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Detailed steady-state and time-resolved fluorescence quenching
measurements give deep insight into ion transport through nano-
meter thick diblock copolymer membranes, which were assembled
as biocompatible shell material around CdSe/CdS quantum dot in
quantum rods. We discuss the role of polymer chain length, inter-
molecular cross-linking and nanopore formation by analysing elec-
tron transfer processes from the photoexcited QDQRs to Cuf(i)
ions, which accumulate in the polymer membrane. Fluorescence
investigations on single particle level additionally allow identifying
ensemble inhomogeneities.

Diffusion of molecules and ions within polymer membranes is
an emerging field for future products, such as organic solar
cells, polymeric batteries, fuel cells as well as encapsulated
nanomaterials."””> Due to progressive miniaturization in all
technical fields, the synthesis of nanoscale membranes and
the study of diffusion within these membranes is important
for fundamental and product based research.’” Furthermore,
the exponential rise of nanomaterial use in consumer products
and the accompanied unavoidable release of nanoparticles
(NPs) into the environment raises concerns of long-term
stability.®™®

Encapsulation in amphiphilic polymer micelles is one of
the main strategies to transfer water insoluble NPs into
aqueous solution.’ A cross-linkage between the single polymer
molecules leads to enhanced stability due to fixation of the
micelle.” "> The diffusion of molecules and ions through such
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membranes or shells may be used for accessibility assessment
or for modulating the catalytic activity'® and the analytical pro-
perties'*'® of the NPs. Consequently, the surface coating of
nanomaterials not only ensures water solubility but also deter-
mines the interaction with the surrounding media."® It reveals
on one hand a physical barrier controlling the mass transport
between the NP and the environment and, on the other hand,
determines the adsorption of proteins and peptides and there-
fore the biological fate of these particles.'®'® Furthermore, the
particle accessibility is of upmost importance for Cd(u)-based
NP use in biological environment because of the potential
leakage of toxic Cd(u) ions from not perfectly encapsulated
QDQRs."’

In the past, we studied the encapsulation of spherical CdSe/
CdS/ZnS quantum dots (QDs) into micelles using amphiphilic
poly(isoprene)-block-poly(ethylene oxide) (PI-b-PEO) polymers
and showed that parameters such as the ratio of PI-b-PEO/
QD,* size of PI-b-PEO,>' chemical reactions with radical
initiators'' and polymerizable monomers e.g. styrene and di-
vinylbenzene*® influence the accessibility of various ions to
the QDs. This encapsulation technique was also used to trans-
fer elongated CdSe/CdS quantum dots in quantum rods
(QDQRs) into water, preventing their extraordinary fluorescent
properties.>*** Thereby the PI-b-PEO forms spherical micelles
surrounding the QDQRs.>*** However, due to their elongated
shape and curvature, the QDQR may hinder the formation of a
perfectly dense micelle, which will be addressed here investi-
gating the particle accessibility using a detailed study of the
fluorescence quenching of encapsulated QDQRs on particle
ensembles and on single particle level. The PL quenching can
directly be attributed to the diffusion of PL quenchers in the
NP shell and, consequently, allows to study the influences of
chemical cross-linking reactions in the QDQRs ligand shell.
QDQRs (length: 30 nm, aspect ratio 8.4, ESI Fig. 1) were trans-
ferred to water using two PI-b-PEOs of different molecular
weights (PI-b-PEO (1): M,, = 4.3 kDa, M,, = 4.6 kDa and (2): M,,
= 13.6 kDa, M,, = 14.3 kDa, ratio PI/PEO = 1/2), which were
chosen because they lead to pronounced differences in the
quenching behaviour of encapsulated QDs.”" Prior to phase
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transfer the QDQRs were coated with PI-DETA (M,, = 1.3 kDa,
M,, = 1.3 kDa). Then Polymer and AIBN were added and the
solution was transferred to water and cross-linked for 4 hours
at 80 °C. The ratio of PI-b-PEO/QDQRs was 1800/1, because
lower excesses lead in formation of clustered QDQRs.*’

As expected, the encapsulated QDQRs exhibit different
hydrodynamic sizes in water. Fig. 1A shows the DLS volume
distribution maximum of (1) and (2) at the size of 28 nm and
44 nm, respectively (intensity distribution and comments on
the precision of determining the NPs size is given in the ESIf).
We attribute the hydrophobic PI polymer region as the key of
efficient shielding from the environment,'"*°*2%%7 \hile
similar hydrophobic coatings are known to be of significant
importance for shielding and biological fate of gold NPs.'®?®
The hydrophobic part is also a unique feature with respect to
other QD surface coatings which provides substantial PL of the
QD, even under copper catalysed 1,3-dipolar Huisgen cyclo-
addition conditions.>**>?7*> Based on the typical C-C bond
length, we estimate the upper limit for the PI-block length in
(1) and (2) to be 5.8 nm and 16.2 nm, respectively.

We exposed the encapsulated QDQRs (100 nM) to different
concentrations of copper(u) acetate in a cuvette and measured
the relative PL-intensity and the respective PL decay curves.
The PL of semiconductor NP is very sensitive to Cu(u) ions,
which result in an efficient PL quenching upon contact of
semiconductor NP and Cu(n) ion.>*?°?>33 The contact of one

b v . L=
1.0 A B‘
Opn 4
08
m O g 0]
o L
go.s . <
)
04 [ ] B
> ™ ]
0.2 =
. L
0.0
] v T v T
1 0 50 100
c(Cu(ll) acetate) [uM]
8 - L L) L v 2.0 hd v hd L=
4C H D W PIl-b-PEO (1) 4
7 - <
5 o 4 O PI-b-PEO (2) |9
6 - -~ L
= .9 4C 16 L
& 5 - E E J
S «d is.. u
~ o d B . =
i 3 - ] - 9
b | 9 1.2 | | e
3ml oo o} - 1
L q g O 0O =
o v T v T ) v T v T
0 50 100 0 50 100

c(Cu(ll) acetate) [uM] c(Cu(ll) acetate) [uM]

Fig. 1 A: Normalized volume weighted size distribution of the encapsu-
lated QDQRs with two different polymer coatings (thin coating: black
solid line, thick coating: green dotted line). B: Relative fluorescence
Intensity of encapsulated QDQRs (100 nM) with PI-b-PEO (1) (black
filled squares) and PI-b-PEO (2) (green empty squares) diblock copoly-
mer while incubation with copper(i) acetate in water. The addition of
the copper(i) acetate was proceeded subsequently and between each
measurement an equilibration time of 15 min was used. C: Stern—
Volmer plot of the combined quenching, D: Stern—Volmer plot of the
average fluorescence lifetime.
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single Cu(u) ion can quench the PL of a semiconductor nano-
crystal, as demonstrated for the case of CdS QDs.** It is
believed that the adsorbed Cu(u) is reduced to Cu(i), creating a
sub band gap below the conduction band of the QD, leading
to trap emission in the long wavelength region, thus quench-
ing the PL.>* Here we observe that the PL of QDQRs with
native ligands is also instantaneously quenched upon Cu(u)
addition (ESI Fig. 8t), however without rise of surface defect
trap emission.>?!

In general, fluorescence quenching is classified into two
mechanisms. The static quenching is caused by the formation
of a non-fluorescent complex with the quencher and the PL
lifetime 7 of the unaffected fluorophores is unchanged. In con-
trast, the dynamic quenching, resulting from dynamic encoun-
ters between the fluorophore and quencher, shortens the PL
lifetime.*

Here, we use the distinction between these two processes to
study the ion permeability of QDQR surrounding polymer
membranes. Because Cu(u) ions in direct contact to the semi-
conductor NP result in complete PL quenching, we interpret
the occurrence of static quenching by diffusion of Cu(u)
through the polymer shell to the QDQRs surface.”’ Contrary,
the dynamic PL quenching process can be attributed to either
electron or energy’® transfer from QDQRs to Cu(i) ions
diffusing in the vicinity of the QDQRs. Albeit the exact mech-
anism of this dynamic quenching remains unclear, both
energy- (Forster radii of approx. 2 nm)?® and electron transfer
processes require proximity between QDQRs and the quench-
ers and thus penetration of Cu(u) into the hydrophobic PI-part
of the micelle.

As shown in Fig. 1B, the PL intensity of the QDQRs encap-
sulated with the smaller polymer (1) is reduced significantly
upon Cu(n) addition, whereas the PL of the QDQRs encapsu-
lated with the larger polymer (2) is reduced only by 20% and
then reaches a saturation plateau. The Stern-Volmer formal-
ism is a useful tool to describe this fluorescence quenching
process (eqn (1)), where the Stern-Volmer-constant Kgy is a
measure for the efficiency of the PL quenching and [Q] the

concentration of the quencher (Fig. 1C).>”*
PL(0)
PL(O) 1+ Ksv[Q) (1)

The dynamic quenching may be expressed by eqn (2) where
7(0) and 7(Q) are the fluorescence lifetimes in absence and
presence of the quencher, respectively. Ky, is the Stern-
Volmer constant for dynamic quenching.

PL T

o= o =1+ Kanle) @)

The Stern-Volmer plots of the PL intensity and the fluo-
rescence lifetime are shown in the Fig. 1C and D. These high-
light the fact, that substantial PL-quenching is only observed
for QDQRs encapsulated with the small polymer (1). Especially
no dynamic quenching occurs when the QDQRs are sur-
rounded with PI-b-PEO (2), manifested by constant 7(0)/z(Q)
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values, where PI-b-PEO (1) coated QDQRs exhibit subsequent
reduction of the PL-lifetime when Cu(u) is added (Fig. 1D). At
the highest quencher concentration (¢(Cu(u) = 90 uM)) approx.
75% of the PI-b-PEO (1) encapsulated QDQRs are quenched
statically, while those who remain luminescent exhibit shorter
PL lifetimes. Moreover, 20% of the particles which are sur-
rounded by PI-b-PEO (2) are quenched statically, while the rest
is utmost perfectly shielded from the Cu(u) influence.

As a further proof, we conducted confocal fluorescence
microscopy on QDQRs which were deposited on a glass cover
slide mounted at the bottom of a flow cell. A detailed descrip-
tion of the procedure can be found in the ESL.{ Due to the fact
that water is not an optimal solvent for this experimental
setup,*® we used PEO300 and ensured that the shielding trend
reported above is also present in the ensemble quenching
assay with PEO300 as the solvent. Then, we spin-coated a
diluted nanoparticle solution to ensure sufficient interparticle
distance for single particle detection. Signals from objects
with more than one encapsulated QDQR were omitted based
on the spectral width of the associated emission spectra (ESI).
The excitation power was kept at 14 nW in the focal volume to
avoid multiphoton processes.>*° This investigation confirmed
the ensemble PL-quenching assay, where some QDQRs van-
ished instantaneously, while others showed neither interaction
with the quencher nor a reduced PL-lifetime, respectively.
Representative fluorescence time traces of single encapsulated
QDQRs before and after the addition of copper(u) acetate are
shown in ESI Fig. 6,7 which make reliable blinking analysis
not possible.

The investigation of the PL lifetimes, however, gives insight
into the diffusion of Cu(u) through the polymer membranes
(1) and (2). Histograms of the average PL lifetime in the
absence (Fig. 2A and B) and presence (Fig. 2C and D) of Cu(u)
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Fig. 2 Histogram (binning 1 ns) of the average fluorescence lifetimes
before (ro, A, B) and after (z(Q), C, D) the addition of copper(i) acetate to
the QDQRs encapsulated with the PI-b-PEO (1) (left A, C) and the PI-b-
PEO (2) (right B, D) and the associated fit (fitting parameters given in
Table ESI 17).
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clearly revealed a reduction of the PL lifetime only for QDQRs
coating with polymer shell (1) indicating substantial influence
of the Cu(u) ions. The thick polymer shell (2) prevents this
dynamic quenching mechanism.

This can only be explained by close proximity between
QDQRs and Cu(u) (typically <1 nm for electron transfer), indi-
cating Cu(u) penetration into the hydrophobic PI part of the
micelle of PI-b-PEO (1). This may be due to imperfections in
the ligand shell, such as nanopores or holes, which allow the
accumulation of Cu(u) but prevent direct surface access.

This is in agreement with a recent report,”" where three
different species of surface coatings of QDs were identified:
dense coatings, which shield the particles well from the influ-
ence of Cu(u), permeable coatings which allow Cu(u) diffusion
to the semiconductor surface, and partial permeable mem-
branes, which prevent static, but allow dynamic quenching.
The proportion of the latter two is highest, when small poly-
mers (PI-b-PEO (1)) are used for encapsulation, while dense
coatings are predominant, when QDs are encapsulated in PI-b-
PEO (2).>" The here presented results underline these assump-
tions, which are also supported by the widefield microscopy
investigation presented in the ESL{

The PI block length of approximately 4.3 kDa (PI-b-PEO (2))
can be seen as a critical molar mass for effective shielding. We
also notice that this block length, with addition of the
PI-DETA block, is similar to the reported entanglement length
of PI of 5.5 kDa."® We, therefore, explain the different shield-
ing by different coiling of the PI chains of PI-DETA and PI-b-
PEO. Obviously, the PI chains interpenetrate as almost linear
chains when PI-b-PEO (1) is used, which results in free space,
where Cu(u) can accumulate (see Scheme 1). On the contrary, a
more effective and flexible interaction occurs, when the PI
moieties of PI-b-PEO (2) can entangle among each other and
the PI-DETA (see Scheme 1), which may result in a coiled, per-
fectly dense PI-region surrounding the QDQRs. This prevents

X

PI-b-PEO (1) PI-b-PEO (2)

@ Cu? copper(ll) ion accumulated in the shell

l PI-DETA
causing dynamic quenching

— \/M PI-b-PEO

@ Cu? copper(ll) ion adsorbed on the QDQR
surface causing irreversible, static quenching

Scheme 1 Schematic representation of the different polymer mem-
branes surrounding the QDQRs encapsulated with PI-b-PEO (1) (left)
and (2) (right). The upper part schematizes the different arrangement of
the PI-DETA and PI-b-PEO, while the lower part shows the polymer
membranes with or without nano-pores and holes.

This journal is © The Royal Society of Chemistry 2016
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the accumulation of Cu(un) in the membrane and thus the
dynamic quenching reaction. It is reasonable that in the latter
case a more homogeneous shrinking of the PI shell may com-
pensate contraction during cross-linking, whereas percolation
with nanopore formation results in the more stiff arrangement
of the PI chains.

As a first and very brief estimation, we used the Stern-
Volmer constant for dynamic quenching as a measure for the
presence of Cu(u) in close distance to the QDQR and deter-
mined the diffusion coefficient of Cu(u) in the nanopores to be
approx. 3 x 1077 em? s™', which is 40 times slower than ion
diffusion in water (equation and assumptions given in the
ESIt).*" The dynamic quenching reaction is similar to PI-b-PEO
(1) encapsulated QDs, which indicates, that the membrane
structure around QDs and QDQRs does not differ
significantly.*'

For a better understanding of the parameters determining
the sample homogeneities and the intermolecular cross-
linking, we investigated the influence of a variety of criteria,
such as the polymer excess during encapsulation, the cross-
linking time using AIBN, and a subsequent emulsion
polymerization step with styrene and divinylbenzene on the
shielding of the QDQRs.""*"**> We added 800 equivalents of
copper(u) acetate to a solution of PI-b-PEO (2) encapsulated
QDQRs (¢ = 100 nM) to study only the particles of higher Cu(u)
resistivity. We followed the temporal evolution of the quench-
ing by acquisition of a variety of spectra during the first
minutes and on longer time scales of up to one week. This
allows to analyse the long term shielding of these particles,
which may be of interest for in vivo application.** Additionally
protons and hydroxyl ions were used as PL quenchers to
model different environments. Details on the experimental
procedure and PL-intensity plots can be found in the ESL.}

Cross-linking of the micelles is essential to increase the
stability against quenchers (ESI Fig. 81). The temporal evol-
ution of the relative PL intensity of QDQRs, which were cross-
linked for various times during the encapsulation process, in
the presence of 800 equivalents Cu(u) is shown in Fig. 3. Cross-
linking reactions times of 4-10 h are necessary to form a
dense PI-region and effectively shield the particles. For the EP
similar shielding is achieved by reaction times of at least
1 hour (ESI Fig. 10 and 117).

The main difference between the EP and the radically
initiated AIBN cross-linkage is observed at short reaction
times, where only the EP provides sufficient shielding against
protons (ESI Fig. 9 and 117). This can be attributed to the
different nature of the polymerizable unit and the radical
source, where reaction times can be considered comparable
under the reaction conditions [respective 10 hour half times
provided by the suppliers: AIBN 65 °C (Tyeaction = 80 °C), VA-044
44 °C (Tyeaction = 60 °C)]: AIBN initiates the cross-linkage of two
neighbouring isoprene double bounds, while during the EP
new material is brought into the QDQR shell. Imperfections in
the ligand shell are likely to have a local lack of polymer
ligands, which may hinder their cross-linkage. Contrarily,
styrene and divinylbenzene swell the micelle during the initial

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Relative PL intensity upon the addition of 800 eq. copper(i)
acetate of QDQRs encapsulated with PI-b-PEO (2) under different
cross-linking times using AIBN as a radical initiator. The different cross-
linking times are colour- and symbol-coded: 0 min (filled black
squares), 30 min (empty red spheres), 2 h (filled blue stars), 3 h (empty
olive triangles), 4 h (filled green diamonds), 5 h (empty dark-blue penta-
gons), 10 h (filled grey triangles).

step of the EP and their polymerization is initiated by oligomer
radicals, which enter the seeds after being formed in solu-
tion.” So, the better shielding after short reactions times of
the seeded emulsion polymerization samples may be due to
the diffusion of styrene and divinylbenzene to the imperfec-
tions in the shell. Their subsequent polymerization creates a
rigid and hydrophobic polymer network, which closes the
respective imperfection and hinders quencher diffusion
towards the QDQR surface.

Conclusions

We report a Cu(un) ion and proton accessibility study of
polymer encapsulated QDQRs based on fluorescence quench-
ing analysis. This sensitive assay allows us to study the
diffusion of Cu(u) in nanoscale membranes in ensemble and
on single particles. It revealed that accessibility is favoured,
when a small polymer surrounds the QDQR. The occurrence of
two different PL quenching mechanisms allows distinguishing
between QDQRs surrounded by perfect and imperfect shells,
which exhibit holes or nano-pores. The accessibility of
elongated QDQRs can be fine-tuned by chemical cross-link
reactions in the surrounding polymer layer and the influence
of these reactions can also be tracked using the same PL
quenching assay.
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