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Photo-switching emission of photochromic materials has paramount importance in the field of

optoelectronics. Here, we report synthesis and characterization of a dithienylethene (DTE) based

photochromic low molecular weight gelator (LMWG) and self-assembly with lanthanide (Eu3+ and Tb3+)

ions to form a photochromic coordination polymer gel (pcCPG). Based on DTE ring opening and closing,

the TPY-DTE gel shuttles from pale-yellow coloured TPY-DTE-O to dark blue coloured TPY-DTE-C and

vice versa upon irradiating with UV and visible light, respectively, and both the photoisomers show

distinct optical properties. Furthermore, integration of Eu3+ and Tb3+ lanthanides with TPY-DTE resulted

in red and green emissive Eu-pcCPG (Q.Y. ¼ 18.7% for the open state) and Tb-pcCPG (Q.Y. ¼ 23.4% for

the open state), respectively. The photoisomers of Eu-pcCPG exhibit photo-switchable spherical to

fibrous reversible morphology transformation. Importantly, an excellent spectral overlap of the Eu3+

centred emission and absorption of DTE in the closed form offered photo-switchable emission

properties in Eu-pcCPG based on pcFRET (energy transfer efficiency >94%). Further, owing to the high

processability and photo-switchable emission, the Eu-pcCPG has been utilized as invisible security ink

for protecting confidential information. Interestingly, mixed Eu3+/Tb3+ pcCPG exhibited photo-

modulated multi-spectrum chromism reversibly where the colour changes from yellow, blue, and red to

green and vice versa under suitable light irradiation.

Introduction

The recent upsurge in research on coordination polymer gels

(CPGs),1–3 a new class of processable ‘so’ materials formed by

the self-assembly of suitable metal ions and a low molecular

weight gelator (LMWG),4 stems from their unique properties

including responsiveness to stimuli,5 environmental adapta-

tion,6 tunable degradability,7 self-healing,8 and dynamic nano-

scale architecture.9 The synergistic interactions between metal

ions and LMWGs offer unique properties for CPGs in the

optical,10 magnetic,11 redox,12 and catalysis elds.13 Lanthanide-

based coordination compounds14 with a p-chromophoric

ligand show greater superiority as light-emitting materials due

to their large Stokes shied narrow visible/near infra-red (NIR)

emission with a long excited-state lifetime.15,16 Recently, the

integration of lanthanide ions, in particular Eu3+, with suitable

photochromic organic molecules has received considerable

attention as their photo-responsive tunable emission17 based on

pcFRET (photochromic Förster resonance energy transfer) has

led to applications in optical switches,18–22 data storage, super-

resolution imaging,23 molecular machines,24,25 sensing26–29 and

optoelectronic devices.30 Among the different photochromes,

dithienylethene (DTE) or diarylethene (DAE) derivatives are

widely studied31–35 because of their outstanding fatigue resis-

tance,36 high photoisomerization quantum yield,37–39 and easy

synthesis with different functional groups.40–42 Moreover, light

is an intriguing external stimulus as it offers clean and nonin-

vasive control35 of the operation with high accuracy, showing

greater convenience in activating or erasing the secret encoded

information as compared to other chemical stimuli.23 There-

fore, for reversible information encryption and decryption, it is

desirable to develop so processable photo-switchable lumi-

nescent nanomaterials which are capable of being easily oper-

ated in a noninvasive manner.13 Furthermore, light stimulus

driven reversible dynamic transformation of the morphology in

such so nano materials is of paramount importance in the

eld of opto-electronics, drug delivery43,44 and photo actuators.45

The Eu3+ integrated photochromic materials wherein the light

can change the optical signal output46 would be ideal candi-

dates bearing extra security features of non-tampering, anti-

counterfeiting47 or forgery of encoded information.48,49 Thus,
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they can be utilized as secret ink50 for storing condential

information and could be useful for intelligence agencies,

defense authorities, and private or government security orga-

nizations. However, photo-modulated emission of Eu3+ is

mainly studied in the solid-state,48,49,51,52 and therefore, proc-

essability will be the main obstacle for using them as security

ink.53 We envisioned that the design and synthesis of such

lanthanide integrated photochromic (Ln-pcCPG) so materials

would show greater processability54,55 and high thermal stability

due to metal coordination.56,57 Compared to single-colour

emissive materials, bi-metallic lanthanide (Eu3+/Tb3+) CPGs

with a photochromic LWMG would offer the potential for more

sensitive stimuli-responsive multi-colour properties.58 The

colour of the mixed (Eu3+/Tb3+) CPG can be readily modulated

over a wide spectrum by light stimulus and can be used for

multi-colour signaling and sensing purposes.59 Such so

processable multi-spectrum chromism based on mixed

lanthanide emissive pcCPGs is underexplored (Scheme 1).54

Here, we report the design and synthesis of a photochromic

LMWG based linker (TPY-DTE) by integrating the DTE unit and

terpyridine moiety through an amide linkage. TPY-DTE LMWG

showed excellent photochromism in the gel state. Furthermore,

two photochromic CPGs, Eu-pcCPG and Tb-pcCPG, were

prepared by the self-assembly of Eu3+ and Tb3+ salts with TPY-

DTE LMWG, respectively. A reversible morphological trans-

formation between the microspheres and bers was also

demonstrated in the Eu-pcCPG along with the photochromic

behaviour. Interestingly, Eu-pcCPG displayed fast photo-

switchable emission properties based on a highly efficient

pcFRET process (energy transfer efficiency ¼ 94.79%). Further,

highly processable photo-switchable emission Eu-pcCPG has

been used as invisible security ink on ordinary paper and also

exploited for decoding of condential information. On the

other hand, Tb-pcCPG did not exhibit photo-switchable emis-

sion; however, an optimized pcCPG of mixed metal Eu3+ : Tb3+

(7 : 3 ratio) has shown interesting photo-modulated reversible

emission as well as visible colour changes that can be employed

for signalling and sensing applications.

Results and discussion
Synthesis, characterization, and applications of

photochromism in organogels

Synthesis and characterization of the photochromic molecule,

4,40-(peruorocyclopent-1-ene-1,2-diyl)-bis-(5-methylthiophene-

2-carboxylic acid) (DTE(COOH)2), has been reported in the

literature.60 We have adopted a similar synthetic procedure, and

the details are given in the ESI (Scheme S1†). The photochromic

low molecular weight gelator (LMWG), namely 4,40-(per-

uorocyclopent-1-ene-1,2-diyl)bis(N-(3-([2,20 : 60,200-terpyridin]-

40-ylamino)propyl)-5-methylthiophene-2-carboxamide) (TPY-

DTE), was synthesized by amide coupling between the

DTE(COOH)2 photochrome and 2,20 : 60,200-terpyridin-40-yl-

propane-1,3-diamine (TPY-NH2) and characterized using

different spectroscopic techniques (Fig. S1–S3†). UV-Vis

absorption study for a methanolic solution (10�5 M) of yellow

coloured TPY-DTE showed an overlap band in the range of 264–

286 nm, which is attributed to p-p* transition for TPY30 and

DTE(COOH)2 units
60(Fig. S4†). Upon irradiation with UV light (l

¼ 365 nm) for 15 seconds, the yellow colour solution changes to

Scheme 1 (a) Photoisomerization in TPY-DTE LMWG and the corresponding visible colour changes in the TPY-DTE organogel. (b) Schematic

representation of the Eu3+ coordinated TPY-DTE LMWG in Eu-pcCPG (open and closed form) and the corresponding images of the xerogel in

the dispersed state showing photomodulated colour changes under daylight/UV light. (c) Images of the Tb-pcCPG xerogel in the dispersed state

under daylight/UV light.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2674–2682 | 2675
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blue because of the ring-closing of the DTE unit.54 The presence

of additional absorbance between 500–700 nm in the UV-Vis

absorption spectrum aer UV irradiation further conrms the

photocyclization of the DTE units in the LMWG (Fig. S4a†).5

Notably, saturation of DTE-ring closing was observed upon UV

irradiation for �60 s (Fig. S4a†). Further, the photo-

cycloreversion (DTE ring-opening) in TPY-DTE LMWG was

observed upon visible light irradiation (l > 400 nm), and

completion of the reaction was achieved in �110 s (Fig. S4b†).

The quantum efficiency for the conversion of the open to the

closed form (TPY-DTE) and vice versa was calculated to be 81%

and 69%, respectively (Fig. S4c and d†).37,38 Moreover, the

maximum conversion of the open to the closed form in the

photostationary state (PSS) upon UV-light irradiation was found

to be�72%. The gelation propensity of LMWG was examined in

various solvent systems under different conditions (Table S1,

see the ESI† for details). For organogel (OG) preparation, the

LMWG (5 mg) was taken in a 0.3 mL solvent mixture of meth-

anol (0.2 mL), ethylene glycol (0.05 mL) and water (0.05 mL).

The reaction mixture was heated gradually from 60 �C to 120 �C

in a closed vial and subsequently cooled to room temperature

which resulted in a pale yellow coloured organogel (OG) of TPY-

DTE (Fig. 1a and S5–S7†). The gel can be converted to the sol

form by heating at 80 �C, conrming the thixotropic behaviour

(Fig. S7†). The yellow gel (TPY-DTE-GO i.e. gel in the open form)

can be converted to the dark blue coloured gel (TPY-DTE-GC i.e.

gel in the closed form) upon irradiating with UV-light for 10–15

seconds and can be reverted to yellow colour by treating with

visible light for 25–30 seconds (Fig. 1a). The UV-Vis absorption

spectra of TPY-DTE-GO also showed the overlap bands in the

range of 264 nm to 290 nm, which are characteristic of the p–p*

transition for both, TPY and DTE units (Fig. 1d). On the other

hand, TPY-DTE-GC showed additional broad absorbance in the

visible region with amaximum at 610 nm due to the ring closing

of the DTE unit. The reversibility of photochromic behaviour of

the TPY-DTE gel has been examined for ten cycles and found to

be equally effective as for the 1st cycle, suggesting excellent

fatigue resistance behaviour of the gel (Fig. 1d and S8a†).

Similar to the TPY-DTE LMWG, upon continuous UV-light

irradiation on the TPY-DTE-GO, UV-Vis absorption spectra

were recorded in a time interval of three seconds, and the

maximum conversion from TPY-DTE-GO to TPY-DTE-GC can be

achieved in �60 seconds (Fig. S8b†).

Similarly, the complete reversible conversion of TPY-DTE-GC

to TPY-DTE-GO can be achieved in �120 seconds with contin-

uous visible light irradiation as conrmed by the UV-Vis

absorption spectrum (Fig. S8c†). The reversible fast-

photochromism in the TPY-DTE organogel as compared to

previously reported DTE-based solid photochromic mate-

rials49,61 could be attributed to its gelacious nature, which

provides more space for facile structural changes during the

photo reaction.54 The powder X-ray diffraction (PXRD) pattern of

the TPY-DTE-GO showed a peak at 2q ¼ 26.43�, corresponding

to a d-spacing value of 3.36 Å which indicates the presence of p–

p stacking in the self-assembly (Fig. S6†). Comparison of the

FTIR spectra of TPY-DTE LWMG and the TPY-DTE-OG revealed

a decrease in –C]O and –N–H stretching frequencies from

1696 cm�1 to 1684 cm�1 and from 3462 cm�1 to 3436 cm�1,

respectively, indicating the presence of intermolecular H-

bonding between the amide groups of DTE-TPY (Fig. S5†).62

The surface morphology of TPY-DTE-GO and TPY-DTE-GC was

analyzed by FE-SEM (Fig. S9†). This showed irregular inter-

connected sheet-like morphologies for both cases, ensuring

that the supramolecular architecture remains unaffected by the

light treatment. This was further supported by the high-

resolution TEM (HR-TEM) analysis as similar layered sheet

Fig. 1 (a) Preparation of the TPY-DTE organogel and photoisomerization of TPY-DTE-GO to TPY-DTE-GC and vice versa. (b) Photochromism in

TPY-DTE in the xerogel state. (c) Strain sweep tests for TPY-DTE-GO and TPY-DTE-GC at g% ¼ 0.01–1. (d) Absorption spectra for TPY-DTE-GO

and TPY-DTE-GC (the inset shows the recyclability test for 10 consecutive cycles) (absorbance changes at 610 nm for the TPY-DTE organogel

upon visible and UV-light treatment). HR-TEM images for (e) TPY-DTE-GO and (f) TPY-DTE-GC. (g) Coating of an ethanolic solution of TPY-DTE-

GO on white paper and the corresponding photochromism. (h) Various patterns obtained by masking on TPY-DTE organogel-coated paper.

2676 | Chem. Sci., 2021, 12, 2674–2682 © 2021 The Author(s). Published by the Royal Society of Chemistry
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type morphology was observed for both the photo-isomers

(Fig. 1e and f). The rheology measurements for TPY-DTE-GO

and TPY-DTE-GC showed that the storage modulus G0 was

considerably higher than the loss modulus G00 for both, indi-

cating the elastic properties of the self-assembly, which is

characteristic of a stable gel phase54 (Fig. 1c). Notably, an

increase in the G0 value was observed for TPY-DTE-GC as

compared to TPY-DTE-GO, which could be attributed to the

greater mechanical strength due to stronger p–p stacking in the

planar conguration of the closed-ring photoisomer.63 The

photoconversion of TPY-DTE-GO to TPY-DTE-GC was further

conrmed through IR spectra which showed a characteristic

shi of CH3 bending linked to thiophene rings from 985 cm�1

to 996 cm�1 for open to closed form conversion (Fig. S5†).64,65

The quantum efficiency for the conversion of TPY-DTE-GO to

TPY-DTE-GC and vice versa was calculated to be 60% and 46%,

respectively (Fig. S10†).37 Moreover, the maximum conversion of

TPY-DTE-GO to TPY-DTE-GC in the photostationary state (PSS)

upon UV-light irradiation was found to be �71%. Owing to the

excellent processability, we have exploited yellow coloured TPY-

DTE-GO for writing applications by coating over an ordinary

paper (Fig. 1g). The light-yellow gel-coated paper turned blue in

colour upon UV-irradiation for �15 seconds and reverted to

a light-yellow colour upon shining visible light for�30 seconds.

Further, various designs have been made just in a few seconds

upon UV-light irradiation through UV-masking, indicating the

potential of the material to be used in the lithographic tech-

nique, ordinary UV-sensors, and writing applications37,55

(Fig. 1h).

Synthesis, characterization, and photochromism in

coordination polymer gels

We envisioned utilizing TPY-DTE LMWG as a linker for

preparing a photochromic coordination polymer gel (pcCPG) by

integrating with a suitable metal ion. In this context, we have

chosen lanthanide metal ions (Eu3+ and Tb3+) for preparing

pcCPG as they form complexes with TPY units which exhibit

narrow emission with an excellent quantum yield and also

possess a long excited-state lifetime.53 The UV-Vis absorption

spectra obtained from titration of Eu3+ (stock solution ¼ 10�4

M) with TPY-DTE LMWG (10�6 M) in methanol have suggested

a maximum binding ratio of 1 : 1 (Fig. 2a) and showed the

bathochromic shi of TPY absorption from 276 nm to 300 nm

due to metal binding.66 The binding constant (Ka) for Eu3+ to

TPY-DTE LMWG was calculated using the Benesi–Hildebrand

plot67 and found to be 4.54 � 104 M�1 (Fig. S11†). Next, gelation

was attempted with an equimolar ratio of Eu3+ and TPY-DTE

under similar conditions as employed for TPY-DTE OG and

resulted in the yellow coloured Eu-pcCPG-O (gel in the open

form) (Fig. 2b and S12–S14†). FE-SEM and TEM analysis of Eu-

pcCPG-O showed a nano-sized (300–600 nm) interconnected

spherical morphology (Fig. 2d and e). EDAX analysis indicated

the presence of 11.84 wt% Eu3+ in Eu-pcCPG-O, which is in good

agreement with the theoretical prediction (Fig. S14a†).

Elemental mapping demonstrated the uniform distribution of

Eu3+ in the supramolecular network (Fig. S14b†). The PXRD

pattern of Eu-pcCPG-O showed a low angle peak at 7.68� (d ¼

11.5 Å), indicating the formation of a higher-order self-

assembled structure upon Eu3+ coordination to the TPY centre

(Fig. S13†). Notably, PXRD peaks at 2q ¼ 24.53� (d ¼ 3.6 Å) and

26.25� (d ¼ 3.4 Å) indicated the presence of p–p stacking in the

self-assembly in Eu-pcCPG-O (Fig. S13†). Further, FT-IR analysis

revealed a signicant shi in the C]O stretching frequency of

Eu-pcCPG-O (n¼ 1642 cm�1) in comparison to the TPY-DTE-GO

(n ¼ 1684 cm�1) that can be attributed to the stronger H-

bonding (i.e. C]O/H–N– interactions) in Eu-pcCPG-O which

is also supported by the appearance of an intense peak at

3455 cm�1 for n(N–H) (Fig. S12†). The UV-Vis absorption spec-

trum of the yellow Eu-pcCPG-O showed a subtle bathochromic

shi as compared to that of TPY-DTE-GO and the absorption

maximumwas found to be at 310 nm. Next, irradiation of yellow

coloured Eu-TPY-DTE-O pcCPG with UV-light for 30 seconds

resulted in deep blue colouration due to the DTE ring-closing

and conrmed the formation of the photo isomer Eu-pcCPG-C

(gel in the closed form) (Fig. 2b). Eu-pcCPG-C revealed broad

absorption in the visible range (500–750 nm) similar to TPY-

DTE-GC (Fig. 2b). Importantly, visible light irradiation for 60

seconds caused blue Eu-pcCPG-C to further revert to yellow Eu-

pcCPG-O. The UV-Vis absorption properties were examined

back and forth from yellow (Eu-pcCPG-O) to blue (Eu-pcCPG-C)

and vice versa upon irradiation with UV and visible light,

respectively, for ten cycles and were found to be equally efficient

as observed for the rst cycle (Fig. S15†). The quantum

Fig. 2 (a) Titration of TPY-DTE LMWG with Eu3+ in methanol (inset:

from 270 nm to 360 nm). (b) Absorption spectra of Eu-pcCPG-O

(yellow gel) and Eu-pcCPG-C (blue gel) and the corresponding images

under daylight. (c) Strain sweep tests for Eu-pcCPG-O and Eu-pcCPG-

C at g% ¼ 0.01–0.1. (d) FESEM and (e) TEM images of Eu-pcCPG-O. (f)

TEM images of Eu-pcCPG-C (obtained by UV irradiation on Eu-

pcCPG-O). (g) TEM images of Eu-pcCPG-O (obtained by visible light

irradiation on Eu-pcCPG-C).

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2674–2682 | 2677
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efficiencies for the conversion of Eu-pcCPG-O to Eu-pcCPG-C

and vice versa in the gel state were found to be 70% and 57%,

respectively (Fig. S16†). The conversion ratio of Eu-pcCPG-O to

Eu-pcCPG-C in the photostationary state (PSS) was calculated to

be �71%. Next, the morphology of Eu-pcCPG was studied by

TEM analysis with UV and visible light irradiation (Fig. 2e and

f). Interestingly, upon UV light irradiation on the Eu-pcCPG-O

for 2 min, the aggregated nanospheres were transformed into

interconnected nanobrous structures due to DTE ring-closing

(Fig. 2f). Further, the reversibility of the morphology was

investigated by visible light irradiation on the Eu-pcCPG-C. The

regaining of the nano spherical morphology was achieved upon

visible light irradiation for 10 min (Fig. 2g). This exclusive

photoinduced reversible morphology transformation from

spheres to bers could enable the use of such materials in the

domains of photoactuators4,39 and delivery media.45,68 Next,

a rheology study was performed for Eu-pcCPG-O and Eu-pcCPG-

C, which showed the viscoelastic nature of both the photo-

isomers of pcCPG. Notably, G0 for both Eu-pcCPG-O and Eu-

pcCPG-C was found to be similar under less % strain, which

decreases along with an increase in the % strain. The decrease

is more pronounced from 0.02% to 0.1% strain for Eu-pcCPG-C

which suggested the lower mechanical strength of the Eu-

pcCPG-C as compared to Eu-pcCPG-O (Fig. 2c). Next, upon

excitation at 310 nm, the Eu-pcCPG-O exhibited Eu3+ centred

red emission at 590 (5D0–
7F1), 615 (5D0–

7F2), 652 (5D0–
7F3), and

700 (5D0–
7F4) nm

54 (Fig. 3a). This can be easily discerned by the

naked eye. Interestingly, the highest intensity emission peak of

Eu3+ at 615 nm has excellent overlap with the absorption of Eu-

pcCPG-C; thus, reversible photo-switchable luminescence of Eu-

pcCPG can be realized based on a pcFRET process (Fig. 3a). The

emission of Eu-pcCPG-O was almost quenched upon contin-

uous UV irradiation for 70 s (Fig. 3b–e), which can be attributed

to the formation of Eu-pcCPG-C. Furthermore, visible light

irradiation on the blue-coloured Eu-pcCPG-C for 300 seconds

revealed the reversion to yellow coloured Eu-pcCPG-O along

with complete recovery of the corresponding Eu3+ based red

emission (Fig. 3c and f). The DTE-ring opening was further

conrmed by the absence of the absorption band in the range of

500–750 nm in the UV-Vis absorption spectrum of the obtained

yellow Eu-pcCPG-O (Fig. 2b). The absolute quantum yields for

Eu-pcCPG-O and its photo-isomer, Eu-pcCPG-C, were found to

be 18.7% and 0.52%, respectively. Next, the rate constant has

also been calculated for quenching and regaining of uores-

cence by irradiating Eu-pcCPG (Fig. 3e and f). The change in the

emission intensity was monitored at 615 nm, and the rate

constant for uorescence quenching and regaining was calcu-

lated to be 5.89 � 10�2 s�1 and 9.09 � 10�3 s�1, respectively

(Fig. 3e and f). The rate constant study showed that DTE ring-

opening takes a longer time as compared to ring-closing in

Eu-pcCPG. Further, excited-state lifetimes were measured for

Eu-pcCPG-O and its photo-irradiated form, Eu-pcCPG-C, upon

excitation at 310 nm (Fig. 3g). The data of the lifetime for Eu-

pcCPG-O and Eu-pcCPG-C were tted using bi-exponential

decay,69 indicating the presence of two distinct emitting

centres which are most likely to appear due to two different

coordination environments around the Eu3+ centre in the Eu-

pcCPG. The Eu3+ centre in Eu-pcCPG carries two terpyridine

Fig. 3 (a) The absorption of Eu-pcCPG-C (blue) and emission for Eu-pcCPG-O (red). (b) The images for Eu-pcCPG-O (showing red emission)

and Eu-pcCPG-C (showing no emission) under UV light. (c) Emission spectrum for the Eu-pcCPG-O and Eu-pcCPG-C upto 10 consecutive

cycles for emission regaining and quenching upon visible and UV light irradiation, respectively. (d) Corresponding change in emission intensity at

615 nm for 10 cycles. (e) Time dependent change in the emission for Eu-pcCPG-O upon UV light irradiation (inset: kinetics plot for emission

quenching upon UV light irradiation). (f) Time dependent change in the emission for Eu-pcCPG-C upon visible light irradiation (inset: the kinetics

plot of emission regaining upon visible light irradiation). (g) Time resolved photoluminescence decay profiles for Eu-pcCPG-O and Eu-pcCPG-C

(lex ¼ 310 nm and lem ¼ 615 nm).
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units (occupying six coordination sites) and the remaining two

coordination sites could be occupied by the water or nitrate

anions or both (one water and one nitrate anion),70,71 which

leads to the Eu3+ centres in two different coordination envi-

ronments. This would change the ligand eld strength around

the Eu3+ centre in Eu-pcCPG that eventually results in the

biexponential decay. The average lifetimes for Eu-pcCPG-O and

Eu-pcCPG-C were calculated to be 397.0 ms and 20.7 ms,

respectively (see the ESI for details and Table S2†). The signi-

cantly decreased excited-state lifetime of Eu-pcCPG-C provided

strong support for the pcFRET process. The energy transfer

efficiency calculated from the excited-state lifetime was found to

be 94.79% (see the details in the ESI†). This further validated

the existence of strong pcFRET in the Eu-pcCPG.

Secret writing application

The Eu-pcCPG exhibited excellent processability, photochro-

mism, and photo-switchable emission. Therefore, we envi-

sioned utilizing this as an invisible security ink. For this

purpose, an ink based on the light-yellow methanolic solution

of Eu-pcCPG-O was prepared (Fig. 4a). A message was written on

a yellow coloured ordinary paper, which was unreadable due to

the paper having a similar background colour (Fig. S16†). At the

same time, it became red emissive and could be read out easily

under UV-light. Notably, upon exposure to UV light for �45

seconds, the red emission was quenched, and the written

information turned to blue colour which could be read out

easily by the naked eye, thus failing to hide the information

(Fig. S17†). To overcome this issue, we used a blue paper, which

had negligible auto-emission, for encoding the information

(Fig. 4a). We coated Eu-pcCPG-O on the blue paper which was

not visible by the naked eye under ambient light. However, it

showed Eu3+ based red emission under UV light (Fig. 4b). Next,

we utilized a barcode pattern as the UV-mask, which was

created for our institute (JNCASR). UV-light was irradiated for 45

seconds upon employing the barcode-based UV-mask over the

Eu-pcCPG-O coated area. This resulted in uorescence

quenching along with turning the colour to blue in the mask

free area, which is interestingly invisible due to having a similar

background colour to the paper (Fig. 4c). At the same time,

a barcode pattern was generated, which was red-emissive and

visible only under UV light (Fig. 4d). Importantly, this barcode

pattern disappeared upon continuous UV-irradiation for �45

seconds (Fig. 4e). Nevertheless, the time was found to be suffi-

cient for scanning the information using an ordinary mobile

phone scanner (Fig. 4f) (see Video VS1†). This demonstrates the

writing application of Eu-pcCPG for fast reading and erasing

capability and showed potential for utilization for security

purposes.50

Terbium based pcCPG andmixed Tb3+ & Eu3+ based pcCPG for

wide-spectrum chromism

The titration of Tb3+ (stock solution¼ 10�4M) was performed in

the methanolic solution of TPY-DTE LMWG (10�6 M) and the

corresponding UV-Vis spectra suggested a binding ratio of 1 : 1

for Tb3+ with LMWG (Fig. S18a†). Similar to Eu-pcCPG, the

binding constant (Ka) for Tb3+ to TPY-DTE LMWG was deter-

mined and found to be 5.05 � 104 M�1 (Fig. S18b†). The Tb3+

coordinated pcCPG gel (Tb-pcCPG) was prepared and charac-

terized by adopting similar procedures and techniques as

employed for Eu-pcCPG (see the details in the ESI†). Tb-pcCPG

also showed photochromic behaviour based on DTE ring-

opening/closing (Fig. S21†). Yellow coloured Tb-pcCPG-O can

be converted to blue Tb-pcCPG-C by UV-irradiation which can

be reverted by visible light treatment. The PXRD pattern and FT-

IR spectrum of Tb-pcCPG-O was found to be similar to those of

the Eu-pcCPG-O (Fig. S19 and S20†). This indicates the presence

of p–p interaction and H-bonding in the self-assembly of Tb-

pcCPG-O, similar to the Eu-pcCPG-O. FESEM and TEM anal-

yses of Tb-pcCPG-O showed the interconnected spherical

morphology similar to the Eu-pcCPG-O (Fig. S22†). The

elemental mapping of Tb-pcCPG-O showed uniform distribu-

tion of Tb3+ (Fig. S23†), whereas EDAX analysis revealed the

presence of 11.08 wt% Tb in Tb-pcCPG-O (Fig. S23†). Notably,

upon excitation at 310 nm, Tb-pcCPG-O displayed four Tb3+

centred emission peaks with maxima at 490 (5D4–
7F3), 546

(5D4–
7F4), 587 (5D4–

7F5), and 623 (5D4–
7F6) nm (Fig. 5a). The

highest intensity peak among all four bands was observed at

546 nm corresponding to 5D4–
7F4 transition and responsible for

the green emission of Tb-pcCPG-O.56 Importantly, emission of

Tb-pcCPG-O has a poor overlap with the absorption of the

closed form of Tb-pcCPG-C, and therefore, an effective pcFRET

Fig. 4 Encryption/decryption application: (a) the methanolic solution

of Eu-pcCPG-O (2 mg in 1 mL methanol) coated on a normal blue

paper. (b) Blue paper turning red under UV light due to Eu-pcCPG-O

emission. (c) Red emissive paper turns blue after UV-irradiation due to

formation of Eu-pcCPG-C. (d) Printing of a barcode using a UV mask,

i.e. encryption of the pattern. (e) Decryption of the pattern upon UV

light irradiation for 45 seconds. (f) Barcode scanning using a mobile

phone.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2674–2682 | 2679
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was not observed (Fig. 5a). This was further evident as UV

irradiation for 60 seconds on the Tb-pcCPG-O showed insig-

nicant emission quenching in Tb-pcCPG-C and the bright

green emission remained intact (Fig. 5b and S21a†). Moreover,

the quantum yield of Tb-pcCPG before and aer UV irradiation

remained similar and was found to be 23.4% and 21.1%,

respectively. The decay prole for the excited-state lifetime for

the photoisomers of Tb-pcCPG was found to be biexponential,

similar to that of the Eu-pcCPG. The lifetime value for Tb-

pcCPG-O and Tb-pcCPG-C was calculated to be 87.0 ms and

82.7 ms, respectively, indicating inefficient pcFRET (energy

transfer efficiency ¼ 4.94%) in this case (Fig. 5c, Table S3†).

Furthermore, as mentioned above, the emission of Tb-

pcCPG was not photo-switchable and remained intact in the

presence and absence of UV-light. Therefore, we were interested

in examining the emission outcome of a gel based on a mixed

metal (Eu/Tb-pcCPG) system. The optimized gel of Eu : Tb (7 : 3

ratio) pcCPG-O was obtained upon heating at 80 �C (see the

details in the ESI†). The Eu/Tb-pcCPG-O excited at 310 nm

showed distinct peaks for both Eu3+ and Tb3+ (Fig. S24†).

However, bright red emission for Eu/Tb-pcCPG-O was detected

by the naked eye due to the higher concentration of Eu3+ ions

(Fig. 5d). Interestingly, owing to the photo-switchable emission

properties of Eu-pcCPG, UV-irradiation on themixed gel (Eu/Tb-

pcCPG) system for 40 seconds resulted in quenching of red

emission and yielded bright green emission that can be

assigned to Tb-pcCPG-C. Notably, this green emissive mixed-gel

was blue in colour under daylight. The emission spectrum

recorded aer UV-irradiation on the mixed gel sample showed

Tb3+-centred emission. Thus, emission of a mixed lanthanide-

based gel has been modulated reversibly upon light treat-

ment, which is yet to be explored for the CPG system. Therefore,

photo-modulated reversible colour changes, yellow 4 red 4

green4 blue4 yellow, can be achieved for Eu/Tb-pcCPG upon

shining suitable light which is unprecedented in CPG systems

(Fig. 5d). These photo-modulated emission and visible colour

changes of mixed Eu/Tb-pcCPG can be employed for signalling

applications.50,54

Conclusions

The present study demonstrated the design and synthesis of

a DTE based LWMG and preparation of a highly processable

photochromic organogel. Further, the LWMG has been exploi-

ted for developing Eu3+ and Tb3+ based photochromic coordi-

nation polymer gels (Eu-pcCPG and Tb-pcCPG). The Eu-pcCPG

has shown reversible morphology transformation from spheres

to bres and vice versa upon treating with UV and visible light,

respectively. The Eu-pcCPG showed excellent photo-switchable

emission and displayed impressive pcFRET with an energy

transfer (ET) efficiency of 94.79%. The importance of spectral

overlap for pcFRET in Eu-pcCPG has also been justied by Tb-

pcCPG. Further, a mixed metal Eu3+/Tb3+ pcCPG (in 7 : 3

ratio) showed excellent reversible photo-modulated lumines-

cence as well as photochromism that can be utilized for sig-

nalling applications. Owing to the high processability, Eu-

pcCPG has been utilized as smart ink for secret writing on

ordinary paper. Interestingly, the written information appeared

only for a few seconds under UV-light and therefore it could be

employed for encrypting condential information. The photo-

switchable photophysical properties combined with the high

processability of such materials could open exciting opportu-

nities towards developing smart materials for optoelectronics

and microscopy applications.
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