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ABSTRACT Resonant coupling between distinct excitons in
organic supramolecular assemblies and inorganic semiconductors

is supposed to offer an approach to optoelectronic devices. Here, we

report on colloidal nanohybrids consisting of self-assembled tubular
J-aggregates decorated with semiconductor quantum dots (QDs) via
electrostatic self-assembly. The role of QDs in the energy transfer process can be switched from a donor to an acceptor by tuning its size and thereby the
excitonic transition energy while keeping the chemistry unaltered. QDs are located within a close distance (<4 nm) to the J-aggregate surface, without
harming the tubular structures and optical properties of J-aggregates. The close proximity of J-aggregates and QDs allows the strong excitation energy
transfer coupling, which is around 92% in the case of energy transfer from the QD donor to the J-aggregate acceptor and approximately 20% in the reverse
case. This system provides a model of an organic—inorganic light-harvesting complex using methods of self-assembly in aqueous solution, and it highlights

a route toward hierarchical synthesis of structurally well-defined supramolecular objects with advanced functionality.

KEYWORDS: Forster resonance energy transfer (FRET) - organic—inorganic hybrid system - amphiphilic cyanine dye -
semiconductor - CdTe - self-assembly - light harvesting

anoscale integration of organic and
inorganic materials is currently a
hot research topic because the
combination of both materials is antici-
pated to open up new avenues for the
design of high-performance devices. The
prospect results from the synergistic advan-
tage when both material types contribute
with their specific features, such as high
oscillator strength of the organic phase
and high stability of the inorganic phase.
One of the main challenges lies in the
precise structural organization of such ma-
terials on the nanometer scale, since the
functionality crucially depends on the cor-
rect composition and mutual alignment of
the molecular assemblies and the inorganic
nanostructures. Therefore, there is a high
demand for a reliable strategy to build
hybrid systems with controllable structure
and morphology
A strong electronic coupling between
organic and inorganic types would bring
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new features that cannot be obtained
from a single component. One prominent
example of the attractive functionality of
hybrid nanosystems is resonant dipole—
dipole coupling between an organic assem-
bly and inorganic semiconductors.' * The
coupling within such a hybrid system
takes place between two distinct excitons.
Particularly promising for outstanding non-
linear properties are extended Frenkel ex-
citon systems,® such as in J-aggregates,
formed by organic assemblies of amphiphi-
lic cyanine dyes.®? Typically, the excitons
within J-aggregates are delocalized over
more than 10 molecules,'®"" leading to
large oscillator strengths, big spectral red
shifts, and intense but narrow absorption
and emission bands. On the other hand,
key ingredients are inorganic species such
as semiconductor or quantum dots (QDs),
exhibiting superior photostability, high
fluorescence quantum yield, and size-tunable
optical properties.'*'® The optimization of
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Figure 1. Colloidal J-aggregate/QD nanohybrid formed by an electrostatic self-assembly method in solution. (a) Chemical
structures of the constituents: amphiphilic cyanine dye C8S3, PDADMAC, and MPA-capped CdTe QDs; (b) sketch of
electrostatic self-assembly toward J-aggregate/QD nanohybrids, in which PDADMAC polycation acts as molecular glue.

such heterostructures ultimately depends upon the
precise nanoscale positioning of the individual materi-
als, which is a challenging objective.'*2° Recently, re-
sonance excitation energy transfer, also named Forster
resonance energy transfer (FRET), in J-aggregate/QD
systems has been developed on solid substrates
using films of blends of the materials®' or via layer-
by-layer (LBL) technique.?? Another application was
color-selective photocurrent enhancements observed
in coupled J-aggregate/CdSe nanowires.® However, to
meet the demands of further applications, methods are
required to create novel hybrid nanostructures as com-
plete functional entities with nanometer dimensions.
Here we present a new approach to fabricate
quasi-one-dimensional (1D) colloidal systems in aqueous
solution. Tubular J-aggregates from self-assembled
amphiphilic dyes, as investigated and described in
detail elsewhere,**~%’ serve as a scaffold for hybrid
assembly. In these systems, dye molecules are pre-
cisely arranged into closely packed and long-
range-ordered structures. Therefore, these aggregates
are considered as model systems to mimic complex
supramolecular assemblies in biology, such as the
light-harvesting center (LHC) of plant and green sulfur
bacteria.”® Such synthetic analogues could ultimately
pave the way for fast excitation energy transfer over
hundreds of molecules, enabling the mimicking of
energy migration and charge transfer processes as
observed in natural LHCs. Herein the tubular J-aggre-
gates are used as building blocks for studies of the
resonant dipole—dipole coupling with inorganic semi-
conductor nanoparticles. To this end, we developed
a self-assembly strategy to electrostatically combine
the semiconductor QDs and J-aggregates by utilizing a
polycation as “molecular glue”. The J-aggregate/QD
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hybrids are highlighted not only by the robust and
high efficient excitonic transitions at room tempera-
ture but also by their thread-like structure providing
quasi-1D colloidal behavior.?® The structural features
can offer a large surface area with multiple functiona-
lization sites and high colloidal stability which facil-
itates practical applications.

RESULTS AND DISCUSSION

Fabrication and Structure of QD-Decorated Tubular J-Aggregates.
The chemical structure of the amphiphilic cyanine dye
3,3-bis(2-sulfopropyl)-5,5',6,6'-tetrachloro-1,1'-dioctyl-
benzimidacarbocyanine (C8S3), poly(diallyldimethyl-
ammonium chloride) (PDADMAC), and 3-mercapto-
propionic acid (MPA)-capped CdTe QDs are shown in
Figure 1a. When dissolved in a water/methanol mixture
(100:13 by volume), the dye C8S3 self-assembles into
double-walled tubular J-aggregates with an outer dia-
meter of 13 & 1 nm, an inner diameter of 6 &+ 1 nm, and
lengths up to several tens of micrometers.'”®~2° The
tubular aggregates exhibit the typical spectroscopic
features of J-aggregates, namely, a large red shift in the
absorption spectrum compared to the monomer ab-
sorption, due to strong excitonic coupling (Supporting
Information, Figure $1).2° Using the supramolecular
nanotubes as supporting scaffolds, an electrostatic
self-assembly strategy is proposed to fabricate structu-
rally well-defined colloidal nanohybrid systems
(Figure 1b). Since a C8S3 molecule possesses two hydro-
philic sulfonic groups oriented toward the nanotube's
wall surface, the surfaces of the tubular J-aggregates are
negatively charged. This negative surface potential
leads to an electrostatically driven adsorption of the
cationic polyelectrolyte PDADMAC, which covers the
outer surface of the nanotubes and thereby reverses
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Figure 2. Representative cryo-TEM images of (a) plain tubular
J-aggregate showing the typical diameter of 13.0 nm; (b)
nanotubular J-aggregate coated by PDADMAC layer, and
partially a second dye bilayer; and (c,d) J-aggregate/QD-535
nanohybrids formed by an electrostatic self-assembly method.
(c,d) Images taken from the same sample showing the
coexistence of different structural motifs (scale bar = 50 nm).

the surface potential (from negative to positive). Subse-
quently added MPA-capped QDs (negatively charged)
bind onto the polycation chains on the outer surface of
the tubular aggregates. Thereby, the PDADMAC layer
serves as molecular glue that binds the J-aggregate
and the QDs together. CdTe QDs of different sizes
were employed in order to obtain nanohybrid sys-
tems with different energy transfer pathways: the
energy transfer from the semiconductors to the
J-aggregates was achieved by using QDs with emis-
sion centered at 535 nm (QD-535) as donors, while
energy transfer from J-aggregates to semiconductors
was obtained by using QDs with emission centered at
655 nm (QD-655) as acceptors.

Cryo-transmission electron microscopy (cryo-TEM)
was employed to directly visualize J-aggregate/QD
nanohybrids as demonstrated in Figure 2. A plain tubular
J-aggregate without polycation coverage is represented
in Figure 2a, showing the typical outer diameter of
13.0 nm. After the addition of PDADMAC, the tubular
morphology of the C8S3 J-aggregate remains intact
and its diameter stays almost unchanged, except for an
increase of roughly 0.6 nm within the error of the
measurement. This is attributed to the coverage of
a thin positively charged PDADMAC layer, which is
not directly visible by cryo-TEM. Interestingly, parts
of the nanotubular J-aggregates exhibit walls, which
are thickened by approx. 3.8—4 nm (Figure 2b). The wall
thickness within these segments is a bit more than
twice as thick as the original J-aggregates, indicating
that those fragments contain of a second bilayer of the
dye. The coverage of the J-aggregates by PDADMAC
was proven by surface charge reversal of the
nanotubes.' Further evidence is the adsorption of
the negatively charged CdTe QDs, as shown in
Figure 2c. No adsorption of QDs could be observed
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when using plain J-aggregates that exhibit a negative
surface potential. As can be seen in Figure 2c, the
structural feature of the J-aggregates is mostly pre-
served after addition of CdTe QD-535, and the QDs are
only found at the surface of the nanotubes. These
nanohybrids can be micrometers long, similar to the
bare J-aggregates (Supporting Information, Figure S2).
Interestingly, the QDs preferentially bind onto the thin
part of the tubes and do not adsorb at the thickened
fragments (Figure 2d), which supports the assignment
of the thick fragments to a second bilayer of dye,
if only the thin part of the aggregate is covered by
polycations. In Figure 2d, some QDs are found to be
less strictly bound to the surface of the J-aggregates,
giving the nanotube a thorn-like appearance. Never-
theless, the majority of QDs are located within a
cylinder with a total diameter of 20.4 £+ 0.5 nm (as
depicted in Figure 2c). This means that the distance
between the center of the QDs and the dye molecules,
denoted as center-to-center distance r, must be less
than 4 nm. For QDs located at the “thorns”, the mean
distance exceeds 15 nm. However, from inspection of
many cryo-TEM images, we can state that the particles
within these thorn-like extrusions are the minority.

The adsorption of QD-665 leads to similar structures
(see Figure S5), opening the route to prepare nano-
hybrids that are applicable for different resonance
energy transfer experiments. Overall, the distances
are well-suited for effective Forster-type resonance
energy transfer (FRET) experiments. In contrast to
earlier FRET experiments on another dye—QD system
in blended films'® or layer-by-layer films,'® here we
have a very narrow distribution of distances. This helps
to evaluate energy transfer rates with much higher
precision.

FRET System Using QD-535 as Donors and J-aggregates as
Acceptors. First, we studied the excitonic energy trans-
fer from QD-535 as donors to C8S3 J-aggregates as
acceptors. For both components involved, the absorp-
tion and emission spectra are presented in Figure 3a.
The photoluminescence maximum of QDs is located
at 535 nm, which provides sufficient overlap with the
J-band absorption of J-aggregates at 550—600 nm.
The emission peak of the J-aggregates is centered at
600 nm and has negligible overlap with the QD-535
emission. To ensure efficient energy transfer, direct
excitation of the acceptor has to be minimized.
Although the absorbance of both species extends into
the blue and UV region of the spectrum, a minimum
excitation of J-aggregates relative to QD-535 excitation
was identified at a wavelength of 380 nm by compar-
ing the UV—vis spectra of the J-aggregate control
and J-aggregate/QD-535 (see Figure 3b inset, where
the logarithm of the spectra is plotted). In the
J-aggregate/QD-535 nanohybrids, the photolumines-
cence intensity at 535 nm is significantly quenched to
8% of that from pure QD-535 solution (Figure 3b).
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Figure 3. Optical spectra of J-aggregate/QD-535 nanohybrids to illustrate FRET from QD-535 to the J-aggregate. (a)
Absorption and emission spectra of C853 J-aggregate nanotubes (1., = 535 nm) and QD-535 (1., = 380 nm), normalized to
maximum value. (b) PL spectra of the J-aggregate/QD-535 nanohybrids, as well as QD-535 and J-aggregate controls (1ex =
380 nm), recorded at comparable respective concentrations and identical conditions. The inset shows the absorbance
spectrum of the nanohybrids (red solid line) and the J-aggregate control (blue dashed line) in semi-logarithmic scale. (c)
Time-resolved decay of PL emission at 535 + 10 nm in J-aggregate/QD-535 nanohybrids, as well as QD-535 and J-aggregate
controls, both curves normalized to maximum intensity. (d) Time-resolved decay of PL emission at 600 + 3 nm in
J-aggregate/QD-535 nanohybrids and J-aggregate control, normalized to maximum intensity.

Simultaneously, the photoluminescence (PL) of the
J-aggregates at 600 nm is increased by a factor of more
than 10.

The FRET was further confirmed by time-resolved
emission spectroscopy. The time-resolved PL of
J-aggregate/QD-535 nanohybrids was investigated
using a streak camera with femtosecond pulsed laser
excitation (for details, see the Supporting Information).
A detection wavelength of 535 + 10 nm was chosen
to study the dynamics of the QD-535 emission (see
Figure S4 for details). Figure 3c reveals the normalized
PL decay curves of QD-535 in solution and QD-535 in
J-aggregate/QD-535 nanohybrids. Without coupling to
J-aggregates, QD-535 shows a single-exponential PL
decay with a lifetime (zp) of 32.0 & 0.4 ns. In the hybrid
system, however, the PL decay of QD-535 does not
follow a single-exponential decay, any more but ex-
hibits two distinct decay modes: a very fast decay
(below 500 ps) down to approximately 30% of the
initial intensity and a slow decay which may be com-
posed of several exponential decays, starting with a
lifetime of 15.0 & 0.4 ns (indicated as straight line) and
extending to decay with the lifetime of the QD-535
control solution (32.0 ns). The slow decay was not fitted
because of the high noise level. Hence, the normalized
time-dependent intensity, ipa(t), can be described by a

QIAO ET AL.

double-exponential decay given by ipa(t) = e~ 7" + g™

with 7, = 0.1 ns, 7, = 15 ns, and a = 0.3. The emission
decay of a J-aggregate solution was also measured
under the same conditions (Figure 3c). The J-aggregate,
emission decay at this wavelength range is much faster,
namely on the order of a few tens of picoseconds.
Therefore, the PL of the acceptor (i.e., the J-aggregates
control) was recorded with better time resolution at
an emission wavelength of 600 + 3 nm, as shown in
Figure 3d for both the J-aggregate control and the
J-aggregate/QD-535 nanohybrids. The emission decay
of the J-aggregate control follows a multiexponential
decay, but in the time period below 400 ps (which
includes 99% of emission intensity), a double-exponential
decay fits very well. The only difference between the two
samples is a slight increase of the decay time of the
J-aggregate/QD-535 nanohybrids (z; = 29 + 0.2 ps,
7, =98 £ 1 ps, Ai/A; = 2.59) compared to J-aggregates
(t1 =27 £ 03 ps, 7, =83 & 3 ps, A/A;, = 34).

In order to interpret the data, we use Forster theory
of resonant excitation energy transfer."*%3' Therefore,
we assume that the optical properties of the two con-
stituents, the semiconducting QDs and the J-aggre-
gates, are solely described by their transition dipoles,
and dipole—dipole coupling is the primary mechanism
for excitonic energy transfer. The total rate of energy
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transfer k3 , is given by the sum over all rates from a
single donor to all accessible acceptors:

k(2) _ 1 2(r. Q. RE 1
D-A — EZ; K7 (ri, €2i) E (1)

Here, r; denotes the center-to-center distances
between donor and acceptors i, k(r, Q) is a factor
taking into account the mutual orientation of the
dipoles, and R is the Forster radius, calculated without
any orientation factor, or taking ¥* = 1. The Forster
radius is determined from the spectral overlap of the
QD-535 emission and the J-aggregates absorption to
be Rr = 4.7 nm (see Supporting Information for details).

In order to simplify the calculations, we assume that
the donor QDs are sitting on top of a planar layer of dye
molecules; that is, we neglect the curvature of the
cylindrical aggregate. This assumption is justified be-
cause the typical distance between a donor particle
and the surface of the J-aggregate is in the range of 3 to
4 nm, less than the radius of the tube (6.5 nm). Notable
energy transfer will be within a sphere of approxi-
mately 2Rr around the donor. Within this sphere, it is
acceptable to neglect the curvature of the cylinder.
Additionally, we neglect the double-layer structure of
the tubular dye aggregates and consider only the outer
layer of dyes. This is justified because the spectral
overlap between donor emission and the absorption
band of the outer layer (at about 590 nm)26:32
than with the absorption band of the inner layer (at
600 nm). The J-aggregate bands at a shorter wave-
length are less clearly understood; they probably be-
long to both walls and therefore are not considered
to be important.3? Additionally, the inner layer of the
J-aggregate nanotube is at a larger distance to the
donor, and the majority (about 60%) of dyes are
located at the outer wall.

Under these assumptions, the energy transfer rate is
described by the known formula for layered systems®®

4
K2, = (;—D) (%) ,withdd = oyRS/K? (2

is better

and the total transfer efficiency is given by

4
(2) dO

- W (3)

Here, o denotes the mean density of dye molecules
per area, and v is a new factor, taking into account the
mean mutual orientation of the dipoles. Assuming that
all acceptors are oriented in parallel within a plane and
that the donors are oriented randomly, one obtains
y = m/4."° The density o is evaluated from the typical
cross sectional area of one dye molecule to be about
1/0.6 nm 2. Using the Férster radius and other con-
stants as above, one obtains dy = 10.9 nm.

Itis notable that this assumption is even true for the
case of delocalized excitons. The extended excitons
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may be addressed by a center molecule, but every
molecule within the aggregate may serve as such a
center. Therefore, the “density” of excitons, which may
be excited from a single donor, is identical to the density
of molecules, independent of the size of the exciton.

The experimental value of the transfer efficiency is
obtained from steady-state and time-resolved fluores-
cence by

Ex,s =1-— (4)

/iDA(t)dt
Boe =1t 5)

respectively, where Ipa(t) and Ip(t) are the steady
fluorescence intensity of the donor with or without
acceptor, respectively, and ipa(t) and ip(t) are the
corresponding dynamic fluorescence intensities.

From the donor quenching, as shown in Figure 3b,
a steady-state transfer efficiency is evaluated to be
E.s = 0.92. Using the double-exponential decay in
Figure 3¢, the dynamic transfer efficiency is calculated
to be E,; = 1 — (77 + at,/1p) = 0.86. Both values are
quite close, showing that about 90% of the excitation
energy of the donors is transferred to acceptors.

Applying these results to eq 3 allows the calculation
of an expected mean distance between donor particles
and J-aggregate, which comes out to be 5.9 nm. This
distance is larger than the typical increase in the radius
of the J-aggregates demonstrated in Figure 2c.

In a reverse calculation, we measure the typical
distances between particles and the J-aggregate sur-
face from the cryo-TEM images (Figure 2c,d) and
evaluate the corresponding energy transfer efficien-
cies. In order to extract the mean center-to-center
distance between the transition dipoles of the particles
and the dyes of the outer layer of the J-aggregates, one
has to take into account the size of the particles
(2—3 nm in diameter) and the distance between the
outer J-aggregate surface and position of the chromo-
phores (i.e., the conjugated s-electron system, which is
typically 1 nm separated from the surface). If J-aggre-
gates are densely covered by particles, as shown in
Figure 2c, one obtains a typical distance of approxi-
mately 2.5 to 3.5 nm and the corresponding transfer
efficiency is from 98 to 99.7%. If aggregates are loosely
covered by particles, as shown for the thorn-like hybrid
structures in Figure 3d, distances are on the order of a
ten nanometers and one estimates efficiencies on the
order of 50%.

An inhomogeneous distribution of the donor par-
ticles on the J-aggregates may explain the mismatch
between the calculated transfer efficiency and the
observed total efficiency. The particles located close
to the J-aggregates as in Figure 2c do have energy
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transfer efficiencies close to 100%, and their emission is
totally quenched. The remaining emission of about 8%
recorded in the spectrum of Figure 3b results from
particles that are more loosely bound to the aggre-
gates and at larger distances, as in Figure 2d. Thus, one
expects that in a spatially resolved image, showing
only one J-aggregate, one would see the remaining
emission of donor QDs for the thorn-like J-aggregates
while the others become dark.

This interpretation is also in accordance with the
time-resolved data. The majority of QDs that are close
to J-aggregates (probably about 70%, as concluded
from the factor a of the double-exponential decay
curve) cause the fast PL decay, due to the fast time
constant of energy transfer. The latter is calculated
from the transfer rate at distance d, to be less than 3 ps,
far below the resolution limit of the streak camera used
in Figure 2c. About 30% of particles are believed to be
at larger distances with a PL decay time of about one-
half of their native lifetime. They become apparent
only when the intensity has significantly decreased by
the first fast decay. This explains the kink in the lifetime
measurement shown in Figure 3c.

FRET System Using J-Aggregate as Donor and QD-665 as
Acceptor. The size-dependent excitation energy of the
QDs (quantum confinement) allows the reversal of the
energy transfer pathway. Here now, QDs with lower
excitation energy (QD-665, Aom = 665 nm) were used to
study energy transfer from the J-aggregate to the QDs.
Such a system is particularly suited for photoconver-
sion because it utilizes the strong absorbance of the
J-aggregates to funnel light energy into the inorganic
particles. This can be considered as a prototype of an
artificial light-harvesting system and was realized using
similar methods as discussed above with larger QDs
(QD-665, dem = 665 NM) with an emission red-shifted
compared to that of J-aggregates. QD-665 serves here
as an acceptor, while the J-aggregate serves as a donor.
The morphology of the J-aggregates decorated with
QD-665 appears similar to the J-aggregate/QD-535
(see Figure S5, Supporting Information). This is reason-
able because the surface chemistry of QD-665 and
QD-535 is identical (with the same surface capping
ligands). Also, we do not expect significant differences
in the binding of the QDs to the J-aggregates, which is
mostly governed by electrostatic forces.

As shown in Figure 4a, the J-band emission of the
J-aggregate at 600 nm overlaps with the absorption
spectrum of QD-665 but not with the QD-665 emission.
The spectral overlap is of similar magnitude as it was in
the previous system (Figure 3a). However, it is impos-
sible to analyze the energy transfer in a “symmetric”
way as presented in the J-aggregate/QD-535 system.
This is due to the asymmetry of our FRET systems: First,
the concentration of particles is always much less than
the concentration of dyes. In the case of J-aggregate/
QD-535, the donors represent the minority group,
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while in the case of J-aggregate/QD-665, the ac-
ceptors are the minority group. Second, in the case
of J-aggregate/QD-535 nanohybrids, the particles
(donors) can be excited without exciting the dyes
(acceptor). In the case of J-aggregate/QD-665 nano-
hybrids, the excitation of the J-aggregate (donor) is
always accompanied by excitation of the particles
(acceptors). Due to these asymmetries, in both cases,
the signal of the minority partner has to be monitored
to analyze the FRET. Therefore, to investigate the FRET
from the J-aggregates to the QD-665, the emission of
the donor QDs is used to evaluate the energy transfer
efficiency.

The main evidence for FRET is the enhanced emis-
sion of the QD-665 particles when excited via the
J-band absorption. In Figure 4b, the absorption spectra
of the J-aggregate/QD-665 nanohybrid and a pure
QD-665 solution are shown. The absorbance of the
pure QD-665 solution was scaled to fit the correspond-
ing absorbance of the nanohybrid spectrum. The
absorbance of the hybrids at 589 nm is found to be
approximately 20 times higher than the absorbance
of the pure QDs. The maximum of the J-aggregate
absorption was chosen to excite the nanohybrid
photoluminescence as presented in Figure 4c. The PL
emission of the nanohybrids at 665 nm is enhanced by
a factor of approximately 10 compared to that of the
QD-665 control solution. The shape of the emission
spectrum remains unaltered.

More insight into the transfer mechanism is gained
from photoluminescence excitation (PLE) measure-
ments (Aem = 665 nm). In Figure 4d, the excitation
spectra of pure QD-665 solution and nanohybrids are
presented, with the latter showing excitation spectrum
similar to J-band absorption. At the wavelength
of 589 nm, the intensity is increased by a factor of 10,
consistent with the intensity enhancement of the
emission shown in Figure 4c. However, the shape of
the excitation spectrum is distorted compared to the
absorption of the J-aggregates. It is very much broa-
dened, and the narrow absorption peaks seem to be
smeared out. Additionally, the maximum is now at
600 nm, which corresponds to the absorption band
that is usually assigned to the inner wall of the double-
layer structure of the tubular J-aggregate.'” These
spectral changes may be either due to static disorder
of the aggregates in the vicinity of the acceptor
particles, or due to dynamic distortion of the spectrum
and the fast transfer time.

Irrespective of this spectral distortion, a more quan-
titative analysis of the PLE spectrum was used?
in order to extract the energy transfer efficiency.
Therefore, the effective absorption spectrum of the
QD-665 was evaluated from the PLE spectrum of the
J-aggregate/QD-665 nanohybrids. The effective ab-
sorption represents the spectral absorption that leads
to emission of the QD-665 at 665 nm and is expressed
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Figure 4. Optical characterizations of J-aggregate/QD-665 nanohybrids to explore the resonance energy transfer from the
J-aggregate to QD-665. (a) Absorption and emission spectra of C853 J-aggregates (1, = 500 nm) and QD-665 (1, = 600 nm),
normalized to maximum value. (b) Absorption spectra of J-aggregate/QD-665 nanohybrids (red) and QD-665 (purple). (c) PL
spectra of the J-aggregate/QD-665 nanohybrids, as well as of QD-665 and C8S3 J-aggregate controls. The excitation
wavelength was set to ., = 589 nm, which is the peak of J-band absorption. By subtracting the contribution of the
J-aggregate control, the sole emission spectrum of QD-665 in the hybrid system was obtained (purple dashed line). (d) PL
excitation (PLE) spectra of J-aggregate/QD-665 nanohybrids and QD-665, recorded at the emission of 665 nm.

as (A’ x E+ A?°), where A’ and A%® are the absorptions
of J-aggregates and QD-665, respectively, and E is
the energy transfer efficiency. In order to convert the
measured intensities into absorbance, the spectrum is
compared to the PLE spectrum of another substance
with known absorption spectrum. In this case, Nile Blue
was used (Figure S6, Supporting Information). From
the ratio between the effective absorption and the true
absorption of pure J-aggregate solution, corrected by
the absorbance of pure QD-665, the energy transfer
efficiency is obtained to be approximately 20%. This
is much less than the 92% efficiency of the reverse
process, where the QDs serve as donors. At this stage,
one may only speculate about the reason for this
striking asymmetry of the energy transfer efficiency.
One reason could be the inhomogeneities of the
sample, which might cause spectral contributions of
aggregates and particles that do not participate in
energy transfer but show up in the respective spectra.
Another reason may be the fact that in this situation
energy transfer preferentially occurs from the inner
wall of the double layer tubular J-aggregate. Even
when excited in the outer wall, the excitation energy
is transferred very fast (less than a picosecond)®*3*
to the inner wall. The energy transfer to the QD-665
then starts from the inner cylinder, which means the
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distance has increased and the efficiency is reduced.
A third reason may be related to the mobility
and extension of the Frenkel exciton within the
J-aggregate. The extended exciton is known to diffuse
(migrate) within the aggregate during its lifetime.”
Due to this diffusion process, the exciton may be con-
sidered as an entity that is smeared out by the typical
diffusion length during its lifetime. The mean distance
for energy transfer thus is enlarged by this smearing
effect. However, to our knowledge, there is yet no
concise theoretical description of this dynamical effect.

CONCLUSIONS

To conclude, quasi-1D colloidal nanohybrid struc-
tures comprising cyanine dye J-aggregates decorated
with semiconducting QDs were designed through an
electrostatic self-assembly method. Negatively charged
QDs with different emission wavelengths (i.e., 535 and
665 nm) were successfully assembled on the supramo-
lecular J-aggregate nanotubes using a polycation layer
of PDADMAC as molecular glue. This method leaves the
J-aggregates structurally unaffected and allows com-
bination with QDs of various size and optical proper-
ties. The structural organization of these nanohybrids
is unprecedented, and the concept of fabrication can
easily be extended to combine the J-aggregates with
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other inorganic materials given that they have a chem-
ical coating that provides negative surface charges.
Strong energy transfer from the QDs to the
J-aggregate and from the J-aggregate to the QDs could
be demonstrated, whereas the direction of energy
transfer is switched by the QDs size and hence optical
properties. A remarkable asymmetry of the transfer
efficiency was observed, as it was 92% for the case of
transfer from the QDs, while it achieved 20% in the case
of transfer to the QDs. Although at this stage we cannot
exclude trivial reasons for this effect (such as structural
inhomogeneity not seen by the local inspection of

EXPERIMENTAL SECTION

Preparation of Tubular J-Aggregates. J-aggregate nanotubes
were prepared in water/methanol solution following the so-
called “alcoholic route”."® Stock solution of C853 (2.92 mM) was
prepared by directly dissolving C853 powder (FEW Chemicals,
Germany) in methanol (=99.9% GC, Sigma-Aldrich). Then
130 uL of the C8S3 stock solution was added to 500 ulL of
ultrapure H,0 followed by thorough vortex spinning to ensure
complete mixing. An immediate color change of the solu-
tion (from orange to deep pink) was observed, indicating the
formation of tubular J-aggregates. The solution was stored in
the dark for 24 h before adding an additional 500 uL of ultrapure
H,O to stabilize the aggregation process, resulting in a final
concentration of 0.336 mM. Fresh J-aggregate solutions were
stored in the dark and used within 3 days after preparation.

Preparation of QD Solution. QD-535 (emission = 530 £ 5 nm)
and QD-665 (emission = 670 + 5 nm) were bought from
PlasmaChem GmbH (Germany) and used as received. The QD
solutions were prepared by dispersing MPA-capped CdTe QD
powders in ultrapure H,O with desired concentrations. The
samples were stored in a refrigerator and dispersed with an
ultrasonic instrument before use (4 °C).

Preparation of J-Aggregate/QD Nanohybrids via Electrostatic Self-
Assembly. In a typical process, 8 uL of PDADMAC (average M,,
100 000—200 000, Sigma-Aldrich) solution with 1 mM monomer
concentration was added to a 100 uL of C8S3 J-aggregate
solution. The solution was kept in the dark for 3 h before adding
20 uL of MPA-capped CdTe QD solution (0.5 mg/mL). The final
solution was stored for at least another 3 h to reach equilibrium
before characterization. The J-aggregate control samples are
made by addition of 8 uL of PDADMAC solution (1 mM mono-
mer concentration) and 20 uL of ultrapure H,O to 100 uL of C853
J-aggregate solution. The QD control samples are made by
addition of 20 uL of MPA-capped CdTe QDs solution (0.5 mg/mL)
to 108 uL of ultrapure H,0.

Cryogenic Transmission Electron Microscopy. Droplets of the solu-
tion (5 uL) were applied to carbon film (1 um hole diameter)
covered 200 mesh grids (R1/4 batch of Quantifoil Micro Tools
GmbH, Jena, Germany), which had been hydrophilized before
use by plasma processing. Supernatant fluid was removed by
Vitrobot Mark IV (FEI, linux operating system) until an ultrathin
layer of the sample solution was obtained that spanned the
holes of the carbon film. The samples were immediately vitrified
by propelling the grids into liquid ethane at its freezing point
(90 K) with a plunging device. Frozen samples were transferred
into the TEM (JEOL JEM2100, Germany) using a JEOL cryoholder
and transfer station. Microscopy was carried out at a 94 K
sample temperature using the microscope's low-dose protocol
at a calibrated primary magnification of 20000x and an accel-
erating voltage of 200 kV (LaB6-illumination). The defocus was
chosen to be 1.2 mm to create sufficient phase contrast for
imaging. Image analysis was performed with ImageJ software.

Absorption Spectroscopy. Absorption spectra of the solution
were taken with a double-beam UV—vis spectrometer (Shimadzu
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cryo-TEM), we consider it as an interesting effect that
should be investigated further, probably on isolated
single aggregates using local spectroscopy methods.
The very strong coupling between the inorganic semi-
conductors and the tubular J-aggregates is promising
for the search for coherent coupling effects, which are
expected for such systems within the strong coupling
regime.’ Due to the well-defined structural composi-
tion, a detailed insight into the photophysical proper-
ties of such organic—inorganic hybrid systems can be
obtained, which will be helpful for the understanding
of hybrid inorganic—organic systems in general.

UV-2101PC, revision 2.2) in a 0.2, 1.0, or 10.0 mm quartz cell (Hellma
GmbH, Germany).

Fluorescence Spectroscopy. Fluorescence spectra were taken on
a fluorescence spectrometer (JASCO FP 6500) in quartz cells
(Hellma GmbH, Germany) with the path length of 0.2, 1.0, or
10.0 mm. The fluorometer came with a built-in light source
(Xe lamp UXL-159, 150 W) and two grating monochromators
with variable slit width and detector.

Time-Resolved Fluorescence Spectroscopy. Transient photolumi-
nescence spectroscopy was carried out using a femtosecond
laser (Tsunami, Spectra Physics) and a streak camera (CS5680,
Hamamatsu) connected to a 30 cm spectrograph. The laser was
frequency-doubled for excitation at 380 nm. To avoid accumu-
lation effects in the measurement of the QDs, a pulse picker was
used to reduce the pulse repetition rate to 370 kHz. The full
repetition rate of 80 MHz was applied for the measurements of
the J-aggregates with the streak camera in Synchroscan mode
to obtain the required temporal resolution on the order of 10 ps.
In all cases, the pump fluence was kept below 5 W/cm? in order
to avoid the excitation of multiple excitons in the sample.
In addition, the sample was continuously moved during data
acquisition to prevent photodamage to the J-aggregate. Special
care was taken to protect the samples from any room light
during handling and during the measurement.

The photoluminescence decay curves were extracted from
the streak images by integrating the intensity over a wave-
length interval of 525 to 545 nm for the QDs and of 597 to
603 nm for the J-aggregates. For the QDs, good least-squares
fits could be obtained using a single-exponential function.
Fitting of the J-aggregate transients required an exponential
function with two decay constants.
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