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ABSTRACT: Fluorescent nanoparticles based on organic dyes are
promising materials for bioimaging applications. Recently, ultra-
bright fluorescent nanoparticles with orange emission were
obtained by hierarchical coassembly of a cationic rhodamine dye
with cyanostar anion-receptor to produce small-molecule ionic
isolation lattices (SMILES). The cyanostar anion-complexes
provides spatial and electronic isolation of the rhodamine dye
prohibiting aggregation quenching. Cyanostar also constitutes a
UV excitation antenna system to boost the brightness of the
rhodamine SMILES nanoparticles due to a large molar absorption coefficient in the UV region and efficient energy transfer to the
dye. To further study the UV light harvesting process, we compared the rhodamine SMILES nanoparticles to green emissive
cyanine-based SMILES nanoparticles, different in spectral overlap between cyanostar and the dye molecules. The energy transfer
efficiency is increased from 80% in rhodamine SMILES to 100% in cyanine SMILES NPs due to increased spectral overlap. The
energy transfer process was studied in detail by using femtosecond (fs) transient absorption (TA) spectroscopy, yielding energy
transfer time-constants of around 0.4 and 1.3 ps for the cyanine- and rhodamine-based SMILES NPs, respectively. This result
correlates well with the spectral overlap integrals and accounts for increased energy transfer and UV light harvesting efficiency. This
insight into the UV light energy harvesting processes in the supramolecular SMILES materials will aid future design of ultrabright
functional nanomaterials.
KEYWORDS: SMILES, fluorescent nanoparticles, aggregation-caused quenching, fluorescent dyes, energy transfer, light harvesting,
antenna effect

■ INTRODUCTION
Organic dyes provide an attractive and promising starting point
for constructing fluorescent nanoparticles (NPs) with the
potential for applications in bioimaging.1,2 Organic dyes have
highly tunable optical properties that derive from atomic
editing of their covalent structure, and they are free from toxic
elements often present in inorganic NPs.1−5 However, it is
fundamentally challenging to transfer the attractive optical
properties of organic dyes from the solution state to the high-
density solids of NP materials. One of the main obstacles is
aggregation-caused quenching (ACQ) that is attributed to a
collection of phenomena. First, the close packing of traditional
organic dyes in crystals or aggregated states leads to strong
electronic coupling between the chromophores, inducing
spectral shifts and new electronic transitions, often with low
radiative yields as a consequence.6−10 Second, even when a
specific structure has a high radiative yield, the photon-
generated excitons easily migrate between the densely packed
dyes to nonemissive defects, e.g., on the surface of the NPs,
resulting in significant quenching of fluorescence.11−14 Differ-
ent strategies have been proposed to reduce aggregation
caused quenching and improve the brightness of organic dye-

loaded fluorescent NPs. The most common of these includes:
covalent introduction of bulky side groups onto organic dyes
and conjugated polymers, pairing cationic dyes with large
hydrophobic counterions, supramolecular encapsulation, and
dilution in matrices, e.g., polymers, silica, and ionic
liquids.2,15−22 Another approach is the use of special dye
types that are less susceptible to quenching, this includes the
so-called, aggregation-induced emission dyes.23−26

Recently, we created small-molecule ionic isolation lattices
(SMILES)27 that solve the problem of strong coupling
between dyes and thus help diminishes aggregation-caused
quenching. These materials simultaneously organize cationic
dyes into densely packed structures while keeping them well
separated by large disc-shaped anion complexes formed
between added anion receptors (cyanostar, CS) and the
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anions accompanying the fluorescent dyes (Figure 1). This
new strategy for making fluorescent solids was found to be
generally applicable to the most important cationic dye classes
(e.g., rhodamines, oxazines, styryls, cyanines, and triangule-
niums), which all crystallized in strikingly similar stacked,
charge-alternating structures (Figure 1C) with highly improved
emission brightness.27 We recently translated the SMILES
concept from bulk solids to solids on the nanometer length
scale. We made biocompatible fluorescent NPs with orange-
colored emission using a rhodamine dye (R12), cyanostar, and
an amphiphilic surface capping agent (Figure 1).28 These
SMILES NPs showed high brightness, high photostability, high
biocompatibility, and broad scope for introducing advanced
optical properties for bioimaging. We found that the cyanostar
molecules play multiple functions in these SMILES NPs.27,28

First, they are preventing aggregation-caused quenching by
acting as a structure directing spacer between the cationic dyes.
Second, the overall fluorescence quantum yield of the SMILES
NPs can be increased by excess cyanostar molecules which
passivate defect sites in the SMILES NPs.28 Third, the
cyanostar molecules can boost the brightness of SMILES
NPs by taking advantage of their large molar absorption
coefficient in the UV region and constituting a UV light
harvesting system.28 Followed by UV excitation of the
cyanostar molecules, the energy can efficiently funnel to the
fluoresencent dyes in the SMILES lattice. This feature of the
lattice is unique when compared to other molecular spacers,
e.g., large hydrophobic counterions13 and matrices like
polymers,19 silica,22 and ionic liquids21 applied in dye-loaded
NPs. This feature lends additional brightness and functionality
to the SMILES NPs. The discovery of the UV light harvesting
effect in SMILES NPs lays the groundwork to explore the
origin of the boosted brightness of SMILES NPs in the UV
region in more detail.
In this work, we study the UV light energy harvesting feature

of the cyanostar molecules and the SMILES lattice to elucidate
which parameters control the energy transfer process and how
to modulate the UV light harvesting. We developed two types
of SMILES NPs capable of displaying orange and green
emission and thus with different excited state energies to
interact with and receive energy from the UV excited cyanostar
molecules. We selected two different dyes to form SMILES
NPs (Figure 1, R12 dye for orange emission; DiOC6 dye for

green emission). We observe that the energy-transfer efficiency
is increased from 83% in the NPs with orange-emission to
100% in the SMILES NPs with green emission. The energy
transfer process was studied by using femtosecond (fs)
transient absorption (TA) spectroscopy. Based on the fs-TA
results, we identified a fast energy transfer process with a time-
constant of 400 fs in the green SMILES NPs, which accounts
for its 100% energy transfer efficiency. Furthermore, we find
that the rates and efficiencies of energy transfer are correlated
with the spectral overlap integrals, as predicted by theory. This
offers a perfect framework to engineer the energy flow in
SMILES nanomaterials for UV light harvesting.

■ RESULTS AND DISCUSSION
We synthesized SMILES NPs with orange and green
fluorescence following our previously reported nanoprecipita-
tion procedure.28 Briefly, a precursor solution was prepared by
dissolving all components needed to form SMILES NPs in
tetrahydrofuran (THF), namely the cationic dye (R12 or
DiOC6) as PF6− salt, the cyanostar anion receptor (2.5 mol
equiv), and 66 wt % amphiphilic surface capping agent (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene
glycol-2000) (DSPE-PEG)). 2.5 mol equiv of cyanostar was
used to prepare SMILES NPs because our previous study has
shown that the brightness per volume of the R12-SMILES NPs
reaches a maximum with 2.5 mol equiv of cyanostar.28 The
SMILES NPs were formed by injecting this precursor solution
(0.5 mL) into a large excess of water (10 mL) under sonication
for 1 min. For the first time, we developed the green emission
SMILES NPs simply by replacing the R12 dye with DiOC6
dye in the precursor solution. The DiOC6 SMILES NPs show
emission peak at around 515 nm (Figure 2). The hydro-
dynamic size of the new DiOC6-based green SMILES NPs was
found to be 14 ± 2 nm, based on dynamic light scattering
measurements (Figure S1). The hydrodynamic size of DiOC6-
based SMILES NPs is slightly smaller than that of the orange
R12-based SMILES NP (16 ± 2).28 Cryo-TEM images of
DiOC6 SMILES NPs show comparable size to DLS as
previously also confirmed for R12 SMILES NPs (Figures S3
and 1e). The similarity in size between R12 and DiOC6
SMILES NPs indicates that the exact structure of the dye has
little influence on the size of the NPs and is consistent with the
high structural similarity between SMILES crystal structures

Figure 1. (a) Molecular structures of cationic dyes R12 and DiOC6, counteranion (PF6−), anion binding cyanostar (CS), and amphiphilic surface
capping agent DSPE-PEG. (b) Schematic illustration of the nanoprecipitation for preparing DSPE-PEG-capped SMILES NPs. (c) Charge-by-
charge packing motif in SMILES materials. (d) Photograph of R12 (orange) and DiOC6 (green) SMILES NP emission in water under UV light.
(e) Cryo-TEM image of R12 SMILES NPs capped with 66 wt % DSPE-PEG.
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composed of different classes of cationic dyes.27 On the basis
of the overall composition of the SMILES NPs, we deduce that
the average 15 nm NPs contains ∼200 dyes.28 Aqueous
solutions of both NPs were found to be stable over weeks of
storage at ambient conditions (Figure S2). The fluorescence
quantum yields were determined to be 12.8% for R12 SMILES
NPs and 7.2% for DiOC6 SMILES NPs. The quantum yields
are lower than found for the dyes in SMILES crystals,27 and we
attribute this to a higher number of trap states in the small NP
structure. This agrees with the shorter and multiexponential
fluorescence lifetimes of the SMILES NPs, 1.11 and 0.52 ns for
R12 and DiOC6, respectively (Table S1).
The absorption and emission spectra of the two SMILES

NPs (Figure 2) resemble closely the spectra of dilute solutions
(Figure S4), indicating successful generation of the SMILES
lattices that prohibit close dye−dye contacts and strong
electronic coupling. NPs without cyanostar display aggregated
spectra and strongly reduced emission yields as previously
reported for R1228 and shown in Figure S5 for DiOC6. In
addition to the S0 → S1 absorption bands from the R12 and
DiOC6 dyes at 561 and 495 nm, respectively, both NPs display
an intense UV absorption band peaking at 313 nm (ε ≈ 2.5 ×
105 M−1 cm−1)29 assigned to the cyanostar anion complex
(CS2PF6−). Solution absorption and emission spectra of the
complex is shown for comparison. There is a clear spectral
overlap between the fluorescence of the cyanostar anion
complex and the absorption of the dye molecules (R12 or
DiOC6, Figure 2, red shaded areas). The spectral overlap and
the short distance (<1 nm) between cyanostar and dye
molecules in the lattice offer ideal conditions for cyanostar-to-
dye energy transfer. In the SMILES lattices each cyanostar
anion complex is in van der Waals contact with two potential
acceptor dyes as sketched in Figure 1C.27 The efficiency of the
energy transfer process can be estimated from the excitation
spectrum of the acceptor (dye molecules: R12 or DiOC6). At
a specific wavelength, the excitation intensity (I) of the
acceptor can be calculated as I = Aa + ϕETAd, in which Aa and
Ad represent the absorbance of the energy acceptor and donor
(cyanostar). Without energy transfer, the excitation spectrum
of the acceptor is the same as the absorption spectrum of the
acceptor. For ϕET = 100%, the excitation spectrum matches the

sum of the absorption spectrum of the acceptor and donor.30

In the current work, the acceptors do not show any absorbance
at the donor (cyanostar) band at 320 nm. Hence, the efficiency
can be estimated by the intensity ratio between the NP
excitation and absorption spectra30 for the cyanostar band at
320 nm, when the two spectra are normalized to the S0 → S1
absorption bands of the dye components, as in Figure 2. The
estimated energy transfer is 83% and 100% for R12 and
DiOC6 SMILES NPs, respectively. To ensure that these
numbers are as accurate as possible, the excitation spectra were
corrected for variations in excitation intensity and detector
sensitivity of the setup across the relevant spectral range using
several dye solutions (see the Supporting Information for
details). This process allowed us to correct the original
reported energy transfer efficiency of the R12 SMILES NPs
from ≈50%28 to 83%. These high energy transfer efficiencies
and the large absorption cross section of cyanostar result in a
2-fold increase in brightness of both R12 and DiOC6 SMILES
NPs when using 320 nm excitation compared to direct
excitations of the dyes in the visible range, as reflected directly
in the value of the normalized excitation spectral at 320 nm
(Figure 2). Emission spectra of the SMILES NPs using 320 nm
excitation showed very low residual cyanostar emission, Figure
S6. This very low intensity of remaining cyanostar emission
corresponds well with the high energy transfer efficiency in
both R12 or DiOC6 SMILES NPs.
To gain further insight into the energy transfer between

cyanostar and the dye molecules (R12 or DiOC6) in the two
types of SMILES NPs, we carried out fs-TA spectroscopy. In
the fs-TA experiment, we selectively excited the SMILES NPs
with 350 nm pump laser (details in the Supporting
Information). At 350 nm, the absorption of cyanostar is at
least 15 times higher than that of both dye molecules (Figure
S4). As a result, the cyanostar molecules are selectively excited.
In this way, we can study the energy transfer process from
photoexcited cyanostar to the dye molecules. Two obvious
features appear in the pseudocolor fs-TA spectrogram (Figure
3) of R12 SMILES NPs: we see a negative ground state bleach
(GSB, blue) signal located around 560 nm and a positive
excited state absorption (ESA, red) signal with a broad spectral
feature in the 420−800 nm range. The broad ESA signal is

Figure 2. Normalized absorption, emission, and excitation spectra of (a) R12 (510 nm excitation and 650 nm emission detection) and (b) DiOC6
(470 nm excitation and 550 nm emission detection) based SMILES NPs. The absorption and emission spectra of the cyanostar anion complex
(CS2PF6−) recorded in dichloromethane solution is shown as blue and shaded blue, respectively. The red area indicates relative spectral overlap
between the emission of the CS2PF6− complex and the dye’s absorption spectra (normalizations applied here do not correspond to the quantitative
estimates of the overlap integrals J).
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mainly assigned to the cyanostar molecules based on the
observation of a broad ESA signal for the cyanostar alone when
excited with a 350 nm pump (Figure S7). Upon energy transfer
from the photoexcited cyanostar to the dye molecules, the
positive ESA signal (formed right after excitation) decays and
it is replaced by a strong negative GSB signal in the region of
the dye’s main absorption band, as clearly seen in the TA signal
at 560 nm (Figure 3, inset).
The two types of SMILES NPs with different dyes (R12 or

DiOC6) show analogous GSB and ESA features although the
GSB position and the time constants vary (Figures 3 and S8).
The growth of the GSB signal indicates the formation of the
excited dyes and is thus the result of energy transfer from the
initially photoexcited cyanostar. The GSB builds up with
different rates in the two types of SMILES NPs (Figures 3 and
S8). The GSB of DiOC6-based SMILES NPs builds up much
faster than R12-based SMILES NPs. This observation indicates
that energy transfer happens at significantly different rates in
the two types of NPs.
We determined the time-constant of the energy transfer

process using a global fit to the TA spectra involving a sum of
exponentials with global time-constants as variables (details in
the Supporting Information).31,32 In the global fitting, a
sequential model is used to obtain the excited state lifetime
(τCS*) of the cyanostar in R12 SMLES NPs and DiOC6
SMILES NPs. The energy transfer time-constant (τET) can be
calculated based on ϕET = kET/kCS*, in which kET = 1/τET, kCS*
= 1/τCS*. The calculated results are as listed in Table 1. The
outcome of fitting using the sequential model results in
evolution-associated spectra. For each SMILES NP, two
evolution-associated spectra were needed to describe the
dynamics with 350 nm laser excitation (Figure 4a,b).
The number of evolution-associated spectra corresponds to

the number of species involved in the relaxation of the
SMILES NPs after photoexcitation. The excitation of cyanostar
can be represented as CS*. This state transfers its energy to the
dye molecule (R12 or DiOC6), forming excited dye molecules
(R12* or DiOC6*), and returns to the ground state cyanostar

(CS) within the SMILES NPs. The excited dye molecules are
long-lived states that decay in a few nanoseconds by
fluorescence and competing nonradiative internal conversion
(Figure S9 and Table S1). In general, the spectral shape of CS*
matches well with the TA spectra of CS in THF (Figure S7),
except for a distortion appearing at the position where dye
molecules show the strongest GSB signal: the S0 → S1
absorption bands from the R12 and DiOC6 dyes at 561 and
495 nm, respectively. Such a distortion might be caused by two
reasons. First, the spectral shape of CS* is evolving with time,
specifically showing a shift in the peak position (Figure S7).32

Second a small amount of dye molecules was excited by the
350 nm pump pulse. Given that the absorption coefficient of
the dye molecules at 350 nm is about 20 times lower than
cyanostar, such a spectral distortion has a negligible impact on
the retrieval of the time-constant of the energy transfer from
CS* to dye molecules.
The time-constant of the energy transfer (Table 1) from

CS* to dye molecule is 1.6 and 0.4 ps in R12 SMILES NPs and
DiOC6 SMILES NPs, respectively. The energy transfer process
in DiOC6 SMILES NPs is thus much faster than that in R12
SMILES NPs. This rate difference agrees with the higher
energy transfer efficiency in DiOC6 SMILES NPs, ΦET = 100%
relative to ΦET = 80% for R12. While, the observed time-
constants in the picoseconds range explains the high transfer
efficiency, these rates are still an order of magnitude lower than
the very fast transfer rates that has been reported for homo-
FRET between individual rhodamine dyes in dye-loaded
nanoparticles with high dye concentrations.33

In the SMILES structure, the cyanostar molecules are
present in the form of anion complexes (CS2PF6−) and in
proximal cofacial contact with the two nearest neighbor dyes,
above and below in the alternating stack (Figure 1C), at
distances close to van der Waals contact. Under these
conditions both exchange (Dexter) and resonant (Förster)
energy transfer mechanisms are highly efficient and can be
expected to contribute. The classical Förster equation cannot
be expected to provide quantitative predictions as a result of
the breakdown of the point dipole approximation at such short
distances.11,34 However, the energy transfer rate is still
expected to be proportional to the spectra overlap integral
(J) between donor (CS*) emission and acceptor (dye)
absorption for both Förster and Dexter transfer. The spectral
overlap in DiOC6 is significantly larger than that in R12
(Figure 2 and Table S2). This difference accounts for the
increased energy-transfer efficiency and speed in the DiOC6
SMILES NPs, even though the transfer to R12 is more
exergonic. The spectral overlap integrals applied in Förster (JF)
and Dexter (JD) theory differ from each other by inclusion of
the absorption probability (εdye) of the acceptor in JF.
Calculation of J values (see the Supporting Information) for
energy transfer from CS2PF6− to DiOC6 and R12 predicts
JF(DiOC6) to be four times greater than JF(R12), while this
ratio is three when calculating JD (Table S2). The JF ratio

Figure 3. Pseudocolor representation TA spectra of R12-based
SMILES NPs with 350 nm excitation (insert: signal and fit at 560
nm).

Table 1. Summary of the Energy Transfer Parameters, Fluorescence Quantum Yield (FQY), Brightness of SMILES NPs with
Different Dye Molecules (R12 or DiOC6)

SMILES NP dye τCS* (ps) τET (ps) ϕET FQYa(directly excited) brightness (directly excited)b brightness (λex = 320 nm)

R12 1.3 1.6 80% 12.8% 12400 21000
DiOC6 0.4 0.4 100% 7.2% 10300 20600

aFQY: fluorescence quantum yield. bBrightness per formula unit, with direct excitation of the dye molecules’ absorption peak with lowest energy.
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agrees very well with the difference in transfer rates reflected in
the time constants of 0.4 ps for DiOC6 and 1.6 ps for R12
(factor of 4), this could indicate that the energy transfer
mechanism is a dominantly Förster-like transfer where the
magnitude of the donor and acceptor transition dipoles is
important. However, the relatively small difference between JF
and JD ratios for CS* to dye transfer for these two dyes does
not allow us to exclude Dexter transfer.

■ CONCLUSION
In conclusion, we provided the first detailed study of the
energy transfer from cyanostar to dye molecules in SMILES
NPs and demonstrated how this process enhanced the
brightness of SMILES NPs by harvesting the UV light. Our
preparation of SMILES NPs using cyanine dye DiOC6 allowed
us to assign the enhanced brightness seen with cyanostar
excitation to efficient energy transfer processes. The new green
emissive SMILES NPs have a size of 14 ± 2 nm, similar to
SMILES NPs obtained with the rhodamine dye R12, and both
dyes retain their spectral properties from dilute solutions,
emphasizing the robustness of the SMILES principle and the
nanoprecipitation-based synthesis of SMILES NPs. For both
SMILES NPs, the emission brightness is enhanced by
approximately 100% when exciting the cyanostar component
of the SMILES lattice with UV light harvesting. The efficiency
of this UV light energy harvesting (UV sensitization) relies on
an ultrafast energy transfer at the subpicosecond time scale,
which scales with the spectral overlap integral between
cyanostar as energy donor and the acceptor dye embedded
in the SMILES lattice. The detailed understanding of the
energy transfer process and how it is linked to the photo

physical properties of the applied dyes offers us a strategy on
engineering the energy flow in SMILES NPs.
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