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Temperature and Composition Dependent Optical
Properties of CdSe/CdS Dot/Rod-Based Aerogel Networks

Pascal Rusch,®® Denis Pluta,’® < Franziska Liibkemann,™® Dirk Dorfs, >

Daniel Z&mbd,*® and Nadja C. Bigall*= >

Employing nanocrystals (NCs) as building blocks of porous
aerogel network structures allows the conversion of NC
materials into macroscopic solid structures while conserving
their unique nanoscopic properties. Understanding the inter-
play of the network formation and its influence on these
properties like size-dependent emission is a key to apply
techniques for the fabrication of novel nanocrystal aerogels. In
this work, CdSe/CdS dot/rod NCs possessing two different CdSe
core sizes were synthesized and converted into porous aerogel
network structures. Temperature-dependent steady-state and
time-resolved photoluminescence measurements were per-
formed to expand the understanding of the optical and

Introduction

With the introduction of network structures based on colloidal
CdS dispersions™ and the conversion of these nanocrystal-
(NC) based gels to aerogels®* - porous network structures — an
exciting new class of materials emerged. In analogy to the well-
established sol-gel method, this allows for the transformation of
nanoscopic materials into macroscopic, self-supported solids.*®!
A number of methods®’'? to produce aerogel networks based
on most of the available NCs™"*'® has been developed and first
demonstrations of applications have been published. These
were focused on the sensing"®?” or catalytic®' > properties of
the NC building blocks but much less attempts have been
made to utilize the inherent photoluminescence (PL) of the
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electronic properties of these network structures generated
from these two different building blocks and correlate their
optical with the structural properties. These investigations
reveal the influence of network formation and aerogel
production on the network-forming nanocrystals. Based on the
two investigated NC building blocks and their aerogel networks,
mixed network structures with various ratios of the two
building blocks were produced and likewise optically charac-
terized. Since the different building blocks show diverse optical
response, this technique presents a straightforward way to
color-tune the resulting networks simply by choosing the
building block ratio in connection with their quantum yield.

semiconducting NC building blocks. Compared to the more
classical sol-gel approach to produce aerogel networks, a key
advantage of NC-based aerogels is that it allows for the
synthesis of the individual NC building blocks in a separate step
prior to the network formation. In turn, enabling the use of the
vast library of NC synthesis and modification procedures to be
used to fine-tune the building blocks and in consequence the
later network itself. As these NC-based structures bridge from
the nanoscopic scale of each building block up to the macro-
scopic shape of the resulting monolith, the tuning of their
properties can similarly be performed on the level of the
individual building block (e.g. shape-selective synthesis"®* or
bandgap engineering®®"), and the macroscopic ensemble (e.g.
patterning®®). In addition to these nano- and macrostructuring
possibilities, a level of control can also be exerted at the
intermediate scale to tune the microstructure and the building
block connection.”” Multicomponent networks, formed of more
than one building block material, are often used to connect
semiconducting materials with metallic ones for the generation
of catalytically active networks. This can be done by the isolated
synthesis of two different NC building blocks,?*** assembling
hybrid nanoparticles®=" or even via the direct deposition of
the metal to the forming network.®** The idea of connecting
two different semiconducting NC building blocks into one
network has been explored much less frequently. The nature of
the interparticle connection® the ligands“*"” and the
composition® play a governing role in the control over the
assembled gel structures in terms of the structural as well as
optical properties. When combining two differently-sized CdTe
NC building blocks or CdTe and ZnSe NC building blocks which
differ in their band positions into one network, energy and
charge transfer within these semiconductor multicomponent
networks could be confirmed by the change in the emission
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spectra between the building block solution and the connected
networks. In turn, this could then be used to tune the ratios of
the different components to generate white emitting
aerogels.*?

In the present work, we aim to increase our understanding
of the optical properties of these multicomponent semiconduc-
tor NC-based networks namely within the system of CdSe/CdS
dot/rod NC building blocks by analyzing their temperature-
dependent optical properties. The measurements are per-
formed by steady-state as well as time-resolved photolumines-
cence (PL) spectroscopy. Additionally, expanding this estab-
lished system of CdSe/CdS dot/rod NC-based aerogels via the
use of building blocks with differently sized CdSe cores and
therefore varying emission colors is also targeted, as schemati-
cally drawn out in Figure 1A. These systems of connected CdSe/
CdS dot/rod NCs are remarkable due to their optical properties,
i.e. the difference in PL lifetimes at the level of the individual
building blocks and a connected network.” The measured PL
decay of the connected network is considerably longer than the
decay of the isolated particles which could be attributed to the
interparticle connection and a resulting delocalization of the
excited electron over several connected building blocks.®*

Results and Discussion

Optical Properties of CdSe/CdS Dot/Rod Building Blocks and
Their Aerogel Networks

The nanocrystal building blocks were synthesized along well-
known literature routes by hot injection method (see Exper-
imental Section for details). To this end, CdSe QDs in two sizes
were produced. For the sake of simplicity, these will be called
small core for 2.0 nm CdSe QDs and large core for 3.9 nm CdSe
QDs in the following. These CdSe QDs were then used as seeds
for the growth of an elongated CdS shell, which resulted in the
production of CdSe/CdS dot/rods with dimensions of ca.
4x50 nm independent of the CdSe core size (see Figure 2A,B
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Figure 1. Schematic depiction of (A) the synthesis route of the investigated
CdSe/CdS NC-based aerogel networks and (B) the band structure of the two
NCs based on differently sized CdSe cores.
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and S1) The ensemble optical properties (see Figure 2EF) were
tuned via the size of the CdSe core embedded into a CdS shell
showing a size-dependent CdSe absorption maxima at 537 nm
(small core) and 605 nm (large core) and the emission at
555 nm and 608 nm for CdSe/CdS dot/rods, respectively. For
both heteroparticle systems, a strong absorption can be
observed below 500 nm due to the band edge of the CdS shell
material accounting for the majority of the dot/rods.

These well-defined dot/rod building blocks were then
assembled into interconnected porous network structures (i.e.
gels) by controlled oxidative removal of their protective ligands
(3-mercaptopropionic acid) via the addition of low concentra-
tions of hydrogen peroxide (see Figure 2C,D). This process
favorably attacks the ligands on the NC tips (due to steric
considerations) and also facilitates the generation of sulfur-
sulfur bonds resulting in the NCs forming a mostly tip-to-tip
connected crystal-crystal bound network.” As has been shown
in earlier works, these networks show considerably longer PL
lifetimes compared to their individual NC building blocks. This
effect was previously attributed to the delocalization of excited
electrons within several connected building blocks, thereby
decreasing electron-hole overlap.®! As can be seen in Figure 2F,
this effect is also clearly visible in the large core sample for this
study with the PL lifetimes increasing from 15 ns for individual
building blocks to 28 ns in the network structure. In the small
core sample, the increase in PL lifetime between individual NCs
and an interconnected network is likewise observed with an
increase of the PL lifetime from 22 ns to 29 ns. This confirms the
influence of the interconnection of the CdSe/CdS dot/rod
building blocks as well as the conduction band-offset between
the combined semiconductors on the PL decay behavior
similarly to the earlier reported red-emitting CdSe/CdS dot/rod
based aerogel networks.”! Networks build-up from building
blocks based on much smaller CdSe cores not investigated yet.
This is interesting as these smaller CdSe core-based structures
have been reported to behave differently to larger CdSe core-
based ones in certain aspects. With smaller CdSe cores and as
consequence a larger bandgap of the core material, the
conduction band offset between the CdSe core and the CdS
shell is expected to decrease (see scheme in Figure 1B), leading
to an increased leaking of the electron wavefunction into the
CdS shell in the excited dot/rod.***” This leads to longer PL
lifetimes in CdSe/CdS dot/rods with smaller cores due to the
increased delocalization of the excited electron. Meanwhile, the
steady-state optical properties (see Figure 2E) of these CdSe/
CdS dot/rod-based aerogel networks are similar to their
building blocks. The CdSe absorption is clearly visible at 525 nm
(small core) and 590 nm (large core) with the CdS absorption
edge around 480 nm in both instances. As can be seen in the
spectra, the absorption of the network structures reaches a
saturation around this CdS band edge whereby higher energy
of the incident light does not lead to a higher measured
absorption — as would be the case for diluted dispersions of the
building blocks. This is due to the optically dense sample being
a macroscopic monolith comparable to a very highly concen-
trated dispersion. Like their building blocks, the assembled
network structures show emission from the CdSe core at
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Figure 2. CdSe/CdS dot/rod NC-based aerogel network structures and the individual building block NCs. TEM micrographs of CdSe/CdS dot/rod NCs
synthesized from (A) 2.0 nm CdSe cores and (B) 3.9 nm CdSe cores and the respective (C, D) network structures. (E) Absorption (solid lines) and emission
(dashed lines) spectra with inset showing the magnified area of CdSe absorption and (F) PL decays of these CdSe/CdS dot/rod NC-based aerogel networks
and the individual building blocks (2.0 nm CdSe core-based structures in blue colors, 3.9 nm CdSe core-based structures in red colors).

544 nm and 608 nm respectively. The PL quantum yield (PLQY)
increases from 6% (small core) and 23% (large core) in the
respective aqueous dispersions to 26% (small core) and 38%
(large core) in the aerogels (see Figure S6). This increase in
PLQY is most likely caused by the removal of solvent and
therefore a removal of certain non-radiative recombination
pathways.*®*? Additionally, by the crystal-to-crystal connection
of the inorganic building blocks via the tips, surface traps on
the tips are likely to be eliminated.

Temperature Dependent Optical Properties of CdSe/CdS
Dot/Rod Aerogel Networks

The aerogel networks, as well as their building blocks as a
reference, were then systematically investigated with regards to
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their optical properties at lower temperatures. The steady-state
emission spectra change consistently with the changing
temperature for the network structures and their building
blocks (see Figure3 and S3). The emission maxima shift to
higher energy at lower temperatures accompanied by a
decreasing full width at half maximum (FWHM). These parame-
ters can be extracted from the experimental spectra by fitting
with a single Gaussian. This temperature-dependent emission
behavior is well-known and documented for semiconducting
NCs®**? and can be attributed to exciton-phonon coupling as
well as lattice deformation both being temperature-dependent
themselves and influencing the electronic properties of the
NCs. The temperature dependent emission maxima, i.e.
bandgap (E,(T)), can be fitted by the empirical Varshni law.*”
(Equation 1).

3 © 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 3. Change of PL with temperature. Temperature dependent emission
spectra of CdSe/CdS dot/rod NC-based aerogel networks with (A) CdSe core
diameter of 2.0 nm and (B) CdSe core diameter of 3.9 nm. (C) Change in
emission maxima depending on temperature and Varshni law fit for CdSe/
CdS dot/rod NC-based network structures with different CdSe core sizes
(blue colors for small cores, red colors for large cores) and the respective
individual building blocks.

aT?

TP W

Ey(T) = E(T=0) -

The thermal dependency of the respective emission maxima
can be fitted by the Varshni law using 195K as f (which is
roughly the Debye temperature) and ca. 4-107* as o (a measure
for the electron-phonon coupling) for individual NC building
blocks and their networks alike (see Figure 3C), yielding values
close to the ones reported for these CdSe/CdS dot/rods
before.*” The theoretical bandgap at 0K (E,(T=0)) as deter-
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mined by this fit agrees well with the observed emission colors,
while a slight difference between building blocks and
assembled networks can be observed (see Table S1).

Looking at the time-resolved PL spectroscopy, the CdSe
cores (see Figure S4) show a non-monoexponential decay
behavior at higher temperatures, probably due to the lack of
surface passivation. After the growth of CdS shells, the PL decay
is much closer to a mono-exponential behavior, which would
be expected for an ideal system. A longer decay component tail
can be observed. This has been seen in the past for these types
of core-shell NC systems and has been attributed to shallow
electron traps causing a delayed emission.*” For all samples,
building blocks and networks alike, a similar trend can be
observed with the PL lifetimes decreasing with decreasing
temperature (see Figure 4 and S5). This phenomenon has been
discussed in literature for the CdSe/CdS dot/rod systemP"
(which are employed here as individual building blocks) but has
not been investigated for the resulting network structures, yet.
For the building blocks, several different factors have been
argued to cause this behavior of decreasing PL lifetimes at
lower temperatures, starting with (i) a shifting conduction band
offset altering the extend of delocalization into the CdS shell,”"
(i) the thermal lattice fluctuations introducing asymmetry in
electron and hole wavefunction,®” and (iii) the contribution of
higher excited electron states by thermal mixing.”? All of these
proposed mechanisms would alter the electron-hole overlap
which results in a change in radiative lifetimes. These effects
described for the individual building blocks can be assumed to
likewise take place in their interconnected network structures,
and similar trends in the change of PL lifetimes with temper-
ature can be observed for both different CdSe core sizes.
Interestingly, the PL lifetimes observed for the aerogel network
structures exceed the ones of the individual building blocks
over the full temperature range.

The effect detailed above of decreasing PL lifetimes with
decreasing temperature can be observed until roughly a
temperature of 80 K. Below this and down to temperatures of
20 K a different trend can be seen with the lifetimes increasing
again with decreasing temperature and easily surpassing the
lifetimes measured at room temperature (see Figure 4). With
continuously lower temperatures down to 4 K, the evolution of
two separated processes (one with very short lifetimes and one
with extremely long lifetimes) is found. As shown in Figure 4D,
the measured PL lifetime decreases from initially 15 ns at room
temperature to 8 ns at 77 K in case of large core dot/rods and
below this temperature rises again, to then split up into two
distinct processes. For clarification, it should be noted that
deviation from ideal mono-exponential behavior at higher
temperatures, as can be seen in some cases (see Figure 4, S4,
S5) can be attributed to surface states, as has been stated
earlier,” and should not be confused with the processes at
cryogenic temperatures. Similarly, the measured PL of large
core aerogels decrease from 28 ns (room temperature) to 22 ns
(120 K) to then increase and split into the aforementioned two
processes. This behavior is also seen in the small core samples
with PL lifetimes decreasing from 22 ns and 29 ns at room
temperature to 18 ns and 26 ns at 77 K for small core dot/rods

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH

AA


www.chemphyschem.org

Chemistry
Europe

European Chemical
Societies Publishing

Articles
doi.org/10.1002/cphc.202100755

ChemPhysChem

1
small core aerogel

A"

o
1

and SC aerogels, respectively. Again, below 77 K the increase in
PL lifetime and eventual evolution of two processes can be
observed for the small core samples. The transition point from
PL lifetimes decreasing with decreasing temperature to then
increase with decreasing temperature, i.e. the minimum

=
% measured PL lifetime, is slightly different between samples
E — 4K within the region of 77-120 K. The fast process of the cryogenic
u'om J=——A0k decays at 4 K shows lifetimes between 2.7 ns (large core dot/
rods) and 1.2 ns (large core aerogels), while the slow process
varies between 247 ns (in large core dot/rods) and 1262 ns (in
295K i the respective large core aerogels). Comparable results are
0.001 |
400

T
0 200
time / ns

large core aerogel

0.1

PL intensity

S
o
L
T

T
0 200

400
time / ns

1000 4

small core dot/rods
m small core aerogel
® large core dot/rods
m large core aerogel

100

PL lifetime / ns

temperature / K

T T T T T
100 150 200 250 300

temperature / K

T
0 50

Figure 4. Temperature-dependent time-resolved PL properties. PL decay and
single exponential fits at different temperatures of CdSe/CdS dot/rod NC-
based network structures with (A) 2.0 nm CdSe core diameter and (B) 3.9 nm
CdSe core diameter, grey lines indicate the exponential fit of the data. (C)
Three-level model used to describe the PL kinetics at cryogenic temper-
atures. (D) Temperature-dependent PL lifetime extracted by single exponen-
tial fit (at T> 10 K) or single exponential fit of the long decay component (4-
10 K), inset shows the fit of the extracted lifetimes following equation 3
(derived from a three-level model).
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obtained for the small core sample with a fast component,
2.4 ns (small core dot/rods) and 2.2 ns (small core aerogels), and
a slow component, 292 ns (small core dot/rods) and 822 ns
(small core aerogels). Similar to these observations, two
processes have been shown for CdSe/ZnS NCs in the past™
and have been attributed to the bright and dark exciton (with
the first showing extremely fast recombination and the latter
showing very slow recombination due to the spin forbidden
transition). This behavior is very much alike in the CdSe/CdS
dot/rod building blocks as has been shown in reference,®" and
in their network structures as observed in the present work. As
has been demonstrated in the past,*>*® these systems can be
explained by a three-level model with the ground state (|G >),
the bright, allowed state (JA >) and the dark, forbidden state
(|F >) (see Figure 4C). The two excited states are different in
energy by AE, the bright-dark splitting. They exhibit respective
radiative recombination rates (I', and I'; ) with a spin-flip from
bright to dark state denoted by v, and a thermally induced
spin-flip vy = yoNg mixing bright and dark states with
Ny = 1/(e*¥/%™ — 1) being the Bose-Einstein phonon occupa-
tion. As has been detailed elsewhere,*® under the assumption
of the PL signal being proportional to (I'y pa + 't pf), wWith the
time-dependent populations of the bright (0,) and dark (of)
exciton states an expression for the PL signal (S(t)) can be
derived. (Equation 2)

T Ng+ T
T+ 2N,

I’y
2(1+2N;)

—Iit —Ist

S(t) = + e

)

In this equation, the long (I'"\) and short (I"s) component of
the observed PL decay can be expressed as follows:*

IS P Sy AE
== 2 7 tanh{5T

T's =yo(1+2 Ng)

I

©)

4

This results in biexponential decays at very low temper-
atures with a short component caused by recombination from
the bright state before relaxation and a long component caused
by the recombination from the dark state. At higher temper-
atures, this transforms into a mono-exponential decay. This
expression (Equation 3) can be used to fit the experimentally
observed slow component of the PL decay to extract the
bright-dark splitting AE as well as the radiative recombination
rates of the bright (I", ) and the dark (/¢ ) state (see Figure 4D
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and Table S3). The CdSe/CdS building blocks show cryogenic
decay curves quite similar to their respective initial CdSe cores.
The domination of the PL behavior at cryogenic temperatures
by the CdSe cores can be expected due to the recombination
taking place solely in these cores. Minor differences might be
caused by the CdS shell as this alters surface passivation and
dielectric surrounding of the cores in the dot/rods. However,
interestingly, as seen in the present work, the assembly of these
CdSe/CdS dot/rod building blocks into aerogel networks results
in increased PL lifetimes not only at room temperature but at
all temperatures down to 4 K. This is unexpected so far, as the
assumption for these network structures would likewise be a
domination of the CdSe core in the PL decay behavior at
cryogenic temperatures, if these cores are unaffected by the
network assembly and drying procedure generating the aero-
gels. While it has been shown that the cryogenic PL decay of
CdSe/CdS dot/rods depends strongly on the nanorod width, the
nanorod length has shown no noticeable influence.*® Compar-
ing these observations to the networks in this study, the
connection of the dot/rod building blocks into network
structures should yield similar results as elongating the rod
further. As can be seen, the width of the network structure
corresponds well to the width of the individual building blocks
(see Figure S1 and S2). A change in width can therefore be
excluded as the reason for the difference in cryogenic decay
behavior between building blocks and networks. This might in
turn hint at additional processes taking place during the drying
process. In the first description of CdSe/CdS dot/rod NC-based
aerogel networks, the difference in decay behavior between the
freshly assembled hydro- and acetogels to the dried aerogels
was monitored. It was attributed to the removal of the solvent
and potential sintering processes improving the connection of
the building blocks to each other during the supercritical
drying, which takes place at elevated pressure and slightly
elevated temperature® These processes, elevated pressure
leading to sintering as well as the washing process during
solvent exchange (which is part of the synthetic process to
produce such dried aerogels), can principally all influence the
surface of the NC building blocks resulting in differences in
surface passivation and therefore modified PL kinetics. The
cryogenic PL decay measurements presented here might also
hint at these processes influencing not only the interparticle
connection but likewise the internal structure of the building
blocks, e.g. the CdSe to CdS interface.

Optical Properties of Aerogel Networks Assembled from Two
Different CdSe/CdS Building Blocks

For further insight into the interaction between the individual
building blocks inside of these CdSe/CdS network structures the
two building blocks described above (small core and large core)
were then combined into one network, varying the mixing ratio
of these two components. The mixing of two CdSe/CdS dot/
rods possessing different emission colors in colloidal solution
resulted in a colloidal mixture exhibiting both emission features
(Figure 5A). The resulting spectra were fitted with a system of
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two Gaussians with the parameters for the peaks (peak
maximum and FWHM) taken from the Gaussian fit of the
emission spectrum of the individual respective dot/rods or their
corresponding network structures. The area of the two peaks in
the mixtures is therefore left as the only free parameter. From
the ratio of the respective peak areas in combination with the
PLQY of the unmixed samples, an estimation of the ratio of the
two building blocks can be made (see Figure 5D and Table S4).
From this ratio, a small systematic error is visible slightly shifting
these ratios compared to the targeted ratios, most likely due to
the error in calculating the particle concentration (using the
Cd*" concentration, the NC size as measured from transmission
electron microscopy (TEM) and the bulk density of CdS). For the
building block mixtures, as one would expect for these low
concentration colloidal solutions, in which the NC building
blocks can be assumed to be isolated from each other, no
interaction between the two building blocks could be observed.
The ratios, interestingly, could be found in the respective mixed
networks with only minor deviations between mixed colloids
and the mixed interconnected network (see Figure 5, for the
intermediate acetogels see Figure S7). The evaluation of the
emission intensity by fitting with two Gaussians worked
reasonably well for all but one sample. In this instance, the
fitting was not possible for the assembled networks with a high
content of red-emitting (large core) building blocks (targeted
ratio: 1-10). This is caused by the overlap of the more intense
red emission peak and the low intensity green emission peak in
conjunction with slight deviations from the ideal Gaussian peak
shape. These factors did not allow for a correct fitting of the
emission curve with a combination of two Gaussians. Earlier
reports on other mixed semiconductor NC aerogel systems
indicate a shift of emission in the case of a network consisting
of two different sized CdTe QDs due to charge and energy
transfer from the larger bandgap building block to the small
bandgap building block which in that case needed to be taken
into account upon color tuning the aerogel monolith.*? This is
very much not the case in the structures described in this work,
with no strong difference between a mixture of two building
blocks emitting different colors and the network assembled
from them. This can be explained by the CdS shell of the
building blocks. While the excited electron is delocalized over
multiple connected rods as discussed earlier, the localization of
the hole to the CdSe core of the building block is happening
within less than 1 ps.***” The recombination, therefore, hap-
pens solely in the cores after a few ps.*® The emission color
staying rather constant between the colloidal mixture of CdSe/
CdS building blocks and their assembled networks does allow
for a less complex approach to the color tuning of the resulting
macroscopic network structures. This can be done simply by
varying the ratios of the building blocks used in accordance
with their quantum yields as demonstrated here with a color
space from red to yellow to green (see Figure 5B).

The networks formed from different mixed building blocks
also show the behavior observed for single component net-
works when investigating their temperature dependent optical
properties (see Figure 6). The emission maxima shift and the
FWHMs narrow with lower temperature. Additionally, a prom-
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Figure 5. Emission properties of CdSe/CdS dot/rod-based network structures with two different CdSe core sizes and their mixtures (targeted molar ratios of
the two mixed building block NCs are given). Emission spectra of (A) colloidal dispersions and mixtures of the building block NCs and (C) the resulting aerogel
networks. (B) Chromaticity coordinates of the colloidal mixtures (grey) and the aerogels (black), inset shows a photograph of the aerogels under UV
illumination. (D) Contribution to emission peak areas of the mixed colloidal NC and network structures of the small CdSe core (blue colors) and large CdSe
core (red colors) NCs corrected by the quantum yield of the unmixed samples. As discussed in the main text, the evaluation of the peak areas for 1-10 ratio

was only possible in colloidal mixtures.

inent shift in the ratio of the two emission peaks is visible. The
change of emission intensity with temperature in the CdSe/CdS
dot/rod system is rather complex with multiple processes
contributing to a non-radiative recombination“® which can be
favored or hindered by lower temperatures. A difference in PL
intensity with temperature between the building blocks of two
different CdSe core sizes can also be observed in the individual
single component aerogel networks (see Figure S8). While the
small core aerogel shows a more or less steady increase of PL
intensity at lower temperatures, the large core aerogel shows a
slight loss in intensity at moderate temperatures (down to ca.
150 K) to only then increase with decreasing temperature
(Figure S8). The interplay of these two behaviors results in the
effect observed in the mixed aerogel network of both building
blocks. Here, the intensity of the green emission (emanating
from the small core part of the network) compared to the red
emission (from the large core part) increases to roughly this
temperature of 150 K to then decrease again down to 77 K
below which it stays constant and comparable to the ratio of
green to red emission observed at room temperature. The PL
kinetics likewise are very similar to the measurements of the
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single component networks described above. A slight decrease
in PL lifetime is seen down to ca. 80 K and below that, a drastic
increase with a split into two processes can be observed. These
measurements taken at the emission maxima of one of the
building blocks are very much in line with the measurements of
the networks formed solely from the respective building block
as displayed in Figure 6D. This is also true for the PL decay
behavior of mixed networks assemble from other ratios of SC
and LC building blocks, as shown in Figure S9. This again
reinforces the point that the emission properties are mostly
governed by the CdSe core within these CdSe/CdS dot/rod
aerogel networks. The effect of increased PL lifetimes between
individual building blocks and assembled networks as reported
earlier could likewise be confirmed in this study and may be
attributed to the CdS-to-CdS connection within the network
enabling further delocalization of the excited electron®®* as has
similarly been demonstrated by increasing the length of the
CdS rod-shaped shell.*¥ An interaction between building blocks
of different core sizes and therefore different band gaps within
a mixed network of these two components with regards to

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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acid (MPA), potassium hydroxide, methanol, chloroform and hydro-
gen peroxide (35% aqueous solution) were purchased from Sigma
Aldrich. Cadmium oxide and selenium were purchased from Alfa
Aesar. Octadecylphosphonic acid and Hexylphosphonic acid were
purchased from PCl Synthesis. Tri-n-octylphosphine (TOP) was
purchased from ABCR. Toluene and acetone were purchased from
Merck. All chemicals were used without further purification.

Synthesis of CdSe/CdS Building Blocks

The synthesis of the CdSe cores and the CdSe/CdS dot/rods was
performed along with established literature methods.®*”

Briefly, 180 mg CdO, 840 mg ODPA and 9 g TOPO were degassed at
150°C and then heated to 300°C under nitrogen. 5.4 mL TOP were
injected, and the temperature was raised to 350 °C. At this point, a
solution of Se in TOP (0.174g Se in 54 mL TOP) was quickly
injected, and the reaction mixture was kept at this temperature
until the desired size of CdSe NCs was reached (10 s for small cores
and 4.5 min for large cores respectively). The CdSe NCs were
separated and cleaned by repeated precipitation with methanol
and dispersion in toluene.

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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For CdSe/CdS dot/rods 60 mg CdO, 280 mg ODPA, 80 mg HPA and
3 g TOPO were degassed at 150°C and then heated to 300°C under
nitrogen. 1.8 mL TOP were injected, and the temperature was
raised to 350°C. A solution of S in TOP (0.13g S in 1.8 mL TOP)
containing 80 nmol of CdSe core NCs (as determined by optical
spectroscopy)®®” was injected swiftly. The reaction mixture was kept
at this temperature for 8 min and then cooled down. The particles
were collected and cleaned by repeated precipitation with
methanol and dispersion in toluene. Each sample was finally
dispersed in 5 mL toluene for storage.

Phase Transfer of CdSe/CdS Building Blocks

The CdSe/CdS dot/rods were phase transferred via ligand exchange
to MPA%**¥ 4.5 mL of CdSe/CdS dot/rod solution was added to a
phase transfer solution containing 250 uL MPA and 0.2 g KOH in
10 mL MeOH. This mixture was shaken overnight, the NCs were
separated by centrifugation and dispersed in 0.1 M KOH. This
solution was cleaned of organic contaminants by the addition of
3 mL chloroform and 10 mL acetone. The NCs were again separated
by centrifugation and dispersed in 0.01 M KOH. The Cd*" concen-
tration was measured via atom absorption spectroscopy (AAS) and
adjusted to 3.6 g/L.

Gelation and Drying of CdSe/CdS Networks

CdSe/CdS dot/rod based networks were produced via oxidative
removal of the ligands. Small amounts of hydrogen peroxide
(75 pL 0.035% solution) were added to 800 pL of aqueous CdSe/
CdS dot/rod solution. For mixtures of the two CdSe/CdS dot/rods
(small core and large core) the respective volumina were calculated
using the particle concentration as obtained from the Cd**
concentration and the dot/rod size determined by TEM. These
gelation mixtures were heated to 80°C for 1 min and then kept
undisturbed in the dark until a syneresis is visible. The gels are
washed by repeated replacement of the supernatant by fresh
solvent, first with water and later acetone. After the completed
solvent exchange to water-free acetone, the gels can be converted
to aerogels by supercritical drying using a critical point dryer
(Quorum Technologies E3100). In this, the solvent is first thoroughly
exchanged to liquid CO, which is afterwards brought to 35°C at
75 bar (above its critical point). The CO, is subsequently released
from the dryer to yield NC-based aerogels.

Optical Characterization

Optical spectroscopy was performed using an Edinburgh Instru-
ments FLS 1000. For time-resolved measurements the samples
were excited using an Edinburgh Instruments EPL-450 (445.1 nm
wavelength, 60 ps pulse width) with a repetition rate of 100 kHz if
not stated otherwise, scattered excitation light was filtered out
using a colored glass filter. Samples were measured in either 3 mL
quartz cuvettes (Hellma Analytics) for solutions or in demountable
quartz cuvettes (Hellma Analytics) for solid samples. For temper-
ature-resolved measurements, this spectrometer was coupled with
an Oxford Instruments OptistatCF cryostat cooled either by liquid
nitrogen or liquid helium with the sample in helium gas. In this
case, solid samples were loaded into 1.5 mL quartz cuvettes (Hellma
Analytics) and liquids were drop-cast onto quartz glass slides. Time-
resolved PL decays were fitted by a monoexponetial decay (
f(x) =Ae "'+ B) to extract the PL lifetimes (t). Quantum vyield
and absorption measurements were performed using an Edinburgh
Instruments integration sphere using 3 mL quartz cuvettes (Hellma
Analytics) or Edinburgh Instruments Teflon solid sample holders
with quartz cover slides. Quantum yields were calculated using the
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integrated area of the scattered excitation peak and the integrated
area of the emission peak in the integrating sphere measured with
and without the sample. Sample absorption was measured by
moving excitation and emission monochromator in synchronous
and calculating the difference with and without a sample in the
integrating sphere. Absorption measurements of colloidal solutions
were performed using an Agilent Cary 5000 spectrometer using
3 mL quartz cuvettes. AAS measurements were performed using a
Varion AA140, samples were dissolved in aqua regia prepared from
AAS grade acids.

Electron Microscopy

TEM measurements were performed using a FEI Technai G2 F20.
Samples were drop-cast onto carbon foil on copper grids
(Quantifoil), for aerogel samples small amounts of aerogel were
dispersed in acetone by ultrasonication for 5 seconds before drop-
casting.
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Aerogel networks based on CdSe/
CdS dot/rod nanoparticles with
different core sizes and consequently
different emission colors are
reported. The optical properties of
such networks are investigated with
regards to the influence of tempera-
ture down to cryogenic temperatures
and the influence of the mixing of
two different color dot/rod building
blocks.
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