Photoresponsive luminescence switching of metal-free organic phosphors-doped polymer matrices
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Abstract: e of luminescence switching behavior based on phosphorescence enhancement
from a seri -free organic phosphors doped polymers by UV-irradiation was investigated.
H I

This pheno@enon is observed only from pairs of organic phosphors and polymer matrices having a

combinatidif of ap@ropriate triplet exciton lifetime and oxygen permeability. Systematic

G

investigation revealed that the luminescence switching behavior of organic phosphors embedded in

S

a specific p matrix stems from the conversion of triplet oxygens to singlet oxygens by UV-

irradiation, leadinglto the unique phosphorescence enhancement of organic phosphors.

Ul

Visualizatio nt information by UV-irradiation was demonstrated toward novel secure

informatio nication applications.

C
(O

1. INTRODU 477 words)

\Y

Switching of optical properties of materials in response to light has been an intriguing topic

owing to it ortance in the application of molecular switches, imaging devices, transmission

1

glasses, an indows.! Photoresponsive switching in materials’ optical properties is devised

0O

most commo rom reversible transformation between two chemical isomers (i.e.

photoisom&kism) having different absorption characteristics by photoirradiation.[zl Photo-induced

h

[

reversib ing and closing reactions and cis/trans isomerizations observed in diarylethenes,

]

azobenzenes, and iropyranslz'3 can alter the effective conjugation length of the photochromic

Gl

molecules whi also turn on and off intramolecular and intermolecular energy transfers,

A
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leading to chromatic transition.' Photoresponsive luminescence switching can be commonly
achieved by either reversible conversion between the non-emissive and emissive states of
photoch#mpounds, or by the control of energy transfer between a photochromic donor
molecule a itting acceptor. While luminescence switching responding to light has been
develop%d *gosyrom fluorophores,™ phosphorescence switching have some unique advantages
such as freedomfrom the interference of background emission due to their much longer emission

lifetime.™

M hors are organometallic by nature and accordingly, photoresponsive

phosphorescence S\witching has also been limited to organometallic complexes having a

photochrotty as a ligand.®” Even though, metal-free purely organic phosphors (POP) have a

[8,9]

much long lifetime™” than their organometallic counterparts due to the absence of heavy

metal atoms p ting spin-orbit coupling (SOC), photoinduced phosphorescence switching has

rarely from pop.[t0*2
gn photoresponsive phosphorescence switching from POP, we first consider the

oxygen sensitivity of POP as phosphorescence is originated from triplet states and the

phosphore ifetime of POP is in a millisecond or longer regime.™* In fact, oxygen-induced
phosphore @ enching is the major non-radiative decay process of POP. On the other hand,
the energy from the lowest triplet state (T,) of phosphorescence emitters to triplet oxygens
can gerﬁ oxygens that are highly reactive and often result in chemical reactions (e.g.
photodynafic therapy of triplet photosensitizers).”s] Considering this fact, we envisioned that the

conversion of tri;s oxygens to singlet oxygens by photo-irradiation would result in triplet oxygen

<C
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consumption and thereby potentially enhance phosphorescence of POP, rendering a new type of

phosphorescence switching behavior.

)t

port UV-induced phosphorescence enhancement of POP-doped polymers. To

investigate ing mechanism of this phenomenon, fluorophores and organometallic

phosphorsWaving a shorter emission lifetime are compared with POP. We also studied the effect of

oxygen pernffeabilify of matrix polymers by using a series of polymer matrices having different

C

oxygen diffusiontates. We found that distinctive light-responsive luminescence switching is

o

observed o n combination of POP with a long phosphorescence lifetime and atactic

poly(methyl methdkrylate) (a-PMMA). Our studies revealed that the phosphorescence switching

Ul

behavior of ped a-PMMA films is originated from the conversion of triplet to singlet oxygen

1

mediated xcitation of POP, which leads to the phosphorescence enhancement.

Visualizatidhn ol t information by UV-irradiation was demonstrated toward novel secure

d

commu lications.

M

2. RESULTS,& DISCUSSIONS

I

2,5 xy-4-bromobenzaldehyde (Br6A) is a metal-free purely organic phosphor having

O

its triplet life in a millisecond regime.™®* The bromo-benzaldehyde moiety of Br6A greatly

enhances ifgersystem crossing (ISC) via the El-Sayed rule-satisfying aromatic aldehyde combined

n

with th effect of bromine."® As we previously reported, Br6A-doped a-PMMA film

!

showed negligibleghosphorescence because a-PMMA has substantial oxygen permeability and 8-

b

relaxation, and phosphorescence is quenched by oxygen.[zo’m Based on that, we recently

A
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devised oxygen-sniffing core-shell nanoparticles by incorporating a covalently crosslinked Br6A

derivative into an oxygen permeable polystyrene core.™

Fig strates the photoresponsive phosphorescence switching of a Br6A doped a-
PMMA film. ly, the emission of Br6A is significantly enhanced upon continuous 365 nm
H I

UV-irradiati@n as shown in Figure 1b. To better visualize this phenomenon, a M-shaped card was
placed on @removed from the film surface to enable comparison between the emission
intensities of t overed and uncovered areas during the UV-irradiation. When the M-shaped card
was removm%s of the UV irradiation, the uncovered region appeared much brighter than the
covered region, cl@arly demonstrating the emission enhancement. Further irradiation of the film

after removj -shaped card showed that the formerly dark character M region was

brightened phosphorescence enhancement was observed in this process from almost no

emission tmreen emission. To quantitatively investigate this phenomenon, the

photol spectra and decay curves of the 1 wt% Br6A doped a-PMMA film before and

after the expa o UV light were recorded (Figure S2). Figure 1c shows the gated emission spectra

of the film

enhancemSt.
D

Iti @ wn that oxygen level can greatly affect the phosphorescence intensity of POP.
Thus, tore effect of oxygen on the UV-induced phosphorescence enhancement behavior
of POP, ied out the same UV-irradiation experiment in a glove box in which the oxygen

level is mafitained below 3 ppm. As shown in Figure S3, no emission enhancement is observed even

efore and after 30 s irradiation by LED (28.21 mW/cm?), revealing a ca. 6.5-fold intensity

after 30 s continu@lis UV-irradiation, and thus the covered and uncovered regions are

indistin@%{nplying that the luminescence switching behavior is closely related to the

This article is protected by copyright. All rights reserved.
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existence of oxygen. To further confirm that phosphorescence enhancement is related to the oxygen
level in the polymer matrix, the phosphorescence spectra, decay curves, and phosphorescence
quanturrWHof an epoxy-sealed 1 wt% Br6A doped a-PMMA film (sealed in the glove box to
exclude ox ing) were obtained (Figure 2 and Figure S4). As shown in Figure 2a, the

emissioHoEed sample (O, = 19%) is 20-fold brighter than that of the unsealed sample,

clearly indi@at the phosphorescence enhancement is related to oxygen level in the polymer.

We nextinvestigated the reversibility of the observed photoswitching behavior. Because the
depleted t gen level can be replenished as oxygen penetrates through the polymer matrix
when the U@tion is halted, the enhanced phosphorescence intensity should drop down. As
we expecte otoswitching behavior is reversible through repeated cycles of turn-on and -off

the UV-irr s demonstrated in Video S1. However, a certain level of photobleaching is

inevitable A is used as the chromophore, especially at higher light intensity (Section 2.8 in

2211

Sl and Fi ince it is well known that aromatic aldehyde is prone to photo-oxidation.

fact, photoble was substantially reduced when the aldehyde was replaced by trifluoroacetyl

group, as demonstrated by our recently developed metal-free organic phosphor, BrPFL-TFK

(Figure 511[23]

To suggested triplet oxygen consumption-based phosphorescence enhancement
mechanism pared methanol solutions of Br6A and BrPFL-TFK at various concentrations and
studiedﬁen generation upon 365 nm and 345 nm UV irradiation, respectively. As shown in
Figure S13 the singlet oxygen emission spectra at 1270 nm were observed. To further investigated

the phosphoresc;;e enhancement mechanism by preparing a camphorquinone-doped Br6A/a-

PMMA %orquinone is known to generate triplet excitons upon photoexcitation at around

This article is protected by copyright. All rights reserved.
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460 nm where Br6A is barely excited.?"! As demonstrated in Video S2 and Figure 3, strong
phosphorescence was observed from the camphorquinone-doped Br6A/a-PMMA film after 1 min of
455 anion due to the conversion of triplet oxygen to singlet oxygen by the triplet
excitons o ione, which is commonly used for photopolymerization of dental resins.
Further-ph!*?:)orescence enhancement was negligible when 365 nm lamp was turned on. On the

contrary, wii ::camphorquinone, phosphorescence from Br6A/a-PMMA film was not brightened

by 455 nm n but sharp emission enhancement was clearly observed by 365 nm irradiation.

o
These resuwly support that the observed phosphorescence enhancement originates from the

triplet oxy rsion to singlet oxygen by photoexcited POP.
Bas ese results, a phosphorescence emission enhancement mechanism through
triplet oxy mption is proposed as follows (Figure 2b). Upon excitation, Br6A is excited from

its ground “he singlet excited state, and quickly undergoes ISC to the triplet state. Then the

triplet sferred to surrounding oxygen molecules in the ground state (i.e. 3Zg‘).[25] This

process might icient due to the sufficiently long triplet exciton lifetime of Br6A (0.21 ms). As a
result, highly reactive singlet oxygen is generated® and, subsequently, consumed through reactions
with chemSI species around the polymer matrices (e.g. oxidation of PMMA).?” However,
considerin ersible feature of the observed photoswitching, oxidation of PMMA is reasonably
ruled out as igin of the photoresponsive phenomenon. Moreover, PMMA does not absorb 365
nm. There!re, the energy transfer of transient PMMA radical species cannot be the origin of the

photoswer.[zg'zg] The rate of oxygen consumption inside the a-PMMA matrix should be

faster than tEe oSen permeation rate into the polymer matrix. Consequently, the triplet oxygen

<C
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consumption by UV-irradiation leads to the phosphorescence enhancement of Br6A in the a-PMMA
matrix.

oy

oting that the emission intensity difference between the sealed and unsealed
samples (i.€. 20~ much larger than the enhancement produced by UV-irradiation (6.5 fold).

H I
This is likel\@because even though oxygens are consumed inside the polymer matrix, due to the

oxygen pe@into the polymer matrix, in steady-state, oxygen concentration in the a-PMMA
matrix cannot s low as in the sealed sample.?™ Another possible reason is that oxygen in the
deep bottow polymer film close to the glass substrate cannot be fully consumed because of
the limited UV pengtration depth. In fact, it is well-known that light has a certain penetration depth

dependingﬂvelength: e.g., blue photons can only penetrate less than 1 mm.B To further

investigate tration limit issue, the effect of film thickness on the phosphorescence

enhancemtudied. Figure 2c shows the normalized PL enhancement of the Br6A/a-PMMA

films h t thicknesses along the UV irradiation by a xenoflash lamp integrated in a

fluorimeter. T sphorescence intensity increased gradually with the irradiation time, except for
the sealed sample, consistent with the visual observation by using the LED lamp shown in Figure 1.

However, @fie can see in Figure 2c, the achievable maximum emission enhancement was reduced

[

upon incre film thickness, denoting the limit of UV penetration depth. Hence, oxygens

8,

cannot be c ely consumed by UV irradiation and consequently the enhancement by UV

irradiation ' not as significant as the sealed sample.

th

w served the same emission enhancement from several other POPs including 4-chloro-

2,5-dihexyloxybenzaldehyde (CI6A), 2,5-dihexyloxy-4-iodobenzaldehyde (I6A), and 7-Bromo-9,9-

J

diphenyl-9 ne-2-carbaldehyde (BrPhFIA), which clearly supports the suggested mechanism.

A
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Chemical structures of CI6A, 16A, and BrPhFIA are provided in the SI. Photos showing the

enhancement properties of CI6A, 16A, and BrPhFIA can be found in the Sl (Figure S5, S6, and S7).

t

However, We were unable to observe any notable UV-induced luminescence switching from
Rhodamin - and Ir(ppy)s-doped a-PMMA films (Figure S8a and S8b). We reasoned that the

negligibﬂa Ission enhancement in the R6G- and Ir(ppy)s;-doped a-PMMA films is because the

[

emitting state of,R6G is a singlet state and Ir(ppy); has a rather short phosphorescence lifetime (i.e.

G

3pus)andt uch less sensitive to oxygen compared to POP. In fact, singlet excitons are

usually notfqughcheéd by triplet oxygen and the short triplet lifetimes of organometallic phosphors

S

do not allo time for efficient energy migration to triplet oxygen.[al] According to Stern-

U

Volmer eq of Ip = 1 + Ksy[O5] = 1+k,To[O,], here, I and |, are the emission intensity without

oxygen andjat a given oxygen concentration ([O,]), respectively; K, is the Stern-Volmer rate

4

constant; imolecular quenching rate constant, and T, is the emission lifetime without

oxygen),?" the itivity of phosphorescence to oxygen depends on T,. Thus, the sensitivity of

d

organome osphors to oxygen is much lower because their 1, is approximately three orders of

Y

magnit han that of POPs. These results indicate that the observed UV-induced

luminescence switching is a unique property of POP.

[

We examined the phosphorescence switching of Br6A in isotactic PMMA (i-PMMA).
Figure S8c s e photos of Br6A in i-PMMA before and after the UV irradiation. Luminescence

switching iS\weak because the initial phosphorescence intensity is already high due to both the poor

n

oxygen ity and the absence of B-transition of i-PMMA. It has been reported that @, of

{

Br6A in j-P %) is much higher than that in a-PMMA (0.7%) at ambient conditions.* Table 1

t

summarizes the aviors of several POPs, the organometallic phosphor Ir(ppy)s, and a fluorophore

A
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R6G in a-PMMA, as well as Br6A in i-PMMA, and their emission lifetime values.?>** The decay curves

of CI6A, 16A, BrPhFIA, and Ir(ppy)s in a-PMMA, as well as Br6A in i-PMMA are provided in

t

Figure S9-S11
Eff -power on the enhancement was also investigated.”?® The emission
H I

enhancem@pts at different excitation power densities (P) for the same samples were recorded. The

time requig@d to réach the saturation was defined as the saturation time (t,), and could be obtained

G

from the video recordings. Figure 4 shows the relationship between t; and P. The t; decreases as P

S

increases. i ng the reaction kinetics between singlet oxygens and the substance in the

[35]

polymer that are okidized by singlet oxygen[34] and the Stern-Volmer equation,”™ we deduce an

b

inverse line ation between t, and P (shown in the inset of Figure 4 and the detailed

1

derivation ided in the SI). As predicted, the obtained data show a linear inverse
proportionglit @ een t, and P, supporting that the observed enhancement is related to the triplet

oxygen n by UV.

ied the UV-induced phosphorescence enhancement to a secure information

M

communication. Figure 5 shows photographs (captured from the video in the Sl) of a sample excited
by the 365 aving a power density of 57.53 mW/cm? for (a) 1 s and (b) after 10 s of

irradiation Sguare patterns, only the sections for “UM1817” are printed with Br6A/a-PMMA

oF

dissolved i rm as the ink, and the remaining characters are printed with a secondary ink

n

containi hosphorescent” derivative of Br6A, 2,5-Dihexyloxybenzaldehyde (6A, chemical

|

structure if*Figure S1) with similar fluorescence characteristics as Br6A. Upon excitation at 365 nm,

the latent informatfon UM1817 is indistinguishable because there is essentially no phosphorescence

U

emission fr in the presence of oxygen and its fluorescence intensity is similar to that of 6A.

A
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The encrypted “UM1817” is clearly revealed after 10s of UV irradiation owing to the triplet oxygen
consumption by UV light and the consequent phosphorescence enhancement. This unique
photoresmsHminescence switching from a specific combination of organic phosphors and a
proper pol ix can also render their potential use in detecting harmful UV-light or

.. 1 . .
momtormgg_lxygen evels in various processes.

In maRy, a new type of light-induced luminescence switching was devised based on the

C

triplet oxygen cansumption by UV-light and consequent phosphorescence enhancement of metal-

S

free organi osphors embedded in a-PMMA. The phosphorescence intensity is greatly enhanced

by the UV-light exilpsure in the presence of oxygen but this enhancement could not be observed in

G

an oxygen-f, ironment. The photoresponsive luminescence switching was not observed in

I

fluorescen organometallic phosphors having a fast emission lifetime. i-PMMA having a

better oxygen er property than a-PMMA cannot induce the notable luminescence change

d

either. round-state triplet oxygen to singlet oxygen mediated by UV-excited POP was

proposed as t in of the photoresponsive luminescence switching of the organic phosphor.

Therefore, the observed light-responsive phosphorescence enhancement is a unique phenomenon
pertinent t!purely organic phosphors having a long emission lifetime when they are embedded in a

polymer m ing proper oxygen permeability. Visualization of concealed information on such

organic pho ilms by UV-irradiation was demonstrated toward novel secure information

communic‘ion applications.
Experimental Sec;n

All expeqtails are described in supporting information.
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Table 1. Emission enhancement of several POPs, Ir(ppy)s, an organometallic, and R6G a fluorophore
in a-PMMA, as well as Br6A in i-PMMA, and their emission lifetime values in air (before long-term

irradiati

11

Emitter Polymer Photochromism Type leetlm
|

S ocen  aPMMA Yes POP 540 ps
Br a-PMMA Yes POP 210 ps
i-PMMA Yes POP 310 ps
a-PMMA Yes POP 285 ps
A a-PMMA Yes POP 2006 ps

PMMA No Organome 3 us

@ tallic H
a-PMMA No Fluorr:p ho - dos

Author Manus
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because the light source used for Fig. 2c is a xenoflash lamp integrated in a
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fluorescence/phosphorescence spectrophotometer, whose power intensity is much lower than that

of the UV lamp for the experiment shown in Fig. 1c.

S

H I
[ |
(@) 2s ({[)Jl 1) 1wt% BréA-doped a-PMMA + 1wt% CQ
— 1wt% Br6A-doped a-PMMA _
— 1Wt% BréA-doped a-PMMA + 1wt% CQ 1) 455 nm “ON" 1) 455 nm *(
As-prepared ————
20 Br6A film 2) 1 min iradiation 2) 365 nm "ON"
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Figure 3. (a) UV-vis absorption spectra of 1 wt% Br6A in aPMMA and 1 wt% Br6A / 1wt%
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Figure 4. Relati ip between the saturation time (ts) and the power density (P) of the excitation

light (LED);\ins inear correlation between the saturation time and (power density)™.
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Figure 5. (a) Photograph of a sample excited for 1 s by a 365 nm LED having a power density of 57.53

mW/cm®. raph of the sample after 10 s of UV exposure.

A new tprescence switching behavior based on phosphorescence enhancement from a
series of organic phosphors doped polymers by UV-irradiation was investigated, which
stems from t version of triplet oxygens to singlet oxygens by UV-irradiation, leading to the
unique ence enhancement of organic phosphors. Visualization of latent information by
UV—irraWdemonstrated toward novel secure information communication applications.
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