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ABSTRACT: Phosphorescent materials unlike fluorescent materials have limited use in sensing 

applications due to the lack of signal enhancements involving any kind of amplification schemes 
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due to the restricted delocalization of the triplet excitons in comparison to the singlet exciton. We 

report the surface plasmon-coupled phosphorescence (SPCP) with enhanced quantum efficiency 

based on excimer forming N-heterocyclic carbene (NHC) platinum(II) complexes with varied 

alkyne derivatives: (i) C6H4C(CH3)3, (ii) C6H5, (iii) C6H4F, and (iv) C6H3(CF3)2. Based on the 

square-planar geometry of Pt(II) complexes that induce stacking and self-organization, we have 

achieved upto 18-fold enhancements in plasmon-coupled phosphorescence emission at increased 

concentrations, without the requirement of complex plasmonic architectures or other energy 

transfer schemes. We have also engineered the SPCP substrates to achieve augmented s-

polarized emission, a unique phenomenon to be achieved using this plasmonics platform. The 

study also captures the unique property of alteration of dispersive behaviour for these (NHC) 

Pt(II) complexes based on the SPCP phenomenon. These studies are expected to open new 

avenues for phosphorescent materials and their applications in multi-analyte detection using the 

SPCP platform. 

INTRODUCTION 

Surface plasmon-coupled emission (SPCE) is a novel technique that enhances the fluorescence 

from a radiating dipole, by coupling its emission with the surface plasmons of the metal thin 

film1 situated at a distance of 5-200 nm. This results in a multi-fold increase in the fluorescence 

intensity, with high directionality and polarized emission.2 In a conventional fluorescence 

technique, the sensitivity of the method is compromised on account of isotropic fluorescence 

emission, of which only 1% is captured.3 In contrast, the SPCE platform presents a 50% coupling 

of the emission with surface plasmons on the metal thin film with significant background 

suppression, spectral resolution and directionality leading to polarization and augmentation of 

the emitted signal.1 These properties have resulted in the utility of this platform in different fields 
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such as single-molecule detection,4 protein monolayer detection,5 ultrafast sensings,6 whole 

blood assay7 and the study of muscle.8 

Conventional SPCE offers a 3-7 fold increase in fluorescence signal.1 To achieve tunable 

fluorescence emission enhancements using this platform, earlier work done in our lab involved 

spacer and cavity engineering9 of the SPCE substrates, with a significant reduction of fabrication 

time to 1 minute. Further, we have specialized in the use of low-dimensional carbon allotropes as 

novel SPCE substrates to realize 1000-fold enhancement with femtomolar sensitivity,10 cermet 

nanocavities with nanomolar sensitivity for tryptophan detection,11 Ag-decorated carbon 

nanotubes (Ag-CNT) spacers for attomolar detection of dopamine12 and developed a Purcell 

factor-based understanding of emission enhancements achieved with the use of DNA bio 

spacers.13 We have recently engineered exciton-plasmon coupling using 2D WS2 to realize 1000-

fold fluorescence signal enhancement.14 In contrast to the extensive work to make significant 

improvements in the enhancements of the fluorescence signal, exploiting phosphorescence or 

triplet excited-states using any amplification schemes has been extremely limited.   

Michael et al15 reported the observation of surface plasmon coupled phosphorescence (SPCP) for 

the first time in 2006. Subsequently, metal-enhanced surface plasmon-coupled phosphorescence 

(ME-SPCP) with 9-fold phosphorescence enhancement16 was reported for platinum(II) porphyrin 

systems. Though SPCP and ME-SPCP were reported for these Pt-Porphyrin systems using gold 

film and gold films coated with silver colloids, the study of such systems with augmented 

phosphorescence emission has remained largely unexplored.  

In this study, we report the use of cyclometalated N-heterocyclic carbene (NHC) Pt(II) 

complexes, a class of phosphorescent white light-emitting molecules17 with excimer forming 
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ability on the SPCE platform for obtaining SPCP that’s highly directional, with enhanced 

phosphorescence signal at multi-wavelengths and predominantly s-polarized emission. These 

phosphorescent white-light emitters with a longer lifetime can be used for designing analytical 

devices involving these complexes as excitation probes. Due to their longer lifetime, the problem 

with the precise alignment of excitation source and detector in the sensor devices can be 

eliminated. All these four complexes show dual emission and can be further explored for 

multianalyte detection. These complexes being triplet emitters, form excimers at higher 

concentrations having lower energy emission, while monomers exist at lower concentrations, 

presenting higher energy emission. At an optimum concentration of these complexes, we have 

achieved both monomer and excimer emission with high resolution. Such dual emitting 

molecules can be used to design sensors where one emission maxima acts as a sensor probe and 

the other as an internal reference standard.  

 

Figure 1. Molecular structures of NHC Pt(II) complexes (i-iv). 

 

EXPERIMENTAL SECTION  

Chemicals and Reagents:  
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Four cyclometalated NHC Pt(II) complexes with different alkyne derivatives- (i) C6H4C(CH3)3, 

(ii) C6H5, (iii) C6H4F and (iv) C6H3(CF3)2 (Figure 1) were synthesized and characterized as 

previously reported.17 Polymethyl methacrylate (PMMA) and rhodamine 6G (Rh6G) were 

purchased from Sigma Aldrich, USA. Pyrex glass coated with the silver of 50 nm thickness and 5 

nm thin silica film at the top was purchased from EMF Corp, USA and was used as the SPCP 

substrate.  

Fabrication of SPCP substrate: 

PMMA was dissolved in chloroform (5 mg mL-1) assisted by sonication at 100 kHz for 15 

minutes. Different weight percentages (wt%), 1 to 80 wt% of the complexes (i-iv), were prepared 

using PMMA-chloroform solution. The methods for obtaining 37 nm PMMA films using spin-

coating technique have been described previously.18 Taking a clue from these studies we have 

taken 5 mg mL-1 PMMA and maintained its concentration and the spin-coating parameters 

throughout the fabrication process and only increased the loading wt% of the complex. The 

complexes present in PMMA-chloroform were spin-coated at 4500 rpm for 40 seconds on the 

SPCP substrate. Similarly, different wt% (1 to 50) of Rh6G were prepared in PMMA-chloroform 

and spin-coated at 4500 rpm for 40 seconds. Although spin-coating is a very rapid technique for 

the fabrication of thin films, altering the spin-coating parameters to obtain the same thickness of 

thin films with different loading wt% did not give consistent results on account of the increase in 

the loading wt% that resulted in more viscous samples. Further experiments on using techniques 

other than spin-coating, for the fabrication of thin films are under investigation. 
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Figure 2. Schematic representation of SPCP platform. 

Instrument Setup: 

The fabricated SPCP substrate was attached to a BK-7 hemicylindrical glass prism with an index 

matching fluid (glycerol). The substrate was illuminated in reverse Kretschmann configuration 

with a 365 nm UV-LED (Figure 2). The emission was filtered through a 400 nm long-pass filter 

and collected using fiber optic cable coupled to Ocean Optics USB 2000+ spectrometer. The 

instrument parts were purchased from Thor labs, Shanghai Dream Laser Technology Co. Ltd., 

and Edmund Optics. The various components of the instruments were assembled in a homemade 

breadboard set-up. The polarization of emission was recorded by placing a sheet polarizer in 

front of the filter in vertical and horizontal positions. 

RESULTS AND DISCUSSION  

Previously in SPCE studies, the plasmon-coupled emission was enhanced by the use of high-end 

optics or by manipulation of the coupling efficiency with the use of plasmonic materials. While 

the former increased the collection efficiency, the latter increased the fluorescence, by coupling 

fluorescence with the surface plasmons. The coupling of fluorescence with the surface plasmon 

was achieved by using plasmonic materials in two architectures, namely: spacer and cavity 
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architecture.10,12,19,20 Until now, there have been no studies aimed at increasing the plasmon-

coupled emission in the absence of plasmonic material in spacer or cavity architectures. The 

SPCP enhancement is defined as the ratio between the plasmon-coupled emission intensity and 

the free space emission intensity.13,21 Free space emission is the emission captured on the 

excitation-side of the optical setup where the emission does not undergo plasmonic coupling.1 

This emission is analogous to the conventional fluorescence/phosphorescence. The SPCP is 

recorded by sweeping the detector from 90-0o with respect to the excitation light source on the 

prism-side. In the case of SPCP, the largest enhancements reported have been dismal,15,16 

however in the current study, we propose a novel method for enhancing the phosphorescence 

signal by spin coating the Pt(II) complex over the SPCP substrate at varied loading (wt%). A 

representative free space emission and SPCP emission spectra for 80 wt% of complex (iii) has 

been presented in Figure 3a. The SPCP studies using NHC Pt(II) complexes resulted in 

augmented phosphorescence enhancement with higher wt% of the complexes, the largest being 

18-fold enhancements for 80 wt% of the complex in the PMMA matrix. The SPCP enhancement 

plot for 80 wt% of the complexes have been presented in Figure 3b.  
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Figure 3. (a) Representative free space emission and SPCP emission spectra obtained from 80 

wt% loading of complex (iii). (b) SPCP enhancements obtained using NHC Pt(II) complexes (i-

iv) at different wt% in PMMA.  

It is noteworthy, that this significant enhancement in phosphorescence emission was realized 

with complex (iii), having C6H4F as the substituent, without the aid of another plasmonic 

material. In order to understand these enhancements in phosphorescence emission, we carried out 

time-correlated single-photon counting (TCSPC) studies of the different luminophores. The 

TCSPC studies (Table 1) for complex (iii) (like other complexes) showed a decrease in a 

lifetime, with an increase in the wt% of the complex, in line with our enhancements. 
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Weight 

percentage of 

complex (wt%) 

Phosphorescence 

decay on silver 

substrate λmax, nm 

(τavg in µs) 

1 464 (1.03) 

3 467 (0.98) 

10 472 (0.71) 

15 477 (0.67) 

20 477 (0.57) 

578 (0.67) 

50 589 (0.49) 

80 586 (0.61) 

 

Table 1. Time-correlated single-photon counting data for complex (iii) 

Since the conventional SPCE phenomenon by itself does not alter the lifetime of a fluorophore,2 

a plausible reason behind the observed trend here is expected to involve optical waveguide 

modes and intricate plasmon coupling, as reported earlier.15 Besides, the decrease in the lifetime 

of the luminophore with an increase in the wt% can also be explained by evoking the concept of 

excimer formation. On increasing the wt%, these complexes are in close proximity to one 

another and can undergo self-organization/stacking to form excimers. 

Figure 4a and 4c represents the SPCP spectra for complex (iii) at 3 and 15 wt%. For 3 wt% there 

is single emission at 498 nm indicative of monomer emission. However, on increasing the 

loading weight percentage to 15, we observe dual emission, one at 527 nm and the other at 572 

nm. The presence of lower energy emission at 572 nm is an affirmation of the formation of 

excimer which has a comparatively shorter lifetime than monomer (527 nm). This observation is 

in line with the TCSPC data presented in Table 1. Figure 4b and 4c presents the free space 

emission for 3 and 15 wt% of complex (iii) respectively. The free space emission shows the 

characteristic monomer emission peak for 3 wt% whereas for 15 wt% the free space emission 

shows unresolved and congested dual emission corresponding to monomer and excimer emission 



10 
 

maxima. The SPCP emission spectra for 3 wt% of complex (iii) at 55 and 60o has also been 

presented in the supporting information (Figure S4) showing the directional and angular nature 

of SPCP. 

 

Figure 4. SPCP spectra for (a) 3 wt% (monomer) and (c) 15 wt % (monomer-excimer) of 

complex (iii). The free emission spectra for (b) 3 wt% and (d) 15 wt% loading of complex (iii) 

shows the emission in free space region of SPCP platform and has characteristic but unresolved 

emission maxima corresponding to monomer and monomer-excimer emission respectively. 

Figure 5(a-d) presents the angularity plot for 80 wt% of the complexes (i-iv) showing the 

directional nature of SPCP and Figure 5e, the wavelength resolution of 50 wt% of complex (iii). 
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Using the SPCP platform, the monomer and excimer emission was resolved as two distinct peaks 

at two different angles. At lower wt% (3 wt%), only the monomer emission was seen, however 

on increasing the wt%, two distinct peaks were observed corresponding to the monomer and 

excimer emission. The presence of two emission peaks at this wt% is indicative of the single 

wavelength excitation and multiple wavelength emission. Such kind of spectral resolution has 

also been previously reported for pyranine systems using the SPCE platform.22 The spectral 

resolution of the emission wavelengths as shown in Figure 5e could be of great advantage for 

applications involving multi-analyte sensing, as is the need of current biomedical research. In 

addition, the molecules with dual emission can form the basis for designing next-gen sensors 

where, both the internal standard and sensor probe are provided by the single-molecule, resulting 

in better accuracy and precision of the measurements. 

In SPCE, the angularity of the fluorescence emission is dependent on the wavelength of 

emission23,24 from the fluorophore. This angularity-wavelength relationship leads to the 

dispersive property of the SPCE platform. As a consequence, the emission at shorter 

wavelengths are out-coupled at wider angles (eg: 441nm emissions are out-coupled at a wider 

angle [74o] and 532nm emissions are out-coupled at a narrower angle  [53o]  for pyranine 

system22) and vice-versa.2 However, in these complexes, for certain wt% there is an alteration in 

the dispersive behavior (Fig. 5e and Table S1 of supporting information). Although the origin of 

this behavior is unclear, it is suggestive that these properties are solely due to the excimer 

forming ability of these complexes.  
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Figure 5. (a-d) Angularity plot for 80 wt% of the complexes (i-iv) as excimers (e) Wavelength 

resolution of 50 wt% of complex (iii). 

Pt(II) complexes have been reported to exhibit interesting photophysical properties, with green 

phosphorescence from monomers in the solution phase and a large redshift excimer emission in 

solid films.25  There are reports on supramolecular polymerization of platinum(II) complexes and 

block copolymers26 that yield nanofiber at room temperature. In certain studies, this 

phosphorescent platinum(II) complex has been shown to undergo self-organization to form a 

supramolecular polymer with liquid crystallinity.27 Platinum(II) complexes have also been 

reported to show mesophase organization.28,29 This self-organizing behavior of Pt(II) complexes 

can largely influence the emissive behavior on the SPCP platform. The formation of excimer is 
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in itself an indication of the presence of certain order in the matrix framework. This could 

probably be one of the reasons for the alteration in dispersive behavior in the current study. We 

also carried out AFM studies and studied their surface roughness at lower (1%) and higher 

weight percentage (80%) loading of the complex. The AFM study (Figure S3 of supporting 

information) showed that the surface roughness (Ra) and root-mean-square roughness (Rq) 

decreased from 150 nm to 128 nm and from 190 nm to 164 nm as the wt% increased from 1 to 

80. We also recorded FT-IR and XRD spectra (Figure S5 and S6 of supporting information) for 

lower (3 wt%) and higher (80wt%) loading concentration of complex (iii) to study the presence 

of order in the matrix framework. However, the results obtained from these studies were not very 

conclusive and needs to be further investigated.  

Another unique aspect of this work is the engineering of enhanced s-polarized phosphorescence 

emission. In a conventional SPCE technique, only the p-oriented dipole can couple with the 

surface plasmon, to meet the wavevector matching criteria.1 As a consequence, SPCE results in 

p-polarized emission. However, several applications involve the requirement of s-polarized light, 

such as in near field scanning microscopy the samples with s-orientation require an s-polarized 

illumination source.30 In this context, we have developed a novel method by engineering the 

SPCP substrate to achieve highly s-polarized emission. 

It has been reported in the past that SPCP can couple “p” as well as “s”-modes owing to its 

longer lifetime.15 In addition, it has also been shown that the increase in the thickness of the 

SPCP substrate can results in significant s-modes coupling in addition to p-mode coupling.31 We 

have exploited these phenomena to achieve predominantly s-polarized emission by increasing 

the loading percentage of these complexes in the SPCP substrate.  
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Figure 6a represents the polarization plot for complex (iii), a representative class of Pt(II) 

complexes. The emission polarization was predominantly p-polarized for all the complexes 

going up to 50 wt%. As seen in Figure 6a, for 1 wt% loading of the complex the polarization of 

the emission was 55% p and 45% s-polarized. Due to the presence of fewer number of molecules 

in 1 wt% loading, the intensity of the emission was significantly weak. In spite of coupling with 

the surface plasmons, the SPCP intensity for this loading wt% was in the range of 300-350 a.u. 

and in this SPCP emission, the p-polarized intensity was ~300 a.u. After baseline correction, the 

baseline values were near 200-250 a.u. On recording the s-polarization, the emission intensity 

was equal to that of the baseline values (~250 a.u.). Because of this weak emission intensity, the 

percentage s-polarization was shown to be significantly high (~45%). However, beyond 1 wt% 

loading, the SPCP intensity for both the p and s-polarized emission were significantly higher 

than the baseline values and hence have discernible polarization characteristics. For 80 wt%, the 

polarization of the emission switched from p to s. Though in a conventional SPCE platform, 

predominantly p-polarized emission is encountered,1 in this study we were able to achieve a 

predominant s-polarized emission. Observation of s-polarized emission was also reported in the 

past for Pt(II) porphyrin system,15 involving s-polarized emission, attributed to the longer 

lifetime of phosphorescence. In our study, we achieved a highly s-polarized, augmented 

phosphorescence emission owing to the increased film thickness of the SPCP substrate that 

allowed the coupling of s-modes dipoles with the surface plasmons. This was further added by 

the longer decay rates (lifetime) of phosphorescence which has also been previously considered 

to enable the coupling of p- and s-polarizations with the surface plasmons, as compared to that in 

the case of fluorescence, permitting the coupling of s-mode dipole.15  
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We also carried out SPCE experiments with higher wt% loading of Rh6G in the PMMA matrix 

to support our claims. This study was restricted to 50 wt% of Rh6G, as further increase in dye 

loading altered the opacity of the thin films, with no plasmon-coupled emission. Figure 6b 

presents the polarization plot for SPCE from Rh6G. We observe that till 20 wt% of the dye, the 

plasmon-coupled emission is predominantly p-polarized as expected. 

The switch in the polarization of the emission from p to s, at 50 wt% can be attributed to an 

increase in the film thickness, with an increase in wt% of the dye. As a result, TE modes (s-

polarized) start to couple with the surface plasmons resulting in s-polarized emission.31 Prior 

reports have also shown that an increase in dye loading increases the film thickness of 

rhodamine.32 Based on these observations, we deduce that the film thickness leads to the 

coupling of dipoles with TE-modes with the surface plasmon thereby switching in the 

polarization of plasmon-coupled emission. We believe that a similar phenomenon occurs in the 

case of Pt(II) complexes (Figure 6a) on increasing the loading percentage of the complex which 

eventually results in increased film thickness and s-polarized emission.  
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Figure 6. (a) Polarized emission for Pt(II) complex and (b) Rh6G in PMMA matrix at different 

loading percentages (wt%). 

However, this thickness effect is not expected to alter the p/s polarization ratio in the free space 

region, since it is unhindered by optical mode coupling. Figure S3 in supporting information 

presents the comparative free space polarized emission involving Pt(II) complex-(iii) and Rh6G. 

While Rh6G, as expected, had free space emission with equivalent p and s-polarized 

components, the free space emission of Pt(II) complex displayed a larger s-polarized component 

as compared to p-polarized, at higher loading. Although the reason for this behavior is unclear 

and still being investigated, it is imperative that these phosphorescent complexes at higher 

loading percentages emit predominantly s-polarized emission. It is suggested that the 
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combination of a longer lifetime, increased film thickness, and the larger s-polarization in the 

free space region of the Pt(II) complex, results in the predominant s-polarized SPCP emission in 

the case of 80 wt% loadings of these complexes. In the case of Rh6G, on increasing the loading 

wt% of the dye, the thickness of the layers increases thereby yielding s-polarized emission. 

However, Rh6G forms dimers and trimers at higher concentrations and only those dimers that 

are perpendicularly oriented (i.e., J-type dimers) couples with the surface plasmon resulting in 

quenched SPCE emission with s-polarization. However in the case of Pt(II) complexes, on 

increasing the concentration of the complexes, an increased number of  monomer molecules 

form excimers that are emissive and results in s-polarized augmented SPCP emission. As 

compared to Rh6G, providing s-polarized emission for 50 wt% loadings but with minimal SPCE 

enhancement (<3-fold), engineering of SPCP substrate using Pt(II) complexes resulted in highly 

s-polarized emission with a remarkable 18-fold phosphorescence signal enhancement. 

In this work, we have shown a novel approach to augment phosphorescence emission and also 

have optimized the methodology to obtain dual emission from the Pt (II) complex. This is the 

first report on the study of phosphorescent molecule in SPCP platform without the aid of 

additional plasmonic, the requirement of complex plasmonic architectures or other energy 

transfer schemes to achieve a remarkable 18-fold phosphorescence emission enhancement. The 

augmented phosphorescence can be very useful in photodynamic applications.33 In addition, a 

dual emission sensor probe can form the basis for designing the next-gen sensors with significant 

improvements in sensitivity and reliability. 

CONCLUSIONS 

We present a novel approach to engineer s-polarized, augmented phosphorescence emission (18-

fold) without the use of spacer and cavity engineering. The emission from Pt(II) complexes with 

four different ligand systems (i-iv) was found to be highly directional, independent of the sample 

loading and presented SPCP based polarization switching to obtain s-polarized emission. In 
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addition, the study also presents the alteration of dispersive behavior on the SPCP platform. 

These results provide an exciting new avenue for exploring SPCP and OLED materials (white 

light emitters) for multi-analyte detection with high sensitivity and an internal sensor probe 

serving as a reference standard. 
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Supporting Information 

 

Table S1: Wavelength dependent angularity at different percentages (wt%) of complexes (i-

iv) 

 

 

Sample Wt % Monomer Excimer 
Wavelength 

(nm) 
Angle (deg) Wavelength 

(nm) 
Angle (deg) 

i 1 509 61 - - 
3 509 66 - - 
10 477 45 584 70 
15 558 60 596 65 
20 489 40 589 66 
50 502 45 636 70 
80 572 77 596 50 

      
ii 1 418 56 - - 

3 493 65 - - 
10 476 38 520 67 
15 476 42 542 70 
20 489 41 558 67 
50 496 42 627 74 
80 525 47 591 65 

      
iii 1 499 61 - - 

3 498 68 - - 
10 525 71 592 65 
15 527 60 572 55 
20 518 72 579 58 
50 484 40 620 72 
80 500 56 575 47 

      
iv 1 515 63 - - 

3 494 63 - - 
10 520 65 572 55 
15 527 70 575 60 
20 466 40 584 66 
50 - - 590 66 
80 - - 582 45 
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Figure S1(a-g). SPCP spectra of complex-i at different loading percentages. The spectra 

present the phenomenon of alternation in the dispersive property of the phosphorescence 

emission, where the shorter wavelength emission (designated as blue line) appears at a 

narrower angle and vice-versa. In addition, the spectra also show the evolution of excimer 

emission on increasing the loading wt%. The excimer emission (red line) becomes more and 

more prominent as the wt% of the complex is increased.  

 

 

Figure S2. Three-dimensional AFM image with 1x1μm area for (a) 1 wt% and (c) 80 wt% 

loading of complex (iii). Power spectral density plots were obtained for (b) 1 wt% and (d) 80 

wt% loading of complex (iii). 
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Figure S3. Comparative free space polarized emission for (a) Rhodamine 6G and (b) Pt(II) 

complex (iii). Free space emission from  Pt(II) complex is significantly s-polarized as 

compared to Rh6G. 

 

Figure S4. SPCP emission spectra for 3 wt% complex (iii) at (a) 55o and (b) 60o. The spectra 

show that at angle other than the SPCP angle (i.e., 68o for 3 wt% of complex-iii) the SPCP 

emission is equivalent to the baseline emission.  
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Figure S5. IR spectra recorded for (a) PMMA, (b) Pure complex (iii), (c)1 wt% and (d) 80 

wt% complex (iii) in PMMA matrix. 
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Figure S6. XRD spectra for (a) PMMA, (b) 1 wt% and (c) 80 wt% complex (iii) in PMMA 

matrix 
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