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ABSTRACT: Water/light regulated room-temperature phosphorescence
(RTP) of polypseudorotaxane supramolecular gel is constructed by threading
the poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (PEG—PPG-PEG) chain with the bromoaromatic aldehyde into
mono-(6-ethylenediamine-6-deoxygenated)-f-cyclodextrin (ECD) cavities
and further assembling with negatively charged Laponite XLG (CNS) and
diarylethene derivative (DAE) through electrostatic interaction. This
hydrogel exhibits significant blue fluorescence emission; instead, after
lyophilization to xerogel, the system exhibits both blue fluorescence and
yellow RTP based on the rigid network structure of the xerogel, which
restricts the vibration of the phosphor and suppresses the nonradiative
relaxation process. Interestingly, the addition of excess ECDs to the gel
system can enhance the RTP emission. Furthermore, the reversible

Fluo. 460nm X
weak RTP 546nm,

drying
(A KLY
paytr B9
wetting
f +CD w
+DAE
drying Fluo. 460nm o Fluo. 460nm ,
RTP 546nm weak RTP 546nm (/"
(ALY ALY 350m  p gy @ ErY
.
— .
"‘" ,._" >490nm "’v‘ ,,,"

&

¢

luminescence behavior can be adjusted by the photoresponsive isomerism of DAE and humidity. This polypseudorotaxane
supramolecular gel system provides a novel strategy for constructing tunable RTP materials.

KEYWORDS: supramolecular polypseudorotaxane, room-temperature phosphorescence, multistimulus response, cyclodextrin,

multicolor materials

B INTRODUCTION

Recently, supramolecular systems with room-temperature
phosphorescence (RTP) have been considered as more
advantageous luminescent materials due to the distinctive
properties, such as large Stokes shift and long triplet
lifetime.' ™ The macrocyclic confinement effect and the
reversibility of supramolecular systems have attracted increas-
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and Iight26_29 have attracted extensive attention,
their broad application prospects in chemical

potential application value.””

information anticounterfeiting,3
and biological imaging.9’36

As a novel functional material with fast swelling, high water
content, and good biocompatibility, hydrogel shows great
Therefore, it is increasingly

2,33 .
*>” optoelectronic

ing research efforts to effectively enhance RTP through
noncovalent interactions.” ® The encapsulation of macrocyclic
hosts could restrict molecular motion of phosphorescent guests
and even promote intersystem crossing (ISC) to enhance RTP
emission.”® In addition, the abundant hydrogen bonding
interactions and ordered spatial structure of supramolecular
assemblies supply a rigid microenvironment, which is able to
stabilize the triplet state and inhibit nonradiative transitions to
promote RTP.”" For example, Xiao et al. constructed a new
supramolecular hydrogel using 1,4-diaminobenzene (DB) and
hexamethyl cucurbit[S]uril (HmeQ[S]) by the host—guest
interaction, and then embedded 6-bromo-2-naphthol (BrNp)
exhibited fluorescent—phosphorescence double emissions due
to the rigid microstructure.'’  Multicolor luminescence,"”
especially multicolor RTP materials,"” is a hot topic in the
field of chemical materials. However, there are still some
limitations in the regulation of the RTP emission. Therefore,
tunable RTP materials responding to stimulus such as
temperature,m_16 humiclity,17_19 mechanical force,?°™%?
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necessary to develop supramolecular hydrogel materials with
RTP emission.”*’ The polypseudorotaxane can be formed by
cyclodextrin (CD) threading the polymer chain,” which is
able to be used as the dominant building block of luminescent
supramolecular hydrogels by utilizing the reversible encapsu-
lation of CDs with polymer chains to achieve stimulus
response. Herein, polypseudorotaxane shows an efficient
strategy for constructing stimulus-responsive supramolecular
RTP hydrogels." Yang et al. reported luminescent dimers (6-
NDI-CDs) prepared by bridging different cyclodextrins with
1,4,5,8-naphthalimide (NDI). Polyacrylamide introduced by
tetraammonium axle copolymers could assemble with 6-NDI-
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Scheme 1. Schematic Illustration of the Building of Multistimulus Response Supramolecular Gel
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CDs and cucurbit[6]uril (CB [6]) to construct the supra-
molecular hydrogel, which showed excellent ductility and
unique photoinduced color change characteristics, and was
able to erase discoloration by stretching the hydrogel.* Liu et
al. reported a photocontrolled reversible multicolor RTP
emission supramolecular polypseudorotaxane system con-
structed from CD and polyethylene glycol (PEG) derivatives
modified with benzene and naphthalene as luminophores. The
RTP of the system could be reversibly regulated through the
photoisomerization of DAE."> Moreover, the polymer formed
by the bromoaromatic aldehyde and PEG could emit blue
fluorescence in the presence of water and both blue
fluorescence and yellow RTP after drying, thus realizing the
drying—wetting luminescence regulation of gel.*" Different
from the previously reported single stimuli response
phosphorescence regulation system, we constructed a triple
stimulus response supramolecular gel system that could be
regulated by macrocyclic, water, and light. Herein, a
bromoaromatic aldehyde block polymer (PEG—PPG-PEG)
chain that could thread the ethylenediamine-f-cyclodextrins to
form polypseudorotaxane was prepared. Polypseudorotaxane
and CNS were assembled through electrostatic interactions to
obtain supramolecular hydrogels with blue fluorescence. The
addition of CNS enhanced the mechanical properties of the
hydrogel system, especially its self-healing ability. After freeze-
drying, the dry xerogel showed a weak yellow RTP emission.
Importantly, the RTP emission colors of the supramolecular
xerogel changed when different proportions of ECDs were
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added. Moreover, DAE was added as optical switches to
control the RTP emission of the system under light stimulation
(Scheme 1). Therefore, due to reversible multistimulus
response, this gel system is convenient to be applied in the
multicolor luminescence.

B RESULTS AND DISCUSSION

The polypseudorotaxane hydrogel system could be constructed
conveniently as follows: the polymer G with the bromoar-
omatic aldehyde as the core and PEG—PPG-PEG (PEG: PPG
= 1:9) as the side chain was synthesized in 52.3% yield, where
PPG units could well associate with the p-CD cavity.
Therefore, ECDs could form polypseudorotaxane with
polymer G in aqueous solution. 2D ROESY spectra exhibited
the significant correlation between the inner protons of ECD
cavities and the methyl protons of the PPG unit of G,
indicating that ECD cavities were threaded on the polymer
chain to form a polypseudorotaxane (Figure S11). Through a
calculation based on the 'H NMR spectrum, each poly-
pseudorotaxane contained 13.3 ECDs (Figure S12).* Then,
hydrogel 1 could be prepared by electrostatic interactions
between pseudorotaxane and negatively charged CNS (Figure
S$13; 1, the mass ratio of pseudorotaxane: ECD was 1:0). CNS
is a kind of inorganic nanosheet with negative charges on the
surface, which can combine with pseudorotaxane to form a
stable three-dimensional hydrogel network through electro-
static interaction. Therefore, hydrogels have good mechanical
strength and exhibit excellent self-healing properties. Zeta

https://doi.org/10.1021/acsami.3c17214
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Figure 1. (a) SEM images of xerogel 1. (b) Frequency sweep tests of the hydrogels 1 and § at @ = 0.01—100 rad s and strain (y) = 1% at 25 °C.
(c) Strain sweep tests of the hydrogels 1 and 5 at y = 0.01—100% with @ = 6.28 rad s™". (d) Continuous step strain tests of hydrogels 1 and § at y =

0.05 and 100%.

potential measurements gave an average zeta potential of CNS
aqueous solution as —42.69 mV and hydrogel 1 aqueous
solution as —35.75 mV (Figure S14), indicating that the
electrostatic interaction is favorable. After lyophilization,
scanning electron microscopy (SEM) images (Figure la)
indicated the morphology of xerogel 1 as lamellar nanosheets.
Furthermore, a series of supramolecular hydrogels 2—5 with
various pseudorotaxane/excess ECD ratios (the mass ratios of
pseudorotaxane: ECD values of 1:0.06, 1:0.1, 1:0.5, and 1:1,
respectively) were also constructed, exploring the changes of
luminescence behavior under different ECD ratios.
Subsequently, we tested the rheological properties of
supramolecular hydrogels to explore their mechanical proper-
ties. Taking hydrogels 1 and S as examples, the frequency
sweep test was carried out under the condition of strain (y) =
1%, and the curves of storage modulus (G’) and loss modulus
(G”) of hydrogels increased with the increase of oscillating
strain (Figure 1b). Under 100 to 0.01% oscillating strain, G’
was always greater than G”, implying that the hydrogel was
always stable under strain y = 1%, and the physical cross-
linking remained unchanged. The amplitude sweep experi-
ments exhibited the variation of G’ and G” as the oscillation
strain increased (Figure 1c). At the angular frequency @ = 6.28
rad s7', hydrogels 1 and 5 underwent a transition of sol—gel
state under the critical strain (y = 20%), indicating that the
hydrogel network was destroyed. When the change of strain y
was between 0.01% and 20%, G’ was higher than G”, implying
that supramolecular hydrogels were still not easily destroyed
and had good stability. However, when strain y was higher than
20%, G” was higher than G’, proving the destruction of
hydrogel networks, and the system changed from gel to sol.

Furthermore, continuous step strain tests exhibited the self-
healing performance of hydrogels 1 and $ (Figure 1d). When
placed under high strain (y = 100%, @ = 6.28 rad s™") for 100
s, the G’ values of the system were significantly reduced, and
the structure was destroyed. Instead, the values of G’ and G”
returned rapidly to the initial state, and the system recovered
to hydrogels when the strain decreased (y = 0.05%, w = 6.28
rad s7') for 60 s. It is worth noting that this reversible strain-
responsive gel—sol phase transition demonstrated that supra-
molecular hydrogels possessed satisfactory self-healing proper-
ties.

A series of spectral experiments were conducted to
investigate the luminescence behavior of the hydrogel system.
Hydrogel 1 showed strong blue fluorescence at 460 nm but no
RTP emission (Figure 2a). In addition, the Commission
Internationale de I'EClair-age (CIE) coordinates of the
fluorescence emission of hydrogel were calculated to be
(0.18,0.21) (Figure S15), accompanied by a lifetime of 8.94 ns
(Figure S16). When the hydrogel was freeze-dried, the
obtained xerogel 1 showed both blue fluorescence and yellow
phosphorescence emission. Photoluminescence spectra of
xerogel 1 under an excitation of 365 nm showed that xerogel
1 still had blue fluorescence emission (Figure 2b). However,
time-resolved delayed photoluminescence spectra exhibited
yellow RTP emission at 546 nm. The coordinates of the
photoluminescence CIE chromaticity diagram of the xerogel
were (0.23, 0.27), and the coordinates of the delayed
photoluminescence CIE chromaticity diagram were (0.41,
0.53) (Figure S17). The fluorescence lifetime and the
fluorescence quantum yield of xerogel were 9.52 ns and
6.66%, respectively, but the lifetime and quantum yield of
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Figure 2. (a) Prompt photoluminescence spectra and delayed photoluminescence spectra of hydrogel 1 (delayed SO yis; 4, = 365 nm). (b) Prompt
photoluminescence spectra and delayed photoluminescence spectra of xerogel 1 (delayed SO ys; A, = 365 nm). (c) Photoluminescence emission
spectrum and CIE chromaticity diagrams of xerogels 1—5 with different mass fractions of ECDs (1, pseudorotaxane/ECD = 16/0 wt %; 2,
pseudorotaxane/ECD = 16/0.96 wt %; 3, pseudorotaxane/ECD = 16/1.6 wt %; 4, pseudorotaxane/ECD = 15/7.5 wt %; S, pseudorotaxane/ECD
= 14/14 wt %; Ao, = 365 nm). (d) Photographs of xerogels 1—5 with different mass fractions of ECDs under UV light (4., = 365 nm).

phosphorescence were 6.60 ms and 6.41%, respectively
(Figures S19 and S20). The possible reason for the RTP
emission of the gel system may be due to the following
reasons: (1) the hydrophobic cavity of ECD on pseudorotax-
ane provided space relaxation restriction for G, which
promoted phosphorescence emission; (2) the formation of
the gel network structure provided a protective environment
for effectively immobilizing G and inhibiting the nonradiative
relaxation process leading to RTP emission; and (3) the rigid
structure of xerogel was stable, which was capable of exhibiting
a stronger RTP emission. ***°

Although the xerogel had fluorescence—phosphorescence
double emission, the RTP emission intensity of xerogel 1 was
still low. To enhance the RTP emission of this system, different
proportions of ECDs were added to obtain gel systems 2—35.
As the amount of ECDs increased, the RTP emission
intensities of the gel system increased sequentially, which
was consistent with the coordinate position in the CIE
chromaticity diagram of photoluminescence. It could be seen
that five emission points were located in the same straight line,
indicating that the RTP intensity continuously increased with
the increase of ECDs, and the emission color changed
continuously (Figure 2c; Table S1). Typically, xerogel $§
showed light-yellow luminescence under 365 nm UV light,
accompanied by a fluorescence lifetime of 5.54 ns (fluo-
rescence quantum yield: 4.48%) and a phosphorescence
lifetime of 3.66 ms (phosphorescence quantum yield:
13.51%). The SEM image (Figure S24) of xerogel § showed
a morphology as nanosheets. Similarly, we could regulate the
luminescence color of the xerogel continuously changing from
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blue to yellow by adding different proportions of ECDs
(Figure 2d).

Considering that the hydrogel only exhibited blue
fluorescence at 460 nm, while xerogel had blue fluorescence
emission at 460 nm and yellow phosphorescence emission at
546 nm under 365 nm UV light, we infer that the humidity had
a significant impact on the RTP intensity of gel system, which
is due to the fact that the content of water in the gel system
could accelerate the nonradiative relaxation process and
ultimately prompt a significant reduction in RTP emission.
Hence, we used two different sets of samples 1 and § to
investigate their luminescence behavior before and after
moistening. Delayed photoluminescence spectra of xerogel 1
are shown in Figure 3a. Under drying conditions, 1 had a weak
yellow RTP, but the RTP further weakened after moistening.
Xerogel S had a strong RTP emission under drying conditions
but decreased significantly after moistening (Figure 3b). The
photoluminescence spectra of xerogels 1 and 5 before and after
moistening by water also showed the change of luminescence
of the gel system (Figure S25). Taking § as an example, the
multicolored luminescence of the gel system could be
reversibly repeated for at least 7 cycles by drying—wetting
regulation (Figure 3c). Therefore, we investigated the
reversible photoluminescence behavior of xerogels 1 and §
under drying—wetting switch conversion conditions. As shown
in Figure 3a, solid state 1 exhibited light-blue luminescence.
After the drop of water onto 1, the emission color turned deep
blue. After drying, 1 recovered light-blue luminescence.
Similarly, the solid state S exhibited a light-yellow lumines-
cence but turned greenish-blue by moistening, and then
recovered light yellow after drying (Figure 3b).

https://doi.org/10.1021/acsami.3c17214
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Figure 3. (a) Delayed luminescence spectra of xerogel 1 under drying/wetting conditions (4., = 365 nm); inset: photographs of xerogel 1 before
and after moistening and drying under 365 nm UV light. (b) Delayed luminescence spectra of xerogel 5 under drying/wetting conditions (4., = 365
nm); inset: photographs of xerogel § before and after moistening and drying under 365 nm UV light. (c) Phosphorescence spectrum and (inset)
intensity changes at 550 nm for gel 5 upon drying and 80% humidity (4., = 365 nm). (d) Overlap of the absorption spectrum of DAE before and
after 365 nm UV light and delayed photoluminescence emission spectrum of xerogel 5. (&) Delayed photoluminescence emission spectra cycle of
xerogel 5/DAE under irradiation at 365 nm and over 490 nm. (f) Photographs of xerogel S/DAE with irradiation at 365 nm and over 490 nm

under UV light.

Diarylethene and its derivatives are able to carry out triplet-
to-singlet Forster resonance energy transfer (TS-FRET),
possessing a marvelous light-responsive isomerization perform-
ance. Therefore, they are often used as photoresponsive
switches in supramolecular systems.”’ According to the
previous report, we synthesized a positively charged diary-
lethene derivative (DAE),"® which was able to assemble with
negatively charged CNSs in the gel system through electro-
static interaction. The excellent photoisomerization properties
of the configured DAE solution can be seen from its UV
spectra (Figure S26). The opened form DAE (OF-DAE)
solution appeared as a yellow solution, but after being
illuminated under 365 nm UV light, it turned into a closed
form DAE (CF-DAE), which appeared as a blue solution.
More interestingly, when CF-DAE was illuminated under
visible light (>490 nm), it reverted back to OF-DAE,
demonstrating the excellent reversible photoisomerization
property of DAE. OF-DAE had no absorption at 450 nm
—700 nm, nevertheless, under 365 nm UV illumination, the
absorption peak continuously strengthened. The delayed
photoluminescence spectra of xerogel 5 had a fairly good
overlap with the absorption spectra of CF-DAE but could not
overlap with the absorption spectra of OF-DAE (Figure 3d).
Accordingly, it could be speculated that the triplet state energy
of xerogel could be transferred into the singlet state of CF-
DAE, thus prompting phosphorescence quenching in the gel
system. Considering the excellent optical switching perform-
ance, DAE (2 X 107> M) was added into the gel system $ and
then lyophilized to obtain xerogel S/DAE. The delayed
photoluminescence emission spectrum of the xerogel S/DAE
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showed a strong RTP emission at 546 nm (Figure 3e). When
illuminated under 365 nm UV light, the RTP intensity
significantly decreased, indicating that the RTP of the system
was quenched. On the contrary, the RTP intensity of xerogel
5/DAE recovered when exposed to visible light (>490 nm).
The xerogel 5/DAE showed yellow luminescence under 365
nm UV light. However, the RTP of this system was quenched
after long-term UV illumination, showing green luminescence
(Figure 3f). Finally, we verified the effect of xerogel sample
thickness on the photoisomerization of DAE. As shown in
Figure S27, the sample experiment with 0.2 and 0.5 mm
thickness proved that the sample thickness had little influence
on the photoisomerization of DAE and the photoresponse
phosphorescence regulation of xerogel S/DAE. These results
showed that DAE could be used as an excellent reversible light
switch to control the multicolored luminescence of gel system.

Based on the fact that the RTP intensity of xerogel
depended on the water content and the light absorption of
DAE, the gel system exhibited good multiswitch regulation
characteristics. First, the xerogel $/DAE was kept on the glass,
and a blue light-emitting hydrogel was obtained. After drying,
xerogel S/DAE showed a light-yellow emission under UV light.
Intriguingly, xerogel S/DAE showed a bluish-green light after
long-term irradiation with 365 nm UV light. We could infer
that when water was used to write on the xerogel, the
luminescent xerogel RTP was quenched, leaving only blue
fluorescence. According to the above behavior, characters
“NK” were written on the surface of xerogel. Under 365 nm
UV light, the blue fluorescence of the characters “NK” on the
xerogel S/DAE could be distinctly discerned (Figure 4a).
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Figure 4. (a) Photographs of gel 5/DAE dropped onto the glass and characters depicted by water before and after drying under UV light. (b)
Photographs of light-emitting diodes (xerogel is fixed on the diode surface with poly(methyl methacrylate); A, = 365 nm). (c) Schematic
illustration of the reversible wetting—drying regulation and the reversible light-regulated TS-FRET processes.

Relatively, the blue fluorescence of “NK” on xerogel 1 was
blurred due to the weak RTP intensity (Figure S$28).
Subsequently, the gel system was coated on the upper surfaces
of the 365 nm light-emitting diodes to form the light-emitting
diode gel system (Figure 4b). When the diodes were powered,
hydrogel 1 and hydrogel S both emitted bright blue light.
Diodes coated with xerogel 1 and xerogel 5/DAE showed
different changes in light emission behaviors. The diode coated
with xerogel 1 exhibited blue-white light emission, while the
diode coated with xerogel § exhibited yellow light. After long-
term irradiation with 365 nm UV light, the diode coated with
xerogel S turned white-green with light emission.

The possible mechanism of drying—wetting switch regu-
lation is shown in Figure 4c: G was able to promote effective
ISC from S, to T, through the spin—orbit coupling, thereby
leading to phosphorescence emission. The rigid hydrogen-
bonding network structure and the host—guest interactions in
the xerogel could inhibit the ISC, which enhanced the RTP
from T, to S, showing fluorescence—phosphorescence dual
emission performance. On the contrary, the quenching effect
of water promoted the nonradiative transition and eventually
led to phosphorescence quenching, so only strong blue
fluorescence could be attained. On the other hand, the
reversible configuration transformation of DAE could be
applied as an excellent reversible light regulation switch. OF-
DAE could not affect the luminescence of the system.
However, the absorption of CF-DAE and the phosphorescence
emission of xerogel overlapped pretty well; thus, the RTP of
xerogel could be suppressed through the triplet state to singlet
TS-FRET, achieving phosphorescence quenching. Therefore,
this kind of reversible luminescent gel material with multi-
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response characteristics may have potential applications in
information storage, printing inks, water sensors, and
orientation materials.

B CONCLUSIONS

In summary, we synthesized a PEG—PPG-PEG block polymer
G with brominated aromatic aldehydes as the core, which
threaded ECDs to form polypseudorotaxane. Polypseudor-
otaxane can assemble with negatively charged CNSs through
electrostatic interactions, forming a hydrogel in aqueous
solution. The hydrogel had a blue fluorescence emission, and
the lyophilized xerogel has a rigid network structure, which
restricted vibration relaxation, showing a fluorescence—
phosphorescence dual emission. Moreover, when ECDs were
continuously added to the gel system, the phosphorescence
emission intensity of the supramolecular xerogel would
increase. The gel system was humidity responsive, and the
change of the phosphorescence behavior could be adjusted by
dry/wet conditions. Interestingly, as a reversible light switch,
the DAE could regulate the RTP characteristics of supra-
molecular systems. This multistimulus-responsive luminescent
supramolecular gel system may provide a new idea for the
construction of tunable multicolor RTP materials.

B EXPERIMENTAL SECTION

Materials. All reagents and solvents were commercially available
and used without further purification unless otherwise noted. The
core chemical CNS was purchased from BYK-Chemie GmbH. ECD
was purchased from Zhiyuan Biotechnology. Compounds of DAE*®
were prepared by literature methods or modified literature methods.
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Procedure for the Synthesis of P-OTs. Poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (5.5 g S
mmol, the average molecular weight is 1100, PEG/PPG = 1:9) and
triethylamine (1.0S mL, 7.5 mmol) were dissolved in 100 mL of
anhydrous CH,Cl, under a N, atmosphere. Then, 4-methylbenzene-
sulfonyl chloride (0.9533 g, S mmol) was slowly dropped into the
solution under the ice bath condition. The mixture was stirred for 18
h at room temperature. Evaporation of the solvent under reduced
pressure and purification by column chromatography using CH,Cl,/
CH;O0H (40:1, V/V) as the eluent afforded 3.37 g of P-OTs in 53.7%
yield.

Procedure for the Synthesis of G. 4-Bromo-2,5-dihydroxyben-
zaldehyde (100 mg, 0.46 mmol), P-OTs (1.34 g, 1.07 mmol, the
average molecular weight is 1250), and anhydrous potassium
carbonate (600 mg, 4.35 mmol) in CH;CN (30 mL) were stirred
for 24 h at 80 °C. After cooling to room temperature, the reaction
mixture was poured into water, extracted with CH,Cl,, and dried with
Na,SO,. Evaporation of the solvent under reduced pressure and
purification by column chromatography using CH,Cl,/CH;OH
(20:1, V/V) as an eluent afforded 0.57 g of G in 52.3% yield.

B ASSOCIATED CONTENT
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