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SUMMARY

A new liquid crystal (LC) phase with P2:;3 symmetry , the lowest so far
in a cubic LC, was obtained in a system of CdS quantum dots (QDs)
modified with a two -layer corona of aliphatic thiols (inner) and LC
aromatic dendrons (outer). We propose that the unusual low
symmetry of this cubic mesophase is a result of the multi -layered
corona, which prefers to adopt an anisotropic radial profile due to
the combination of long and short “bristles”. The anisotropic

distribution of dendrons (long bristles) in the P2:3 phase is thought
to facilitate w-m interaction among the aromatic moieties. The
interaction gives rise to non -radiative exciton energy transfer
pathways which induce photoluminescence quenching of the CdS
QDs. This is believed to be the firs t example of structure -dependent
emission -quenching behavior .

Keywords

Dendrimers « GISAXS « Liquid Crystals ¢ Organic-Inorganic Hybrid
Materials * Quantum Dots

The Bigger Picture

Quantum dots (QDs) possess size dependent absorption and emission
properties which are desirable for creating multi-bandgap photovoltaic
devices such as solar cells. It has been theorized that 3-D arrangements
of monodisperse QDs, with very small interparticle spacings, may lead to
high photon conversion efficiencies due to strong electronic coupling. As
such a method of achieving and precisely controlling 3-D inter-particle
organization is of paramount importance. In this study a new anisotropic
3-D lattice of monodisperse QDs was formed with interparticle separation
distances determined by a two layer ligand coating; the layer thicknesses
were in turn dependent on the length and surface density of the ligands.
The tailorable self-organization and the ‘high absorption, low re-emission’
properties of the ordered 3-D phase may prove to be a promising
advance towards more efficient solar cells such as dye-sensitized up-
conversion emission enhancement.



Highlights

® Double-shell modified CdS quantum dots with liquid crystalline
dendrimers

® A new cubic liquid crystal with spacegroup P2:3, the lowest cubic
symmetry so far

® Unusual quenching of CdS photoluminescence of dendronized CdS
in the P2:3 phase, presumed to arise from the formation of non-
radiative pathways through 1r-stacking of aromatic dendron ligands

TOC blurb

Self-assembling quantum dots (QDs) have been obtained by attaching an
outer corona of aromatic liquid crystalline (LC) dendrons to the surface of
an inner alkylthiol corona encapsulating CdS nanoparticles. The
dendronized CdS QDs form a cubic LC structure with an unusually low
P213 symmetry. The anisotropic distribution of dendrons in the QD organic
corona and in the P2:3 LC superlattice is thought to facilitate stacking
interactions between the aromatic moieties. Moreover, the dendronized
CdS QDs show LC structure-dependent photoluminescence quenching.

INTRODUCTION

Semiconductor nanoparticles (NPs), known as quantum dots (QDs), have
attracted a great deal of scientific attention due to their size-dependent
and tunable light absorption and emission properties.l*2 In particular,
periodic arrays of QDs have considerable potential in photovoltaics,! in
novel nano-electronic devices where interactions of electronic charge and
spin between QDs are expected,®" as well as in efficient thermoelectric
devices where high electronic but low phonon conduction is required.l®! As
these future devices rely on quantum phenomena such as tunneling of
charge and spin, the arrangement of the QDs as well as their separation
lengths, typically in the range of nanometers to tens of nanometers, are of
prime importance. There have been reports of two-dimensional QD arrays
created by epitaxial growth on substrates.l®1% Surface-modified QDs have
been utilized to obtain stable dispersions in anisotropic media of liquid
crystals for photonic applications.[*116] Furthermore, semiconductor
NP/dendrimer composites have been obtained by synthesis of QDs in
dendrimer templates.['”-191 However, fabrication of 2-D or 3-D arrays of
QDs with interparticle distances on the scale of nanometers to tens of
nanometers has never been achieved either by bottom-up or top-down
methods.

In general, self-organization is a powerful means of forming NP-based
periodic structures. For example, a conspicuous variety of binary NP
lattices have been obtained by self-organization of two different types of
NPs,[20.21] while self-complementary DNA2224 and hydrophilic
surfactants!??l have been found to promote spontaneous cubic
arrangements of NPs. In addition liquid crystalline (LC) phases of ordered
NP arrays have been achieved by grafting the particle surfaces with
various calamitic,[?6-311 bent-core,®2 and dendritici®3! mesogens. These
techniques have also the potential to facilitate and precisely control
ordered arrangement of QDs.

In our recent study, we described an LC organic-inorganic hybrid
dendrimer with a two-layer corona.l343% The supramolecular dendrimer,
having a spherical gold core, an inner corona of aliphatic thiol ligands and
an outer dendron corona, was shown to form an unusual hexagonal
superlattice as well as a phase with simple cubic (SC) packing of gold
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NPs.4 In the present study, we have advanced this idea to create an
organic-inorganic hybrid dendrimer in which a similar two-shell corona now
encapsulates a CdS NP (Figure 1). As a result, we report a novel NP
superlattice, space-group P2:3 which, at the same time, represents a new
cubic mesophase of unprecedentedly low symmetry. The specific ordered
arrangement of the dendritic ligands within the structure is believed to be
responsible for the observed photoluminescence (PL) quenching within
the material.

RESULTS AND DISCUSSION

Liquid Crystalline Dendron Molecules.  We synthesized a phenethyl
ether-type dendron, abbreviated Dend, with an amino group at the apex
(Figure 1B). Details of the synthesis and characterization of Dend are
described in our previous paper.[3435] In pure Dend compound the
molecules spontaneously assemble into spherical aggregates 9.8 nm in
diameter which, above 55 C, arrange in a dodecagonal quasicrystal
phase that melts at 80°C.[24 In order to induce CdS guantum dots to form
ordered arrays, in this work the same dendrons are attached as the outer
corona, through amidation, to the carboxylic groups at the surface of the
inner aliphatic corona encapsulating the QDs.

Characterization of CdS QDs as Inner Core. The CO2H-modified CdS
QDs, abbreviated QD-COH (Figure 2A), were synthesized by the method
of Kanehara et al.®® with some modifications using 12-dodecanethiol (DT)
and 16-mercapto hexadecanoic acid (MHA) as thiol ligands. In our
previous study we have shown that, to obtain a well-ordered self-
organized structure, an optimum amount of dendron is required in the
outer corona.?¥ Control of CO2H content in QD-CO.H was achieved by
optimizing the molar ratio of the DT/MHA mixture in the synthesis of QD-
CO2H.

As shown in Figure 2A, the shape of QD-CO:H is close to spherical with
narrow size distribution. The mean diameter of the CdS core is 3.9 nm,
with the standard deviation of the particle size distribution being 0.4 nm. In
order to determine the ratio of DT and MHA on the surface of NPs, the
thiols were isolated from the CdS core by I>-decomposition.?”] Having
used a 1:1 DT/MHA molar mixture in the preparation of QD-COH, the
modification ratio on the surface of the resulting QD-CO,H was 10/3.2 as
determined by *H-NMR. The lowered MHA fraction might have been due
to the lower solubility of MHA compared to that of DT in dioctyl ether used
in CdS-QDs synthesis. Ratios of attached DT and MHA resulting from the
use of other starting reactant mixtures are given in Sl, Sect. 2. The
resulting QD-CO2H was well dispersed in CHCIz and CH2Cl: to form a pale
yellow transparent stable dispersion. Thermogravimetric (TG) analysis
showed that the weight loss of QD-CO,H was 40.4%. This value is
attributed to the burning off of DT and MHA. The average numbers of DT
(Not) and MHA (Nwna) molecules per CdS NP were 207 and 66, calculated
from the results of tH-NMR and TG measurements. Detailed calculations
are given in the Sl.

Modification Number of Dendron in the ~ Outer Corona . Modification of
QD-CO:H to obtain dendronized CdS quantum dots, abbreviated QD-
Dend, was carried out by amidation reaction described in ref. 34. The
number of Dend molecules per nanoparticle was Np = 69 — see Section
3.1 in SI; the No/Nwmra ratio in QD-Dend was therefore 1.05. The fact that
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the No/Nwmra ratio was close to 1 meant that the optimized amidation
reaction with Dend proceeded almost stoichiometrically. This high yield of
amidation is partly the result of the choice of alkyl chain lengths in the
inner corona, with the longer MHA chains allowing the COzH groups to
protrude from the surface making them more accessible to the reaction.
After Dend modification, dispersion-cast NPs tend to form ordered
hexagonal monolayers with an interparticle spacing of ca. 9 nm (Figure
2B).

Thermal Behavior of QD -Dend. The differential scanning calorimetry
(DSC) thermogram of QD-Dend is shown in SI, Section 3.3. The second
heating trace shows three endotherms, a large one at 7 °C, and two very
small ones at 133, and 216 C. The material is rigid below the first
endotherm and is subject to degradation above the third endotherm. The
thermal behavior was similar to our previous system using gold NPs.[34.35]
The endotherms at 7 C and 216 C, observed here, are attributed to
melting of the alkyl chains and isotropization, respectively.

To investigate the 3-D self-organization of QD-Dend, transmission small-
angle X-ray scattering (SAXS) was recorded on a bulk sample at different
temperatures (see Figure S6 in Sl). At 50 C, QD-Dend showed only
broad scattering peaks, resulting from the form factor of the nanoparticles
in a disordered spatial arrangement. This situation persisted at higher
temperatures, although at 150°C some weak sharp diffraction peaks
started to emerge. In order to obtain a degree of preferred orientation and
resolve the Bragg reflections spatially, thin films of QD-Dend were
investigated during annealing at 150°C using grazing incidence SAXS
(GISAXS). Initially, a strong diffuse peak was observed, indicating the
absence of a well ordered structure (Figure 3A). However after 12 hours
annealing, three Bragg reflections were detected signifying the
development of long-range order (Figure 3B). After 19 hours, additional
reflections appeared, indicating further perfection of the ordered structure
(Figure 3C,D). Similar annealing behavior has been observed previously
with Dend-coated gold NPs.[34 The ratio of reciprocal spacings
corresponding to the reflections observed in the present QD-Dend sample
was v2:+/3:44:4/5:v/8:/9: 11, suggesting a cubic unit cell with lattice
parameter a = 11.86 + 0.05 nm (see Table S1 in the Sl). Furthermore, the
sole systematic absence of Bragg (h00) reflections h = odd rules out all
but two possible space groups: P2:3 (No. 198) or P4232 (No. 208).1381 The
choice between the two space groups was made using the weight-to-
volume fraction conversions of the TG results, approximating the density
of the CdS and organics as 4.82 g/cm? and 0.9 g/cm? respectively.
According to the calculation, CdS occupies 9.4% of the unit cell (157 nm?)
which, if divided by the volume of a 3.9 nm spherical particle (as
determined by TEM), suggests that each contains five CdS NPs; however,
a site multiplicity of five is absent in the above space groups. In the case
of P4232, special positions with multiplicities of four and six, as well as two
(4 + 2 = 6), all introduce additional systematic extinctions that are
disobeyed by the GISAXS pattern. For space group P213, a site multiplicity
of four is the only solution that agrees with the observed systematic
absences. If the CdS volume is divided amongst only four NPs they must
have a slightly larger diameter of 4.2 nm, which is in reasonable
agreement with the value of 3.9 nm determined by TEM.

Reconstruction of Electron Density Map. In order to confirm our
hypothesis of the structure a simulated diffraction pattern was fitted to the
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observed data (Table 1). It was necessary to calculate the phase angles of
the structure factors for this non-centrosymmetric space group, hence
reconstruct the electron density map. The relative intensity of each Bragg
reflection was calculated using structure factor equations for perfect 4.2

nm spheres centred at special positions: (X, X, X), (-X+%2, -X, X+%2), (-X, X+%2,
-X+%%), and (x+Y%, -x+%, -x). The simulated relative intensities were then
matched to the Lorentz-corrected intensity measurements by varying the
‘X" value of the particle positions and ,/(z?), their root mean squared (RMS)
displacement from the ideal locations.

The reconstruction shows that the unit cell contains four points of high
electron density in the configuration described by space group P213 (x =
0.198) — see Figure 4A-C. We attribute the non-spherical shape of these
points to the anisotropic Debye-Waller factor (or “temperature factor”)
associated with a large RMS displacement (1.22 nm). The non-spherical
displacement is consistent with the attached organic ligands restricting
movement towards the closest neighboring particles. The /{z?) = 1.22 nm
value should be compared with the standard deviation of 0.4 nm in CdS
core size distribution determined from TEM to realize how the thick soft
corona cushions the effect of core non-uniformity and allows nanoparticles
to form LC arrays with 3-D long-range order in spite of their polydispersity.

The P2:3 arrangement of the dendronized quantum dots is closely related
to the face centred cubic (FCC) structure; the two structures are in fact
identical in the special case when x = 0. An FCC LC structure has recently
been reported for gold NPs coated with side-on attached rod-like
mesogens,% however it has been noted that neither of the “close packed”
structures, i.e. FCC or hexagonal close packing (HCP), have been
observed in dendrimers.l?9 This has been attributed%41 to the
supramolecular spheres being soft rather than hard balls, enabling them to
pack more efficiently in structures known as Frank-Kasper (FK)
phases.2431 FK phases contain only the smallest, i.e. tetrahedral, 44
interstices in contrast to FCC and HCP which both possess large
octahedral vacancies whose centres are hard to reach by the ends of the
dendron tails. While it is unsurprising that QD-Dend did not form a FCC
structure, it is unusual for mesophases to adopt such low-symmetry and
“inefficient” packing modes as P213. Our previous study on gold NPs
coated with the same two-layer corona of DT+MHA (inner) and dendron
Dend (outer) also had unexpected outcomes: a simple cubic structure was
obtained which contains interstices even larger than those of FCC and
HCP.34 Body centered cubic (BCC) structures have also been reported in
dendrimers,39 as well as in dendronized gold NPs,[1 however this
structure is similar to a FK phase. Our current two-layered corona design
is a promising principle likely to lead to further unprecedented and unusual
3-D LC structures.

Radial Density Profile of Dendronized CdS QDs.  In order to relate the
properties of the organic corona to the packing mode of the spheres, or
“spherical brushes”, dV/dr functions were calculated and compared in
Figure 5 for four packing modes: FCC, pm3n or A15 (typical in dendrimers),
P2:13, and SC. The dV/dr function®443 describes the average volume
increase of the spheres as their radius r increases from 0. Initially all dVv/dr
functions follow a parabola as dV/dr o r2, but once the spheres clash the
gradient of each function drops and becomes negative; dV/dr reaches

zero when all space is filled. The length of the decay after the first point of
collision therefore describes the degree of anisotropy that must be
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adopted by the brushes in order to fill the remaining space. As illustrated
in Figure 5, the packing modes differ by the decay of their dV/dr curves.
For dendrimers with tails of equal length, packing modes with dVvdr rapidly
decaying to zero are preferred. Pm3n is therefore more favorable than FCC
as the large octahedral vacancies of the latter lengthen the decay of its
dV/dr function. By contrast, it appears that particles possessing our two-
layered corona prefer modes with slowly decaying dV/dr, featuring large
interparticle voids. We propose that a multi-layered corona prefers to
adopt an anisotropic radial profile due to the combination of long and short
bristles. In our P213 structure (x = 0.198), the twelve nearest neighbors of
a reference particle are separated into two shells of six, with respective
centre-to-centre distances (2rg) of 0.646a and 0.791a. For FCC and P213,
the values of rg can be read directly from the gradient drops in Figure 5.
Converting roto nanometers, we find that the spheres within the P23
structure expand without obstruction up to r = 3.83 nm. The CdS cores
and the alkylthiol ligands combined occupy 43.5% of the unit cell volume
(757 nm3), which if divided amongst four spheres, suggests that QD-CO;H
reaches a radius of 3.51 nm. The closeness of this approximation to ro
infers that the minimum interparticle separation within the sample is in this
case governed by the thickness of the dense inner corona. Furthermore,
the lack of space between nearest neighbor NPs suggests that the
dendrons, hence the MHA ligands, are indeed distributed anisotropically
around the CdS surface, aggregating in regions that allow them to fill the
open interparticle channels (see Figure 6). The proposed reorganization of
MHA-Dend ligands on the NP surface during annealing is in line with a
similar idea proposed previously for gold NPs.[30:3146] We will return to the
distribution of the dendrons below to explain the PL behavior.

Photoluminescence and UV/vis  Absorption of Self -Organized QD-
Dend. To investigate the PL behavior of QD-Dend, a QD-Dend film was
prepared on hydrophobic quartz glass by casting from a CHCIs dispersion
followed by drying. Figures 7A and B show photographs of the QD-Dend
film without and with UV irradiation at 365 nm. The film shows strong
fluorescence when excited by UV irradiation. It is noteworthy that
brightness of the PL is drastically reduced and almost completely
guenched, in spite of UV excitation, after annealing the film at 150 < for
20 h (Figure 7C). There is no difference in the size and shape of CdS core
before and after annealing, shown in Figure S13 in SI. Under these
conditions QD-Dend forms the P2:3 superlattice.

To clarify such unusual quenching behavior, UV/vis absorption and PL
spectra of the QD-Dend film were investigated as a function of annealing
temperature (Ta). The sample was annealed for 1 h at each T,, followed by
rapid cooling to room temperature under a N2 positive pressure in the dark.
Thereafter the absorption and emission spectra were recorded in air at
room temperature. This procedure eliminated the possibility of thermal
fluorescence quenching, which is regarded as electron trapping in
temporary trapping sites generated at elevated temperatures. An initial Ta
of 50 € was chosen and was increased to 150 T in 20 € increments.
The LC structures formed during annealing were preserved on cooling due
to the high viscosity of the system. The resulting PL and absorption
spectra are shown in Figures 7D and E, respectively. The absorption
spectra are normalized at 442 nm. The UV/vis absorption and PL spectra
of the P213 structure obtained after the long annealing at 150 C are also
shown. As seen in Figure 7D, QD-Dend shows two band-edge emissions,
consisting of at least two close energy levels at A = 450 and 470 nm, and
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broad defect-trapped (A =~ 600 nm) emissions after annealing at 50 C. In
the case of a QD-CO:H film on quartz glass substrate, only a band-edge
emission at A = 450 nm and broad defect-trapped (A = 600 hm) emissions
were observed (see, Figure S10 in Sl). Such emission behavior for QD-
COzH is common for CdS QDs. "] The result suggests that the band-edge
emission of QD-Dend at A = 450 nm is due to the emission from the CdS-
QD cores. On the other hand, the band-edge emission at A = 470 nm, only
observed in the bulk film of QD-Dend, could be attributed to the formation
of a new lower energy state, namely, a dendron-mediated extended state
(DMES), by the interaction between CdS-QDs and Dend in film form. In a
CHCls dispersion, the band-edge emission at A = 470 nm was not
observed either before or after annealing of the QD-Dend film (See:
Figure S11 in Sl). This behavior also supports our conclusion that the
emission at A = 470 nm is due to the formation of DMES in the film form on
the substrate. We will return to DMES below to clarify the quenching
mechanism. A significant decrease in the emission intensity of the peak at
450 nm is observed after annealing at 70 C; the peaks at 470 and 600 nm
are also quenched but to a lesser extent. Further increases in the
annealing temperature led to further decreases in the emission peaks. The
reduced PL intensity originating from the defect-trapped sites arises due to
guenching of band-edge emissions.849 After annealing at 150 T for 20 h,
the band-edge emission at 450 nm was almost completely quenched —
Figures 7C, D. Here, QD-Dend forms the P2:3 LC structure. In contrast to
the decreased emission, upon annealing from 50 to 150 T the
absorbance of the QD-Dend film gradually increased at wavelengths
between 450 and 800 nm as well as at < 350 nm (Figure 7E and the inset).
Furthermore, the absorbance drastically increased on annealing at 150 C
for 20 h. Such large increases in the two wavelength ranges are due to the
formation of non-radiative relaxation pathways for emission quenching in
the film as described below.

Next, in order to investigate the mechanism of the observed quenching,
we measured the emission lifetimes of the QD-Dend film by time-resolved
PL spectroscopy using a femto-second pulse laser (Figures 8A and B).
The excitation wavelength was tuned to 384 nm. To determine the
lifetimes of the band-edge emissions at 450 and 470 nm, the time-
resolved PL decay of the QD-Dend film was collected (before and after
annealing) and integrated from 445 to 455 nm and 465 to 475 nm,
respectively. The decay curves could be well fitted to a double exponential
model described by Equation S8 in the Sl. The fitting parameters are
summarized in Tables S2 and S3. According to these analyses, 951 the
initial lifetimes of the fast dominant component of the emissions were 43
ps for the 450 nm peak and 65 ps for the 470 nm peak. The lifetimes were
virtually unchanged upon 20 h annealing at 150C and were calculated as
41 and 63 ps, respectively. To date, PL emission and quenching
phenomena have been explained by a variety of mechanisms, such as
energy transfer (ET),[5253 thermal quenching,®¥ electron tunneling,’® and
charge transfer (CT).[58 Especially, emission lifetimes of several tens of
pico-seconds of CdS QDs are recognized as recombination towards non-
radiative centers (NRC) by non-radiative relaxation through ET.[51 Thus,
the lifetimes observed in the present system suggest that ET is the
predominant emission-quenching mechanism.

Based on the UV/vis absorption and PL behavior described, we propose,
as most plausible, an emission-quenching mechanism based on ET and
operative both before and after annealing, as shown in Figures 9A and B,
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respectively. Here, band gap energies (Ev's) of PL at 450 nm (emission
from the CdS QD cores) and 470 nm (emission from DMES) before
annealing the QD-Dend were calculated as 2.76 eV and 2.64 eV,
respectively, using the following equation Ey = 1240/A (eV). The
associated band structure before annealing showing two band-edge
emissions is schematically illustrated in Figure 9A. Before annealing, the
excitons recombine with the holes and emit at 2.76 eV and 2.64 eV. Here,
Ev of Dend could be calculated as ~ 4 eV from the absorption spectra of
Dend (Figure S12). The insulating high Ey restricts the excitons inside the
CdS core for the emission. The lifetime for the emission is dominated by
recombination towards NRC through ET. After annealing at 150 C for 20
h, the aromatic moieties of Dend self-assemble into Tr-stacked structures
(see, Figures 6A and 7E) to form new non-radiative pathways with lower
Ev’'s than that of DMES. Here the Ey’s corresponding to DMES and the -
stacking states could be assigned as 2.64 eV and 2.61 eV, respectively,
from the absorption edges before and after annealing (see, Sl, Section
5.2).571 Based on this, the PL quenching mechanism after annealing could
be as shown schematically in Figure 9B. Here, the excitons (Ev's = 2.76
and 2.64 eV) transfer instantly into the non-radiative m-stacked pathways
of narrow band gaps with lower energy levels (Ev = 2.61 eV), rather than
recombine with holes at the band edges, which results in PL quenching. In
addition to the difference in Ey’'s before and after annealing, derived from
the absorption spectra, UV absorbance of QD-Dend is found to gradually
increase at successive annealing temperatures at wavelengths between
450 and 800 nm (Figure 7E). The Eyv at 800 nm corresponds to Ev = 1.6
eV. This narrow band gap might also contribute to the non-radiative PL
guenching. Figure S12 shows UV/vis spectra of QD-Dend annealed at

50 € for 1 h and 150 T for 20 h in CHCI 5 dispersion. No increase in
absorbance is seen in the 450-800 nm range in dispersion. This result
adds support to the proposition that the annealing-induced increase in
UV/vis absorption in QD-Dend film is due to the 1-stacked structure. We
also calculated the QD size from the wavelength of the absorption peak in
CHCls dispersion using an equation®8l. As the result, the particle mean
diameters both of before and after annealing could be assigned as 4.0 nm.
The result was in good agreement with the particle mean diameters
determined by the TEM observations (Figure 2 and Figure S13).

Next we consider possible mechanisms of formation of the 1-stacked
structure that is clearly associated with the development of the P213 self-
assembly. We propose that the anisotropic distribution of the two ligand
types, required to fill the inter-particle space, enables the formation of
long-range aromatic networks as depicted schematically (blue color) in
Figure 6A. As the P2:13 superlattice gradually forms, the dendrons begin to
cluster in the interparticle voids, leading to increased aromatic Tr-stacking
in the local environment of the QDs. The modified electronic state of the -
stacked aromatic moieties is thought to provide a non-radiative pathway
for QD carrier de-excitation via ET. The probability of PL emission is then
progressively reduced by the increasing concentration of 1r-stacked
moieties in the vicinity of the QDs. This is the most plausible explanation
of the unusual quenching behavior observed in the present case. Amrutha
et al. have reported decreased PL intensity due to tr-stacking in
oligophenylenevinylene films.5 In their study, an increase in absorption
intensity around 250 nm and > 500 nm was observed. A comparison of
this and other reportsl®.61] with our present findings strongly supports our
hypothesis that the development of a Tr-stacked aromatic network,
associated with formation of the P2:3 structure, plays a key role in the PL
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behavior of QD-Dend. To our knowledge, this is the first example of PL
guenching of QDs induced by a change in supramolecular assembly.

To obtain additional confirmation that PL quenching is indeed related to
the mode of self-assembly, the 20 h annealed QD-Dend film was re-
dispersed in CHClIs and re-cast on a quartz substrate to obtain again an
amorphous QD-Dend film. The re-cast film showed strong PL, similar to
that observed before annealing of the original film (shown in Figure 10).
The UV/vis absorption behavior also reverted to that before annealing.
The amorphous (re-cast) QD-Dend film with recovered emission was then
re-annealed at 150 <C, which res ulted again in quenching of its PL
emission. Such reversibility of emission/quenching can be seen after the
3rd redispersion-casting-annealing cycle (shown in Sl, Figure S8). The
time-resolved PL measurements revealed that the lifetimes of the band-
edge emissions at 450 nm and 470 nm for the re-cast QD-Dend film were
32 ps and 41 ps, respectively (see, Figure 8). These lifetimes became
slightly shorter than those of the original unannealed and annealed QD-
Dend film, indicating some decrease in ET efficiency. In general these
results give further support to our conclusion that the quenching is due to
the formation of the mr-stacked self-organized structure and, indirectly, also
to the notion of thiol ligand reorganization on particle surface.

CONCLUSION

In conclusion, we have synthesized CdS quantum dots surrounded by a
double shell dendron-based soft corona that assemble in a new low-
symmetry cubic LC phase. The annealing-induced transition from disorder
to cubic order is accompanied by strong quenching of photoluminescence.
This is attributed to the creation of non-radiative energy transfer pathways
via m-stacking of aromatic dendrons in the cubic phase. Such behavior
points the way to designing materials with tunable fluorescence quenching,
Regarding the mesophase structure, this work is the first report of a P213
cubic LC phase, and is believed to be the first record of a superlattice of
NPs of such low symmetry. The principle, applied here, of embedding NPs
in a double-shell soft corona promises to lead to further novel structured
arrays of QDs and other nanoparticles, particularly for plasmonic materials.
In addition, our radial density profile dV/dr based model is shown to
provide a rational, semi-quantitative relationship between the density
profile across the soft corona, and the resulting superlattice. This observed
PL behavior offers the possibility of developing QD-based energy-
conversion materials for e.g. up-conversion emission enhanced
photovoltaic cells through addition of dyes excited at long
wavelengths, 62631 thermally conducting materials(® and light emitting
diodes. The present thermal phase transition-induced PL quenching could
be utilized in thermal devices such as thermal history monitors on heat-
sensitive products.

EXPERIMENTAL PROCDURES

Synthesis of CdS QDs. CO2H-modified CdS QDs QD-CO;H were
synthesized in the presence of 12-dodecanethiol (DT) and 16-mercapto
hexadecanoic acid (MHA) as thiol ligands. The synthetic procedure for the
preparation of the CO2H-modified CdS quantum dots is as follows: Initially,
cadmium stearate (204 mg, 0.30 mmol), 1,1,3,3-tetramethyl-2-thiourea (20
mg, 0.15 mmol), DT (15.2 mg, 0.075 mmol), and MHA (21.6 mg, 0.075
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mmol) were dissolved into 10 mL of dioctyl ether. Then, the solution was
heated at 150 € for 2 h, and subsequently at 230 € for 3 h under an N 2
atmosphere. The resulting solution was centrifuged and washed with
CHCI3/EtOH three times to remove excess amount of thiols. The residue
was dried under reduced pressure, so that CO2H-modified CdS quantum
dots QD-CO2H were synthesized.

Dendron Modification of CdS Quantum Dots. Modification of QD-CO2H
to obtain dendronized CdS QDs QD-Dend was carried out by amidation
reaction. A representative procedure was as follows: A mixed solution of
QD-CO2H (50 mg) and Dend (250 mg) in CH2Cl2 (10 mL) was added to
200 mg of N,N'-dicyclohexylcarbodimide at room temperature under an
argon atmosphere. The resulting mixture was stirred at the room
temperature for 12 h. The reaction mixture was then centrifuged and
washed twenty times with CHCI3/MeOH to remove the non-reacted Dend.
Complete removal of free Dend from QD-Dend was ascertained by 1H-
NMR and GPC measurements of the supernatant solutions. The
precipitate was dried under reduced pressure to give dendron-modified
QD-Dend as a yellow colored viscous solid. The formation of amide
bonding was observed by infrared spectroscopy (see Section 3.2 in SI).

GISAXS Measurement. Thin film samples of QD-Dend were prepared by
casting from CHCIs dispersion on silicon substrates. GISAXS experiments
were carried out at station 116, Diamond Light Source. The sample was
mounted on a 6-circle goniometer for control of the angle and position of
the incident beam on the sample. A Dectris Pilatus-2M area detector was
used for collection of GISAXS patterns. A flight tube flushed with flowing
helium was inserted between the sample and the detector, in order to cut
down the background noise due to air scattering from the main beam. An
adjustable tapered beam-stop was positioned inside the flight tube near
the detector end. The annealing of the sample was carried out using a
programmable vacuum oven. The GISAXS patterns used in this study
were recorded at room temperature, but it was ascertained, using high-
temperature GISAXS, that the patterns before and after cooling from the
annealing temperature did not change.

Emission and Absorption Measurement of the Dendr ~ onized CdS. PL
spectra were recorded using a Hitachi F-2700 fluorescence
spectrophotometer. UV/vis spectra were collected at room temperature in
the reflection mode using a Hitachi U-3900 spectrophotometer equipped
with an integrating sphere. The QD-Dend film was prepared on a
hydrophobic quartz glass by casting from CHCIs dispersion. The sample
was annealed for 1 h at each T, under a N2 positive pressure in the dark,
followed by rapid cooling to room temperature. T, was increased from 50
to 150 € in 20 €T increments. Therefore both PL and absorption spectra
were recorded at room temperature after annealing. This procedure
eliminated the possibility of thermal quenching at high temperatures. As
comparisons, the temperature variable UV/vis and PL behavior of a Dend
film on a hydrophobic quartz glass in Figure S14.

Time-resolved PL Measurement. The samples were prepared following
the same procedure used to observe the emission and absorption
behaviors. The time-resolved PL measurements were carried out using a
frequency-doubled Al2Os:Ti laser (384 nm, 125 nJ/cm? a pulse) and a
streak camera as the excitation source and detector, respectively.
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Figure 1. Schematic depictions of dendronized CdS QDs.

CdS QDs were modified with a two-layer corona of mixed alky thiols and
carboxyalkyl thiol (inner) and aromatic-aliphatic LC dendrons (outer).

(A) A carboxyl-modified CdS QD, QD-COH, with an inner aliphatic thiol
corona.

(B) Chemical structure of Dend in the outer corona (bottom) and a self-
assembled nanosphere of pure Dend (top).

(C) The organic-inorganic hybrid LC dendrimer, QD-Dend, with a double-
shell corona.

(D) Chemical structure of the double corona.
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Figure 2. TEM images of CdS QDs
The mean size of the CdS core of QD-COzH is 3.9 £ 0.4 nm, and the
shape of QD-CO:H is close to spherical.

(A) CO2H-modified CdS QDs QD-CO2H.

(B) Dendronized CdS QDs QD-Dend.

17



111 = Experimental
= Fitted Curve
Resolved Peaks

210

Figure 3. GISAXS patterns of QD-Dend

GISAXS patterns of QD-Dend after (A) 6 hours, (B) 12 hours and (C) 19
hours of annealing at 150 °C. Three Bragg reflections are observed after
12 hours of annealing (B). and another four weak ones after 19 hours (C).
The region outside the dashed line in (C) was recorded with a longer
exposure. The white spots are the expected positions of the Bragg
maxima of the observed reflections assuming a cubic structure with [110]
vertical. The black spot shows the expected position of the missing (100)
peak, indicating the reflection condition h00 = 2n. (D) 1-D azimuthally
averaged and Lorentz-corrected diffractogram based on (C), showing
numerically resolved peaks; the experimental (background-subtracted)
and the fitted curves are superimposed, and are vertically displaced for
clarity.
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Figure 4. Electron de nsity map s.

(A)-(C) The single isosurface presentation of the electron density map
reconstructed using the integrated intensities and phase angles shown in
Table 1; views along [100] (A), an arbitrary axis (B), and [111] (C). The
surfaces each enclose a high-density volume equal to that of a 4.2 nm
sphere. (D,E) The unit cell transformation from FCC (hollow spheres) to
P213 (solid spheres); views along the [100] and [111], respectively. The
displacement is by x along one of the [111] directions. Particles which lie
outside the cell after the displacement are not shown. (F,G) The 12
nearest neighbors of a reference particle within a FCC and a P23 lattice,
respectively. The particles are colored here according to their closeness to
the reference particle and are divided amongst three planes perpendicular
to the [111] axis. (Particles have been reduced in size for clarity).
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Figure 5. Radial density profiles of dendronized CdS QDs.
Calculated volume increase of an average spherical particle upon radial
growth from its center for four cubic packings: P2:3, FCC, SC and pm3n
(also known as A15). The dV/dr functions were scaled so that final volume
enclosed by each of the expanding spheres is equal to the total volume of
a single particle. The curves of SC and pm3n were then normalized
according to the ratio 1:¥4:¥s, as the number of spheres in a SC, P213,
FCC and pm3n unit cell is 1, 4, 4 and 8, respectively. The radius is given as
a fraction of the P213 unit cell parameter.
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Figure 6. Schematic illustrations of dendronized CdS in P213 phase.
(A) A single plane slice at x = 0.75 parallel to (100) illustrating
schematically the general principles of the proposed molecular
arrangement within our P2:3 structure. Yellow = CdS, pink = DT, red =
MHA, blue = aromatic and green = dendron tails. (B,C) Perspective views
of the 3-D quantum dot array showing the (100) Miller planes depicted in

(A).
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Figure 7. Photoluminescence behavior of dendronized CdS QDs.
Photographs of QD-Dend on a hydrophobic, circular cover glass. QD-
Dend was cast from CHCIs dispersion and dried under Ar atmosphere. (A)
As prepared, without UV irradiation. (B) As prepared, under UV irradiation
(Aex = 365 nm). (C) Annealed at 150 € for 20 h, then photographed under
UV irradiation (Aex = 365 nm). PL of QD-Dend was almost completely
guenched after annealing. (D) Annealing-temperature dependence of PL
profiles of QD-Dend. PL measurements were carried out after cooling to
room temperature. (E) Normalized UV/vis absorption spectra of annealed
QD-Dend. Inset: magnified between 470 to 500 nm. The line color legend
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in (D) also applies to (E). The UV/vis spectra are normalized at 442 nm
because the absorption is derived from the CdS cores. Unnormalized
absorption spectra are also given in Figure S9 in Sl.
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Figure 8. Time resolved PL decays of CdS QDs.
Normalized time resolved PL decays of untreated, annealed, and re-
dispersed QD-Dend films in two spectral ranges: (A) 445-455 nm and (B)
465-475 nm. The decay curves can be well fitted to a double exponential
model (See Section 5.1 in Sl). The lifetimes of the fast dominant
component of the emission at 450 nm (470 nm) are 43 (65) ps before
annealing, 41 (63) ps after annealing, and 32 (41) ps for redispersed QD-
Dend. The line color legend in (A) also applies to (B). After redispersion
the lifetimes became slightly faster than those of the original unannealed
and annealed QD-Dend film, indicating decreased ET efficiency.
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Figure 9. A Schematic lllustration of Emission -Quenching

Mechanism.

The most plausible ET model and band structures of QD-Dend. (A) Before
annealing. The band gap energy of original CdS core is 2.76 eV. The
interaction between CdS surface and Dend form the lower energy band
(dendron-mediated extended states (DMESSs)) with the band gap energy
of 2.64 eV. Such two band edge structures are responsible for the two
band edge emissions of QD-Dend. The band gap energy of Dend (~ 4 eV)
is too high to accept the excitons. (B) After annealing. The aromatic
moieties of Dend form a non-radiative quenching pathway through -
stacking. The band gap energy was assigned as 2.61 eV from the UV/vis
absorption spectra of after annealed QD-Dend at 150 <C for 20 h. The
excitons transfer into the non-radiative pathway, resulting in PL quenching.
At DMES, the excitons slightly recombine with holes and show little
emission at 470 nm even though the after annealing.
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Figure 10. Reversibility on PL and the corresponding absorbance
spectra.

(A) PL and (B) Normalized absorbance spectra of annealed and re-
dispersed QD-Dend. After re-dispersing into CHCls and re-casting on
glass substrate, the quenched PL intensity was recovered and increased
absorption spectra also decreased.
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Table 1. The Integrated and Calculated Intensities and Calculated
Phase Angles of the Diffraction Peaks.

Table 1. The Integrated and Calculated Intensities and Calculated
Phase Angles of the Diffraction Peaks.

q Integrated Calculated Phase
(hkI) 1 Multiplicity intensity Intensity Angle
(nm=) I(hkiy/l212) I hkny/ 1111 (Rad)
(110) 0.750 12 0.288 0.290 /2
(111) 0.917 8 1.000 1.000 -1.515
(200) 1.061 6 0.078 0.424 m
(210) 1174 24 0.607 0.609 'IT

The best fit was achieved for x = 0.198 and /{u?) =1.22 nm.
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