(Figure S4, Supporting Information). The surface of the
CdSe QDs was functionalized with hydrophobic oleic acid
molecules, which are insoluble in aqueous solutions. To
form a complex structure of QDs-P(X-Y), two types of
block copolymers and a CdSe QD (4.5nm particle size)
solution were mixed. Amphiphilic block copolymers in
aqueous solutions enhance the solubility of materials with
one-sided properties, such as hydrophobic CdSe QDs,
forming a collective oil-in-water microemulsion of CdSe
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QDs and block copolymer blends. During sonication for 8h,
the CdSe nanoparticles were stably localized in the interior of
the block copolymer aggregate upon hydrophobic interaction.
Therefore, the CdSe QD-P(X-Y) polymer complexes were
well-dispersed in the aqueous solution despite the large
hydrophobic volume (Figure 1).

Since CdSe QDs can also incorporate into specific
hydrophobic regions of the block copolymer upon the
hydrophobic interactions, the microstructure of QD-block
copolymer complexes can be transformed into other struc-
tures such as spherical, cylindrical, and vesicular nanostruc-
tures based on the volume fraction (¢) of the hydrophilic
and hydrophobic blocks of the polymer when compared to
the original micellar phase of the block copolymer only.
DLS measurements were performed to determine the micelle
size distributions of the complexes. The P(46-22)/P(16-18)
complex formed small particles of approximately 20 nm in
size (Figure 1(d)), which are expected to be spherical
micelles of the general core-shell sphere nanoparticle size.
However, when CdSe QDs were added to the polymer com-
plex, the CdSe QD-P(46-22)/P(16-18) polymer complexes
exhibited large structures of approximately 120-180nm,
which is not the general size of the core-shell spherical struc-
ture. Since a specificity was found in the DLS measurement,
SANS measurements were performed to investigate the
detailed shapes of the CdSe QD-P(46-22)/P(16-18) poly-
mer complex structure (Figure 2).

Figures 2(a) and 2(b) show the SANS intensities of the
P(46-22)/P(16-18) polymer solutions and CdSe QD-P(46-
22)/P(16-18) polymer complexes. When only the P(46-
22)/P(16-18) polymer was present in the solution, the SANS
intensities exhibited ¢q° behavior, and a sphere with a core-
shell form factor model successfully reproduced the SANS
intensities (Figure 2(a)). These findings suggest that the
polymer mixtures formed general spherical structures in the
solution. However, after the CdSe QDs were added, the slopes
of the SANS intensities changed to approximately g~ or g”',
depending on the structural transformation (Figure 2(b))
[23, 24]. At a P(16-18) polymer concentration of 0.0%, the
SANS intensity exhibited g > behavior; however, the trend of
the intensity graph shape shows the cylindrical structure.
The slightly strange shape of the P(16-18) polymer concentra-
tion of 0.0% suggested a typical mixed phase in the solution.
As the P(16-18) polymer concentration increased, the volu-
metric fraction of vesicular structures increased, thereby
decreasing the hydrophilic volume in the complex structure
[25]. To confirm the nanostructure of the CdSe QD-P (46—
22)/P(16-18) polymer complexes, the SANS intensities were
successfully reproduced using summed form factor models
(Figures 2(b) and 2(d)). The model parameters of the P(46-
22)/P(16-18) polymer solutions and CdSe QD-P(46-22)/
P(16-18) polymer complexes were calculated as shown in
Figures 2(c) and 2(d), and the structural volumetric fraction
was calculated as shown in Figure 2(e). The nanostructures
of the P(46-22)/P(16-18) polymer complexes were found to
have small sizes of ~20nm, while the nanostructures of the
CdSe QD-P(46-22)/P(16-18) polymer complexes exhibited
larger sizes of ~130 nm. The results obtained from the SANS
particle size analyses were consistent with those of the DLS
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P (16-18) concentration X (%)
—— 4.5nm CdSe-P (46-22)/P (16-18) mixture
—A— P (46-22)/P (16-18) mixture
(d)

F1GURE 1: Photos of solutions and dynamic light-scattering results of the complexes. Photos of the (a) P(46-22)/P(16-18) solution, (b) CdSe
QDs-P(46-22)/P(16-18) polymer solution under visible light, and (c) CdSe QDs-P(46-22)/P(16-18) polymer solution under UV light.
(d) Dynamic light-scattering results of the P(46-22)/P(16-18) and CdSe QDs-P(46-22)/P(16-18) polymer solutions.

measurements. For further details of the SANS analysis results,
the detailed parameters of the complex vesicle structure were
calculated and presented in Table S1. Based on the SANS
detailed analysis, the vesicle size was determined to be 80 + 2
nm, and the vesicles contained approximately 100-180 QDs.
To confirm the appearance of the CdSe QD-P(46-22)/
P(16-18) polymer complexes, TEM measurements were
performed to confirm the structural distributions (Figure 3).
According to the TEM measurement results, the CdSe
QD-P(46-22) 0.1%/P(16-18) 0.1% and 0.2% complexes
exhibited a mixed phase consisting of cylindrical and vesicular
structures in the images. Specifically, the CdSe QD-P(46-22)
0.1%/P(16-18) 0.1% sample displayed a mixed phase where
the cylindrical structure predominated (Figure 3(b)). Despite
the QDs’ images appearing scattered, the observed contrast
indicated the presence of cylindrical structures (red dotted
lines). On the other hand, in the CdSe QD-P(46-22) 0.1%/
P(16-18) 0.2% sample, although the mixed phase contained
cylindrical and vesicular structures, the cylindrical structures
were relatively less pronounced compared to those observed
in the TEM image of the CdSe QD-P(46-22) 0.1%/P(16-18)
0.1% sample (Figure 3(c)). It is important to note that the

TEM images of the CdSe QD-P(46-22) 0.1%/P(16-18) 0.1%
and 0.2% samples exhibited the formation of vesicular struc-
tures, which differed from the typical core-shell sphere struc-
ture. These observations are consistent with the SANS
analyses, further corroborating the evidence that the CdSe
QD-P(46-22)/P(16-18) polymer complexes adopt a mixed
phase composed of cylindrical structures hundreds of nano-
meters in length and large vesicular structures measuring
approximately 100 nm in size.

The optical properties of the CdSe QD-P(46-22)/P(16-18)
polymer complexes can be affected by their overall structures,
which are influenced by changing the polymer structure con-
formation that leads to a different spatial arrangement of QDs
in the complex. The light absorption and emission properties
of the CdSe QD-P(46-22)/P(16-18) polymer complexes were
characterized by using UV-vis and PL measurements, respec-
tively (Figure S5). In contrast to those of the CdSe QD
solution, the absorption wavelengths of the CdSe QD-P(46-
22)/P(16-18) polymer complexes did not shift to other
wavelengths, as shown in the light absorption graphs
(Figure S5a). This indicates that the intrinsic properties of
CdSe QDs are not altered by forming a polymer shell on the
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FiGurE 2: SANS intensities of the P(46-22)/P(16-18) polymer solution and CdSe QDs-P(46-22)/P(16-18) polymer complexes at 25°C.
(a, b) The results of the SANS intensities with the form factor model shown. (¢, d) The parameters of the form factors. (e) The

volumetric fractions of the complex nanostructures in the solutions.

CdSe QD surface [20, 21, 26], suggesting that the CdSe QDs
do not aggregate to form large particles in the mixture.
However, the light emission wavelengths changed depending
on the P(16-18) polymer concentration (Figure S5b); the
CdSe QD-P(46-22)/P(16-18) polymer solutions exhibited
different light emission wavelengths. In particular, the
emission wavelengths of CdSe QDs at concentrations of
P(46-22) 0.1%/P(16-18) 0.1% and 0.2% polymer complexes
and at concentrations of P(46-22) 0.1%/P(16-18) 0.0%,
0.3%, 0.4%, and 0.5% polymer complexes varied, shifting to
593, 588.5, 588, and 586 nm, respectively. Then, the structural
characteristics of the CdSe QD-P(46-22)/P(16-18) polymer
complexes, which are confirmed by the SANS analysis,
depends on the emission wavelength shift [27]. This
phenomenon can occur due to the way the polymer
molecules interact with CdSe QDs, thus altering their
electronic properties.

The differences in light absorption and emission for each
CdSe QD-P(46-22)/P(16-18) polymer complex are shown
in Figure 4(a). The Stokes shift and energy levels of the CdSe
QD-P(46-22)/P(16-18) polymer complexes were then con-
verted from light absorption and emission wavelengths to
wavenumbers (Figure 4(b)). Figure 4(a) shows that the emis-

sion wavelengths of the CdSe QD-P(46-22)/P(16-18) poly-
mer complex shifted to a lower wavelength than those of the
CdSe QD solution. This shift can be attributed to the forma-
tion of a polymer shell around the CdSe QDs [2, 8], which is
expected to cause a blue shift. The degree of the blue shift
was calculated using the Doppler effect (Figure 4(b)), where
z=(Agps — Aemit )/ Aemit. 128]- By calculating the degree of the
blue shift, the energy-level changes in response to changes in
light emission can be evaluated. The energy level was also cal-
culated based on the degree of blue shift; evidently, the blue
shift phenomenon was stronger for the sphere-shaped struc-
ture than for the cylinder-shaped structure (Figures 2(e) and
4(b)). Furthermore, the blue shift phenomenon was more pro-
nounced in the CdSe QD-P(46-22)/P(16-18) polymer com-
plexes with P(16-18) polymer concentrations of 0.0%, 0.3%,
0.4%, and 0.5% compared to those with the P(16-18) polymer
concentrations of 0.1% and 0.2% (Figure 4(c)). These results
indicate that the emission energy level of CdSe QDs can be
controlled by altering the structure of the CdSe QD-P(46-
22)/P(16-18) polymer complex. The geometrical variations
within the CdSe QD-P(46-22)/P(16-18) polymer complex
play a pivotal role in inducing phase transitions, leading to dis-
tinct degrees of curvature in the resulting nanostructures. The
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(d)

F1GURE 3: Transmission electron microscopy (TEM) images of the 4.5 nm CdSe QDs-P(46-22)/P(16-18) polymer complexes at 25°C. The
complexes of 4.5 nm CdSe-P(46-22) 0.1% with (a) P(16-18) 0.0%, (b) P(16-18) 0.1%, (c) P(16-18) 0.2%, and (d) P(16-18) 0.4%. The red

dotted lines indicate the cylindrical structures.

changes in the curvature of the polymer template significantly
impact the probability of QDs, existing within the polymer
template coming into contact with water molecules outside
the template. The cylindrical shapes have a larger curvature
rather than the sphere-shaped structure such as the spherical
and vesicular shapes. Therefore, the CdSe QD-P(46-22)/
P(16-18) polymer complexes of the P(16-18) polymer con-
centrations of 0.1% and 0.2% had a rather small oxidation
compared to the CdSe QD-P(46-22)/P(16-18) polymer com-
plexes with P(16-18) polymer concentrations of 0.0%, 0.3%,
0.4%, and 0.5%. This variation in water contact leads to a
modulation in the oxidation degree of CdSe QDs. As the
previous studies have indicated, the oxidation degree of QDs
strongly influences their fluorescence energy (emission energy),
establishing a direct relationship between the oxidation degree
and the energy level of the QD-polymer complexes [18].
Herein, QDs underwent the blue shift when they formed the
complex nanostructure with the polymers. This can be
explained by the adsorption of the ether group of poly(allyl
glycidyl ether) (which is a hydrophobic block but with a polar-
ity like the ester group [29]) on the CdSe QD surface due to its

slight hydrophilic characteristics. The vacant orbitals and dan-
gling bonds occupied by the electron lone pairs of the ether
groups adsorbed on the CdSe QD surface fill the potential con-
duction-band electron traps and confine the wave function to
the CdSe QD core [34-37]. This enhanced confinement
induces a blue shift in the PL spectrum of the CdSe QD-
P(46-22)/P(16-18) polymer complexes. In addition, the CdSe
QD-P(46-22)/P(16-18) polymer complexes with the P(16-
18) polymer concentrations of 0.1% and 0.2%, which has a rel-
atively larger curvature, show a rather small blue shift in the PL
peaks. The phenomenon occurred via the photocorrosion of
the CdSe QD surface because of the dissolved oxygen in the
water. In the photocorrosion process, Se becomes to SeO,,
and this oxidation leads the decrease of the CdSe QD size. Since
the CdSe QD-P(46-22)/P(16-18) polymer complexes with the
P(16-18) polymer concentrations of 0.1% and 0.2% are less
oxidized due to relatively little water contact, they have rather
a small blue shift than those of 0.0%, 0.3%, 0.4%, and 0.5%.
Based on SANS analyses with the form factor models, the
CdSe QD-P(46-22)/P(16-18) polymer complexes formed
spherical, cylindrical, and vesicle structures, with the number
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of CdSe QDs in the hydrophobic region being approximately
9.6, 111.1, and 1859.2, respectively. Therefore, according to
the SANS analyses and absorbance/emission wavelength mea-
surements, the blue shift phenomenon became stronger when
the CdSe QD-P(46-22)/P(16-18) complex formed a sphere-
shaped structure (spherical and vesicular structures) rather
than a cylinder-shaped structure. To better illustrate the
changes in the optical properties of the CdSe QD-P(46-22)/
P(16-18) polymer complex nanostructures, a simplified sche-
matic is shown in Figure 5. This figure highlights the key con-
formational differences that lead to the observed variations in
the optical spectra.

Overall, in metal-organic complex nanoparticles such as
QD-polymers, the change in energy level originates from the
localized surface plasmon resonance (LSPR) of the metal,
which can be altered by a change in electron dominance,
conformation, and size of the metal atoms. However,
metal-organic complex nanoparticles possess an interface
between the metal and the organic material; thus, electron
domination can be changed by the geometrical shape of
the organic material. Several methods have been reported
for controlling the particle size or LSPR of metal nanoparti-
cles using an inorganic-inorganic complex [8, 9, 30-32].
Studies using organic-inorganic mixed materials have been
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conducted; however, these studies have employed a frag-
mentary form as an inorganic core-organic shell structure
[29, 33]; moreover, the LSPR control is limited. The CdSe
QD-P(46-22)/P(16-18) polymer complex showed different
shapes, and their geometrical changes affected the LSPR of
the complex structure. The phase behavior of the CdSe
QD-P(46-22)/P(16-18) polymer complex leads to a nano-
scale decrease in the interparticle distance of the CdSe QDs,
as indicated by the PL intensities; this can be translated into
the degrees of their energy levels, with the sphere-shaped struc-
tures exhibiting a larger change in the energy level than the
cylindrical structures. This result is not limited to a general
core-shell spherical structure using a variety of QD-polymer
complexes in the core-shell form. However, it indicates a novel
solution that transforms ideas using structural conformation
changes in the energy-level section of metallic nanoparticles.

4. Conclusion

This study presents a comprehensive investigation of the emis-
sion energy transition of QDs within the QD-polymer com-
plexes, which is achieved without causing shifts in the
absorption energy. As we observed, the optical properties of
QDs themselves are predominantly controlled by their size,
with both the absorption and fluorescence energy levels being
intricately linked to the QD size. However, this size depen-
dence leads to a challenging discontinuity in the intrinsic
energy level for the bandgap, making precise energy tuning
within specific energy levels difficult to achieve. To overcome
this limitation and achieve fine control over the emission
energy, we harnessed the phase behavior of QD-polymer
complexes, offering varying spatial distributions of QDs.
Using amphiphilic block copolymers with different geometries
as templates for QD self-assembly, we obtained QD-polymer
complexes with diverse overall structures, including spheres,
cylinders, and vesicles, each housing QDs. The SANS, UV-
vis absorbance, and PL measurements demonstrated that the
overall sphere-shaped structures exhibited smaller energy-
level differences compared to the overall cylinder-shaped
structures. Notably, when the CdSe QD-P(46-22)/P(16-
18) polymer complex formed a cylinder-shaped structure,
the curvature was maximal, leading to decreased oxidation of
the CdSe QDs. On the other hand, spherical structures fea-
tured smaller curvatures, effectively enhancing the probability
of CdSe QD oxidation within the QD-polymer complex. As a
result, the spherical structures yielded a substantial emission
energy shift of approximately 15eV for the CdSe QDs. The
significant findings of this study shed new light on the precise
control of optical properties for nanoparticles, emphasizing
the critical role of the template’s phase behavior in controlling
QD arrays and oxidation degrees. By exploiting the versatility
of amphiphilic block copolymers as templates, we have dem-
onstrated a promising approach for achieving tailored emis-
sion energy levels of QDs within the QD-polymer complexes.
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