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Metal-free purely organic phosphorescent molecules are attractive alternatives to organometallic

and inorganic counterparts because of their low cost and readily tunable optical properties through

a wide chemical design window. However, their weak phosphorescent intensity due to inefficient

spin-orbit coupling and, consequently, prevailing non-radiative decay processes limit their practical

applicability. Here, we systematically studied phosphorescence emission enhancement of a purely

organic phosphor system via plasmon resonance energy transfer. By precisely tuning the distance

between purely organic phosphor crystals and plasmonic nanostructures using layer-by-layer

assembled polyelectrolyte multilayers as a dielectric spacer, maximum 2.8 and 2.5 times enhance-

ment in photoluminescence intensity was observed when the phosphor crystals were coupled with

�55 nm AuNPs and �7 nm AgNPs, respectively, at the distance of 9.6 nm. When the distance is

within the range of 3 nm, a dramatic decrease in phosphorescence intensity was observed, while at

a larger distance, the plasmonic effect diminished rapidly. The distance-dependent plasmon-

induced phosphorescence enhancement mechanism was further investigated by time-resolved

photoluminescence measurements. Our results reveal the correlation between the amplification

efficiency and plasmonic band, spatial factor, and spectral characteristics of the purely organic

phosphor, which may provide an insightful picture to extend the utility of organic phosphors by

using surface plasmon-induced emission enhancement scheme. Published by AIP Publishing.
https://doi.org/10.1063/1.4997798

I. INTRODUCTION

Phosphorescent materials have attracted much attention

due to potential applications in display devices, as well as

chemical and biological detection.1–3 However, most of the

efficient phosphors reported to date are essentially inorganics

or organometallic complexes.4,5 Despite advantageous fea-

tures of low cost, less toxicity, versatile molecular design,

facile functionalization, and good processability, it is diffi-

cult to achieve efficient phosphorescence at room tempera-

ture and ambient conditions from purely organic molecules.

This is because triplet excitons in metal-free organic mole-

cules are mostly consumed through non-radiative processes,

such as vibrational dissipation and collisional quenching.6

Recently, activation of efficient phosphorescence from

purely organic materials has been achieved via controlled

crystallization, doping into rigid matrix, and intermolecular

interaction in both crystal and amorphous thin films,7–17

which were ascribed to the promotion of singlet-to-triplet

intersystem crossing through enhanced spin-orbit coupling

by the heavy atom effect, restriction of molecular motions

by effective intermolecular interactions, and isolation from

oxygen and moisture. Compared to amorphous thin films, crys-

talline ones show brighter emission and greater stability owing

to the highly ordered and dense molecular arrangement in the

crystalline form.18 Furthermore, the rigidity and oxygen-

barrier properties of crystals efficiently suppress the non-

radiative deactivation pathways of triplet excitons. In our pre-

vious study, bright room temperature phosphorescence (RTP)

of 2,5-dihexyloxy-4-bromobenzaldehyde (Br6A) and 2,5-

dihexyloxy-1,4-dibromobenzene (Br6) mixed crystals was

demonstrated at ambient condition in which the directed inter-

molecular halogen bonding promotes the intersystem-crossing

processes by enhancing spin-orbit coupling.

Plasmon-enhanced luminescence (fluorescence or phos-

phorescence) is a promising optical process that has attracted

increasing attention over the past decade, which is induced

by the interaction between chromophores and localized sur-

face plasmon resonance (LSPR) from adjacent metallic

nanoparticles (NPs) via plasmon resonance energy transfer

(PRET).19–21 Such phenomenon is affected by a variety of

parameters including size and morphology of the metal, as

well as the relative distance and spectral overlap between the

chromophores and metallic NPs. The plasmon enhancement

can be mainly attributed to the increased excitation rate due to
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a near-field enhancement of excitation and an increased radia-

tion rate of surface plasmon-coupled emission, which can

enhance both the photoluminescence (PL) intensity and quan-

tum yield.22–24 It is noted that enhanced luminescence

reported to date were largely focused on organic fluorophores,

inorganic quantum dots, and low-dimensional nanomateri-

als.25–31 Plasmon-induced phosphorescence enhancement

(PPE) effect was demonstrated in some organometallics, inor-

ganic phosphors, and purely organic phosphors in close prox-

imity to suitable metallic NPs under cryogenic (e.g., 77 K)

and inert conditions.32–38 However, PPE with ambient-

stability at room-temperature has been rarely reported for

purely organic materials.39

Here, we employed Br6A/Br6 mixed crystals as a purely

organic phosphor model, size-controlled silver and gold

NPs (AgNPs and AuNPs) as a plasmonic nanoantenna, and

polyelectrolyte multilayers as a dielectric spacer that can

precisely control the distance between the plasmonic nano-

structures and the phosphors with a nanoscale precision.

Polyelectrolyte multilayers of poly(allylamine hydrochlo-

ride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS)

deposited on the phosphor crystal layer using the alternating

layer-by-layer assembly method were used as a spacer. Size-

controlled AgNPs and AuNPs were exploited to control the

spectral overlap between the LSPR band of the metal NPs

and the excitation/emission wavelengths of the crystals to

systematically investigate the spectral overlap effect besides

the distance effect, the decisive factor in the enhancement of

phosphorescence under ambient conditions. The PPE mecha-

nism was corroborated by dynamic PL study. This work rep-

resents comprehensive investigation into PPE phenomenon

of purely organic phosphors, which can be recognized as a

generally applicable strategy to develop highly efficient

hybrid phosphorescence systems.

II. EXPERIMENTAL

A. Synthesis of AuNP (~55 nm) and AgNP
(~7 and ~70 nm)

For the synthesis of AuNPs, a solution of 198 ml of

deionized water and 2 ml of 1 wt. % Gold(III) chloride

hydrate (HAuCl4�3H2O, Aldrich, 99.999%) was heated at

130 �C under vigorous stirring. 1.4 ml of 1 wt. % sodium cit-

rate (Aldrich, 99%) aqueous solution (�10 mg/ml) was then

rapidly added, and the solution boiled for additional 30 min

under continuous stirring. The AuNPs displayed a hot pink

coloration with around 55 nm diameter. For the synthesis of

smaller AgNPs (�7 nm), both sodium borohydride (NaBH4,

Aldrich, 99%) and sodium citrate as the reductants were

employed. 3 mg NaBH4 and 12 mg sodium citrate were dis-

solved in 148 ml of deionized water. The mixture was heated

at 60 �C for 30 min in the dark with vigorous stirring. 2 ml of

23.5 mM silver nitrate (AgNO3, Aldrich, >99.8%) solution

was then added drop-wise to the mixture and the temperature

raised to 90 �C. The pH of solution was adjusted to 10.5

using 0.1 M NaOH while heating was continued for 20 min,

until the color of the solution changed to yellow. The diame-

ter size of AgNPs was �7 nm. For the synthesis of larger

AgNPs (�70 nm), sodium citrate as the only reductant was

employed. 7 mg AgNO3 was dissolved in 150 ml of deion-

ized water and the mixture was heated to boiling point.

Then, 3 ml of 1 wt. % sodium citrate aqueous solution was

added to the boiling solution, and boiling was maintained for

1 h, yielding �70 nm diameter AgNPs. Figures S1(a)–S1(c)

(supplementary material) show higher resolution scanning

electron microscopy (SEM) images of the synthesized metal-

lic NPs, and the average diameter and size distribution of the

NPs are shown in (d).

B. Fabrication of plasmon-mediated Br6A/Br6 crystals

Br6A and Br6 were synthesized referring to the previous

report (Ref. 8). 1 wt. % mixture of Br6A to Br6 in hexane

solution with the concentration of 5 mg/ml was spin-coated

(2000 rpm) on the clean glass substrate for the pristine crystal

preparation. PAH with average Mw of �17 500 g/mol and

PSS with average Mw of �70 000 g/mol were purchased in

Sigma-Aldrich, which were dissolved in 3.3 mM sodium chlo-

ride (NaCl) solution controlled to the concentration of 0.5 mg/

ml before use. Polyelectrolyte multilayers of positively

charged PAH and negatively charged PSS were assembled

alternatively for 5 min using the immersion-based layer-by-

layer self-assembly procedure. After each step (PAH or PSS),

the sample was rinsed with ultrapure deionized water. The

process was repeated to obtain desired numbers of polyelec-

trolyte multilayers. A PAH layer was used at the outermost

surface to promote the adhesion of the negatively charged

citrate-passivated AuNPs or AgNPs.

C. Characterization techniques

The wide-angle XRD was detected with a Rigaku X-ray

diffractometer (D/Max-rA, using Cu-Ka radiation of wave-

length 1.542 Å). Absorbance was measured using an Agilent

Cary 5000 UV-Vis-NIR spectrometer. Surface morphologies

were obtained using AFM in tapping mode (Digital

Instrument Dimension 3100 scanning force microscope) and

scanning electron microscopy (SEM; JEOL JSM6700-F).

Surface plasmon resonance (SPR) spectroscopy measure-

ments (Resonant Technologies GmbH/RT2005 SPR spec-

trometer) were carried out using p-polarized laser light

(He�Ne, 632.8 nm, 10 mW) illuminating the Au film

through the LaSFN9 prism. Calculation of PSS/PAH thick-

ness was carried out using Winspall software (RES-TEC,

Germany) with the complex refractive index and dielectric

constant values of 1.45 and 2.0125, respectively. It was

assumed that PAH and PSS have the same values for optical

constants. Finite-difference time-domain (FDTD) simulation

was carried out using Lumerical Solution software. The

mesh size was set at 0.5 nm for the elaborate design. The

plane wave source was used as incident light. z and x were

considered to be the light incident direction and the polariza-

tion direction, respectively. PL spectra were obtained using a

Photon Technologies International (PTI), QuantaMaster 400

scanning spectrofluorimeter at 298 K. Phosphorescent life-

time data were collected using a PTI LaserStrobe and the

calculations were carried out on the FeliX32 software part-

nered with the PTI equipment.
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III. RESULTS AND DISCUSSION

Figure 1(a) shows the molecular structures of Br6A and

Br6. In the earlier study, Br6A with halogenated aromatic

aldehyde can only produce fluorescent emission in the disor-

dered state (e.g., in solution) where there is no halogen bond,

because the vibrational loss of triplets is strong, making trip-

let emission inefficient or inactive.8 When the halogen-bond

formation between aldehyde and bromine in the crystalline

state brings aromatic carbonyls and the heavy atom effect

together in an unprecedented synergy, triplets are generated

very efficiently, which suppresses fluorescence, and phos-

phorescence is activated by enhanced spin–orbit coupling to

the ground state and reduced vibrational freedom of the alde-

hyde.8 It has been also demonstrated that Br6A molecules

doped into the host Br6 crystal matrix can emit much more

efficient phosphorescence by preventing excimer-induced

self-quenching. In this work, 1 wt. % Br6A-doped Br6 crys-

tal has been prerpared to combine with different plasmonic

nanometals as the PPE systems to invesitgate.9 The excita-

tion and phosphorescence spectra of Br6A/Br6 mixed crys-

tals and the fluorescence spectrum of Br6A single molecule

in solution are shown in Fig. 1(b), corresponding to the

wavelengths of 385, 520, and 420 nm, respectively. Figure

1(c) depicts the schematic models of LSPR field enhance-

ment effects on the luminescence enhancement in term of

the spectral proximity. For comprehensively understanding

the plasmonic effects of metallic NPs on the phosphorescence

enhancement, size-controlled AgNPs (�7 and �70 nm) and

AuNPs (�55 nm) have been employed, in which their LSPR

bands have a substantial overlap with the excitation, fluores-

cence, or phosphorescence wavelengths of the chromophore,

respectively.

Figure 2(a) schematically illustrates the fabrication strat-

egy of the plasmon-mediated Br6A/Br6 mixed crystals with

thickness-controlled polyelectrolyte multilayers as the spacer.

The initially formed crystals spin-coated on the glass substrate

were around �3 lm in size and �600 nm in thickness (Step

I). For increasing the crystal size and spread the crystals on

the substrate more evenly so as to achieve more consistent

and sensitive plasmonic effect, the pristine Br6A/Br6 crystals

were further heat treated at 70 �C, which gave a thin Br6A/

Br6 crystal layer having a larger than 20 lm size and �90 nm

thickness (Step II) as shown in the optical microscopy and

magnified AFM images [Fig. 2(a)]. Then, polyelectrolyte mul-

tilayers of positively charged PAH and negatively charged

PSS were alternatingly deposited on the crystals. The thick-

ness of the dielectric spacer can be precisely controlled on the

nanometer scale (Step III). Eventually, metallic NPs were

dip-coated on top of the polyelectrolyte layers (Step IV). By

using this well-defined organic phosphors/dielectric spacer/

metallic nanoparticle tri-layer platform, the effects of the dis-

tance between phosphors and plasmonic nanometals and the

spectral overlap on PPE were systematically investigated.

The dark field images of the pristine crystal and �55 nm

AuNPs-decorated crystals with a spacer thickness of �1.6 and

�9.6 nm, respectively, clearly show the distance-dependent

emission amplification (Step V).

The thickness of alternating polyelectrolyte multilayers

of PAH and PSS was analyzed by means of surface plasmon

resonance (SPR) spectroscopy. SPR is a unique optical phe-

nomenon observed at the metal-dielectric interface in nano-

scale dimension, and the resonance band position depends

on various parameters including the optical property of the

prism, type of metal, thickness, and refractive index of the

dielectric medium in contact with the metal, wavelength of

the light source, etc. The thickness of the polyelectrolyte

multilayers was evaluated by means of the same strategy

reported in the literature.40,41 Figure 2(b) shows the series of

scan mode SPR angular curves of the layer-by-layer electro-

static self-assembled polyelectrolyte multilayers. The SPR

angle shifted progressively to a higher incident angle as the

number of polyelectrolyte layers increased from a single

layer to 16 multilayers [alternating PSS (–) and PAH (þ)].

Broadening of the curves and increase in the reflectivity

were observed as the number of polyelectrolyte layers

increased because the increased surface roughness induces

more light scattering. For quantifying the thickness from

the SPR data, we conducted a simulation study by using

Winspall software and obtained the linear correlation

between the number of polylectrolyte layers and the thick-

ness of the film as shown in Fig. 2(c). It was estimated that

the 6 multilayers was �9.6 nm thick, which means that the

average thickness of each layer is about 1.6 nm. For double

confirming the film thickness, we also used a cross-sectional

AFM image along the step formed by an intentional scratch

on the polyelectrolyte film. The AFM height profile

shows that the thickness of 8-multilayer polyelectrolytes is

FIG. 1. (a) Molecular structures of Br6A and Br6. (b) LSPR bands of AgNP

with �7 and �70 nm diameter, and AuNP with �55 nm diameter; excita-

tion, fluorescence, and phosphorescence wavelengths of the chromophore.8

(c) Schematic models representing LSPR field enhancement effects on the

luminescence enhancement. Near-field enhancement-induced excitation (I)

and surface plasmon-coupled emission (II) can be realized by matching the

LSPR band with the excitation and emission wavelength of the organic crys-

tals, respectively.
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�12.2 nm (Fig. S2, supplementary material), which is in

good agreement with the calculated �12.8 nm from the

SPR method.

The amount of metallic NPs deposited on the surface of

the polyelectrolyte multilayer was tuned by controlling the

dipping time of the substrate in the prepared plasmonic nano-

metal suspensions. Due to the negative surface charges of

the citrate-passivated AuNPs and AgNPs, these NPs adhere

to the PAH layer at the surface of the polyelectrolyte multi-

layer. Representative SEM images showing the distribution

of �55 nm AuNPs are displayed in Figs. S3(a)–S3(e) (sup-

plementary material). The surface density of AuNPs depos-

ited for the dipping time of 15, 45, 60, 90, and 120 min is 13,

28, 45, 61, and 70/lm2, respectively. The absorbance profile

of the adsorbed AuNPs is shown in Fig. S3(f), supplementary

material. One can clearly see that the intensity of the charac-

teristic LSPR band at �540 nm increases proportionally with

the AuNPs density. The distribution and corresponding

absorbance of the �7 and �70 nm AgNPs are also shown in

Figs. S4 and S5, supplementary material.

The distance-dependent PPE phenomenon was first ana-

lyzed on the premise of optimal density for each metallic

NPs. As shown in Fig. 1(b), �7 and �70 nm AgNPs and

�55 nm AuNPs as plasmonic nanoantenna have substantial

overlap of their LSPR bands with the excitation, fluores-

cence, or phosphorescence wavelengths of the organic phos-

phors, respectively. In Fig. 3(a), PL spectra obtained from

Br6A/Br6 crystals with AuNPs (or AgNPs) separated by

�1.6, 3.2, 6.4, 9.6, 12.8, 16.0, and 19.2 nm spacing

(corresponding to 1, 2, 4, 6, 8, 10, and 12 polyelectrolyte

multilayers), respectively, are displayed. The maximum PL

intensity for the plasmon-mediated Br6A/Br6 crystals was

observed from the sample with a �9.6 nm thick spacer fol-

lowed by a gradual decrease in the PL intensity with increase

in the polyelectrolyte thickness. When the polyelectrolyte

thickness was close to �20 nm, the PL intensity became

comparable with that of the pristine Br6A/Br6 crystals on a

bare glass substrate as a reference [Fig. 3(b)], indicating that

the chromophores placed far from the metallic surface are

not significantly influenced by the enhanced electromagnetic

field of plasmonic nanometals. Figure 3(c) shows the photo-

graphs of the plasmon-mediated Br6A/Br6 crystals with dif-

ferent polyelectrolyte thickness under 365 nm ultraviolet

light. The maximum enhancement for the �55 nm AuNPs,

�7 and �70 nm AgNPs were up to 2.8, 2.5 and 1.8 times,

respectively (Table S1, supplementary material). It is noted

that the fluorescence emission of Br6A/Br6 crystals at

420 nm was barely detectable excluding the influence of

surface plasmon-coupled emission for the case of �70 nm

AgNPs. Thus, it is assumed that the phosphorescence

enhancement might stem from partial overlap of the LSPR

band with the excitation wavelength of Br6A/Br6 crystals. It

is also noteworthy that quenching of PL intensity was

induced at a very short distance (<3 nm) between the phos-

phors and plasmonic nanometals due to the existence of trap

states and direct energy transfer (DET) at the metallic surfa-

ces.26,42 Therefore, the competition between LSPR field

enhancement and metal-induced quenching is the crucial

FIG. 2. (a) Schematic illustration of the

entire procedure to fabricate plasmon-

mediated Br6A/Br6 crystal samples: I.

Thicker and smaller crystals prepared by

spin-coating (the crystal size is �3lm

with �600 nm thickness); II. Thinner

and larger crystal formed by heating (the

crystal size is larger than 20 lm with

�90 nm thickness); III. Alternate layer-

by-layer self-assembly of polyelectrolyte

multilayers; IV. Deposition of metallic

NPs by electrostatic interaction; V.

Photographs of pristine crystal and

�55 nm AuNPs-decorated crystals with

two different thickness of polyelectro-

lyte layers (�1.6 and �9.6 nm) under

normal room light and 365 nm ultravio-

let light, respectively. (b) Static scan-

mode SPR spectroscopy profile monitor-

ing the stepwise deposition of PSS and

PAH polyelectrolyte multilayers on a

bare Au film coated on the glass sub-

strate. (c) The calculated film thickness

as a function of the number of polyelec-

trolyte layers. The average thickness of

each layer was estimated to be �1.6 nm.
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factor in the distance-dependent PPE phenomenon. A

detailed PPE mechanism is discussed in more detail later.

Figure 3(d) shows an AFM image of the Br6A/Br6 crystals

with �55 nm AuNPs. AuNPs are distributed uniformly on

the entire surface of the positively charged PAH layer on top

of the crystals. From the section analysis, the average thick-

ness of AuNPs nanostructure constructed on the crystals was

around 55 nm and that of the crystals was around 90 nm.

Uniform decoration of �7 and �70 nm AgNPs onto the crys-

tals was also confirmed by the AFM images as shown in Fig.

S6, supplementary material.

For investigating how the amount of plasmonic NPs

affects the phosphorescence emission intensity of Br6A/Br6

crystals, the samples, having a fixed thickness of �9.6 nm

polyelectrolyte multilayers but different surface density of

�55 nm AuNPs, were fabricated. Their PL spectra were col-

lected under a 380 nm excitation wavelength as shown in

Fig. 3(e). Compared to the pristine sample without having

AuNPs, all plasmon-mediated samples manifest phosphores-

cence enhancement [Fig. 3(f)]. The enhancement of PL

intensity linearly increased with the surface density of

AuNPs initially but slightly decreased after a maximum

point. Although we do not fully understand why the phos-

phorescence enhancement is not fully linear with through the

entire range of AuNP amount, the observed saturating or less

efficient enhancement at the larger AuNP density may be

caused by a slight degradation of the sample immersed into

the nano-suspension for a longer time or increased nonradia-

tive energy transfer from the phosphor crystal to AuNPs

competing with the LSPR field enhancement effects.21,43,44

FIG. 3. (a) PL spectra of different plasmon-mediated phosphorescent Br6A/Br6 crystals with different thickness of polyelectrolyte multilayer spacers (from

1.6 to 19.2 nm). (b) Statistical comparison (over 10 samples for each case) of PL intensity described in (a). (c) Photographs of pristine crystal, and the ones dec-

orated with �55 nm AuNPs, �7 nm AgNPs, and �70 nm AgNPs with different thicknesses of polyelectrolyte multilayers under 365 nm ultraviolet light. (d)

AFM morphology of �55 nm AuNPs-decorated crystal film. From the section analysis, the height of AuNPs nanostructure constructed on the crystals was mea-

sured to be around 55 nm and the crystal thickness is around 90 nm. (e) PL spectra of plasmon-mediated phosphorescent Br6A/Br6 crystals with different den-

sity of �55 nm AuNPs by controlling the dipping time. (f) Statistical comparison (over 10 samples for each case) of PL intensity described in (e). For all

samples, the polyelectrolyte thickness was adjusted to �9.6 nm (6 multilayers).
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It was found that �45/lm2 density of AuNPs was optimal

for maximum PPE and the optimized values for the �7 and

�70 nm AgNPs were 1100 and 39/lm2, respectively.

Figures 4(a)–4(c) show the PL decays of phosphorescent

Br6A/Br6 crystals, in combination with �55 nm AuNPs,

�7 nm AgNPs, or �70 nm AgNPs separated by the differing

thickness of polyelectrolyte multilayer spacer, respectively.

The lifetime obtained by fitting the decay curves is summa-

rized in Fig. 4(d). The pristine crystal showed the longest

lifetime up to �8.08 (60.41) ms, compared to those of the

plasmon-mediated crystals. For the samples decorated with

�55 nm AuNPs, �7 nm AgNPs, or �70 nm AgNPs, the

lifetime decreased to �7.49 (60.39), 7.65 (60.44), and 7.24

(60.45) ms, respectively, when the distance between the

crystals and the plasmonic nanostructures was �1.6 nm. It is

verified that excited electrons are quenched by the metallic

NPs judging from the sharp decrease in their PL intensity at

this close spacing. When the polyelectrolyte layer thickness

was �9.6 nm, the lifetime of the same samples was measured

to be �7.36 (60.47), 7.99 (60.38), and 7.37 (60.31) ms,

respectively. The shorter lifetime combined with the

enhanced PL intensity than those of the pristine crystal

can be attributed to the LSPR field enhancement effects

amplifying excitation and accelerating radiation rate.31,45 At

FIG. 4. PL decay curves of different

plasmon-mediated phosphorescent

Br6A/Br6 crystals (pristine crystal as

the reference) monitoring the 520 nm

emission under 380 nm excitation

for various thicknesses of polyelectro-

lyte multilayer spacers: (a) �55 nm

AuNPs; (b) �7 nm AgNPs; (c) �70 nm

AgNPs. (d) Fitted lifetime comparison

of above samples. The schematic

mechanism of quenched and enhanced

phosphorescence: (e) Metal-induced

quenching is dominant when the dis-

tance between plasmonic nanometal

and emitter is short, causing a quench-

ing of PL; (f) LSPR field enhancement

is dominant when the distance between

plasmonic nanometal and emitter is

optimized, leading to an enhancement

of PL. (g) Schematic diagram of the

emission distribution varying with the

distance between plasmonic nanome-

tals and phosphor crystals by the com-

bined influence of metal-induced

quenching and LSPR field enhance-

ment. Processes ‹, ›, and fi represent

the excitation, metal-induced quench-

ing, and radiation, respectively.
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the polyelectrolyte spacer thickness of �19.2 nm, the phos-

phorescence lifetime was �8.01 (60.38), 8.06 (60.33), and

8.05 (60.32) ms close to the lifetime of the pristine crystal,

reflecting the diminished plasmonic effect. The PL lifetime

of the above samples are summarized in Table I.

When phosphor crystals are very close to plasmonic

nanometals (<3 nm), the DET from the crystal to the NP

leads to drastic PL quenching, which is in agreement with

previous works observed for other molecular systems.26,42,46

Besides the DET, electrons from photoexcited electron-hole

pairs in the crystal can tunnel to and be captured in the NP

followed by nonradiative recombination with remaining

holes at the semiconductor-metal interface due to the exis-

tence of trap states at the metallic surfaces. Hence, both fac-

tors can induce metal-induced quenching occurring at

the short distance between plasmonic nanometals and phos-

phor crystals [Fig. 4(e)]. With an increasing thickness of

polyelectrolyte layers, the DET becomes less efficient and

the probability of photoelectron tunneling into the metallic

nanoparticle is also drastically diminished. With the suppres-

sion of metal-induced quenching, LSPR field enhancement

effects on PPE becomes dominant [Fig. 4(f)]. In the case of

55 nm AuNPs, surface plasmon-coupled emission originated

from the spectral overlap between the phosphorescence

emission and the AuNP LSPR band accelerates the radiation

rate and results in an enhancement of PL intensity. When it

comes to the AgNPs, near-field enhancement-induced excita-

tion from the overlap of the AgNP LSPR band with the exci-

tation wavelength of Br6A/Br6 crystals accelerates the

excitation rate, and thereby increases the rate of singlet-to-

triplet intersystem crossing, eventually leading to an

enhancement of PL intensity. In Fig. 4(g), the two competing

processes, the metal-induced quenching and LSPR field

enhancement effects, dictating the light-emitting profile are

schematically described. The optimum distance between

plasmonic nanometals and phosphor crystals was found to be

�9.6 nm for attaining the maximum phosphorescence

enhancement. If the crystal is too close or too far from the

NP, PPE is either diminished because of dominant metal-

induced quenching or a weak electromagnetic field.

In the case of localized surface plasmons, the coherent

oscillations are confined to a small region, which gives the

enhanced near-field amplitude at the resonance wavelength.

This electromagnetic field is highly localized around the

plasmonic nanometal and decays rapidly away from the

NP/dielectric interface into the dielectric background. Finite-

difference time-domain (FDTD) simulations were employed

to estimate the LSPR field enhancement at the surface of

plasmonic nanometals used in this study. As shown in Fig.

S7 (supplementary material), it is clearly observed that the

electric field intensity around AgNP is higher than that of

AuNP for 380 nm excitation, indicating the more effective

near-field enhancement-induced excitation from the overlap

of the AgNP LSPR band with the excitation maximum wave-

length (km) of Br6A/Br6 crystal. Upon excitation at 520 nm,

the electric field intensity around AuNP, in turn, becomes

much higher, which favors surface plasmon-coupled emis-

sion due to the spectral overlap between the phosphores-

cence emission and the AuNP LSPR band. FDTD

simulations verified that the stronger LSPR field enhance-

ment was generated surrounding AgNP and AuNP, contrib-

uting to the enhancement in PL intensity of the Br6A/Br6

crystals.

IV. CONCLUSIONS

In summary, distance-dependent enhancement of phos-

phorescence from purely organic phosphor Br6A/Br6 crys-

tals combined with plasmonic nanometals was investigated

using layer-by-layer assembled polyelectrolyte multilayers

as a dielectric spacer. Maximum 2.8 and 2.5 times enhance-

ment in PL intensity was observed when Br6A/Br6 crystals

were spaced about 9.6 nm from �55 nm AuNPs and �7 nm

AgNPs, respectively. This is attributed to the substantial

overlap of the phosphorescence or excitation wavelength of

Br6A/Br6 crystals with the LSPR bands of AuNPs and

AgNPs, which can accelerate the radiation and excitation

rate as evidenced by time-resolved PL measurements. The

significant decrease in PL intensity was also observed at a

very close spacing between Br6A/Br6 crystals and plasmonic

nanometals. Hence, distance-dependent plasmon-induced

phosphorescence enhancement arises from the competitive

interplay between LSPR field enhancement and metal-

induced quenching. This study is the first thorough investiga-

tion on phosphorescence enhancement mechanism of purely

organic phosphors by the plasmonic effect under ambient

conditions. Our findings also verify that proper spectral over-

lap between the excitation and phosphorescence emission of

the purely organic phosphors and the LSPR bands of plas-

monic nanometals can effectively enhance the phosphores-

cence emision intensity and efficiency. The presented PPE

strategy can be generally applicable to other purely organic

phosphors. For example, considering that the longitudinal

band of Au nanorods (AuNRs) can be tuned by the aspect

ratio, locating AuNRs’ plasmonic band in the range of red to

near-infrared AuNRs22 would be a feasible plasmonic nano-

antenna for effectively amplifying purely organic red phos-

phors8 for future application of PPE strategy for full color

organic light-emitting diodes (OLEDs).

SUPPLEMENTARY MATERIAL

See supplementary material for microscopic images of

metal nanoparticles, surface of layer-by-layer self-assembled

multilayers, FDTD simulation result for the electric field

TABLE I. Summary of PL lifetime of different plasmon-mediated Br6A/

Br6 crystals with different thicknesses of polyelectrolyte layers.

Thickness of

polyelectrolyte

layers (nm)

�55 nm AuNP �7 nm AgNP �70 nm AgNP

Lifetime

(ms)

Error

(ms)

Lifetime

(ms)

Error

(ms)

Lifetime

(ms)

Error

(ms)

Pristine (Ref.) 8.08 0.41 8.08 0.41 8.08 0.41

1.6 7.49 0.39 7.65 0.44 7.24 0.45

9.6 7.36 0.47 7.99 0.38 7.37 0.31

19.2 8.01 0.38 8.06 0.33 8.05 0.32
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distribution and a summary table of PL intensity of plasmon-

mediated organic crystals are provided.

AFM images of polyelectrolyte multilayers and AgNPs-

decorated crystals (Figs. S2 and S6); SEM images of the

dispersed metallic NPs, and the NP diameters and correspond-

ing absorbance profiles (Figs. S1 and S3–S5); electric field

distributions around different NPs from FDTD simulations

(Fig. S7). Summary of the maximum enhancement of the PL

intensity for each plasmon-mediated sample (Table S1).
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