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Interparticle Distance Variation in Semiconductor

Nanoplatelet Stacks
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In the large field of research on nanoplatelets (NPLs), their strong tendency
to self-assemble into ordered stacks and the resulting changes in their
properties are of great interest. The assembly reveals new characteristics
such as the charge carrier transport through the NPL assembly or altered
optical properties. In particular, a reduced distance should enhance the
charge carrier transport due to higher electronic coupling of neighboring
NPLs, and therefore, is the focus of this work. To modify the inter-particle
distances, the straightforward method of ligand exchange is applied. Various
CdSe and CdSe/CdX (hetero-) NPLs serve as building blocks, which not only
display different material combinations but also different types of hetero-
structures. The surface-to-surface distance between the stacked NPLs can be
reduced to below 1 nm, thus, to less than the half compared to assemblies
of pristine NPLs. Moreover, for certain NPLs stacking is only enabled by the
ligand exchange. To characterize the ligand exchanges and to investigate the

precise thickness control resulting from
their growth mechanism,”)’ NPLs pos-
sess unique optical and electronic prop-
erties.>¥ In addition to the thickness
control at the atomic level, the strong
quantum confinement in the thickness
direction leads to very narrow emission
and absorbance features which are nearly
uninfluenced by the lateral extension of
the NPLs.[l45]

Additionally, through lateral and/
or axial extension of core NPLs with
other materials, it is possible to tune for
example the optical properties further by
building different heterostructures.[5-1¢]
By lateral extension, so-called core/crown
NPLs are obtained which still possess the

influences of the reduced distances, photo-electrochemical measurements,
fluorescence spectroscopy, energy dispersive X-ray spectroscopy, nuclear
magnetic resonance, and X-ray photoelectron spectroscopy are performed.
It is possible to show higher photocurrents for smaller distances, indicating

enhanced charge transport ability within those stacks.

1. Introduction

Since their discovery in 2008, colloidal cadmium chalcoge-
nide nanoplatelets (NPLs) or so-called quantum wells opened
up a whole new field of research.l Due to the atomically

same thickness as the corresponding core
NPLs.61 Through crown growth, it is
possible to form different types of hetero-
structures depending on the applied mate-
rials. CdSe/CdS core/crown NPLs are for
example considered as type-I hereostruc-
tures, in which the exciton is localized
in the core® while in CdSe/CdTe core/
crown separated charge carriers are present due to the type-II
band alignment.®!¥ Additionally, the kind of growth can influ-
ence the type tremendously as can be seen for CdSe/CdS NPLs.
As mentioned previously, the CdS crown growth leads to a type-I
heterostructure due to the high exciton binding energy.®#! In
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contrast, the growth of a (thick) CdS shell (growth of CdS in all
directions) results in a partial electron delocalization into the
shell region and thus, to a quasi-type-II heterostructure.’101>V]
This opens up manifold possibilities to enhance or alter the
properties of the core NPLs, for example, the photolumines-
cence quantum yield (PLQY), the PL lifetimes, or the charge
carrier separation. Due to the high surface-to-volume ratio of
NPLs, the surface ligands (type, density) are decisive for the
NPL properties.[18-20]

In general, self-assembly of nanoparticles can link the
favorable microscopic characteristics to the macroscopic appli-
cation and might even generate new properties.?2% So far,
NPLs could not only be assembled randomly for example as
(cryo-)aerogels26283931 byt also possess a high tendency to
form ordered stacks.**3273%1 Due to their highly anisotropic
shape, the self-assembly is favored along the axial direction
(in the direction of the thickness). Here, the thickness of four
monolayers (4ML) seems to be very beneficial, as small, non-
bending NPLs can easily be synthesized in different sizes and
aspect ratios (quasi-quadratic, quasi-rectangular).2%2426 One
method to stack NPLs is the controlled destabilization of NPLs
in solution. Before the destabilization, the NPLs are stabilized
in organic solvents (e.g., hexane) through steric ligands with
long aliphatic chains (e.g., carboxylic acids: oleic acid). A slow
injection of an antisolvent to a NPL dispersion leads to the
formation of assembled NPLs with intercalating ligands. This
assembly takes place due to long-range attractive van-der-Waals
forces between the NPLs as 2D objects and a simultaneous
reduction of the contact area of the ligands with the antisolvent
(e.g., polar solvents: ethanol (EtOH), acetonitrile (ACN)).[1:32-3%]
Resulting from the anisotropic shape of the NPLs, the assembly
occurs in the thickness direction of the NPL which leads to NPL
stacks. The initial repulsive forces between the ligands turn into
attractive forces as a result of the changed polarity of the solvent
which, in turn leads to ligand intercalation and thus a minimal-
ization of the contact area with the antisolvent.®32-3% Hence,
the chosen surface ligands play a crucial role and can influ-
ence the stacking behavior tremendously. Tailoring the ligand
types and amounts can yield staircase-like stacks in which the
NPLs are twisted?”! or stacks comprised of NPLs with nearly
the same orientation.'”) A different method to self-assemble
NPLs is the arrangement at a liquid layer interface exploiting
the interaction potential between NPLs and the solvent. There,
the kinetic control (fast evaporation of solvents) leads to NPLs
laying flat (face-down) on a substrate while the thermodynamic
control (slow solvent evaporation) results in stacked (edge-up)
assemblies on the substrate which is energetically favored but
requires time to arrange.¢!

The ordered assembly leads to new or unnoticed features of
the NPLs such as the appearance of a phonon line at low tem-
peratures®? or the polarization of light through macroscopic
CdSe NPL stack needles.*¥ Furthermore, the exciton transfer
between NPLs with center-to-center distances of 4.29 nm was
characterized via PL lifetime measurements.B?3] It was shown,
that the exciton transfer happens through resonant non-radia-
tive energy transfer processes between the same emitters called
homo-Férster resonance energy transfer (FRET).*3l Moreover,
the charge carrier transport through CdSe stacks could be veri-
fied directly by photo-electrochemical measurements.?! Just
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recently it was shown that the charge carrier dynamics is altered
by the assembly. While excitons are present in dispersed NPLs,
the presence of separated charge carriers could be verified by
THz spectroscopy.l*®l The transition from excitons to separated
charge carriers was ascribed to the high electronic coupling of
neighboring NPLs if assembled with small distances.3¢!

In previous reports, the NPL-NPL distance within the stacks
and its possible influence on the optical and photo-electrochem-
ical properties was hardly addressed. Considering the fact that
smaller distances should greatly enhance charge carrier tun-
neling due to larger electronic wavefunction overlap of neigh-
boring NPLs,’%l a decrease of the NPL-NPL distance might
pave the way toward future applications of NPL assemblies for
example, as (photo)transistors,*” % photoconductors,*! sen-
sors, 2% for photodetection,* in solar cells, or as light emit-
ting diodes. To manipulate the NPL-NPL distance, ligand
exchange is a straightforward method since the NPL ligands
mainly govern the distance in the stacks.?4l

The present work focuses on the minimization of the NPL-
NPL distance to enable enhanced electronic transport within
the stacks. A ligand exchange method is introduced to replace the
native long chain carboxylic acid based ligands by amine ligands
of varying length. The exchange is assisted by the addition of
different amounts CdBr,. Afterward, the ligand exchanged NPLs
are employed in the assembly of NPL stacks with ultra small
NPL-NPL distances. This method is also extended to different
NPL materials and heterostructure types (CdSe/CdS-core/crown
type-I, CdSe/CdTe core/crown type-1I, CdSe/CdS core/shell
quasi-type-1I). Furthermore, a polymer encapsulation step which
was previously shown to not only stabilize the formed stacks
mechanically and enable the phase transfer to aqueous solutions
but also to further reduce the NPL distance through depletion
attraction forces,?224 is employed. The resulting polymer encap-
sulated NPL stacks (called PENS in the following) are character-
ized with regard to their optoelectronical properties by spectros-
copy and photo-electrochemistry allowing conclusions on the
charge carrier transport within the PENS.

2. Results and Discussion

2.1. Synthesis and Characterization of NPL Building Blocks

At first, CdSe core NPLs with a thickness of 4ML and an
emission maximum at 514 nm (full-width-at-half-maximum
(FWHM) 10.8 nm) following already published procedures
were synthesized.[?*34 These NPLs then either served as seeds
for the growth of different core/crown and core/shell NPLs or
were directly applied in the synthesis of PENS (Figure 1).
Detailed characterization results of all synthesized NPLs
are available in the Supporting Information. In Figure 2a-d,
TEM images of the different (hetero-)NPLs are shown. All
NPLs are characterized by a nearly ideal quasi-quadratic
shape and therefore equal edge lengths which supports the
formation of straight, untwisted PENS later on. However,
the absolute edge lengths as well as the optical properties of
the NPLs depend on the modification type. The UV-vis and PL
emission and excitation spectra of the as-synthesized NPL solu-
tions are shown in Figure 2e-h. Through CdS and CdTe crown
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Figure 1. a) Scheme of the preparation process of polymer encapsulated nanoplatelet stacks (PENS) with tunable NPL-NPL distances. At first, the
native oleic acid/oleate ligands are exchanged by CdBr, and aliphatic amines. After dissolution of the Br-Amine capped NPLs in THF, acetonitrile is
added in order to trigger the assembly of the NPLs into small stacks. By the addition of a solution of poly(maleic anhydride-alt-1-octadecene) (PMAO),
the pre-formed stacks are stabilized and encapsulated with a polymer shell forming PENS. The chosen NPLs b) are CdSe core-only, CdSe/CdS core/
crown, CdSe/CdTe core/crown and CdSe/CdS core/shell NPLs. c) Ligands prior (OlAc) and after the ligand exchanges (OIAm, TdAm, DAm, and DAc).
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Figure 2. TEM micrographs of the synthesized NPLs: CdSe (a), CdSe/CdS core/crown (b), CdSe/CdTe core/crown (c), and CdSe/CdS core/shell NPLs
(d). Corresponding extinction (black), emission (red), and excitation spectra (blue) of NPL dispersions in hexane (e-h). With the developed procedure,
PENS of all shown NPLs are synthesizable (i-I, exchanged with decylamine and 10 : 1 Br to surface Cd atoms, later referred to as DAm and 10-fold Br).
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growth, (quasi-)type-I and type-II heterostructures are created,
respectively.®# In a combined CdSe/CdTe heterostructure,
the valence band of CdTe is located in the band gap of CdSe
which can lead to photo-induced charge separation. Hence,
CdSe/CdTe core/crown NPLs are characterized by remarkably
higher emission wavelengths than the corresponding CdSe
cores, as radiative recombination takes place across the semi-
conductor interface. A similar emission shift is observed for
CdSe/CdS core/shell NPLs, which is caused by the increased
NPL thickness and therewith reduced quantum confinement
leading to a quasi-type-II heterostructure.”!

2.2. Synthesis of Polymer Encapsulated Nanoplatelet Stacks
(PENS) and Manipulation of the NPL-NPL Distance

Independent of the NPL thickness and lateral dimensions,
PENS could be obtained from all shown NPL types (Figure 2i-1).
This demonstrates the versatility of the applied assembly tech-
nique, which will be explained more in depth in the following.
The applied protocol for the assembly of NPLs into PENS is
illustrated in Figure 1a.

The procedure was developed based on our previous method
for the synthesis of CdSe NPL/polymer fibers (here called
PENS).?¥ By introduction of an additional ligand exchange
step, not only the versatility of the method was improved but
also the NPL-NPL distances within the PENS could be drasti-
cally reduced (CdSe core NPLs: from 2.1 to 0.8 nm).

Directly after the synthesis, the surfaces of the core-only and
core/crown NPLs are passivated with long-chain carboxylic acids
(myristic acid and oleic acid) and tri-n-octylphosphine (TOP)
(only core/crown NPLs). If the NPLs are assembled into stacks,
the ligands remain on the NPL surfaces, however, they are able
to intercalate between the ligands of the neighboring NPLs.13334
Hence, the NPL-NPL distance inside the PENS is mainly gov-
erned by two factors: the (chain) length of the surface ligands
and the packing density of the ligands on the NPL surface. In
addition, the application of a polymer was observed to further
reduce the NPL-NPL distance in the PENS to a certain extent.*l
In order to manipulate the NPL-NPL distances inside the PENS,
the native ligands of the NPLs were exchanged to CdBr, and ali-
phatic amines following a method by Dufour et al.l'®l In contrast
to other ligand exchanges performed for NPLs ! the PLQY of
the NPLs could be retained or even improved by the application
of this protocol. The ligand-exchanged NPLs were subsequently
transferred to tetrahydrofurane (THF) to prevent agglomeration
of the polymer in the polymer encapsulation step.??l In order
to trigger the self-assembly of the NPLs into stacks, acetonitrile
was added to the NPL-THF solution. The stack were further
stabilized by addition of an amphiphilic polymer (poly(maleic
anhydride-alt-1-octadecene), PMAO) containing non-polar ali-
phatic chains and cyclic anhydride groups which was used for
other nanoparticle assemblies in the past.?22*#1 While the ali-
phatic chains are able to interact with the non-polar ligands of
the NPLs, the anhydride rings face the solution and facilitate the
water transfer of the PENS in the final step.

By the described procedure, multiple types of hetero-NPLs
could be transformed into PENS. Especially CdSe, CdSe/CdTe
core/crown, and CdSe/CdS core/shell NPLs only hardly formed
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ordered PENS if the original procedure (without ligand
exchange) was applied. Instead, with the modified procedure
long ordered PENS (up to 800 nm for CdSe/CdS core/crown)
could be obtained for all investigated NPLs (Figures S11-S13,
Supporting Information). In the case of CdSe/CdS core/shell
NPLs with native ligands, only negligible amounts of NPLs
could be assembled into stacks. This can be explained by the
reduced anisotropy after (thick-)shell growth and the rather
ellipsoidal shape of the core/shell NPLs, which both lead to a
drastically reduced ligand intercalation possibility. In this case,
the ligand exchange facilitates the stacking, possibly due to the
formation of larger distances between the steric amine ligands
leading to better intercalation of the ligands as explained in Sec-
tion 2.2.3. Out of CdSe/CdS core/crown NPLs, PENS could be
obtained both with and without ligand exchange. Hence, these
NPLs were selected for further studies about the influences on
the NPL-NPL distance in the PENS.

2.2.1. Influence of the Ligand Length on the Inter-NPL Distance in
PENS

To study the influence of the amine chain length on the NPL-
NPL distance, decyl amine (DAm, C;y, completely stretched
1.4 nm, calculated by the Tanford formula,*¥ Equation (S1),
Supporting Information), tetradecyl amine (TdAm, Cy4, 1.9 nm)
and oleyl amine (OlAm, Cy;g with one double bond, 2.5 nm[?)
were used for the exchange of the surface ligands of CdSe/CdS
core/crown NPLs while the amount of CdBr, was kept constant
at the 10-fold amount of bromide ions in relation to the quan-
tity of Cd surface atoms (samples: DAm and 10-fold Br, TdAAm
and 10-fold Br, OlIAm 10-fold Br).'®l The progress of the ligand
exchange can easily be monitored by PL spectroscopy due to the
shifting emission maximum when bromide binds to the sur-
facel® (Figure Sl4c,d, Supporting Information). Judging from
the development of the emission maximum, the ligand exchange
was observed to proceed at approximately the same rate inde-
pendent of the amine length. In all cases, the emission max-
imum stabilized at 531 to 533 nm after 24 h of exchange time.
In the UV-vis spectra of the differently capped NPLs recorded
after this time period (Figure S6, Supporting Information), also
no significant differences in the positions of the absorbance
maxima are visible. Photoluminescence quantum yield (PLQY)
measurements revealed that the PLQY of oleate capped NPLs
(pristine) is slightly improved by the ligand exchange with DAm
and 10-fold Br and TdAm and 10-fold Br (an increase of 1.1%
and 1.9%, respectively; Figure S7, Supporting Information). For
OlAm and 10-fold Br capped NPLs, in contrast, a significantly
stronger increase of the PLQY of 14.9% (to 57.3%) was recorded,
probably caused by a better shielding of the NPL surface through
the longer OlJAm molecules. Due to the low curvature of the
NPL surfaces, the ligand density depends on the attractive forces
between the ligands and therefore increases with the ligand
length.l Hence, the diffusion of solvent molecules to the NPL
surface and the interaction of both is diminished.

In order to obtain PENS, the amine-Br capped NPLs were
then transferred to THF, destabilized (assembled to stacks) and
surrounded by poly(maleic anhydride-ali-1-octadecene) (PMAO)
forming polymer encapsulated NPL stacks (PENS) (Figure 1a).
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The dispersion of the amine-Br capped CdSe/CdS core/crown
NPLs in THF led to a further reduction of the NPL PLQY by
8% to 14%, depending on the applied amine. The decrease in
the PLQY can be explained by the comparably high polarity
of THF which facilitates the interaction between the solvent
molecules and the NPL surface.’%%! After the destabilization
and polymer encapsulation, ordered fiber-like structures could
only be obtained in case of TdAAm and 10-fold Br and DAm and
10-fold Br capped NPLs (Figure S8c,d, Supporting Informa-
tion). If OIAm and 10-fold Br capped NPLs were applied, PENS
were still formed, but no elongated structures and polymer
shells are visible (probably because of the long angled ligands
or a higher coverage with steric ligands, see Figure S8b, Sup-
porting Information).

The influence of the amine chain length on the NPL-NPL
distance can be derived from the higher magnification TEM
images shown in Figure 3. In the images, the stacked NPLs
appear as dark stripes as they are standing on their edges,
whereas the surrounding polymer is only barely visible due to
the low contrast differences with the background. The NPLs
inside the PENS are well-ordered and the distance between the
single NPLs decreases with decreasing chain length (for exact
values see Table 1).For the shortest applied amine (decyl amine,
DAm, Cyy), the smallest surface-to-surface distance between
the NPLs of (0.92 £ 0.22) nm was determined, which is even
significantly lower than the calculated length of a single DAm
molecule (1.4 nm). This implies, that the ligands of neighboring
NPLs are intercalating between each other and moreover, that
the chains of the amine ligands are not fully stretched. This
compression of the ligands is likely related to two factors: 1) the
application of the polymer, as it was already demonstrated to
introduce an additional entropic force (depletion attraction) onto
the PENSP?4 and 2) the reduced density of steric surface ligand
(amine) after the ligand exchange. The latter factor is corrobo-
rated by the fact, that the NPL-NPL distance inside the PENS
is significantly decreased if OlJAm (C;g) and 10-fold Br capped
NPLs instead of OlAc (Cyg) capped NPLs are applied, although
the chain length of the ligands should be comparable in both
cases (2.5 nmP2). To verify the latter hypothesis (2) the ligand
exchange with amine and CdBr, was investigated in more detail.

In summary, the inter-NPL distance could be reduced by
applying a ligand exchange with (shorter chained) amines and
CdBr,. As expected, a direct correlation between ligand length
and NPL-NPL distance was observed. Interestingly, signifi-
cantly lower distances than the calculated lengths of the (fully
stretched) amine ligands were measured. Especially the appli-
cation of CdBr, in the ligand exchange proved to be of high
importance for the inter-NPL distance and will be discussed in
the next section.

2.2.2. Influence of the CdBr, Amount on the Inter-NPL Distance in
the PENS

The NPL-NPL distance inside the PENS was observed to
be sensitive to the amount of CdBr, applied in the ligand
exchange. While the amount of DAm was kept constant, the
ratio of the amount of Br to the quantity of surface Cd atoms
was varied between 1:1 and 20:1 (samples denoted as DAm and
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Figure 3. TEM micrographs of polymer encapsulated nanoplatelet stacks
(PENS) without (a) and with ligand exchanges (b—d). The NPLs inside
the PENS are capped by the following ligands: without a ligand exchange:
a) oleic acid (pristine NPLs) and after ligand exchanges with CdBr, and
different amines: b) oleyl amine (OlAm, Cyy), c) tetradecyl amine (TdAm,
Cy4), and d) decyl amine (DAm, Cyo). The CdBr, amount was constant at
a 10-fold excess of bromide ions to Cd surface atoms. The surface-to-sur-
face NPL-NPL distance (red) was observed to decrease with decreasing
chain length of the applied amine.

1-fold Br and DAm and 20-fold Br, respectively). One ligand
exchange reaction was moreover performed without the addi-
tion of any CdBr,, denoted as DAm (and no Br).

The emission spectra recorded during the ligand exchange
with DAm and CdBr, (Figure S9a,b, Supporting Information)
show, that the exchange rate directly depends on the amount of
CdBr, applied. However, no significant differences in the position
of the emission maximum after 24 h were recorded, even though
the exchange was observed to proceed faster if high amounts of
CdBr, were added. If no CdBr, was present, the emission was
irreversibly quenched after the addition of DAm. The extinction
spectra are discussed in the Supporting Information. The PLQY
of the ligand exchanged NPLs was observed to increase with
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Table 1. Surface-to-surface distances of stacked CdSe/CdS core/crown
NPLs after different ligand exchanges measured by TEM, with number
of measurements n.

NPL Inter-NPL distance [nm] n

OlAc (pristine) 1.89+£0.27 17
DAm and 10-fold Br 0.92+0.22 15
TdAm and 10-fold Br 1.34£0.20

OIAm and 10-fold Br 1.51+0.31 104
DAc 1.64£0.31 82
DAm and no Br 1.69£0.28 64
DAm and 1-fold Br 1.20£0.22 116
DAm and 2.5-fold Br 1.09 £0.22 60
DAm and 10-fold Br 0.92+0.22 15
DAm and 20-fold Br 0.90 £0.18 92

increasing CdBr, amount from 8.1% to 31.9% (in THF) for DAm
and 1-fold Br to 20-fold Br, respectively. Figure 4 shows TEM
images of the corresponding PENS, in Table 1 the measured
NPL-NPL distances inside the PENS are collected. Independent
of the CdBr, amount applied in the ligand exchange, elongated
PENS consisting of stacked NPLs encapsulated with a polymer
shell were obtained. Analogue experiments with DAm and
CdCl, are shown in Section S2.7, Supporting Information to
analyze whether CdBr, could be substituted by other halides.
Thereby, the exchange with chloride lead to partially similar
results, forming PENS with decreased inter-NPL distances
while the stability of the NPLs in THF was rapidly decreased,
leading to inhomogeneous polymer shells (for further details
see Supporting Information).

The NPL-NPL distance inside the DAm and CdBr, exchanged
PENS was observed to decrease with increasing CdBr, amount.
To interpret these observations, the different types of surface
ligands need to be considered, which are visualized schemati-
cally in Figure 5d. Due to the structure of the NPLs, 4ML thick
NPLs consist of four layers of Se and five layers of Cd and
contain a Cd layer at the top and bottom. Hence, they posses
a formal positive charge, which can be compensated by X-type
surface ligands (Figure 5d, red), for example, carboxylate ions. If
bound to the surface of the NPLs, a certain fraction of the oleic
acid molecules should consequently be deprotonated as oleate
ions. The native X- and L-type ligands can only be removed
completely by application of a high excess of new charge-
compensating (X-type) ligands. After the ligand exchange with
CdBr, and OlAm, Dufour et al., postulate the formation of a
bromide ion (Br) layer at the Cd-surface, with Br~ acting as
X-type ligand."®? Furthermore, they suggest that the amines
are bound to the bromide layer via H-bonds between the Br~
and amine group (Cd-Br---H-NHR)). In general, there are also
other possibilities how the applied ligands can interact with the
NPLs: 1) the amine can directly bind to the NPL as an L-type
ligand (Cd---NH,R), similar to oleic acid (Figure 5d, violet), 2)
CdBr, can heal Cd surface vacancies through insertion of the
Cd into the vacancy, and 3) CdBr, can act as Z-type ligand being
bound to chalcogenide atoms at the edges while passivating
those (Figure 5d, cyan).’? The latter two can be explanations
for the increasing PLQY after the ligand exchange.

Adv. Funct. Mater. 2022, 2112621 2112621 (6 of 14)

www.afm-journal.de

o
VY 4

/
/,

—<;_

¥ 2.5-fold Br

10-fold Br

ANNNNN e

50 nm & 20-fold Br

Figure 4. TEM images of polymer encapsulated NPL stacks synthesized
from CdSe/CdS core/crown NPLs with different ligand shell composi-
tions. In the ligand exchanges which were performed prior to the fiber
assembly, different amounts of CdBr; in addition to a constant amount
of decyl amine (DAm) were applied: a) no Br, b) 1-fold amount, c) 2.5-fold
amount, d) 10-fold amount, and e) 20-fold amount of the bromide ions
with respect to the quantity of Cd surface atoms of the NPLs. The surface-
to-surface NPL-NPL distance (red) was observed to decrease with an
increasing amount of CdBr, in the ligand exchange (light to dark blue).

The structure of the ligand shell as described by Dufour
et al., can only hardly explain the observed dependence of
the NPL-NPL distance on the CdBr, amount. In this work, the
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Figure 5. EDX spectra of CdSe/CdS NPLs with different ligand shell compositions (a—c). In the ligand exchanges, different amounts of CdBr; in addition
to a constant DAm amount were applied. The regions of Se-Br (b) and C-N-O (c), are displayed in higher magnification. The counts were normalized
to the sulfur signal for better comparison. d) Scheme of different binding types before (gray, left) and after the ligand exchanges with CdBr, and amines
(blue, right). While the acid and the amine can act as L-type ligands (violet), the carboxylate and bromide ions are X-type (red) and the CdBr, can bind as
Z-type ligands (cyan) or heal Cd vacancies. In the scheme, the surface Cd atoms are symbolized by green and the chalcogenide atoms (Se, S) by orange
circles. e) Schematic visualization of the resulting ligand coverage after certain ligand exchanges showing the resulting inter-NPL distances in the PENS.

amount of amine was kept constant at high excess, while the
CdBr, amount was varied between 1:1 and 20:1 Br to Cd sur-
face atoms. Hence, the formation of a complete Br layer should
be possible for all CdBr, amounts, so no remarkable influence
on the NPL-NPL distance is expected. In contrary, we observed
a decrease in the NPL-NPL distance by 30% by applying the
20-fold amount of CdBr,. This effect was not only observed for
CdSe/CdS core/crown NPLs, but also for CdSe core-only NPLs
(Table S3, Supporting Information).

For comparison, a ligand exchange with decanoic acid (DAc,
Cy) was performed. After stacking and polymer encapsulation,
PENS with lower NPL-NPL distances than in case of pristine
NPLs were obtained, due to the shorter chain length of decanoic
acid compared to oleic acid (C;3 —— Cy, Figure 5e). In PENS
containing NPLs with only the corresponding amine ligand
(DAm, Cyy and no Br), slightly larger distances than that of the
decanoic acid PENS were observed, which might be related to
incomplete removal of the native ligands by the L-type amines.
However, as soon as cadmium bromide is added in the ligand
exchange with amine (e.g., DAm and 1-fold Br) the opposite
is observed, as PENS with amine and CdBr, capped NPLs are
showing smaller distances than the corresponding acid ones
consisting of DAc-capped NPLs. This leads to the assumption,
that the steric ligands (the alkyl chains) have to be less densely
packed when CdBr, is present in the ligand exchange. Hence,
they are able to interpenetrate further into the ligand shell of
the neighboring NPL and experience a stronger compression
(Figure 5e). One explanation for the decreasing distance with
increasing CdBr, amount would be a competition mechanism
between the Br~ and amine ligands for surface sites. By this,
a mixed shell of Br~ bound as X-type ligand and amine bound
as L-type ligand would be formed. This, in turn, will lead to a
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lower amount of amine on the surface and therefore larger dis-
tances between the steric amines, which will further increase
with increasing bromide content at the NPL surface. Hence,
the amine chains can be compressed more easily and the
NPL-NPL distance in the PENS can be decreased far below the
actual ligand length (Figure 5e). This theory would explain our
findings satisfyingly.

To summarize, the inter-NPL distance depends on the CdBr,
amount used in the ligand exchange prior to the assembly.
The distance was observed to decrease with an increasing
CdBr, amount, far below the inter-NPL distances of the sam-
ples exchanged with the corresponding acid or amine without
CdBr,. A competition mechanism between bromide ions and
amine ligands for surface sites seems to be a good explanation
for these findings, leading to larger distances between the steric
alkyl chains of the ligands, resulting in enhanced intercalation
of less stretched ligands.

2.2.3. Characterization of the Ligand Shell

To understand the distance dependency and to get more
insights into the ligand exchanges, energy dispersive X-ray
spectroscopy (SEM-EDX), X-ray photoelectron spectroscopy
(XPS), and nuclear magnetic resonance (NMR) of the ligand
exchanged NPLs were performed. The composition of the
ligand shell after the ligand exchange was characterized by
means of different analytical techniques. SEM-EDX of dif-
ferent ligand exchanged NPLs revealed an increasing bromide
signal with increasing CdBr, excess during the ligand exchange
(Figure 5a,b, spectra normalized to the sulfur amount for better
comparison).
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This result verifies the presence of different bromide
amounts in the samples, even though at least 1 bromide ion per
cadmium surface atom (DAm and 1-fold Br sample) was intro-
duced during ligand exchange. Hence, an incomplete Br~ layer
at the NPL surfaces is formed at low bromide content, which
is in good agreement with our proposed competition between
Br~ and amine ligands.

This assumption is furthermore confirmed by the XPS
results (Figure S22, Supporting Information). The Br 3d signals
3ds; (69.9 eV, Figure S22e,f, Supporting Information) and 3d;,
are in accordance with the known binding energy for CdBr,.>*!
The intensity of the Br signal increases with increasing CdBr,
amount used in the ligand exchanges while PENS without DAm
(and no Br) and pristine PENS show, as expected, no Br signal.
Furthermore, differences in the Cls region (Figure S22a,b,
Supporting Information) of the differently capped NPLs are
observed. The characteristic XPS signals for C-C/C-H (284.4 eV),
C=0 (288.2 eV), and C-O (286.5 eV) are visible for the pristine
and DAm (and no Br) NPLs and belong to the oleic acid or the
carboxylate.l’¥l The C=0 signal decreases rapidly if CdBr, is
present in the ligand exchange, while a C-O/C-H shoulder is
still visible for low amounts of CdBr,. As the signal originating
from C-N groups is also located at a similar energy, it is
difficult to distinguish between C—-O and C-N, hence oleic acid
or amine species.’3* Those findings for DAm (and no Br)
match well with the EDX and TGA data and our theory of
incomplete ligand exchange without CdBr, due to missing
X-type ligands (Figure Se). In the EDX, an oxygen signal is only
measurable for the pristine and DAm (and no Br) sample. This
can be assigned to the carboxylic oxygen atoms in OlAc, thus,
oleic acid is still present in the DAm (and no Br) sample.

To prove that these residual OlAc molecules are attached to
the NPL surface in addition to OlAm, NMR spectroscopy was
performed. By means of this method, it is possible to distin-
guish between bound and free ligands. For ligands bound to
the NPL surface, the intra-molecular rotation around all types
of C-C bonds is hindered. Hence, H atoms attached to the
same C atom are not equivalent any more which leads to a
broadening of the corresponding signal in the 'H spectrum. In
case of OlAc containing samples, the signal of vinyl H atoms is
often used for evaluation. Figure S24, Supporting Information,
shows the 'H NMR spectra of pure oleic acid and different NPL
samples between § = 5.2 ppm and & = 5.6 ppm. A signal in this
region is only present for pure oleic acid, pristine NPLs, and
DAm (and no Br) NPLs. In the latter two cases, the signal con-
sists of a broadened and a sharp part (at lower §). This implies,
that OlAc molecules are bound to the NPL surface in both
samples as well as that a certain amount of free OlAc is pre-
sent. However, a determination of the OlAc:DAm ratio cannot
be performed due to overlapping signals and solvent residues.

In conclusion, it was possible to show that the bromide con-
tent of the NPLs depends on the amount of CdBr, applied in
the ligand exchange. Furthermore, it could be verified that OlAc
can only be removed completely from the NPL surface if bro-
mide is present. These results confirm the previously described
competition between bromide and amine for surface sites
which results in decreasing inter-NPL distances in the PENS
with increasing CdBr, amount. Nevertheless, neither an abso-
lute quantification of the amine/nitrogen nor a determination
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of the N:Br ratio was possible by the applied methods. A more
detailed evaluation of all characterization results is given in the
Supporting Information (Section S3, Supporting Information).

2.3. Characterization of the Electronic Transport

To gain insights into the charge carrier transport inside the
PENS, time-resolved photoluminescence spectroscopy and
different photo-electrochemical techniques were applied.
Before interpreting the acquired data, the different possible
charge transfer mechanisms need to be discussed. In general,
charge carriers can move across the stack in different ways:
1) as separated charge carriersi®®l or 2) as complete excitons via
Férster resonance energy transfer (FRET).>*l For micrometer-
scale CdSe NPL assemblies, Guzelturk et al., reported exciton
transfer through homo-FRET within the stacks between neigh-
boring NPLs with a surface-to-surface distance of 3.09 nm (4.29
nm center-to-center minus 1.2 nm NPL thickness).33 They cal-
culated a Forster radius of =13 nm with a NPL-to-NPL hopping
time of around 3 ps in their system. Their samples showed
shorter PL lifetimes with increasing stack length since a single
non-emitting NPL inside a stack facilitates a fast recombination
in case of homo-FRET.[*’]

In contrast, Momper et al., showed the generation of sepa-
rate charge carriers via terahertz (THz) spectroscopy, if dis-
persed CdSe NPL were assembled into the edge-up (stacked)
configuration with a surface-to-surface NPL distance of
2.5 nm.B% Here, the change from excitons (in dispersed NPLs)
to free charge carriers was explained by the enhanced electronic
coupling of neighboring NPL due to wave function overlap
which highly depends on the inter-NPL distance and the total
NPL-NPL interaction area.’® In addition to THz spectros-
copy, they applied PL emission spectroscopy and noticed a sig-
nificant broadening in the assembled sample (FWHM 10.14 nm)
compared to a dispersion of non-assembled CdSe NPLs
(FWHM 8.08 nm) as well as a bathochromic shift (2.45 nm)
caused by enhanced inter-NPL coupling.>¢:>¢

Judging from the observed NPL-NPL distances, our system
is closest to the latter system by Momper et al. Furthermore,
smaller distances and ordered stacks should strongly enhance
the NPL-NPL coupling and thus, the charge carrier separation
as previously reported.?®>! In addition, a large broadening of
the PL emission of the PENS (up to 29 nm) compared to the
respective NPL dispersions (Figure S10, Supporting Informa-
tion) was observed. This is in line with the measured broadening
(2 nmB%) due to enhanced NPL-coupling explained by Momper
et al., while no broadening was reported for homo-FRET.33 The
even much stronger PL broadening could be attributed to sub-
stantially smaller NPL-NPL distances (2.5 nm vs 1.9...) leading
to higher inter-NPL coupling.[ss'%] Furthermore, the NPLs pos-
sess elongated PL lifetimes (Figure S34, Supporting Informa-
tion) when assembled into PENS, most probably resulting from
separated and more delocalized charge carriers in the stacks. If
CdSe/CdS core/crown NPLs are applied as building blocks, the
hole is presumably trapped in the CdSe core (due to the higher
valence band of the CdSe) while the electron can be transferred
through the stack (considering the small conduction band dif-
ferences in CdSe and CdS), resulting in elongated lifetimes. In

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

conclusion, all findings strongly imply the existence of separated
charge carriers in PENS, which might be transferred through
electron tunneling, while excitons exist in dispersed NPLs
(due to the high exciton binding energy) analogue to the work
of Momper et al.

Independent of the kind of transport, a smaller distance
should be advantageous for the transfer, comparable to a
smaller barrier which needs to be overcome. Thus, higher
CdBr, amounts in the ligand exchange are indirectly, through
the dependency of the NPL distance, beneficial for a better
transport. In order to monitor any influences of the NPL-NPL
distance variation on the (photo)electrochemical properties,
that is, the charge carrier transport, different photo-electro-
chemical (PEC) measurements were performed. Linear sweep
voltammetry (LSV), intensity modulated photocurrent spectros-
copy (IMPS) and impedance spectroscopy were performed on
different ligand exchanged PENS. Previously, our group dem-
onstrated that LSV and IMPS are powerful tools to study the
electrical transport through CdSe PENS.?* Prior to the PEC
characterizations, the PENS were immobilized on indium tin
oxide (ITO)-coated glass slides via (3-mercaptopropyl)trimeth-
oxysilane (MPTMS, scanning electron microscopy images can
be seen in Figure S32, Supporting Information). The applied
immobilization process resulted in thick films on the ITO sur-
face, with a high probability for a random distribution of the
PENS, meaning some PENS standing in different angles on
the surface and some laying flat. During an LSV measurement,
a blue LED (468 nm) is pulsed with alternating on—off cycles
of 12.5 s each while the bias potential is modulated from —600
to 300 mV. At low bias potentials, negative photocurrents are
measurable for all samples (Figure 6a). This can be explained
by the formation of excited electrons and holes through light
irradiation and the dominance of certain charge carrier transfer
processes. In case of negative photocurrents, excited electrons
are transferred from the semiconductor to the aqueous solution
and H, is generated by reduction of protons. Simultaneously,
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the photogenerated hole is quenched by electrons from the
electrode (Figure 6¢ green arrows). With increasing bias poten-
tial, positive photocurrents are measurable for all samples
(Figure 6a). Positive photocurrents are generated, if photo-
excited electrons are transferred from the NPLs to the elec-
trode, while the electrolyte (Na,SO;) reacts as hole scavenger
(Figure 6c, red arrows). The transition from negative to positive
photocurrent, the so called photo-electrochemical photocurrent
switching point (PEPS), is located at different bias potentials
for the different samples. It should be noted that the measured
photocurrent is the net value of anodic and cathodic processes
taking place at the same time and hence the dominant processes
herein.[’ The position of the PEPS has been shown to be influ-
enced by different factors like the pH and the amount of sur-
face traps, thus, different surface ligand coverage.?>2% For the
different NPL/polymer samples, the PEPS (Figure 6a, arrows)
seems to be partially dependent on the CdBr, amount in the
ligand exchange. More CdBr, leads to a PEPS located at lower
bias potentials. This observation could be attributed enhanced
electron transport to the electrode (less driving force) due to the
smaller NPL-NPL distances in case of higher CdBr, amounts.
Furthermore, the overall photocurrent density was observed to
increase quite rapidly in the same direction (increasing CdBr,
amount). This value can be directly compared for the different
PENS, as the same material amount was immobilized on the
electrodes in all cases. An increasing photocurrent density
might in general explained by either generation of more pho-
toexcited electrons or enhanced/more efficient charge carrier
transport to the electrode. The amount of generated charge
carriers will be nearly similar for all PENS samples, as their
building blocks only differ slightly in the composition of their
ligand shell (amount of organic and inorganic ligands). How-
ever, the efficiency of the charge carrier transport through the
stack will be strongly altered by changes in the interparticle dis-
tance, hence it will be affected by the applied ligand exchange.
When compared to an electrode coated with a (sub-)monolayer

20-fold Br Q) evs. Jamry

Ag/AgCl NPL electrolyte
1l | f\//) 3 i3l CB
first layer OB
o within stack | 0.0 2H*/H,
- / 03
"" 2= -
N}’?ﬁ: - S02~ /503
0,04~ T ]
1Hz v8
|negqt§ve photocurrent
o 50 MV positive photoctthrent
051 B00mv [ g, Vi oals
-450 mV
1] -600mv |,
-0,5 0,0 0,5 1,0

Re. External Photocurrent
Quantum Efficiency (%)

Figure 6. Photo-electrochemical measurements of different PENS: a) linear sweep voltammetry for the different PENS on ITO-glass slides after 24 h
(the photo-electrochemical switching point (PEPS) is visualized by arrows) and b) intensity modulated impedance spectrum of CdSe/CdS-DAm and
20-fold Br PENS after 93 h for different bias potentials. c) Visualization of possible charge carrier transport processes (top). Processes leading to
negative photocurrents are symbolized by green arrows and those leading to positive photocurrents by red arrows. c) Possible charge carrier transfer
processes in NPL stacks (bottom). (The literature band levels can be found in Figure S25, Supporting Information).
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of pristine NPLs, the current density of the PENS sample with
the smallest NPL-NPL distance (DAm and 20-fold Br) is signif-
icantly higher. This is at first surprising, as in case of PENS the
photocurrent density will be damped due to the non-conducting
nature of the polymer. However, the (sub-)monolayer electrode
will be characterized by a significantly lower coating density, as
higher amounts of NPLs can be immobilized if assembled as
PENS. Hence, the much higher amount of NPLs seems to be
the reason for the higher photocurrent density in case of PENS.
An LSV for an electrode coated with a multilayer of NPLs as
well as a short characterization of the transients is shown in
Figure S31, Supporting Information.

For additional comparison, a randomly ordered system of
the building blocks, a so-called cryoaerogel, was prepared. Cry-
oaerogels consisting of CdSe NPLs have been described before
with regards to their optical and photo-electrochemical prop-
erties.[%l If compared to a cryoaerogel containing at least the
same CdSe/CdS NPL amount, PENS with small NPL-NPL dis-
tances show significantly higher photocurrent densities espe-
cially at high bias potentials. The cryoaerogel electrode shows
mostly negative photocurrents in the whole potential range.
Partially, this is related to the applied high pH (9) of the elec-
trolyte solution, as the PEPS is expected to move to higher bias
potentials with rising pH.2®) However, due to the fact that the
pH was kept constant for all investigated systems, differences
in the photocurrent amount will be related to differences in the
charge carrier dynamics between PENS and cryoaerogels.

In order to investigate the charge carrier dynamics in the
different systems more in depth, intensity modulated photo-
current spectra (IMPS) were measured. During an IMPS
measurement, the light is modulated with a sine wave func-
tion in the frequency range from 10 000 to 1 Hz while a con-
stant bias potential is applied. In Figure 6b, the IMPS of the
PENS with lowest NPL-NPL distance (DAm and 20-fold Br)
at different bias potentials after 93 h are displayed as Nyquist
plots. At low bias potentials (—600 to —150 mV), the IMPS signal
starts in the negative photocurrent regime (II and III), thus
the e~ transfer to protons and from the electrode to the valence
band outperforms the charge carrier recombination. Inde-
pendent of the bias potential, a turnover from negative to posi-
tive photocurrent is observed at high to medium frequencies.
This feature is related to the differences in the rate constants
of processes leading to negative and positive photocurrents and
their predominance depending on the bias potential. As posi-
tive photocurrents become dominant at high bias potentials,
the turnover point is shifted towards higher frequencies with
increasing bias potential.

For bias potentials above —150 mV, two semicircles can be
distinguished in the Nyquist plot. The semicircle located in
the high frequency range (10 000-63 Hz) can be assigned to
the direct transfer of electrons from the first particle layer to the
electrode (Figure 6c¢, bottom, light red arrow). Adjacent to the
first semicircle, another semicircle is visible at lower frequen-
cies (63-1 Hz). This can be assigned to electrons generated fur-
ther away from the electrode surface, which require some time
to travel through the NPL assembly in order to reach the elec-
trode (Figure 6¢, bottom, dark red arrow).2*2%1 With increasing
bias potential, the contribution of negative photocurrents in the
high frequency range is drastically decreasing. Furthermore,
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the radius of the first semicircle is increasing if moving toward
extremely low and high bias potentials, respectively. Both obser-
vations are related to the preference of distinct charge transfer
processes at certain bias potentials as shown in Figure 6¢. The
second semicircle, however, seems to be nearly not influenced
by the applied bias potential. Hence, the ratio between the first
and the second semicircle is decreasing with increasing bias
potential (starting at —150 mV). This is in strong contrast to the
IMPS response of NPL cryoaerogels, where the percentage of
the second semicircle was observed to increase with the bias
potential.l?®l The observed differences could be interpreted as
follows: while the charge carrier transport in the cryoaerogel
requires the bias potential as driving force for the transport and
thus, increases with increasing potential, the transport in the
PENS with the smallest NPL-NPL distance (DAm and 20-fold
Br) seems to be independent from the potential as a driving
force. This emphasizes the fast transport of charge carriers
through the PENS caused by the small distances. However,
due to very low photocurrents for PENS with higher NPL-NPL
distances (pristine NPLs and NPLs exchanged with low CdBr,
amounts), IMPS were not measurable in a sufficient quality.

Furthermore, impedance measurements at 300 mV were
conducted to further investigate the influence of the NPL-NPL
distance on the PEC properties of the PENS. The impedance
spectra (Figure S30, Supporting Information) show that the
resistance is smaller for PENS with low NPL-NPL distances
(more CdBr, in the ligand exchange). The resistance of the
system depends on many different barriers which need to be
overcome, that is, the barrier between ITO/MPTMS-electrolyte,
ITO/MPTMS-polymer-NPL, NPL-polymer-electrolyte, NPL-
NPL. Compared to NPL (sub-)monolayer coated electrodes,
the resistance increases due to the insulating polymer PMAO.
Nevertheless, the transfer is still possible either by tunneling
of charge carriers through the organic insulating layer or via
regions with incomplete polymer shells.?¥ In all stack syn-
theses the same amount of insulating polymer was applied,
hence the resistance for the contact between the electrode and
electrolyte should be comparable for all PENS. Consequently,
a smaller resistance of the system could be attributed to the
enhanced transport ability that is, smaller resistance within
the PENS. This is in good agreement with the results of the
LSV and IMPS measurements, in which an enhanced transport
through the PENS with smaller NPL-NPL distances (lower tun-
neling barrier) was observed.

In brief, enhanced electronic transport within PENS with
small inter-NPL distances could be verified by different PEC
techniques. In the IMPS, it could be distinguished between
charge carriers generated close to the electrode and charge car-
riers which are transported through the PENS. As the contribu-
tion of the latter seems to be independent of a driving force
(bias potential), simplified charge carrier transport can be con-
cluded for PENS with small inter-NPL distances.

3. Conclusion

To summarize, the synthesis and characterization of different
heterostructured polymer encapsulated nanoplatelet stacks
(PENS) with to the best of our knowledge unprecedented low
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inter-particle distance was shown. PENS with various distances
were synthesized. Additionally, extremely small NPL-NPL dis-
tances were achieved by applying a ligand exchange with CdBr,
and amines prior to the stacking and polymer encapsulation
steps. It was furthermore shown, that not only the length of
the amine but also the applied amount of CdBr, plays a cru-
cial role for the resulting NPL-NPL distance in the PENS. The
higher the CdBr, amount the smaller the resulting NPL-NPL
distance in the PENS. By application of different analytical tech-
niques, a competition mechanism between the amine bound as
L-type ligand via the lone electron pair of the N and bromide
ions bound as X-type ligands could be proposed. This would
explain the observed relation between CdBr, amount and NPL-
NPL distance, as a lower amine density would cause less steric
hindrance, leading to less stretched ligands on the surface and
thus, a better intercalation with smaller distances between the
neighboring NPLs. Additionally, it was shown that the ligand
exchange is highly beneficial for the stacking ability of NPLs,
what enabled the formation of PENS out of NPLs with very
poor stacking behavior (e.g., CdSe/CdS core/shell NPLs).

Through (photo-)electrochemical measurements, the benefit
of smaller distances for the charge carrier transport was indi-
cated by much higher photocurrent densities. Furthermore, the
IMPS showed a bias-independent electron transport through
the PENS for the smallest NPL-NPL distance. Whether the
charge carriers are transported by homo-FRET or, more prob-
ably, by electron tunneling, provides a vast of unexplored
potential to be investigated in the future and which could be
addressed through terahertz spectroscopy for the different
NPL-NPL distanced samples.

4. Experimental Section

Reagents: Sodium myristate (>99%), methanol (MeOH, >99.8%),
l-octadecene (ODE, 90%), n-hexane (>99%), cadmium bromide
tetrahydrate (CdBr,, 98%), cadmium chloride (CdCl,, 99.99%),
decylamine (DAm, >99%), tetradecylamine (TdAm, 95%), poly(maleic
anhydride-alt-1-octadecene) (PMAO, M,, 30~000 — 50~000), 1-octanethiol
(98.5%), and ethanol (EtOH, >99.8%) were purchased from Sigma
Aldrich. Cadmium nitrate tetrahydrate (99.999%), selenium (99.999%),
decanoic acid (DAc, 99%) and oleic acid (OlAc, 90%) were supplied
by Alfa Aesar. Cadmium acetate dihydrate (Cd(Ac), 98%), tellurium
(99.999%), octanoic acid (98%), and tri-n-octyl phosphine (TOP, 97%)
were purchased from ABCR. Tetrahydrofuran (THF, extra dry, 99.5%),
acetonitrile (ACN, extra dry, 99.9%), and oleylamine (OlAm, 80-90%)
were supplied by Acros. All chemicals were used as received without
further purification.

Synthesis of CdSe Core NPLs: CdSe core NPLs with a quasi-quadratic
shape were synthesized following a procedure previously published in
literature.[2434

Synthesis of CdSe/CdS Core/Crown NPLs: CdS crowns on CdSe
core NPLs were obtained by following a slightly modified procedure
published lately.'"! At first, ODE (8 mL), OlAc (180 uL), Cd(Ac), (96 mg),
and the CdSe NPLs in hexane (1.165 mL, ccg&=40 mmol L") were
combined in a 25 mL three-neck flask. The hexane was carefully removed
in vacuum and the mixture was further degassed in vacuum for 45 min
at 60 °C. Subsequently, the solution was heated to 240 °C under an Ar
atmosphere. When a temperature of 215 °C was reached, a solution of
sulfur in TOP (200 uL, 1 M) and ODE (3.8 mL) was injected at a rate
of 12 mL h™". After completion of the injection, the heating mantle
was removed and the solution was quickly cooled down to room
temperature. The CdSe/CdS NPLs were collected by addition of hexane
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(5 mL) and EtOH (7.5 mL), followed by centrifugation (4226 rcf, 10 min).
The NPLs were stored in hexane under ambient conditions.

Synthesis of CdSe/CdTe Core/Crown NPLs: CdSe/CdTe core/crown
NPLs were synthesized according to the procedure described in
literature with slight modifications.l Briefly, ODE (8 mL), OlAc (180 uL),
Cd(Ac), (96 mg) and the CdSe NPLs in hexane (1.165 mL, cc4=40 mmol L™)
were loaded into a 25 mL three-neck flask and the hexane was removed
in vacuum. The mixture was furthermore degassed in vacuum for 45
min at 60 °C and then heated to 215 °C under an Ar atmosphere. When
the reaction temperature was reached, 3 mL of a solution of telluride in
TOP (100 uL, 1 m) in ODE (3.9 mL) were injected at a rate of 8 mL h™".
Afterward, the solution was held at the reaction temperature for
additional 15 min. Subsequently, the reaction mixture was cooled to room
temperature and hexane (5 mL) and EtOH (7.5 mL) were added. After
centrifugation at 4226 rcf for 10 min, hexane (5 mL) was added and the
mixture was centrifuged again (4226 rcf, 10 min). The supernatant was
collected and stored in the dark. The solution of telluride in TOP (1 m)
was synthesized according the already published procedure.l®l

Synthesis of CdSe/CdS Core/Shell NPLs: Core/shell CdSe/CdS NPL
were synthesized with a slightly varied synthesis route from literature.l’]
Thereby, Cd(Ac), (106.7 mg), ODE (10 mL), OlAc (278 uL), and CdSe
NPL solution in hexane (438 UL, ccq =39.4 mmol L") were degassed for
15 min at room temperature, 40 min at 60 °C and 70 min at 80 °C. After
the addition of OIAm (2 mL, from the glove box (GB)) the flask was
heated to 300 °C under Ar flow. At 180 °C 6 mL of a 1-octanethiol/ODE
solution (98 puL in 7 mL) was injected with a rate of 3 mL h™. Aliquotes
were taken after certain injection amounts (2 and 4 mL). Directly after
the injection stop the reaction vessel was cooled to room temperature
and the product was collected through selective centrifugation. Namely,
hexane (10 mL) and EtOH (10 mL) were added and the brown mixture
was centrifuged (4226 rcf, 10 min). The precipitate was redispersed in
hexane (5 mL) and centrifuged (4226 rcf, 10 min). The red supernatant
was centrifuged again to get rid of remaining CdO impurities. The pink
fluorescent supernatant was stored in the dark.

Ligand Exchanges with CdBr, and Amine: Ligand exchange procedures
with different amines (DAm, TdAm, OlAm) and varied amounts of CdBr,
(or CdCl,) were performed according to a literature procedurel® with
slight modifications. Briefly, DAm (80 pL) and a certain amount of a
50 mm solution of CdBr, (or CdCl;) in MeOH (e.g., 198 UL to obtain
a 10-fold excess to the amount of Cd surface atoms) were mixed with
toluene (6 mL) and shaken for 24 h at room temperature. Afterward,
as little MeOH as possible was added to destabilize the NPLs and the
mixture was centrifuged at 4226 rcf for 10 min. Finally, the NPLs were
redispersed in THF.

Ligand Exchanges with Decanoic Acid: As control experiment a ligand
exchange with decanoic acid was performed analogue to the exchange
with decyl amine and without CdBr,. A CdSe/CdS NPL dispersion
in hexane (62 UL, ccq = 52 mmol L") was shaken with decanoic acid
(63.5 mg) in toluene (3 mL) for =24 h at room temperature. The
NPLs were collected through centrifugation at 2817 rcf for 10 min and
redispersed in THF.

Synthesis of PENS: The assembly of the NPLs and the subsequent
polymer coating was performed according to a procedure described in
the literature with a slight modification.l?) To a NPL solution in dry THF
(150 L, ccg = 19.57 mmol L"), which was shaken in an orbital shaker at
340 rpm, dry ACN (400 pL) was added at a rate of 6 mL h™'. After 10 min, a
polymer solution (PMAO, 1.32 mg L) in THF (210 uL) and ACN (90 uL)
was injected (3 mL h7"). 4 min later ACN (500 pL) was introduced
with a rate of 6 mL h™. Water (50 uL) was injected after 2 min and
2 min later the reaction was centrifuged (1409 rcf, 10 min). THF (1 mL)
was added to the precipitate and centrifuged again (1409 rcf, 10 min).
Afterward, the PENS were redispersed in aqueous or methanolic KOH
(pH 9, 1% 1075 m).

MPTMS Functionalized Electrodes: For all electrical measurements
MPTMS functionalized ITO-glass electrodes were used. The coating was
performed according to literature.?®l First, the ITO/glass electrodes were
cleaned with H,0, and NH; at 70 °C for 2 h (1:1:5, H,0,:NH3:H,0).
After rinsing with distilled water and drying, they were functionalized
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with MPTMS (1 vol%) through stirring in toluene (60 mL) and MPTMS
(600 pL) at 50 °C for 2 h. After rinsing with toluene they were dried and
stored in an oven (80 °C) until usage.

PENS Electrodes: To measure PENS in the electrochemical setup,
coated electrodes were synthesized and stored under argon atmosphere.
The synthesized PENS in methanolic KOH were filled into a rectangular
PMMA cylinder glued through silicon on top of the MPTMS coated
ITO slides. After evaporation of the solvent the cylinder and silicon was
removed carefully, yielding a thin 1 cm x 1 cm PENS coating.

Cryoaerogel Electrodes: For comparison cryoaerogel electrodes
were synthesized by an already published method.?5%758 Namely,
the NPLs were phase transferred with MUA followed by coating of a
1 cm x 1 cm square on a MPTMS-functionalized ITO electrode with a
NPL solution (20 puL, 60 mmol L) in KOH (0.01 m).[2%l The cryoaerogel
was synthesized through rapid freezing in isopentane (160 °C) and
stored in liquid nitrogen over night and afterward in a freezer were it was
stored until usage for the electrochemistry.l>®!

Mornolayer and Multilayer Electrodes: Through shaking of a MPTMS coated
electrode in hexane (10 mL) with a NPL solution (100 pL, 58.8 mmol L™
over a few days monolayer electrodes were prepared. By prolonging the
time multilayer electrodes were achieved. Afterward, the glass side of the
ITO-glass slide was wiped clean with toluene.

UV-vis and Photoluminescence Spectroscopy: UV-vis extinction spectra
were recorded with a DualFL from Horiba Scientific in quartz cuvettes
(path length 1 cm). Photoluminescence (PL) emission and excitation
spectra were recorded similarly. PLQY were recorded in absolute mode
with the same instrument equipped with a Quanta-Phi integrating
sphere. The samples were diluted in the according solvents. For
measurements under inert gas a measurement setup in a glove box (Ar
atmosphere) with fiber glass optics was connected to the DualFL.

UV-vis absorption spectra were measured at a Agilent Cary
5000 UV-vis—NIR spectrophotometer equipped with an Agilent DRA-
2500 integrating sphere. The center-mount position in the sphere was
used for all measurements.

Photoluminescence Lifetime Measurements: At a FluoroMax-4 from
Horiba Scientific equipped with a FluoroHub time-correlated single
photon counting (TCSPC) unit PL lifetime measurements were
performed in quartz cuvettes. The samples were excited with a LED light
source (454 nm, 1.2 ns pulse width). For shorter lifetimes, an Edinburgh
FLS 1000 spectrometer was used. Here, a the samples were excited by an
Edinburgh EPL pulsed laser (445.1 nm, 80 ps pulse width).

Atomic  Absorption  Spectroscopy: To determine the Cd ion
concentration atomic absorption spectroscopy (AAS) was applied.
For the AAS measurements a Varian AA140 instrument equipped with
an air/acetylene (1.5:3.5) flame atomiser was used. After removing
the solvents through an air flow, the samples were decomposed with
aqua regia over night. The samples were diluted with Milli-Q water
(18.2 MQ cm). By measuring six standard solutions a calibration curve
was obtained.

Transmission Electron Microscopy: Transmission electron microscopy
(TEM) measurements were carried out to investigate the morphology,
size and inter-particle-distance of the NPLs and NPL-polymer-hybrids.
A Tecnai G2 F20 TMP from FEI equipped with a 200 kV field emission
gun was used for all measurements. The samples were prepared by
drop-casting the respective (diluted) solution (10 pL) on carbon-coated
copper TEM grids (Quantifoil, 300 mesh).

Energy Dispersive X-ray Spectroscopy: EDX was performed with a JEOL
JSM-6700F SEM operated at 2 kV in the energy range of 0-10 keV. The
according samples were drop-casted on silicon wafers.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) were
carried out on a Mettler Toledo TGA/DSC 3+ under nitrogen flow. The
according NPL solutions in THF were drop-casted into aluminium oxide
crucibles until a mass of =1 to 2 mg was reached. The samples were heated
with 5 °C min™" from 25 to 1000 °C under nitrogen flow (50 mL min").

Nuclear Magnetic Resonance: NMR was carried out to obtain
information about the composition of the ligand shell. For the NMR
measurements the pristine or ligand-exchanged NPLs were purified by
two additional precipitation steps with EEOH or MeOH, respectively. In
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an Argon-filled glovebox, the purified NPL solution was transferred to
an NMR tube and the solvent was removed completely in vacuum in
the glovebox antechamber. After drying, the NPLs were redispersed in
THF-dg. The measurements were performed at room temperature on a
Bruker Ascend spectrometer equipped with an Avance IIl console and
a Prodigy BBFO probe. The instrument was operating at an 'H frequency
of 400 MHz.

X-Ray Photo-Electron Spectroscopy: X-ray photo-electron spectroscopy
(XPS) was measured with a SPECS XPS device equipped with a
PHIOBOS 100 analyzer and a MCD-5 detector. A pass energy of 20 eV
and an Al Ko X-ray beam (excitation source) was applied. The according
sample solutions were drop-casted onto a Si substrate and dried in a
glove box under argon. The analysis was performed using XPSPeakFit
4.1 software.

(Photo-) Electrochemical ~ Measurements:  (Photo-)electrochemical
measurements were done with a ModulLab XM ECS potentiostat
from Solatron, a Hameg HMF 2525 frequency generator from Rohde
und Schwarz, and a 7270 general purpose DSP lock-in amplifier from
Signal Recovery. As reference electrode a BASi (type RE-5B) Ag/
AgCl with a NaCl electrolyte (3 m) was used while a Pt wire was taken
as counter electrode. The samples were prepared on functionalized
ITO glass electrodes through drying under Ar atmosphere. In our
self-build measurement cell®l a circle with a diameter of 5 mm (0.2
cm?) of the working electrode was in touch with the electrolyte, here
degassed Na,SO; (0.5 m, pH 9). Two different photo-electrochemical
measurements, linear sweep voltammetry and intensity modulated
photocurrent spectra, were performed with a 468 nm LED shining from
the backside of the ITO-sample electrodes.

Linear Sweep Voltammetry: Linear sweep voltammetry (LSV) was
carried out with alternation on—off illumination cycles of each 12.5 s. To
gain this the LED was powered with square wave pulses with a periodic
time of 25 s. The sweep velocity was 4 mV s™'. A potential range from
—600 to 300 mV was chosen to eliminate reduction of the ITO and NPLs
(below -650 mV) and oxidation of the NPLs (above 300 mV). Before each
measurement a constant potential of —-600 mV was applied for 30 s to
reach an equilibrium state in the system.

Intensity Modulated Photocurrent Spectra: Intensity modulated
photocurrent spectra (IMPS) were performed for different bias
potentials between —600 and 300 mV. The LED was alternated with
a certain frequency which was modulated between 10 000 and 1 Hz.
(The measurement setup is visualized in Figure S26, Supporting
Information)

Impedance Spectroscopy: Impedance spectroscopy was measured
without light excitation. The potential was kept constant at a certain bias
potential while the direction of the circuit was changed with a frequency
modulated between 100 000 to 0.1 Hz.

Statistical Analysis: All emission, extinction, and excitation spectra
had been normalized to the emission maximum or the maximum of the
heavy-hole—electron transition of CdSe, respectively. For measurements
derived from TEM images, the mean value with standard derivation
together with the number n measured can be found in the according
tables. The EDX data was normalized to the sulfur or cadmium signal
(when no sulfur was present) as written in the Figure captions for
better comparability. XPS measurements were normalized to a value of
the background which can be found in the according Figure captions.
PL-lifetime measurements were fitted using exponential decay functions
following type

y=A1><e_7_‘+A2><e_T_2+A3><e_T_l+yo U]

with the software Origin.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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