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ABSTRACT: Brightly fluorescent solid-state materials are highly desirable
for bioimaging, optoelectronic applications, and energy harvesting. However,
the close contact between π-systems most often leads to quenching. Recently,
we developed small-molecule ionic isolation lattices (SMILES) that efficiently
isolate fluorophores while ensuring very high densities of the dyes.
Nevertheless, efficient Förster resonance energy transfer (FRET) energy
migration in such dense systems is inevitable. While attractive for energy
harvesting applications, FRET also significantly compromises quantum yields
of fluorescent solids by funneling the excitation energy to dark trap states.
Here, we investigate the underlying property of FRET and exploit it to our
favor by intentionally introducing fluorescent dopants into SMILES materials,
acting as FRET acceptors with favorable photophysical properties. This doping is shown to outcompete energy migration to dark
trap states while also ruling out reabsorption effects in dense SMILES materials, resulting in universal fluorescent solid-state materials
(thin films, powders, and crystals) with superior properties. These include emission quantum yields reaching as high as 50−65%,
programmable fluorescence lifetimes with mono-exponential decay, and independent selection of absorption and emission maxima.
The volume normalized brightness of these FRET-based SMILES now reach values up to 32,200 M−1 cm−1 nm−3 and can deliver
freely tunable spectroscopic properties for the fabrication of super-bright advanced optical materials. It is found that SMILES
prohibit PET quenching between donor and acceptor dyes that is observed for non-SMILES mixtures of the same dyes. This allows a
very broad selection of donor and acceptor dyes for use in FRET SMILES.

■ INTRODUCTION
Optoelectronic materials based on organic molecular solids are
highly attractive for a range of emerging technologies1−4

because organic synthesis provides vast opportunities for
engineering specific properties into the molecular units.5−9

However, key properties of the molecules are often lost, and
new uncontrollable features emerge at the materials level.10−13

Strong exciton coupling between transition dipoles of the
molecular units in close proximity is responsible for these
altered properties in the solid state, leading to unpredictable
charge transport and emissive properties.
For OLEDs and organic photovoltaic materials, close orbital

contact and molecular coupling are needed to ensure efficient
charge transport, and large efforts are invested in trial and error
structure optimization.12,14−17 However, for emission-focused
applications like solar concentrators,18,19 laser gain media,20

sensors and imaging labels21−25 that do not require charge
conduction, electronic decoupling is highly desirable. Efficient
schemes for electronic decoupling of molecular dyes/
chromophores in solids would enable their attractive photo-
physical properties, which have been optimized in the solution
state over the last century of chemical research, to be
transferred to dense solids for designing advanced optical
materials.

Multiple methods to at least partially decouple fluorophores
and reinstate solution-like properties in the solid state were
developed over the years. The most straightforward approach
is covalent modification with bulky side groups keeping the
molecular π-systems apart. This method has been extensively
used for both small molecules and polymers.7,25−27 Some
privileged chromophore motifs are, for various reasons, often
emissive in the solid state.6,12 Among these, much attention
has been given to the so-called AIEgens28,29 that typically are
flexible chromophores with large internal relaxation and
relatively weak optical transitions. Consequently, electronic
coupling in solid AIE materials is limited. Most of the other
methods to reinstate emission in the solid state rely on
polymers, metal−organic frameworks, or nanoporous solids
that act as matrixes to “dilute” fluorophores, ensuring adequate
spacing and electronic decoupling.24,30−35 Using these
methods, quantum yields of the fluorophores embedded in
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solid matrixes can reach as high as the ones observed in dilute
solid solutions; however, it comes at the price of relatively low
dye density and thus low volume-normalized brightness and/or
with severe restrictions on the size/shape of the guest dye.
The ability to maximize emission brightness while keeping

the density of the fluorophores as high as possible is a
fundamental issue that calls for a general method to arrange
fluorophores in a predictable manner. Strong Coulombic
interactions between anions and cations act as a fundamental
and strong organizing principle in salts, and replacement of
small counteranions of cationic fluorophores with larger ones
has emerged as a simple and efficient non-covalent approach to
reduce dye−dye contact and lower electronic coupling.36−38

Using this strategy, Reisch and Klymchenko have been able to
increase the dye loading in polymers and reach high dye
densities and brightness, though still at the price of reduced
quantum yields.24,39−41

Anion-binding receptors offer a supramolecular approach to
modify the size, shape, and properties of anions and thus
packing of molecular salts.42,43 Taking this direction, we
recently introduced a new and simple method to produce
bright fluorescent solid-state materials from conventional
organic dyes. Simply adding the anion-binding macrocycle
cyanostar (CS)44 to cationic fluorophores induced predictable
packing of the dyes into small-molecule ionic isolation lattices
(SMILES, Figure 1A), where cationic fluorophores (green) are
efficiently isolated from each other by the large disc-shaped
anion complexes formed between anions (orange) and 2 equiv
of CS (gray, Figure 1B), as sketched in Figure 1.45,46 The
SMILES concept has been demonstrated for a range of
prevalent dye classes in both thin films and crystals,45 as well as
in nanoparticles,47,48 yielding both very high brightness and

high dye density in the solids (up to ∼0.5 M, or one dye per
3.5 nm3).
We found significant improvement of photophysical proper-

ties upon the co-crystallization of various cationic dyes (Figure
1C) with CS, making SMILES crystals and nanoparticles
among the brightest fluorescent molecular materials reported,
with volume normalized brightness Bv = 7000 M−1 cm−1 nm−3

(see Section S1 for details on volume-normalized bright-
ness).45 Yet, the perfectly predictable translation of all of the
molecular chromophore’s optical properties from solution to
dense solids remains unfulfilled. Despite the reinstated spectral
shapes and significantly higher quantum yields (up to 30%),
SMILES materials are still partially quenched. This outcome is
evidenced by fluorescence quantum yields that are at least a
few times lower than those observed in dichloromethane
(DCM) solutions (compare yellow bars to dark green bars in
Figure 1E). We have in the past tentatively assigned these
losses in potential performance to two effects: On the
mesoscale, energy migration by Förster resonance energy
transfer (FRET) between weakly coupled dyes in SMILES
(Figure 1D) enables excitons to migrate to dark trap states. On
the macroscale, the high optical density of solids causes
reabsorption and lowering of the emission yield.
In this work, we first investigate and analyze the effects of

FRET energy migration to quenching sites and of reabsorption
in SMILES materials, then show how these unwanted, yet
fundamental and general, effects in dense molecular materials
can be bypassed by introduction of dopant dyes into SMILES
to act as emission sites.12,49,50 Application of this knowledge
leads us to fabricate a new type of molecular material: FRET
SMILES, with fully predictable photophysical properties and
highly increased fluorescence quantum yields that are now

Figure 1. (A) Schematic representation of the molecular packing structure in SMILES materials. (B) Structure of the CS receptor. (C) Structure of
the investigated cationic dyes. (D) Schematic of the electronic coupling strength (red line) and typical FRETefficiency (orange line) as a function
of the distance between fluorophores and their corresponding concentration. (E) Fluorescence quantum yields of various fluorophores in DCM,
solid-state (non-SMILES), as SMILES crystals, and their improvement upon FRET doping of SMILES reported in this work.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c08540
J. Am. Chem. Soc. 2022, 144, 19981−19989

19982

https://pubs.acs.org/doi/10.1021/jacs.2c08540?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08540?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08540?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08540?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


comparable to those found in the dilute solutions (compare
light green bars to dark green bars in Figure 1E).

■ RESULTS AND DISCUSSION
General Concept. To fully understand and further

improve SMILES materials, we first set out to investigate the
reason for fluorescence quantum yields being lower than those
in solution. Based on a few key observations, we hypothesized
that the reduced quantum yields originate from two effects: (1)
reabsorption of emitted light due to the high optical density of
crystals and (2) energy migration to dark trap states.
Reabsorption (inner filter effects) in molecular crystals is a
known issue51,52 and is also clearly manifested for SMILES
materials. We see larger crystals emitting more red-shifted
fluorescence and spectra approaching the solution spectra only
when they are either collected selectively from the surface
using confocal microscopy (Figure S2) or when crystals were
ground to smaller sizes (Figures S3A−G and S4).45 As
expected, this effect is clearly correlated with the optical
density of the solids (Figure S3H−J), which mainly relies on
material dimensions and molar absorption coefficients since
the packing density in SMILES is quite similar for all the dyes
(∼3.5 nm3 per fluorophore).45

Energy migration is expected to be quite efficient in SMILES
(and all other materials with such high densities of strong-
absorbing dyes). Therein, the distance between dyes (≈15 Å)
is considerably shorter than the Förster distance for homo-
transfer (R0 ≈ 50 Å) of dyes with strong absorption and a small
Stokes shift (Figure 1D and Table S1). Thus, even with strong
electronic coupling prohibited, SMILES have the potential to
be considerably affected by impurities, defects in the crystal, or
other energetically lower-lying traps states, Figure 2A.12,53 By
acting as quenchers for many dye units in their vicinity, such

traps will affect the observed quantum yields and fluorescence
lifetimes. The most obvious manifestation of this effect is the
non-mono-exponential fluorescence decays observed for both
crystals and nanoparticles, resulting from the inhomogeneous
spatial distribution of traps.45,47 Increasing the distance
between dyes far beyond the Förster distance should prohibit
this mode of quenching, as known from highly diluted dyes in
polymer particles, MOFs, and so forth.47,54 By diluting the
fluorescent dyes into crystals composed primarily of inert,
transparent tetrabutylammonium cations (TBA) and CS-
hexafluorophosphate anion complexes (CS2PF6−), the excitons
become locked on a single dye site (Figure 2B). By comparing
these diluted systems to dense SMILES, we can observe the
impact of reabsorption and trap states. These dilute SMILES
materials also retain the local environment of dense SMILES
materials. Therefore, this local similarity allows us to verify that
the CS−anion complexes, do not have a negative impact on
the photophysical properties of dyes.

Probing the Intrinsic Photophysical Properties of
Dyes in SMILES. By decreasing the loading of fluorescent
dyes in the TBA·CS2PF6 crystals to less than 1% (dye-to-TBA
mol %), emission becomes less red-shifted in contrast to
conventional SMILES crystals (Figure 2C−K), due to the
much lower optical density and thus negligible reabsorption.
Using this “lattice dilution” approach, non-quenched, mono-
exponential fluorescence lifetimes were resolved for all five
fluorophores tested (Figures 2I−K and S5), confirming that
energy migration is indeed responsible for the relatively short
and non-mono-exponential lifetimes as well as reduced
quantum yields seen in parent SMILES materials. Figure 2I−
K compares the excitation and emission spectra of cyanine
(DiOC2), rhodamine 3B (Rh3B), and oxazine in different
environments. Remaining graphs representing diazaoxatriangu-

Figure 2. Energy migration pathways in densely packed fluorescent SMILES crystals. (A) State diagram representing energy migration pathways in
the SMILES crystal. (B) State diagram representing diluted systems where low fractions of fluorophores (<1 mol %) are imbedded in TBA·CS2PF6
crystals. (C,E,G) Fluorescence micrographs (ex. 475 nm, em.: 510 nm LP, scale bar�100 μm) of SMILES crystals containing specified dyes.
(D,F,H) Fluorescence micrographs (ex. 475 nm, em.: 510 nm LP, scale bar�20 μm) of corresponding diluted SMILES crystals comprising 99.95%
of TBA·CS2PF6 and 0.05% of fluorophore·CS2PF6. (I−K) Excitation and emission spectra and fluorescence decays of specified fluorophores in
different solvents and finely grinded solids (according to the color of traces).
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lenium (DAOTA) and styryl dye LDS751 are shown in Figure
S5. Once SMILES crystals are ground to particles small enough
to minimize the reabsorption effect (around 2 μm), they show
spectra almost identical to the dye in solution and diluted in
TBA·CS2PF6 crystals. For each dye, two different solvents were
included in the comparison, in order to indicate the degree of
solvatochromism displayed by each dye, which reflect their
susceptibility to the local dielectric environment. The optical
density of the TBA-diluted samples was too low to obtain
reliable quantum yields. Yet, from the observed mono-
exponential fluorescence lifetimes and the radiative lifetimes
measured for solution, we can estimate these values (Table
S2). In the case of cyanine (Figure 2I), the estimated quantum
yield (Φ = 0.49) in the TBA·CS2PF6 crystal exceeds the
quantum yield in DCM (Φ = 0.06), indicating restricted
rotational freedom of this flexible fluorophore in the solid state,
which was further confirmed by comparison to the dye diluted
in a solid polystyrene thin film (Φ = 0.44). Also, Rh3B
increases its quantum yield from 0.7 in solution to 0.9 in the
TBA·CS2PF6 crystal, hinting toward a decreased non-radiative
decay rate in the solid state. Oxazine is a particularly
interesting example. Its quantum yield in the neat SMILES
crystal was quite low (Φ = 0.02) and only moderately
increased relative to the dye-only crystal (Figures 1E and 2K).
However, a dramatic improvement in its quantum yield (Φ =
0.85), also exceeding that of solution (Φ = 0.71), can be seen
once oxazine is diluted in the TBA·CS2PF6 crystal. These
observations highlight the fact that the non-ideal quantum
yields of neat SMILES crystals are not due to interactions with
the CS−anion complexes constituting the isolation lattice but
rather a consequence of the relatively high exciton mobility
(Table S1) and the presence of chemical impurities55 or other
trap states.
To demonstrate that observed properties are not limited to

slowly grown single crystals and are reproducible in other
solid-state materials, we also prepared all five dyes as micro-
crystalline powders of TBA-diluted SMILES by fast precip-
itation in heptane and as spin-cast thin films. Each of them
showed very similar results (Figure S6). These experiments
confirm that the remaining quenching in SMILES materials
originates from exciton migration to trap states and,
importantly, that the CS-anion complex lattice of SMILES
allow perfect reproduction of spectral properties, fluorescence
lifetimes, and quantum yields intrinsic to molecular dyes.
To reach the full potential of SMILES materials, either trap

states have to be removed or exciton migration to traps have to
be prohibited without dilution. Increasing the purity and
quality of the crystal is always desirable. However, as the
energy migration in dense molecular materials easily involves
hundreds or even thousands of dye units, higher purity and
crystal quality are unlikely to be a general solution, in particular
when preparing nanoparticles or thin films with large surface
areas or many domain boundaries (interfaces) and correspond-
ingly more defects.12 To obtain the highest possible brightness
per volume, a different approach is necessary: one that allows
high quantum yields and control of excited-state lifetimes in
materials with high-dye densities, efficient energy migration,
and the ubiquitous presence of trap/defect sites.
Doping as a Universal Solution to the Brightness

Problem in Solid-State Emitters. A key feature of SMILES
crystals is the very similar packing of different cationic dyes,
always alternatingly stacked with the CS−anion complexes, as
sketched in Figure 1A.45,46 This persistent packing motif

suggests that different dyes may mix together in SMILES. If
possible, doping of a SMILES system with a more red-shifted
dye acting as a FRET acceptor should allow fast and efficient
energy transfer to the dopant dye (Figure 3A). With the
optimal degree of doping, it should be possible to outcompete
migration to traps and lock the exciton on the dopant.
Consequently, the excited state will decay with fluorescence
spectra, and lifetimes determined by the intrinsic properties of

Figure 3. (A) State diagram representing FRET-based SMILES
crystals. (B) Fluorescence micrographs (ex 475 nm, em. 510 nm LP,
scale bar�100 μm) of cyanine (DiOC2) and DAOTA-based
SMILES crystals at varying DiOC2/DAOTA ratios. (C) Fluorescence
excitation and decay-associated emission spectra as a function of
DAOTA doping (ground crystals from panel B). (D) Changes in the
quantum yield of as a function of DAOTA doping. (E) Energy-
transfer efficiency in DiOC2-DAOTA FRET SMILES crystals as a
function of DAOTA doping.
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the dopant, as observed in the diluted TBA·CS2PF6 system and
in dilute solutions. The red-shifted emission of the dopant
relative to the main absorber (donor dye), in this FRET
SMILES system should at the same time solve the problem of
reabsorption.
To explore this FRET-based doping strategy for improving

and tailoring the performance of SMILES, we first grew
SMILES crystals of the cyanine dye (DiOC2) in the presence
of increasing amounts of the DAOTA fluorophore. Figure 3B
shows fluorescence micrographs of DiOC2 SMILES crystals
with increasing doping of DAOTA. The dominance of the
yellow DAOTA emission is already clearly seen at 1% doping.
A more quantitative measure is obtained from the excitation
and emission spectra of the ground crystals (Figure 3C).
Excitation spectra are practically invariant upon doping and
resemble those of DiOC2, emphasizing that it is by far the
dominating absorber, both due to its excess and almost 10-fold
higher molar absorption coefficient (Table S1).
Decay-associated fluorescence spectra (Figure 3C) show, as

expected, that emission from the neat (100%) DiOC2 SMILES
crystals are non-mono-exponential and requires at least two
decay components (0.5 and 2 ns) to be fitted. For the doped
systems, the decay-associated emission spectra allow deconvo-
lution of the donor and acceptor emission bands. Importantly,
up to 6% doping, the DAOTA acceptor shows mono-
exponential decay with ≈20 ns fluorescence lifetime and an
emission peak around 578 nm, in very good agreement with its
solution properties56 and when diluted in TBA·CS2PF6
SMILES crystals (Figure S5A,B,E and Table S2). However,
at 12% DAOTA doping, the DAOTA decay becomes non-
mono-exponential, indicating that now excitons are not fully
locked on isolated DAOTA sites but can migrate in-between
DAOTA sites and thereby reach trap states. This interpretation
is also reflected in the emission quantum yields that peak at
doping levels of 4−6 mol % (Figure 3D) with Φ = 0.58. The
relative FRET efficiency, calculated as the ratio between the
donor and acceptor emissions, clearly indicate efficient energy
transfer to the DAOTA acceptor at relatively low concen-
trations, reaching >90% already at ∼4% DAOTA loading
(Figure 3E). We determined the actual doping degree by
dissolving individual crystals and measuring their absorption
spectra. This procedure revealed that the incorporation of the
dopant varies from crystal to crystal.
To avoid inter-crystal variability and to obtain more

reproducible embodiments of FRET SMILES materials, we
also prepared micro-crystalline powders and spin-cast thin
films by fast quantitative precipitation/evaporation of
precursor (DCM) solutions (see Experimental Section,
Supporting Information for more details). These samples
display high homogeneity and reproducibility. Photophysical
properties measured as a function of doping levels (Figures S7)
are very similar to the larger crystals, though with more
efficient FRET transfer, reaching 100% already at ∼1 mol %
DAOTA, and with slightly lower maximum quantum yields for
spin-coated films (Φ = 0.52). We interpret these differences as
resulting from more homogeneous distribution of the dopant
in the fast precipitated systems compared to slowly grown
crystals. However, the quantum yield does not increase to the
same degree as a result of the higher density of trap sites/
defects, in particular, in thin films.12,45 For the micro-
crystalline powders, X-ray diffraction indicates that the packing
in neat DiOC2 SMILES powders is similar to that reported for
single crystals with alternating stacking of cations and anion

complexes (Figure S8).45 Furthermore, we found that this
lattice is unaffected by introduction of DAOTA at the low
doping levels (≤5 mol %) in the FRET SMILES powders
(Figure S9) that display optimal optical properties.
The universality of FRET SMILES was explored by

preparation of systems with Rh3B as the acceptor (dopant)
for DiOC2 and with Rh3B as the donor lattice accommodating
oxazine as the red-shifted dopant and emitter. Figures 4 and
S10 show the properties of the micro-crystalline embodiments
of these systems, while data for thin films and slowly grown
larger crystals are given in Figures S11 and S12. Overall, these
systems perform very similarly to the DAOTA-doped DiOC2
system for all three sample types, displaying highly improved

Figure 4. FRET SMILES micro-crystals. (A,E) Fluorescence
micrographs (ex 475 nm, em. 510 nm LP, scale bar�3 μm) of
cyanine; DiOC2 (A) and Rh3B (E) SMILES micro-crystals at varying
donor/acceptor ratios. (B,F) Fluorescence excitation and emission
spectrum of indicated FRET SMILES micro-crystals. (C,G) Changes
in the quantum yield of DiOC2-Rh3B (C) and Rh3B-oxazine (G)
SMILES microcrystals as a function of increasing fraction of an
acceptor (Rh3B or oxazine, respectively). (D,H) Changes in energy-
transfer efficiency in DiOC2-Rh3B (D) and Rh3B-oxazine (H)
SMILES micro-crystals as a function of increasing fraction of an
acceptor (Rh3B or oxazine, respectively).
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fluorescence quantum yields and lifetimes, confirming the
robustness of the approach for various dyes and various dye
combinations.
Programmable Lifetimes in FRET SMILES. The

emission spectra of Rh3B and DAOTA are very similar
(λfl.≈580 nm) as are the spectral properties of the two FRET
SMILES materials with these two dyes as acceptors and
DiOC2 as the donor (compare, for example, Figures 3C and
4B). However, their emission lifetimes are very different: τ =
3.5 ns for DiOC2-Rh3B and τ = 19 ns for DOIC2-DAOTA,
exemplifying how FRET SMILES enable straightforward
emission lifetime design of solid materials, directly from well-
known solution-state molecular properties.
FRET SMILES Outperform FRET Doping in Non-

SMILES Materials. Doping of organic emissive materials
with red-shifted dyes for tuning of the emission color has been
reported for many polymer and small-molecule materials,
including OLEDs and nanoparticles, and has in several cases
also been reported to improve the overall emission yield.50,57,58

However, in several cases, it is also noticed that not all dye
combinations are successful.49,59,60

To further elucidate the properties of SMILES and doped
FRET SMILES materials, we turned to studying the doping of
the corresponding non-SMILES materials. Microcrystalline
powders of neat dyes doped with variable fractions of red-
shifted dyes were prepared in the same manner as the doped
SMILES powders described above, and their emission
properties were studied. The neat cyanine dye (DiOC2·PF6)
powder show a red-shifted and dimmed emission compared to
the fluorophore in solution and in SMILES materials (Figure
S13). Doping with increasing amounts of Rh3B did not
improve the brightness. On the contrary, emission quantum
yields dropped further from 0.5% to <0.2% with increasing
amount of Rh3B doping (bottom, Figure 5), compared to the
corresponding FRET SMILES microcrystalline powders, which
increase from 18 to 54% (top, Figure 5). Doping of DiOC2

with DAOTA and doping of Rh3B with oxazine also failed to
improve the low quantum yields of the non-SMILES powders
(Figure S14). Doping of DiOC2 with Rh3B or DAOTA clearly
leads to emission from the dopants (Figures S15 and S16) and
quenching of the cyanine, showing that energy transfer indeed
does occur. In the case of Rh3B doped with oxazine, however,
it seems that energy transfer is much less efficient. This
outcome is likely due to the large red shift of the Rh3B
emission in the aggregated state, which makes oxazine
inefficient as the FRET acceptor. The very low emission yields
(<0.3%) of non-SMILES DiOC2 doped with Rh3B and
DAOTA suggest that the dopants are quenched by the cyanine
matrix. A likely mechanism for this quenching is photoinduced
electron transfer (PET). The relative HOMO energies for
DiOC2, Rh3B, and DAOTA (Figure S17) support that
reductive PET from DiOC2 to excited Rh3B and DAOTA
dopants will be favorable. Such failure of doped emitter
materials due to PET quenching has been reported for other
materials.60

These results highlight that doping is not a general solution
to solid-state self-quenching in non-SMILES materials.
Furthermore, they show that the structural isolation of dyes
between the CS−anion complexes in SMILES materials
prohibits otherwise favorable PET quenching (as illustrated
in Figure 6). This allows a broad range of donor dyes and

dopants to be combined in SMILES materials to tailor spectral
and photophysical properties without severe limitations
imposed by PET quenching. This makes dye doping a much
more general solution when combined with the SMILES
concept.

Very Weak Electronic Coupling and Efficient FRET
Are Properties of SMILES. The results from doping of both
SMILES and non-SMILES materials emphasize important
properties of SMILES. (1) In agreement with the model of
electronic coupling shown in Figure 1D, strong electronic
coupling is efficiently prohibited in SMILES. This is witnessed
by the small spectral shifts that fully can be explained by
variations in the dielectric environment (see, for example,
Figure 2I−K),12 as well as the insignificant changes in radiative
lifetimes from the dilute solution to neat SMILES materials
(Table S2). (2) SMILES support very weak coupling, though
still efficient FRET-based energy transfer. Thus, excitations are
localized on single dyes but will jump between dye sites by
Förster-type energy transfer. With interdye spacing of 15−20
Å, comparable to the size of the chromophores, the point
dipole approximation of the Förster equation is probably

Figure 5. Quantum yield of neat (non-SMILES) DiOC2 micro-
crystalline powders doped with Rh3B (black points, lower panel). For
comparison, the quantum yield of SMILES microcrystalline powders
of DiOC2 doped with Rh3B (red points, upper panel) is also given.

Figure 6. Schematic model with a molecular orbital diagram for
doped SMILES with the acceptor DAOTA in its S1 state. Reductive
PET from the DiOC2 donor does not take place across the CS−anion
complex [CS2PF6]‑, even though PET is energetically favorable
according to the relative HOMO energies.
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insufficient for quantitative predictions of FRET rates, yet they
are still expected to scale with the spectral overlap intergrals.34

We notice that relative high fractions of dopants 1−5% are
required to achieve efficient FRET transfer to the dopants
(Figures 3E, 4D,H, S7, and S10−S12). This need for higher-
dopant levels reflects a moderate transfer rate and exciton
diffusion length within the SMILES donor lattice even
compared to systems with isolation of dyes in other guest
matrixes, where efficient transfer has been reported to occur at
much lower doping levels.34,50,60 This interpretation further
emphasizes the structural and electronic isolation of dyes in
SMILES that only allow very weak coupling and consequently
exciton transfer that occurs by FRET.
Super-bright FRET SMILES. The significant improvement

in optical properties of FRET SMILES with low acceptor
concentrations over single-fluorophore SMILES can best be
seen in terms of brightness per volume values (BV) and
quantum yields summarized in Tables 1 and S3. While the
quantum yield of neat DAOTA SMILES crystals was
previously reported to be ∼25%, FRET SMILES crystals
doped with DAOTA reach a quantum yield of ∼60% (Figure
3D). The effect is even more dramatic for thin films, where
neat SMILES films were found to give quantum yields of only a
few percent45 (Table S3), due to the higher defect density.
With doping, however, quantum yields increase to Φ = 52%,
making super-bright thin films readily available by the FRET
SMILES approach. Taking into account the high packing
density in the SMILES crystals (volume per dye being typically
below 4 nm3, Table S3), the high molar absorption coefficients
of the donor dyes (Table S2) and quantum yields now
reaching 60−65%, the volume-normalized brightness of such
FRET SMILES materials reaches as high as BV = 32,200 M−1

cm−1 nm−3. The doping of SMILES materials improves the
brightness even relative to the best single-dye SMILES (e.g.,
Rh3B) by a factor of 3, while weaker absorbers (e.g., DAOTA)
and more quenched dyes (e.g., oxazine) are improved by more
than 1 order of magnitude.
Impressively, the brightness of FRET SMILES materials is

now approaching the hypothetical value expected for non-
quenched and undiluted dye solids (Table 1). In the case of
DiOC2-DAOTA FRET SMILES, the observed BV even
exceeds this hypothetical value as a result of the highly
increased absorption inherited from the DiOC2 donor. This is
even true for the defect-prone thin films. These brightness
values clearly exceed those obtained by other general methods
for bright-dye-based materials like AIEs, conjugated polymer
nanoparticles, and dye-FRET pairs in polymer particles as
well.41,61,62

■ CONCLUSIONS
We have created a universal concept for super-bright, organic,
solid-state emitters by doping SMILES with FRET acceptors.
Reproduction of solution-like spectra, emission lifetimes, and
quantum yields from cationic dyes embedded in the TBA·
CS2PF6 crystal shows that the CS−anion complexes forming
SMILES have no negative impact on fluorophore photophysics
and that the non-optimal photophysical properties result solely
from macroscopic effects (self-absorption/inner filter effects)
and mesoscopic effects (exciton migration to trap sites). Both
of these effects can be eliminated using the FRET SMILES
approach. Exploiting the intrinsically fast energy transfer
between the fluorophores in SMILES materials, mobile
excitons can be funneled to and locked on the introduced
dopants, increasing the material brightness to unprecedentedly
high values. The doping strategy significantly widens the scope
of SMILES, making the materials robust to chemical and
structural defects, as exemplified by the large improvements in
the brightness and quantum yields of oxazine emitters and thin
films in general. Furthermore, the suppression of PET
quenching in SMILES allows independent selection of the
absorber (donor) dye and emitter (acceptor), which in turn
eliminates the self-absorption problem and allows very high
tunability of spectral properties and emission lifetimes.
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Table 1. Maximum Brightness per Volume of Various SMILES-Based Solid-State Materials, Calculated Using an Average
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maximum brightness per volume (BV), M−1 cm−1 nm−3

neat SMILES FRET SMILES

hypothetical maximum BV in solid statea crystals powders films crystals powders films

cyanine (DiOC2) 95,000 11,800 8100 5300
DAOTA 20,000 1500 1900 1800 27,500b 30,300b 24,600b

rhodamine 3B 105,000 9700 7800 5500 32,200c 25,500c 22,700c

oxazine 90,000 600 600 700 19,400d 13,500d 12,400d

aCalculated from photophysical properties in dilute (solid) solution and assuming close packing of neat dye molecules. bDiOC2-DAOTA FRET
SMILES system, with 6% DAOTA doping for crystals and 5% DAOTA doping for powders and films. cDiOC2-Rh3B FRET SMILES system, with
8% Rh3B doping for crystals, 4% for powders, and 7% for films. dRh3B-oxazine FRET SMILES system, with 5% oxazine doping for crystals, 8% for
powders, and 8% for films.
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■ ABBREVIATIONS
AIE aggregation-induced emission
CS cyanostar (pentacyanopentabenzo[25]annulene)
DAOTA diazaoxatriangulenium
DCM dichloromethane
DiOC2 3,3′-diethyloxacarbocyanine
ET energy transfer
FRET Förster resonance energy transfer
LDS751 2-[(1E,3E)-4-[4-(dimethylamino)phenyl]buta-1,3-

dienyl]-1-ethyl-N,N-dimethylquinolin-1-ium-6-
amine perchlorate

LP long-pass filter
MOF metal−organic framework
OLED organic light-emitting diode
PET photoinduced electron transfer
Q.Y. quantum yield
Rh3B rhodamine 3B
SMILES small-molecule ionic isolation lattices
TBA tetrabutylammonium cations
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