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Abstract: A new type of luminescence switching behavior based on phosphorescence enhancement from 

a series of metal-free organic phosphors doped polymers by UV-irradiation was investigated. This 

phenomenon is observed only from pairs of organic phosphors and polymer matrices having a 

combination of appropriate triplet exciton lifetime and oxygen permeability. Systematic investigation 

revealed that the luminescence switching behavior of organic phosphors embedded in a specific 

polymeric matrix stems from the conversion of triplet oxygens to singlet oxygens by UV-irradiation, 

leading to the unique phosphorescence enhancement of organic phosphors. Visualization of latent 

information by UV-irradiation was demonstrated toward novel secure information communication 

applications. 
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1 Experimental Procedures 

1.1 Materials 

All reagents were purchased from Sigma-Aldrich and used as purchased without additional 

purification. Deuterated solvents were purchased from Cambridge Isotope Laboratories. 

Br6A, 4-chloro-2,5-dihexyloxybenzaldehyde (Cl6A), and 2,5-dihexyloxy-4-

iodobenzaldehyde (I6A) were synthesized following the method described in our previous 

work.[1]7-Bromo-9,9-diphenyl-9H-fluorene-2-carbaldehyde (BrPhFlA) was synthesized 

according to a published method.[2] 2,5-Dihexyloxybenzaldehyde (6A) was synthesized as 

described previously.[3]Figure S1 shows the chemical structures of them. 1H NMR (300 MHz, 

CDCl3) for 6A: δ10.50 (1H), 7.30 (1H), 7.15 (1H), 6.85 (1H), 4.10 (2H), 3.90 (2H), 1.80 (4H), 

1.43 (4H), 1.35 (8H), 0.88 (6H). 1H NMR (300 MHz, CDCl3) for BrPhFlA: δ10.00 (1H), 

7.92 (3H), 7.73 (1H), 7.60 (2H), 7.30 (6H), 7.18 (4H). An optimum phosphor concentration of 

1 wt% versus polymer mass17 was used. A mixture of the phosphor and polymer was 

dissolved in chloroform at a concentration of 1 mg/mL for the phosphor (roughly, 1 mg Br6A 

and 100 mg a-PMMA in 1 mL chloroform). The solution was drop-cast on an unmodified 

glass substrate followed by annealing at 60 °C for 30 min in a glove box having the oxygen 

level of 1 ppm. 

 

Figure S1. Chemical structures of Cl6A, I6A, BrPhFlA, and 6A. 
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1.2 Methods 

Photoluminescenceemissionspectra, aswellasquantumyields, werecollected on a Photon 

Technologies International (PTI) QuantaMasterspectrofluorometerequippedwith an 

integratingsphere. The gatedemissionandphosphorescencelifetimedatawerecollectedusing a 

PTI LaserStrobesystemequippedwith a Xenoflashlamp. Forthesemeasurement, drop-

castsampleswereprepared.Singlet oxygen emission spectra were collected from anInGaAs 

NIR detector equipped on the PTI spectrofluorometer.Forthevideoclips, 

thesampleswereexcitedby a 365 nm LED (Thorlab) at various power 

densitiesandresponseswerefilmedwith a digital camera (Nikon D7200). 

 

2. Results and Discussion 

2.1 Phosphorescence decay curves of Br6A/a-PMMA before and after the irradiation 

 

Figure S2. Phosphorescence decay curves of Br6A/aPMMA before and after the irradiation. 
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2.2 Phosphorescence quantum yield measurement data for Br6A in a-PMMA under 

sealed conditions 

Table S1.Measurement data for the phosphorescence QY of Br6A on aPMMA under sealed 

condition 

 Excitation (a.u.) Emission (a.u) QY 

1 1970430 411603 20.9 

2 2955200 556892 18.8 

3 5396980 977145 18.1 

4 2870400 524968 18.3 

Average   19.0 

 

2.3 Br6A/a-PMMA in a glove box before and after irradiation 

 

Figure S3.1 wt% Br6A in aPMMAfilmexcitedby a 365 nm LED for 1 s and(b) after 30 s 

irradiationandfollowedbytheremovalofthe M-shapedcardin a glove box with the oxygen level 

below 1 ppm. No contrast is observed.  
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2.4 Phosphorescence decay curves of Br6A/a-PMMA film under sealed and unsealed 

conditions 

 

Figure S4. Phosphorescence decay curves of Br6A/ a-PMMA film under sealed and unsealed 

conditions. 

 

 

2.5 Emission enhancement of Cl6A, I6A and BrPhFlA in a-PMMA and no 

photochromism from R6G- and Ir(ppy)-doped a-PMMA as well as Br6A in i-PMMA 

 

Figure S5. Emission enhancement of Cl6A in a-PMMA. (a) at the start of illumination, mask 

on; (b) after illumination for a while, mask on; (c) taking off the       mask, photochromism 

behaviour was obvious; (d) kept illuminating for a while, phosphorescence from the masked 

area was recovered. 
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Figure S6. Emission enhancement of I6A in a-PMMA. (a) at the start of illumination, mask 

on; (b) after illumination for a while, mask on; (c) taking off the mask, photochromism 

behaviour was obvious; (d) kept illuminating for a while, phosphorescence from the masked 

area was recovered. 

 

 

Figure S7. Emission enhancement of BrPhFlA in a-PMMA. (a) at the start of illumination, 

mask on; (b) after illumination for a while, mask on; (c) taking off the mask, photochromism 

behaviour was obvious; (d) kept illuminating for a while, phosphorescence from the masked 

area was recovered. 
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Figure S8. No emission enhancement of (a) Ir(ppy)3 and (b) R6G in aPMMA, versus  (c) 

obvisou emission enhancement of Br6A in iPMMA before and after the irradiation. 

 

2.6 Emission decay curves of Cl6A, I6A, BrPhFlA, and Ir(ppy)3 as well as Br6A in 

i-PMMA 

Figure S9. Emission decay curves of (a) Cl6A and (b) I6A in a-PMMA. 
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Figure S10. Emission decay curves of (a) BrPhFlA and (b) Ir(ppy)3 in aPMMA. 

 

 

 

 

 

 

Figure S11. The phosphorescence decay curve of Br6A in iPMMA. 

 

 

2.7 The deduction of the relationship between the saturation time and the reciprocal of 

the power density 

Consideringthereactionkineticsbetweensingletoxygenandthesubstance in the polymer 

thatcanbeoxidizedbysingletoxygen, theconcentrationofthesubstance ([C]) versus irradiation 

time (t) should follow the first-order kineticequation[4], 

[𝐶] = [𝐶]0𝑒𝑥𝑝(−𝑘𝑃𝑡) (S1) 

where[C]0isthe initial concentrationofthesubstance, Pisthe power densityoftheexcitationsource, 

kisthephotodegradation rate constantofthesubstance. Thus, 

thereactedconcentrationofthesubstancecanbeexpressedas, 
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[𝐶]𝑟𝑒𝑎𝑐𝑡𝑒𝑑 = [𝐶]0 − [𝐶] = [𝐶]0[1 − 𝑒𝑥𝑝(−𝑘𝑃𝑡)] (S2) 

Weassumethattheconcentrationofthereactedsubstanceisthe same 

astheproducedsingletoxygenconcentrationby UV irradiation. Then, 

theconcentrationofthesingletoxygenproducedby UV irradiation ([O2
1]) canbewrittenas, 

[𝑂2
1] = [𝐶]𝑟𝑒𝑎𝑐𝑡𝑒𝑑 = [𝐶]0[1 − 𝑒𝑥𝑝(−𝑘𝑃𝑡)] (S3) 

Then, theconcentrationoftheremainingtripletoxygen ([O2
1]) canbeexpressedas, 

[𝑂2] = [𝑂2]0 − [𝑂2
1] = [𝑂2]0 − [𝐶]0[1 − 𝑒𝑥𝑝(−𝑘𝑃𝑡)] (S4) 

Withthisexpressionfortheoxygenconcentration, wecanwritethe Stern-Volmer equation 

(𝐼0/𝐼𝑃 = 1+ 𝐾𝑆𝑉[𝑂2], here, I0istheemissionintensitywhenoxygencannotbeconsumedfurther. 

Weassumethatthisisthe same emissionintensity in theabsenceofoxygen. IPistheintensity at a 

givenoxygenconcentration, andKSVisthe Stern-Volmer rate constant[5]) 

fortheirradiationprocessas, 

𝐼0/𝐼𝑃 = 1 + 𝐾𝑆𝑉{[𝑂2]0 − [𝐶]0[1 − 𝑒𝑥𝑝(−𝑘𝑃𝑡)]} = 𝐴1 + 𝐴2𝑒𝑥𝑝(−𝑘𝑃𝑡) (S5) 

Here, 𝐴1 = 1 + 𝐾𝑆𝑉[𝑂2]0 +𝐾𝑆𝑉[𝐶]0 and𝐴2 = 𝐾𝑆𝑉[𝐶]0, whicharebothconstant. Based on 

theresultshown in Fig. 3, whentheintensityreachesthesaturation, I0/IPbecomesthe same forany 

power density. Let’ssaythatvalueofI0/IP= a, then, 

𝐴1 + 𝐴2𝑒𝑥𝑝(−𝑘𝑃𝑡) = 𝑎 (S6) 

Then, wecangett = b/P. Here b = ln[(A1-a)/A2]/k. Therefore, 

therelationshipbetweenthesaturation time and 1/Pshouldbe linear. 
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2.8 Reversibility study of the photoresponsive behavior 

Westudiedthereversibilityofthephotoresponsiveswitchingbehaviorofoursystem in 

ordertodescernwhetherthepossibleoxidationofmatrix polymer 

bysingletoxygencouldbetheoriginofthephotoswitching. Directly after thefilmswerefabricated, 

theachievablepeakemissionintensityof Br6A orBrPFL-TFK was tracked after oneminuteof 

365 nmirradiation. After theemissionintensitymeasurement, the film was left in 

ambientatmospherefor 3 minutestoensurecompleteoxygenbackfillbeforethe subsequent 

cycleofmeasurement. Data werecollectedover 5 illuminationcycles. Figure 

S12showstheemissionenhancementby UV irradiationis reversible 

eventhoughthehighestintenistyreached in eachcycledecreasesover time due 

tophotodegradation.  

 

Figure S12. The highest achieved emission intensity in each illumination cycle at various 

excitation power densities of (a) aPMMA: 1 wt% Br6A drop-casted film and (b) aPMMA: 1 

wt% BrPFL-TFK drop-casted film excited by 365 nm LED. 
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2.9Singlet oxygen emission 

Methanol solutions of Br6A and BrPFL-TFK in various concentrations were prepared. Singlet 

oxygen emission was measured after 365 nm (for Br6A) or 345 nm (for BrPFL-TFK) UV 

irradiation.  

 

FigureS13. NIR emissionspectraof Br6A andBrPFL-TFK in MeOH-d4 

invariousconcentrations. The singletoxygenemissionisobserved at 1270 nm.  

 

The additional peakat around 1230nmcamefromthesecond-order signalofthe 

residualtailthe600 nmlong-pass filtercould not remove. Weconfirmedthisbyusing a 560 

nmfilter. Whenthe 560 nmfilter was used, thelocationoftheartifactmovedto ~ 1140 nm. 
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FigureS14. NIR emissionspectraof Br6A andBrPFL-TFK in MeOH-d4 withtwo 

differentlong-pass filters (F600: 600 nmfilter; F560: 560 nm Filter). The 

singletoxygenemissionpeak at 1270 nmismarked.  
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