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Abstract: Smart emissive materials that can react to external stimuli in a reversible way are challenging to develop and have received 

considerable interest. Here, we present a printable hybrid material that can withstand numerous writing-erasing cycles. This material is 

based on a poly(methyl methacrylate) host matrix embedding by copolymerization of a red NIR phosphorescent metal cluster and a blue 

green 3-oxindole emitter. Irradiation of the homogeneous and stable hybrid films changes the emission color from white to deep red 

because of the oxygen perturbed energy transfer from the organic dye to the metal cluster. Because of the low PMMA gas permeability, 

encrypted data lifetime can be tuned from minutes to days, can be self-erased, and be rewritten at will. This material represents a key 

stepping stone for anticounterfeiting, optoelectronic, data recording, and many other technologies. 
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1. Introduction 

Stimuli responsive emissive materials have drawn an increasing 

attention for their potential in applications such sensors, lighting, 

optoelectronic, or information storage. They can react to one or 

several external stimuli, such as a chemical or vapor exposure, a 

mechanical or electrical stress, light irradiation, or thermal 

treatment.[1-5] Light is an easy to use external stimulus[6-13]and, 

for this reason, luminescence that is a straightforward responsive 

signal, is a useful tool that can be integrated in responsive 

materials[14-16] for optoelectronic devices, data recording and 

storage, security and anti-counterfeiting, etc. Stability and 

reversibility of the material response are in many cases an 

important issue that needs to be carefully considered to target 

applications. Materials that can store data for a prescribed period 

of time are also needed for secure communications.[17-21] These 

materials, when rewritable, could help to lower the ecological 

impact of the traditional paper industry from the production to the 

recycling.[22] Although security inks that allow thermal 

rewriting of invisible printed images have already been 

described,[20,23,24] dual emissive materials answering to the 

same light stimulus for writing and reading are unprecedented. 

Such straightforward encryption-decryption process would be 

highly convenient and cost-effective for the end-users. Moreover, 

dual emissive materials can deliver efficiently a tailored emission 

that depends on the concentration and ratio of dyes. As 

demonstrated herein, they provide a better contrast between 

irradiated and non-irradiated area and respond more efficiently to 

a light stimulus compared to a single emitting system. The 

challenge in a dual emitter design lies on the finding of emitters 

robust toward photobleaching. Fluorescent pseudoindoxyl 

derivatives containing the 3-oxindole core structure have received 

increasing interest in biological imaging.[25,26] Recently, some 

authors developed a straighforward two-step approach to access 

various multi-allylated 3-oxindoles arising from an allylation-

oxidation sequence generating water as the only side product of 

the reactions.[27] Hence, we chose  a 3-oxindole organic 

derivative (Oxi),[27] as a blue-green emitter, and an octahedral 

molybdenum cluster compound (Mo6)  to deliver a red NIR 

emission. Octahedral transition metal cluster compounds of 

general formula AnM6Xi
8La

6 (A= alkali cation, M= transition 

metal; Xi: inner ligand; La: apical ligand, see Figure 1), are well-

defined aggregates of metal atoms linked by metal-metal 

bonds.[28] These molecular phosphorescent inorganic dyes can 

show quantum yield reaching unity,[29] possess an excellent 

photostability,[30] a very large Stokes shift,[31] and, unlike 

quantum dots, such Stokes shift is achieved without the need of 

complex structure engineering.[32] They are obtained mostly by 

solid state chemistry techniques, starting from cheap and earth 

abundant elements, contain neither cadmium nor lead, and can be 

integrated in various host matrices for large-scale and public-

dedicated devices once their ceramic-like behavior is 

circumvent.[33] This lack of process ability remained a major 

drawback, despite their outstanding functionalities, until 1995, 

when Golden et al. integrated them successfully in 

nanocomposites via solution chemistry.[34] Ever since, 

octahedral transition metal clusters represent an entire research 

field within nanoscience and were incorporated in functional 

materials by several strategies such as direct integration,[35] 

apical ligand exchange,[36] cationic metathesis[37] or host-guest 

complexation.[38,39] Mo6 clusters excited state reacts efficiently 

with oxygen.[40,41] This ability allows their use in O2 sensor 

devices[42,43] or as theranostic tool in photodynamic 

therapy.[29,44,45] Poly(methyl methacrylate ) (PMMA), with a 

triplet energy of 3.1 eV,[46] is a suitable wide band gap host 

material that does not disturb infrared or visible triplet states 

emitters. As all polymers, PMMA has a high degree of rigidity 

compared to other host matrices, which makes it a material of 

choice to observe luminescence and, more specifically, 

phosphorescence from organic emitters.[47] Here, we present a 

nanocomposite able to switch reversibly its emission color from 

white to red, depending on the strength of its UV-exposure. This 

color switch is governed by the dynamic quenching of an energy 

transfer between both emitters governed by the local oxygen 

concentration. We show that data are only readable under UV 

light and are gradually self-erased because of the low polymer 

host gas permeability. The erasure times are controlled by 

exposure to UV light during the writing processes and can also be 

thermally accelerated.  

 
2. Materials and methods 

All chemicals were purchased from Aldrich or Alfa Aesar. 

Methyl methacrylate (MMA) monomer was distilled before use. 

Azobisisobutyronitrile (AIBN) was purified by recrystallization 

before being used as a radical polymerization initiator. The 
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polymerizable (C29H58NO2
+)2[Mo6I8(C2F5OCO)6]2- cluster 

(Mo6)[30] and Oxi,[27] were synthetized by reported procedures 

with conform analytical data. NMR experiments in solution were 

realized at 298 K in deuterated acetone with a Bruker Ascend 500 

MHz NMR spectrometer. All peaks were referenced to the methyl 

signals of TMS at δ = 0 ppm. DSC measurements were realized 

at 10 K.min-1 with a TA25 DSC apparatus. IR spectra were 

obtained with a Perkin Elmer IR spectrometer. 

UV–vis absorption measurements were performed on a Varian 

Cary 5000 UV–Vis-NIR spectrophotometer. The absolute 

quantum yields in the solid state and in solution were measured 

with a C9920–03 Hamamatsu system. Temperature-dependent 

emission spectra, time-dependent emission spectra at -180°C, and 

fatigue studies were recorded using a home-made set-up 

containing a light excitation source (Nikon Hg Intensilight with 

optical filters allowing an excitation ranging from 380-420 nm 

bandwidth) coupled to an optical microscope mounted with a 

CCD detector Ocean optics QE65000 and a Linkam “liquid 

crystal pro system” hotstage LTS420. Movies and time-gated 

emission spectra at 77 K were realized with a 5mW 405 nm laser 

diode and an Ocean optics QE65000 CCD detector. Lifetime 

measurements and TRPL mapping at 296 K were realized using 

a picosecond laser diode (Jobin Yvon deltadiode, 375 nm) and a 

Hamamatsu C10910-25 streak camera mounted with a slow 

single sweep unit. Signals were integrated on the entire emission 

decay. Fits were calculated using origin software and the 

goodness of fit judge by the reduced 2 value and residual plot 

shape. O2 (1∆g) measurements were realized with a Hamamatsu 

H12397-75 NIR-PMT unit mounted on a IHR3 spectrometer. 

Excitation of thin films was realized with a 375 nm laser diode 

(Jobin Yvon deltadiode). Temperature-dependent lifetime 

measurements were realized using a Edinburgh FLS960 

spectrometer equipped with a R928P Hamamatsu photodetector, 

a microflash and nanoflash lamps. Detection was realized on a 10 

nm bandwidth centered on the emission maximum of the desired 

emitter. Temperature was controlled using an Oxford Instrument 

Optistat cryostat.  

Irradiations for the encryption were realized through home-made 

masks using a 4w UV 2A lamp with an excitation wavelength of 

368 nm. Writing was realized with a 5 mW 405 nm laser pointer. 

Synthesis.  

Poxi. First,10 mg (0.5% wt.) of Oxi was dissolved in 1986 mg 

(99.3% wt.) of distilled MMA. After the addition of 4 mg (0.2% 

wt.) of AIBN, the solution was sonicated for 10 min to obtain a 

homogenous mixture, degassed 5 min under Ar, and placed in an 

oven at 65°C for 17 hours to obtain a transparent greenish 

polymer pellet. 1H-NMR (500 MHz, (CD3)2CO): 3.63 (s, 3H, 

CH3-O), 2.03-1.44 (m, 2H, -CH2-), 1.43-0.70 (m, 3H, α-CH3-). 

IR: 𝜈̅ = 1143 cm-1, C-O-C, F; 𝜈̅ = 1240 cm-1, νC-O-C, m; 𝜈̅ = 1633 

Figure 1. Schematic representation of organic and inorganic precursors used in this studies and copolymerization reactions.  
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cm-1, νCar-Car, F; 𝜈̅ = 1722 cm-1, νC=O, F; 𝜈̅ = 2951 cm-1, νCH3-sp3, f. 

Tg = 70.2°C. 

Phyb. The same procedure as that for Poxi was followed with 10 

mg (0.5 %wt.) of Oxi, 40 mg (2 %wt) of Mo6 and 1946 mg 

(97.3% wt.) of distilled MMA. 1H-RMN (500 MHz, (CD3)2CO): 

3.63 (s, 3H, CH3-O), 2.03-1.44 (m, 2H, -CH2-), 1.43-0.70 (m, 3H, 

α-CH3-). 19F-RMN (470 MHz, (CD3)2CO): -82.98 (t, 3F), -120.63 

(m, 2F). IR: 𝜈̅ = 1143 cm-1, C-O-C, F; 𝜈̅ = 1240 cm-1, νC-O-C, m; 𝜈̅ 

= 1633 cm-1, νCar-Car, F; 𝜈̅ = 1722 cm-1, νC=O, F; 𝜈̅ = 2951 cm-1, 

νCH3-sp3, f. Tg = 70.2°C. 

PMo. The same procedure as that for Poxi was followed with 40 

mg (2 %wt.) of Mo6 and 1956 mg (97.8 %wt) of distilled MMA. 

A transparent orange polymer pellet was obtained. 1H-RMN (500 

MHz, (CD3)2CO): 3.62 (s, 3H, CH3-O), 2.03-1.40 (m, 2H, -CH2-

), 1.40-0.69 (m, 3H, α-CH3-).19F-RMN (470 MHz, (CD3)2CO): -

82.98 (t, 3F), -120.63 (m, 2F). IR: 𝜈̅ = 1240 cm-1, νC-O-C, m; 𝜈̅ = 

1143 cm-1, C-O-C, F; 𝜈̅ = 1722 cm-1, νC=O, F; 𝜈̅ = 2951 cm-1, νCH3-

sp3, f. Tg = 97.1°C. 

Thin films were obtained by slow evaporation of 

dichloromethane solution (10 ml) containing Poxi, Phyb or PMo. 

 

3. Results and discussion 

3.1. Synthesis and characterization. 

As depicted in Figure 1, three copolymers were synthesized by 

radical polymerization: one containing the blue green 3-oxindole 

organic fluorophore[27] (Oxi) at 0.5 wt% (Poxi), another one 

containing the red NIR emitting molybdenum cluster[30] (Mo6) 

at 2 wt% (PMo) and a third one containing the same amount of 

both luminophores (Phyb). Polymers were characterized by NMR, 

IR, and DSC (see ESI for synthetical procedures and Figure S1-

S7). Concentrations were chosen a posteriori taking into account 

the Förster radius calculated for the two emitters once embedded 

in the host matrix (R0 = 4.48 nm, see ESI for the Förster radius 

calculation and Figure S8).[48] Despite the presence of two 

unsaturations on Oxi, it is well known that unactivated double 

bonds display low reactivity under RP (radical polymerization) 

and CRP (controlled radical polymerization) conditions.[49] 

Therefore, Oxi is rather more homogeneously dispersed than 

copolymerized like many other dyes integrated in PMMA.[50-52] 

In the contrary, the Mo6 cluster compound bearing a methacrylate 

function on its organic counter cations is copolymerized which 

prevents inorganic-organic phase segregation.[37] Glass 

transition temperatures of Poxi and Phyb (70.2°C) is lower than 

usual Tg observed for PMMA (around 100°C) which can be 

imparted to a plasticizing effect induced by Oxi. The Tg 

determined for PMo (97.1°C) is in good accordance with already 

reported results.[30,37] Homogeneous and transparent thin films 

were obtained by drop casting concentrated polymer solutions 

into Petri dishes (see pictures in Figure 2). They show intense 

luminescence upon UV-Vis irradiation (exc = 360-480nm). 

Transmission measurements reveal that the absorption cut off 

increases from 300 nm for PMo to 350 nm for Poxi and 450 nm for 

Phyb (see ESI Figure S8 for transmission spectra). 

 

3.2. Emission properties. 

Figure 2a-d presents the emission vs excitation maps of 

copolymer films. Poxi map shows that the best excitation 

wavelength to observe the blue green emission is located between 

400 and 420 nm. Absolute Quantum Yield (AQY) values of 0.4 

and 0.36 were determined in aerated and deaerated Oxi 

dichloromethane solution respectively. A similar value was 

calculated once embedded in PMMA (Table 1). Hence, the AQY 

does not appear, at first sight, to be sensitive to the atmosphere 

composition (vide infra). As expected, the introduction  Mo6 in 

the PMMA matrix via the electrostatic approach leads to a 

perfectly homogeneous red emitting polymer PMo.[30] The Mo6 

cluster emits in the red NIR area with an emission maximum 

located around 680 nm at 296 K. The optimal excitation 

wavelength lies between 360 and 420 nm. Bubbling N2 in a PMo 

containing dichloromethane solution increases its AQY from 0.02 

to 0.46 and its emission lifetime from 5 to 211 µs (see ESI Table 

S1 and Figures S10-S26, for kinetic data, related emission decay 

maps and integrated emission decay profiles). This known 

phenomenon originates from the dynamic quenching of the Mo6 

excited triplet state by triplet oxygen O2 (3g
-) thus producing the 

emissive O2 (1g).[41,53] As this process is a physical one, it does 

not generate any fatigue from the emitter and is perfectly 

reversible. In the solid state, the average emission lifetime 

deduced from PMo emission decay profile passes from 52.2 µs in 

air to 222 µs in vacuum, while saturating the sample atmosphere 

with N2 leads to an increase of its AQY from 0.1 to 0.37. The 

same trend is observed for Phyb either as a thin film or in 

dichloromethane solution: bubbling N2 in a Phyb solution 

increases the average cluster lifetime from 1.4 to 153 µs, while in 

the solid state, it increases from 31.6 to 282 µs when passing from 

air to vacuum at 300 K.  

Remarkably, Phyb emission vs excitation maps (Figure 2b,c) 

highlight a decrease in the organic emitter emission band along 

with an increase in the intensity of the cluster emission under inert 

atmosphere, which might indicate an effective energy transfer 

between both luminophores. The same phenomenon is observed 

when Phyb is continuously irradiated as depicted in Figure 2e. To 

confirm that these changes are caused by O2, we investigated the 

emission abilities of all hybrids in the NIR area (see ESI Figures 

S27-S30). When several O2 (1g) emission spectra were recorded 

successively for a Phyb thin film, we observed a decrease of the 

O2 (1g) emission signal together with an increase in the cluster 

emission band. Performing the same experiment with Poxi leads 

to a very weak emission of O2 (1g) during the first acquisition, 

thus evidencing an emitting triplet state that could barely be 

detected by measurements under inert atmosphere at 300 K (vide 

infra). Yet, this specific behaviour implies that the host matrix is 

not permeable enough to allow a fast diffusion of external O2 in 

the surrounding of the emitting cluster or Oxi ligand. This 

phenomenon represents the fundamental principle of our 

imprinting process presented in Figure 2. Increasing the 

irradiation time has also a strong influence on the AQY value of 

Phyb that passes from 0.05 before irradiation to 0.1 after being 

irradiated for 10 min under a basic 365 nm UV lamp in air 

atmosphere. 

 

3.3. Data encryption-decryption and erasing. 

Polymer films emissions were then monitored under an extended 

UV exposure. During irradiation, a slow decrease of Poxi emission 

band intensity is observed together with a slight red shift. For Phyb, 

the Oxi emission band centred at 475 nm diminishes slightly 

while the cluster emission band centred around 680 nm increases 

strongly. Figure 2e presents normalized spectra for irradiated and 

non-irradiated Phyb area. The writing is realized using a 5 mW 

405 nm laser beam (see ESI, video S1) while imprinting is 

performed irradiating continuously samples through a mask with 

a 4 W UV-2A during 300s. As depicted in the 1931 CIE 

coordinates diagram (Figure 2f), the perceived colour is highly 

sensitive to O2 concentration. In air atmosphere, irradiating Phyb 

from 380 up to 430 nm leads to a white emission with 

chromaticity coordinates values in the 1931 CIE colour diagram 

comprised between 0.296<x<0.318 and 0.290<y<0.35, while a 

red colour is obtained in a N2 saturated atmosphere. Note that a 

deep red emission with x>0.68 is always observed for PMo 

regardless of the excitation wavelength. PMMA is known to have 

a low O2 permeability.[54,55] Irradiating doped polymers leads 

to a decrease in the local O2 concentration due to the O2 (3g
-) 

consumption by excited triplet states. As a result, these triplet 

states emit more efficiently, which modify significantly the 

perceived emission color for Phyb.  
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Table 1. Photophysical data (average lifetimes and absolute quantum yield) recorded on thin films. 
a 

Integration area = 450-548nm; b integration area = 612-748nm; average lifetime is calculated as  = (aii
2)/(aii); F : fluorescence; Ph : 

phosphorescence. 

 

  

 average lifetimes AQY (exc = 365 nm) 

 300 K 77K 

Air  N2 
 Air Vacuum Vacuum 

 Foxi
a 

[ns] 
PhMo

b 

[µs] 
Foxi

a 
[ns] 

Phoxi
a 

[ms] 
PhMo

b 
[µs] 

Foxi
a 

[ns] 
Phoxi

a 
[ms] 

PhMo
b 

[µs] 

Phyb 5.9 31.6 14.4 6.3  282 18.7 400 486 0.13 0.38 

Poxi 5.9 - 15.4 7.9 - 17.2 533 - 0.35 0.35 

PMo - 52.2 - - 222 - - 295 0.10 0.37 

Figure 2. Emission vs excitation maps of a) Poxi and b) PHyb in an air atmosphere, c) PHyb in a N2 atmosphere; d) PMo in an air atmosphere  

(intensity increases from dark blue to red); e) Emission spectra at 25°C observed under 405 nm excitation (laser diode 5mW) for Poxi 

(black), PHyb (irradiation time : 10 ms (blue), 10 s (red), PMo (green), inset: pictures of Poxi and PMo thin films under UV (365 nm) and 

sunlight; f) 1931 CIE coordinates diagram of Poxi (blue square) and PHyb in air atmosphere (red circle) or under N2 atmosphere (white 

triangles), PMo (green diamond), excitation varies from 360 up to 480 nm by 5 nm steps; Schematic presentation of writing (5 mW, 405 

nm laser pointer) and imprinting process using UV-light  (exc = 365 nm, UV-2A 4w); photographs of PHyb under UV light (365 nm) and 

solar light; i) the erasing step is performed either by heating the sample up to 60°C during 5 minutes or by waiting at 20°C for an amount 

of time depending on the irradiation power used during the imprinting step. 
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 Because the oxygen consumption rate is related to the excited 

state generation, 300 seconds are needed to stabilize the cluster 

emission with a 4W UV-2A lamp while the equilibrium is reached 

in 7s using a 405 nm 5 mW laser beam (vide infra). 

Hence, the imprinted motif appears red with surrounding white, 

while the film stays transparent and unmarked under solar light 

(Figure 2). This process is fully reversible as imprinted motives 

self-erase gently due to the slow diffusion of O2 in the copolymer. 

Clearly, their appearance and full disappearance depends on 

several factors: the power and time of UV exposure as well as the 

film thickness (around 350 µm in our case according to SEM 

measurements, see ESI Figure S31). We observed that for 90 s 

of irradiation with a UV-2A 4 W tube, the drawing could 

disappear after 1 h, while an irradiation of 5 min led to a 

persistence of several days (see ESI Figure S32). Data erasing 

can be accelerated by a gentle heating at 60°C during 5 min that 

increases the copolymer chains mobility and therefore also 

increases its O2 permeability. It can also be performed efficiently 

in a laboratory using vacuum/air cycles. 

 

3.4. Evidencing energy transfers between the two 

luminophores. 

O2 (1g) emission studies performed on Poxi, clearly evidenced 

that Oxi possesses a triplet excited state. However, AQY values 

calculated either in aerated or deaerated Oxi solutions (AQY ≈ 

0.4) are very similar, and the same trend is observed for Poxi in air 

or N2 saturated atmosphere (AQY=0.06) at 296 K. Hence, 

temperature-assisted deactivation of this triplet state is dominant 

at room temperature. This point is well illustrated by temperature 

dependent emission studies. For Poxi, we observed on cooling a 

clear red shift of the emission maximum due to the enhancement 

of the emission signal located around 520 nm (see ESI Figure 

S33-S34 for temperature dependent emission spectra). For PMo, 

passing from 300 K to 77 K induces, as expected, a shift of the 

Mo6 cluster emission maximum from 680 to 650 nm, a narrowing 

and an increase in the emission signal.[56,57] Both phenomenon 

are observed in Phyb. 

Definitely, the Oxi triplet excited state emission is best observed 

by time-gated emission performed at 77K when Phyb and Poxi are 

dipped in liquid nitrogen and irradiated at 405 nm. Figure 3a and 

3b present emission spectra recorded during irradiation (in black) 

and 10 ms after the irradiation is switched off (in red) for Poxi and 

Phyb respectively. They clearly evidence a partial energy transfer 

between the Oxi T1 state and the Mo6 cluster anion. While during 

irradiation, the bluish emission band combines the fluorescence 

and phosphorescence of Oxi, only a green phosphorescence 

occurs 10 ms after excitation (see ESI video S2). As presented in 

Table 1, the average lifetime of this long-lived emission passes 

from 7.9 ms at 296 K to 533 ms at 77 K for Poxi (see ESI Table 

S2 and Figures S35-S36 for temperature-dependent transient 

emission data). For Phyb, the Oxi phosphorescence lifetime is 

significantly shorter (from 6.3 ms at 296 K to 400 ms at 77K) 

which evidences the resonance part of the all energy transfer 

occuring between Oxi and Mo6. This transfer is confirmed by the 

appearance of the cluster anion emission band together with the 

Oxi phosphorescence one after irradiation (Figure 3b, red curve 

and ESI Figure S37-S38).  

These energy transfers have also a strong impact on the Mo6 

cluster emission lifetime whose value increases by 165 % in the 

presence of Oxi at 77K (Figure 3c). The phenomenon is still 

observable at 300 K with an increase from 222 µs (PMo) to 277 µs 

(Phyb). According to temperature-dependent transient 

measurements, these energy transfers become more efficient 

below 200 K (see inset Figure 3c).  

Despite the previous experimental and theoretical studies dealing 

with the rationalization of Mo6 cluster emission 

properties,[56,58-60] it remains difficult to explain accurately 

which Mo6 energy levels or sublevels are involved in these energy 

transfers, as not only the Mo6 ground state but also Mo6 excited 

states could be involved. Moreover, the global energy transfer can 

not be assessed to only one type of transfer as it is a combination 

of resonance and radiative transfer. Yet, the simplified Jablonsky 

diagrams presented in Figure 3e summarize photophysical 

measurement results. They highlight the major role played by 

oxygen in the all emission process. In air, the Oxi triplet emission 

is quenched due to non-radiative deactivation and to its reaction 

with O2 leading to O2 1g emission. Although efficient, the 

quenching of Mo6 emission by O2 (3g
-) is not complete and Mo6 

 

Figure 3. Time-gated normalized emission spectra observed at 77K (black line: during irradiation, red line : 10 ms after irradiation) for a) 

Poxi and b) Phyb; c) Mo6  emission decay profiles observed at 77 K in PMo (black) and Phyb (red), inset: temperature dependence of Mo6 

average lifetime values in PMo (black) and Phyb (red); d) Follow up of emission intensity under constant UV-2A irradiation at 296 K (green 

disk: Phyb emission at 680 nm; blue square : Phyb emission at 480 nm; black triangle: Poxi emission at 480 nm; red reverse triangle : PMo 

emission at 680 nm); e) Jablonsky energy diagram of Phyb with (top) and without (bottom) oxygen. 
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emission is observed. In the lack of O2, Oxi transfers part of its 

energy to Mo6 via singlet-singlet, triplet-singlet, and triplet-triplet 

energy transfer.  

 

3.5. Behavior under continuous irradiation and 

decryption fatigue studies.  

Polymer films were irradiated continuously on a microscope 

equiped with a UV-2A source and their emission was 

monitored for one hour (Figure 3d and ESI Figure S39-

S40). It is clear that their emission behaviour, up to the full 

consumption of O2 embedded in the host matrix, will depend 

on several factors: mainly the power and the duration of 

irradiation, as well as the sample thickness that governs the 

O2 concentration profile within the material. During the first 

300 seconds, a large increase by 400% of the Mo6 intensity 

signal associated to a slow decrease by 40 % of the S1 Oxi 

emission signal is observed for Phyb. This increase can not 

only be assessed to the local decrease of O2 concentration, as 

it is barely observed for PMo. It originates also from the 

energy transfers between both emitters. From 300 up to 500 

s, Mo6 and Oxi moities enter in a stationary regime as their 

emission tend to stabilize afterwards. For Poxi, a little 

increase of the Oxi emission band is also observed during 

the first 300s and the emission stabilizes after a slight 

decrease.  

As expected, the Phyb emission envelope evolves much faster 

under a more powerful irradiation with a 405 nm 5mW 

Laser. During this experiment, the stationary regime is 

reached after 7 s for the cluster emission band (exc = 405 

nm, see ESI Figure S41). In these irradiation conditions, 

PMo emission intensity increases by 200% and stabilizes after 

200 s (see ESI Figure S42). 

 

As UV light can be used to write, read, and delete encrypted 

data, we studied the ability of our material to support a low 

to moderate UV exposure. These experiments were 

performed to get an idea about the time available to read 

encrypted data under irradiation without degrading them. 

Figure 4 summarizes the experiments realized and main 

results. Imprinted films were irradiated for several seconds 

(10, 30 or 45 s with a UV-2A irradiation) and then allowed 

to stand for 10 min. The emission signal was recorded before 

and after irradiation. This cycle was repeated at least 10 

times (see ESI, Figure S43). First, irradiating Phyb during 

only 10 s does not modify its envelope emission signal, i.e.: 

the emission intensity maxima of Oxi and Mo6 are kept at 

the same level. Hence, a short irradiation does not modify 

the encrypted informations that can be read without 

damages. Increasing the irradiation time leads to an increase 

of Mo6 cluster emission intensity. However, for 30 s of 

irradiation, the Oxi signal is still more intense than the one 

of Mo6. The contrast between imprinted and non imprinted 

area is lowered. Increasing the irradiation time to 45 s leads, 

after the second cycle, to a large increase of the cluster 

emission and a decrease of the Oxi emission band. Hence, at 

this power of irradiation, the material is entering in the 

imprinting process, and encrypted data can be erased after 10 

cycles or by an extended irradiation. 

 

4. Conclusions 

In summary, we have designed a flexible hybrid 3D nanomaterial 

gathering stable organic and inorganic emitters in a PMMA host 

matrix. The obtained emissive thin film reacts efficiently to UV 

light irradiation by changing its emission color from white to deep 

red. This ability was used to print information directly on the 

polymer film. The nanocomposite emission color changes are 

controlled by the dynamic quenching of an energy transfer 

governed by the local oxygen concentration, that drops down 

when triplet oxygen O2 (3g
-) reacts with the excited triplet states 

of emitters to generate the reactive O2 (1g). Data are only 

readable under UV light and are gradually self-erased because of 

the low polymer host gas permeability. The erasure times are 

easily controlled by exposure to UV light during the writing 

processes and can also be thermally accelerated. Temperature- 

and time-dependent photophysical studies evidenced energy 

transfers between the organic blue green emitter S1 and T1 excited 

states and the phosphorescent metal cluster S1 and T1 excited 

states. Taking into consideration the versatility of the synthesis 

from the organic and inorganic point of view, the wide choice of 

host matrices governing the gas permeability of the hybrid and 

therefore the reactivity of the color changes; taking also in 

consideration the cost effectiveness and the ease of the data 

encryption-decryption process, we anticipate that these materials 

will be promising candidates for applications in optical data 

recording, sensors or anti-counterfeiting devices. 
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