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ABSTRACT: Realizing the dual emission of fluorescence—phosphorescence in a
single system is an extremely important topic in the fields of biological imaging,
sensing, and information encryption. However, the phosphorescence process is
usually in an inherently “dark state” at room temperature due to the involvement
of spin-forbidden transition and the rapid non-radiative decay rate of the triplet
state. In this work, we achieved luminescent harvesting of the dark
phosphorescence processes by coupling singlet-triplet molecular emitters with a
rationally designed plasmonic cavity. The achieved Purcell enhancement effect of R g T —
over 1000-fold allows for overcoming the triplet forbidden transitions, enabling . .
radiation enhancement with selectable emission wavelengths. Spectral results and
theoretical simulations indicate that the fluorescence—phosphorescence peak
position can be intelligently tailored in a broad range of wavelengths, from visible
to near-infrared. Our study sheds new light on plasmonic tailoring of molecular
emission behavior, which is crucial for advancing research on plasmon-tailored fluorescence—phosphorescence spectroscopy in
optoelectronics and biomedicine.

B INTRODUCTION the spin—orbit coupling effect of heavy metals or tuning the
triplet state energy splitting with delicate molecule design.
However, current methods have limitations in the available
molecule structures and make it difficult to flexibly and widely
tailor the emission peak position.'”

Noble metal nanostructures exhibiting surface plasmon
resonance (SPR) can localize light fields and energy at a
subwavelength scale, thus serving as an excellent candidate to
modify the emission or scattering behavior of emitters at the
single-molecule level."®™*° Tt greatly facilitates the develop-

Fluorescence—phosphorescence dual emission in a single
system exhibits rich excited-state features and considerable
energy differences, which can be used in various applications,
such as biological analysis,z_4 sensing research,””” as well as
graphic image and display.*” Continuously regulating emission
peak positions, capable of satisfying on-demand remote access
under imposed external conditions, is significant for encoding,
manipulating, and controlling colors.'”"" Therefore, precisely

tailoring fluorescence—phosphorescence emission with con- ) . KA
. o ment of a series of plasmonic applications, such as plasmon-
trolled emission spectral peak positions may lead to lots of

enhanced fluorescence (PEF),”' > surface-enhanced Raman
revolutionary applications for the development of a wide range i 24-26 !
of research fields. >3 scattering (SERS), and plasmon-enhanced phosphores-

27 . .
However, unlike singlet state fluorescence, triplet state cence (PEP).”" Both PEF and SERS have achieved major

) . breakthroughs, with intensity enhancement over 4 orders of
phosphorescence is typically not observed at room temperature . ) ) )

. : .\ magnitude, and have become spectroscopic techniques with
and is mostly only emitted under harsh conditions, such as low ) e | ch o
temperatures or hypoxia, due to its slow radiation rate and e’,‘fr'f‘orgﬁig" sensitivity and 'powerfu characterlzation capa-

. . 14,15 .. bilities.” ~" However, theorists have predicted that metal-
oxygen quenching of excited states. ™ Promoting intersystem enhanced phosphorescence processes are feasible; that is
crossing or effectively suppressing the quenching of phosphor- plosp P ’ ’
escence are key factors for realizing phosphorescence emission.
In general, fabricating a rigid environment and tethering
molecules in a solid matrix to suppress the non-radiative decay Received:  May 26, 2023
can lead to efficient phosphorescence emission with a high Published: September 5, 2023
quantum yield. However, this method suffers from limitations
in terms of reproducibility and processability, which restrict its
practical application in certain contexts.'”'® Additionally,
phosphorescence properties can be also regulated through

triplet transitions occur on very short timescales—comparable
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Figure 1. (a) 3D schematic diagram of the model system. (b) AFM image of the ultra-flat Au film. (c) Energy-level diagram of RB and the
plasmonic resonance. (d) SEM cross-sectional image of a diluted (10-fold) Ag NC sample. The inset is the dark-field microscopic scattering image
of a diluted (1000-fold) Ag NC sample. (e) Transmission electron microscopy images of an Ag NC. Inset is a further magnified view of the
protective shell. (f) The bottom panel is the emission spectrum of the RB probe molecules at —190 °C in hypoxic conditions, and the top panel is
the emission spectra of the Au film surface with RB probe molecules at room temperature (without Ag NCs, black curve; and with Ag NCs, blue

curve) and the corresponding dark-field scattering spectrum (red curve).

to conventional fast transitions—through plasmon cou-
pling.’"*> However, to date, experiments have shown that
PEP exhibits only negligible quantum efficiency (QE) of
radiation and modest enhancement factors (~10) at low
temperatures because the triplet radiative transition is
considerably slower than the non-radiative recombination
process.”>>° Here, we propose a strategy called localized
surface plasmon-tailored spectroscopy that allows for tunable
peak positions and activation of the phosphorescence emission
process at room temperature. Through experimental and
theoretical verification, we achieved ultrafast emission of
phosphorescence, with spontaneous-emission rate enhance-
ment exceeding 1000 while maintaining a high quantum yield.
This has allowed us to overcome the limitations of rapid non-
radiative transitions, enabling plasmonic structures to manip-
ulate fluorescence—phosphorescence radiative behavior.

B RESULTS AND DISCUSSION

Plasmon-Tailored Fluorescence—Phosphorescence
Spectroscopy Model Construction. The plasmonic nano-
cavity substrate is depicted in 3D in Figure la. It consists, from
bottom to top, of an ultra-flat Au film, a spacer layer consisting
of polyelectrolytes (PEs) modified with fluorophores, and Ag
nanocubes (NCs), respectively. Characterized by atomic force
microscopy (AFM), the root-mean-square roughness of the Au
film is ~3.55 A (Figure 1b). Ultra-pure Ag NCs were
independently dispersed on the PE layer-coated Au film
substrate (Figure 1d). The Ag NCs are coated with a
protective shell of approximately 3 nm poly(vinylpyrrolidone)
(PVP) (Figure le). The ultra-flatness of the Au film and the

uniformity of the plasmonic particles are critical because the
optical properties of this plasmonic cavity are highly dependent
on nanometer- or even angstrom-scale variations of the
substrate, particle size, and gap spacing.’®*’ The PEs layer,
composed of poly(allylamine hydrochloride) (PAH) and
polystyrene sulfonate, was assembled layer by layer (Figure
S1), acting as an accurate dielectric spacer which separates the
Ag NCs from the Au film while situating the probe molecules
within the SPR hotspot. The classic photosensitizer, rose
bengal (RB), was chosen as the research molecule because it
contains both singlet state fluorescence and triplet state
phosphorescence (Figures l1c and S2).* RB was deposited
on the top PE layer by an amidation reaction with PAH (see
Methods).

To establish a clear and direct connection between the
plasmonic cavity and molecular emission, the concentration of
top Ag NCs was optimized to a sufficiently low to realize
single-particle spectroscopy (Figure S3), and a home-built
confocal microscope was used to obtain the scattering and
emission spectrum of every individual cavity. The cavity
resonance was determined by dark-field scattering spectrosco-
py measured from an individual cavity. The typical image and
scattering spectrum from a single cavity (3 layers of PE and 80
nm Ag NC) are shown in the inset of Figure 1d,f (red curve).
The room-temperature emission from the same cavity was
collected with 532 nm laser excitation. For comparison, the
emission spectrum from RB molecules on Au substrates with 3
PE layers but without the top Ag NCs is shown as a reference
(Figure 1f, black curve). Distinct emission behaviors were
observed in those two cases. For molecules coupled without a
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Figure 2. (a) Transient dynamics of RB in starch (blue curve) and in optical cavities (red curve). (b) Histogram of phosphorescence lifetimes of
molecules in 20 arbitrarily selected cavities. Simulation of the radiative-rate enhancement (Y,/Y,) (c) and QE (d) of RB at 740 nm (center of
phosphorescence emission) in nanocavity. Simulation of the radiative-rate enhancement (Y,/Y,) (e) and QE (f) of RB at 580 nm (center of

fluorescence emission) in nanocavity.

plasmonic cavity, only the fluorescent peak centering at 580
and 620 nm from singlet state emissions was observed. The
emission from triplet states was strongly suppressed due to the
optical selection rule as well as oxygen quenching, and it was
only observed at cryogenic and anoxic conditions (Figure 1f,
orange curve).

Identify the Origin of the Additional Emissions. When
the molecules are coupled with the plasmonic cavity, the
intensity of the fluorescent peak is slightly enhanced, as
expected. However, an additional emission peak centered
around 765 nm emerges, which is resonant with the plasmonic
cavity and the phosphorescence emissions. To investigate the
origin of this additional emission peak, the photoluminescence
(PL) of the metal cavity itself was studied. We performed
measurements on nanocavities of different sizes (without
embedded RB, Figure S4), and no observable features were
detected due to the low excitation power and low QE of metal
PL. Therefore, we speculate that the emerged emission
originates from the RB molecules in the plasmonic cavity. In
addition, phosphorescence is highly sensitive to the concen-
tration of oxygen and is commonly used as a distinguishing
feature from fluorescence. We performed in situ PL measure-
ments by varying the oxygen concentration and observed a
decrease in the intensity of the newly emerged emission peak
with increasing oxygen concentration (Figure SS). These
results suggest that the dark phosphorescence emission process
may be activated by plasmonic cavity coupling.

A straightforward method to distinguish between phosphor-
escence and fluorescence emission is by observing their distinct
emission dynamics. Immobilizing molecules in a solid matrix is
a commonly used approach to obtaining room-temperature
phosphorescence. Previous studies have reported that the
fluorescence lifetime (7) and phosphorescence lifetime (7p) of
RB in polysaccharide films are typically in the sub-ns and sub-
ms ranges, respectively.” In our study, we immobilized RB in a
starch film and obtained both fluorescence lifetime (7) and
phosphorescence lifetime (7). The 7y and 7 were found to be
1.5 ns (Table S1 and Figure S6) and 190 us (blue curve in
Figure 2a and Table S2), respectively. More importantly, the 7,
of RB in the cavity (at 740 nm) was also carefully measured.
Interestingly, the triplet state of RB in the optical cavity
exhibited a dramatically shortened luminescence decay time,
with an ultrafast 7, of 187 ns (red curve in Figure 2a). We
recorded the 7p for 20 arbitrarily selected optical cavities
(Figure S8 and Table S3), and as shown in Figure 2b, their
lifetimes were all below 500 ns, with 30% of the nanocavities
showing sub-200 ns phosphorescence decay times. Further-
more, we examined the PL intensity and lifetime of particles
under pulsed laser excitation (Figure S7 and Table S4), with
the PL intensity from particles being markedly lower than the
emission from molecules within the cavity. Based on these
findings, we conclude that the phosphorescence of RB is
effectively “activated” within the cavity, exhibiting a signifi-
cantly faster rate of spontaneous emission. This enhancement
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Figure 3. (a) Thickness corresponding to different PE layers (black curve). Corresponding experimentally tested (blue triangle) and theoretically
calculated (red circle) SPR peak positions for different-sized cavities. (b) Statistical fluorescence intensities (at 579 nm) in different-sized cavity (F,
blue sphere) and control groups (F,, red sphere). Statistical ratio for F/F, (red curve). Error bars in a and b represent s.d. for each data point (n =3
independent experiments) and points are average values. (c—h) PL spectra of molecules in the optical cavity (colored curve) and control group
(black curve) under different PE layers. Insets in (c,d) are the locally magnified Raman spectra.

in spontaneous emission rate can be attributed to the Purcell
effect.” Therefore, in comparison to RB phosphorescence in
the starch matrix, the spontaneous-emission rate (1/7,) of RB
in the cavity increases by more than 1000-fold. The
spontaneous emission rate encompasses both radiative and
non-radiative transitions. Combining this with the observation
that phosphorescence was activated in the steady-state
emission spectra, we can conclude that the enhancement of
the phosphorescence radiative rate in the cavity far exceeds the
non-radiative decay.

Cavity-Modulated Fluorescence—Phosphorescence
Emission Dynamics. To clarify the mechanism of the
observed molecular fluorescence—phosphorescence emission
dynamics, we utilized the finite element method to investigate
the differences between plasmonic cavity-modulated fluores-
cence and phosphorescence emission of RB (see Methods).
Figure 2c—f presents maps of the emission properties of RB
with 3 layers of PE (PE-3) and an edge length of Ag NCs-80
nm. The reference coordinate system used in the simulation is
illustrated in the inset of Figure 2c. The maximal radiative

20384

decay rates of the molecule at 740 nm (the center of
phosphorescence emission) are almost uniformly enhanced by
800 times due to the increased photonic local density of states
(LDOS) (Figure 2c) when coupled with the cavity. It leads to
a fast-radiative decay of the phosphorescence emission, also
inferred by the significantly reduced lifetime as shown in
Figure 2a. More importantly, since the plasmonic cavity mode
at 740 nm is dominated by a dipolar mode with large emission
efficiency, as a result, the radiative efficiency of the coupled
phosphorescence emission is not disturbed by the non-
radiative damping. It is quantified by the quantum yield as
shown in Figure 2d, which remains high (0.45) and spatially
uniform within the cavity. While for the fluorescence emission
at 580 nm, the radiative emission rate was also enhanced by
approximately 800 times (Figure 2e). However, for the
coupling of higher-order cavity modes (at 580 nm), as
shown in Figure S11, the radiation efficiency is very weak
due to the cancellation of dipole moments caused by the
higher-order mode. As a result, the quantum yield of the
fluorescence emission is limited to 0.08 (Figure 2f). The results
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induced emission peaks (4g,) as a function of the corresponding SPR peaks (Agpg).

indicate that it is possible to control the ratio between
fluorescence and phosphorescence emission by modulating the
coupling between the cavity mode and molecular emitter.
Since the resonance as well as the LDOS are determined by
the size of the plasmonic nanocavity, adjusting the number of
PE spacer layers can precisely change the size of the
nanocavity. As shown in Figure 3a, the thickness of the spacer
can be increased linearly at the nanoscale by increasing the
number of PE layers. The uniformity of spacer layer thickness
on the same substrate was further verified (Figure S9 and
Table SS). With the increase in the number of PE layers, the
color of bright spots in the dark-field scattering image changes
from green to red (Figure S10). At the same time, the dipole
resonances of the SPR spectra exhibit a progressive blue shift
from 813 to 603 nm (Figures 3a and S1la). In addition, we
calculated the SPR spectra of plasmonic cavities with different
sizes (Figure S11b), and the results showed that the peak
positions of the theoretically simulated SPR spectra were
consistent with the experimental result (Figure 3a, blue line).
The photothermal effect (Figure S12) and hot carrier effect
(Figure S13) induced by the excitation light were carefully
verified. The results showed that the impact on plasmonic
nanostructures and molecules was almost negligible at the
power used for the excitation measurements. To investigate the
changes in the radiative properties of molecules, we performed
the PL measurements on molecules within individual nano-
cavities of different sizes and compared them with reference
optical measurements of control experiments (Figure 3c—h).
For the control group (without loaded Ag NCs, black curve),
with the increase of the number of PE layers, the fluorescence
intensity (Fy, at 579 nm) increases gradually (Figure 3b).

20385

When a molecule is in close proximity to the bottom metallic
mirror, the energy of the excited molecule is transferred to the
metal substrate, resulting in fluorescence quenching. In
extreme cases, the fluorescence is completely quenched, such
as in the 1 PE layer (PE-1) condition (Figure 3c, black curve).

Compared with the PL spectra of the reference sample, the
Raman (1507 and 1627 cm™") and fluorescence intensity (F, at
579 nm) of the molecules in the cavity both increased (Figure
3c—h, colored curve). The increase in the Raman signal is
attributed to the enhancement of the electromagnetic field
after loading the plasmonic particles.*” The enhancement in
fluorescence is due to the partial overlap between fluorescence
emission and plasmon resonance. The fluorescence enhance-
ment ratio (F/F,) decreased gradually with the increase of the
PE layer (Figure 3b, red curve). A more intuitive contrast is
that the emission peak position/spectral shape changes
significantly with the number of spacer layers. The singlet-
triplet state of the molecule is forced to preferentially emit at
the resonant frequency of the optical cavity, thereby changing
or even reversing the relative intensities of the vibrational
subbands. Although the number of molecules inside the
hotspot is much smaller than that outside the hotspot, the
molecules at the hotspot experience the strongest radiative
enhancement and thus dominate the ensemble emission
spectrum”’  (Figures S14 and S15). Nanocavity-coupled
photonic environments can effectively tailor the emission
peak position of the PL, that is, through the SPR spectrum
overlapping with different positions of the molecular emission
spectrum. When the optical cavity with larger sizes (Figure 3f—
h), the molecule in the cavity experiences a weaker
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electromagnetic field, resulting in poor “shaping” of the
spectrum.

Tailor the Fluorescence—Phosphorescence Emission.
To tailor the fluorescence—phosphorescence emission of RB
over a broad wavelength range, we covered the Au film with §
layers of PE, followed by assembling a series of Ag NCs with
varying edge lengths. The scanning electron microscopy
(SEM) image of the Ag NCs is shown in Figure S16. In a
fixed-size optical cavity, the edge length of A§ NCs directly
affects the resonant wavelength of the cavity.” As shown in
Figure 4a, the SPR peak exhibits a continuous red shift with
the increase of the edge length of Ag NCs. Furthermore, the
theoretical and experimental SPR peak positions show good
agreement (Figure 4b). Figure 4c illustrates the influence of Ag
NC edge lengths on the PL spectra of RB (PE-5). The
plasmon-induced emission peak (E,, red peak) was fitted by
fixing the peak positions and full width at half-maximum of the
two intrinsic fluorescence peaks (580 nm, green peak; 620 nm,
orange peak). As the edge length of Ag NCs increased, the
plasmon-induced emission peak of RB exhibited a gradual red
shift. In Figure S18, we display emission spectra from different
particles for each particle size. There are three emission spectra
shown for each particle size. The plasmon-induced emission
peaks show good consistency for particles with similar sizes.
Besides, it is worth noting that, for smaller Ag NC sizes, such
as 60 nm, the enhancement is observed in fluorescence. For
larger Ag NC sizes, such as 90 nm, the plasmon activates the
originally “dark state” phosphorescence (Figure S19). The
distinction between phosphorescence and fluorescence can be
made by analyzing their respective lifetimes. In addition, we
also simulated the radiative behavior of molecules in different
resonators (Figure 4d) to jointly reveal the plasmon-molecule
interaction mechanism. Both the experimental and simulated
results show that the peak positions of the emission spectra can
be continuously and strongly modified by controlling the edge
length of Ag NCs.

We count the peak Ay, for 54 sets of experimental emission
wavelengths (purple spheres) and 6 sets of theoretical emission
wavelengths (green squares) as a function of the peak of the
SPR spectra (Agpp) (Figure 4e). The results show that almost
all data points appear around the gray dashed line, that is, A,
= Agpr, Which indicates a linear correlation between the SPR
peak position and the induced emission peak position. The
induced E,, peak is directly determined by the corresponding
single nanoantenna and the peak positions can be regulated
over the 200 nm spectrum range.

The energy levels of the molecules remain unchanged. The
key to achieving room-temperature phosphorescence lies in
enhancing the spontaneous emission rate while maintaining a
high quantum yield. The spontaneous emission rate can be
significantly enhanced by overlapping the SPR with molecular
emission spectra. The key to achieving a high quantum yield is
using an appropriately sized nanocavity. The single nano-
antenna enhances different parts of the room-temperature
emission spectrum of the molecule according to the
corresponding SPR spectrum, allowing the molecule to
preferentially radiate to specific vibrational energy levels.
This ultimately leads to the intelligent tailoring of the
molecule’s fluorescence—phosphorescence emission properties
by plasmon modulation. For the first time, the phosphor-
escence, which was originally in the “dark state” due to the
slow radiation rate and oxygen sensitivity at room temperature,
is accelerated in the radiative transition process under the

influence of the plasmon, transforming into an ultrafast “bright
state”.

B CONCLUSIONS

This work develops a framework based on optical cavity—
molecular interactions for plasmon tailoring the fluorescence—
phosphorescence emission. In the presence of SPR, the
fluorescence—phosphorescence emission behavior of probe
molecules was found to be highly dependent on the size of the
metal nanoparticle, the strength of the electromagnetic field at
the location of the molecules, and the degree of overlap
between the SPR spectrum and the molecular emission
spectrum. Both the PL intensity and the fluorescence—
phosphorescence emission peak position can be intelligently
tailored by precisely constructing the plasmonic nanostructure.
Further, we here show experimental and theoretical evidence
which supports the exciting prospect of creating materials
where the fluorescence and phosphorescence excitation states
can be tailored to specific vibrational ground states. Therefore,
plasmon-tailored spectroscopic strategies have the potential to
expand into more practical application fields.
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