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As a burgeoning research field, ultrasound-responsive materials have attracted intense interest in health-
care research. However, the basic mechanism of sonochemical effect in the quasi-solid state is far from
being well understood than those in the solution. Herein, we showcase mechanochemical transforma-
tions of europium(lll) complexes in a supramolecular hydrogel matrix. With the combination of labile
terpyridine-europium complexes (TPY-Eu?*) as mechanochromic moieties and an ultrasound-responsive
fluorogen (URF) as a molecular tweezer, the hydrogel produces a notable fluorescence change in response
to ultrasound. The mechanochemical transformation was elucidated by molecular dynamics (MD) simula-
tions, and fully probed and evidenced by electrochemical experiments, X-ray photoelectron spectroscopy
(XPS), and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, a myriad of organic and inorganic smart mate-
rials has been created to sense ultrasound, with enormous appli-
cations in navigation, diagnosis, imaging, and so on [1-5]. Among
these ultrasound-responsive materials, mechanochromic polymers
based on mechanophores exhibit an excellent capacity to change
their photophysical properties upon exposure to ultrasound in so-
lution, which has recently fascinated chemists due to their versa-
tile designs and potential applications [6-12]. However, the activa-
tion of these covalent-bond-scission-based mechanochromic poly-
mers preferably occurs in the solution state under an acoustic
field, thus severely limiting their practical utilization. Differently,
the supramolecular metal-ligand (M-L) complex as a dynamic
mechanochromic moiety makes it possible to realize a highly re-
versible and sensitive response to ultrasound in the quasi-solid
state with relatively lower acoustic energy [13-19].

* Corresponding authors.
E-mail addresses: zyfnjupt@zju.edu.cn (Y. Zheng), rhzhou@zju.edu.cn (R. Zhou),
lexiaoxia@nimte.ac.cn (X. Le), tao.chen@nimte.ac.cn (T. Chen).

https://doi.org/10.1016/j.cclet.2022.03.013

Hydrogels are an attractive class of intelligent materials due
to their highly water-swollen quasi-solid feature, exhibiting unique
properties of both solid and liquid, including intrinsic soft and wet
nature, multistimulus responsiveness [20-43]. By virtue of these
merits, the dynamic hydrogels offer an ideal platform to develop
ultrasound-responsive materials by incorporating reversible M-L
interactions. Importantly, it may provide new insights into sono-
chemical effects to advance the understanding of mechanochem-
ical transformation in the quasi-solid [44]. Compared with those
polymers that can only respond in the solution, the ultrasound-
responsive hydrogels hold great promise in diverse biomedical ap-
plications including diagnosis, imaging, and biosensing.

Herein, we report a feasible strategy to fabricate ultrasound-
responsive supramolecular hydrogels through the combina-
tion of labile terpyridine-europium complex (TPY-Eu3*) as a
mechanochromic moiety and an ultrasound-responsive fluorogen
(URF) as a molecular tweezer (Scheme 1). In the fabrication
process of ultrasound-responsive hydrogels, firstly, the terpyridine-
functionalized monomer TPY-M was synthesized through two steps
of nucleophilic substitution reactions in decent yields (Scheme S1

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Illustration of the mechanochemical transformation of europium(Ill)
complexes in the TPY-M-URF-Eu hydrogel matrix upon the irradiation of ultrasound.

in Supporting information). The hydrophobic URF was synthesized
by introducing two tetraphenylethylene (TPE) groups onto the
6,6” position of TPY core through Suzuki coupling as outlined in
Scheme S2 (Supporting information). The TPE groups on URF not
only serve as luminophores to guarantee the efficient emission
based on aggregation-induced emission (AIE) [45-53], but also act
as bulky groups to inhibit coordination without the assistance of
ultrasound in the hydrogel matrix. Both TPY-M and URF were com-
pletely verified by nuclear magnetic resonance (NMR), including
1H, 13C, two-dimensional correlation spectroscopy (2D-COZY), nu-
clear Overhauser effect spectroscopy (2D-NOESY), high-resolution
electrospray ionization time-of-flight (ESI-TOF) mass spectrometer
(Figs. S1-S8, S10 and S11 in Supporting information).

Subsequently, TPY-M hydrogel was prepared by free-radical
copolymerization of acrylamide (AAm), TPY-M, methylene bisacry-
lamide (MBAA) crosslinker, using AIBN as the thermal initiator
in DMSO, followed by the solvent exchange in deionized water
(Scheme S3 in Supporting information). The ultrasound-responsive
hydrogel TPY-M-Eu was prepared by immersing TPY-M hydro-
gel into a solution of Eu(NOs); at room temperature. Likewise,
ultrasound-responsive hydrogel TPY-M-URF-Eu was prepared by
incorporating URF into the chemically crosslinked polymer net-
work, followed by solvent exchange and coordination (see Sup-
porting information for details). The chemical structures and com-
positions of hydrogels were thoroughly investigated by attenu-
ated total reflectance-Fourier transform infrared (ATR-FTIR) spec-
troscopy (Fig. S20 in Supporting information) and X-ray photo-
electron spectroscopy (XPS) experiments (Fig. S22 in Supporting
information).

We reasoned that through introducing AIE luminogens (AlEgen),
the hydrogels would exhibit remarkable emission efficiency. In-
deed, as displayed in Fig. S14 (Supporting information), the TPY-
M-URF hydrogel emits intense green fluorescence (centered at ca.
500 nm). Particularly, the emission of TPY-M-URF-Eu hydrogel dis-
plays strong yellowish fluorescent color, which is the overlapping
luminescence of the URF and TPY-Eu?* coordination complex. The
fluorescent spectrum of TPY-M-URF-Eu hydrogel reveals two main
parts centered at around 500 nm from URF, 590 nm, 615nm and
690 nm attributed to the TPY-Eu3* complex [15,54], respectively. It
indicates that no coordination occurs spontaneously between URF
and Eu3t. Ultraviolet—visible (UV—vis) titration and NMR experi-
ments also demonstrate that URF is unable to bind with Eu3+ in
organic solvents even under sonication (Figs. S9 and S12 in Sup-
porting information).

However, upon the irradiation of ultrasound, the emission band
centered at ca. 500nm was decreased over time, indicating that
URF was consecutively coordinated with Eu3* ions in the matrix
of TPY-M-URF-Eu hydrogel (Fig. 1a). It is reflected in a decrease of
the I5qp/lg15 ratio (Fig. S15 in Supporting information). The I5yg/Is15
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Fig. 1. (a) Fluorescence spectra of TPY-M-URF-Eu hydrogel upon exposure to ultra-
sound, Aex =254nm. (b) Fluorescent color changes at a CIE (1931) coordinate di-
agram. Inset: photographs of TPY-M-URF-Eu hydrogel, TPY-M-URF-Eu-US hydrogel
under 254 nm light. (¢) Mechanochemical assembly of URF-Eu3* complex, geomet-
rically optimized structures of URF (i: extended conformation in organic solvents,
ii: folded conformation in hydrogel matrix) and URF-Eu* complex.

fluorescent ratio decreased dramatically from 0.58 to 0.30 in the
initial 10 mins and reached a plateau after ca. 40 min. It resulted
in obvious fluorescence color-changing from bright yellowish (0.35,
0.44) to orange (0.52, 0.37) at the 1931 Commission Internationale
de L’Eclairage (CIE) chromaticity diagram (Fig. 1b). Similarly, the
emission intensity of TPY-M-Eu hydrogel underwent a considerable
decrease upon sonication owing to the dissociation of TPY-Eu3+ as-
sembly [16]. These results manifested that ultrasound-responsive
hydrogels presented excellent color changes when subjected to
ultrasonic irradiation, and also suggested the mechanochemical
transformation taking place in the hydrogel matrix.

It was proposed that the dynamic TPY-Eu3+ complex was dis-
assembled along with releasing of URF from aggregation, fol-
lowed by the formation of a more stable URF-Eu3* assembly when
TPY-M-URF-Eu hydrogel was subjected to ultrasonic irradiation
(Fig. 1c) [55]. Compared with the conformation in the organic sol-
vents, the energy-minimized structure of URF preferably adopted
a folded conformation in the hydrogel matrix. Thus, URF was ca-
pable of capturing Eu3* like a molecular tweezer to form a sta-
ble supramolecular assembly. Subsequently, the URF-Eu3+ assem-
bly might be further stabilized by the residual groups of poly-
mer chains in the hydrogel network. After coordination, the URF
served as a UV absorbing ligand to enable the emission of Eu(IIl)
through a ligand-to-metal energy-transfer process, i.e., “antenna ef-
fect” [56].

To further investigate the structural conformations of URF and
TPY subunit in the hydrogel matrix, molecular dynamics (MD) sim-
ulations were further conducted by using the two torsion angles
(N-C-C-N) as collective variables (Fig. 2 and Fig. S24 in Supporting
information). Intriguingly, the free energy landscape of TPY sub-
unit is highly symmetrical with a free energy barrier of ~20k]J/mol
(Fig. 2a), while the free energy landscape of URF is less symmetri-
cal with a much higher free energy barrier of ~90Kk]/mol (Fig. 2b).
It implies that the conformational space of URF is more confined
to bind with Eu3+ due to the bulky size of TPE groups. The free
energy profile along one dihedral is shown in Fig. 2c. Both the free
energy minimum of the TPY subunit and URF have small dihedral
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Fig. 2. Two-dimensional free energy landscape of (a) TPY subunit and (b) URF in
the hydrogel matrix. (c) One-dimensional free energy of TPY subunit and URF with
the representative structures of free energy minimum shown in the inset.

angles with the three nitrogen atoms close to each other (inset of
Fig. 2c). It also demonstrates that the optimized structure of URF
in the hydrogel matrix is prone to adopt a folded conformation
due to its hydrophobic feature. The calculated binding energies of
Eu3+ with URF and TPY subunit are —48.52eV and —41.26 eV, re-
spectively. Prominently, it will be more difficult for Eu3* to ex-
tricate from URF entrapment than the TPY subunit if hydrophilic
and hydrophobic factors are taken into account. That is proba-
bly why the coordination bonds of TPY-Eu3+ were disrupted while
the supramolecular URF-Eu3* complex was assembled simultane-
ously in the hydrogel matrix upon the irradiation of ultrasound.
The MD simulation and theoretical calculation demonstrate that
the fluorescence response of TPY-M-URF-Eu hydrogel results from
the mechanochemical transformation of europium(IIl) complexes.
To gain more insights into the mechanism of sonochemi-
cal effect, electrochemical experiments were performed to probe
the dissociation of the labile TPY-Eu3* complex upon sonication
(Fig. 3a). The output signal intensity of the relative current change
Al[ly was consecutively increased to 7.8% when the TPY-M-Eu hy-
drogel was subjected to ultrasonic irradiation (Fig. 3b). It sug-
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Fig. 3. (a) Schematic illustration of monitoring the dissociation of TPY-Eu** com-
plex in the TPY-M-Eu hydrogel matrix upon ultrasound stimulus. (b) The rela-
tive current variation of the TPY-M-Eu hydrogel by applying alternating sonication
(150W, 40kHz) with 60s intervals. Inset: Enlarged signals of the relative current
variation in the 15t-4™" cycles. (c) The relative current variation of the TPY-M-Eu
hydrogel by applying alternating sonication (150-300W, 40kHz) with 200s inter-
vals.
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gested that the mobile europium ions were increased under acous-
tic cavitation owing to the disassembly of the TPY-Eu3*+ complex.
The relative current returned to its initial value gradually at an
ultrasound-free state because of the rebinding of the coordination
bonds. Notably, the relative current was further increased with the
increment of ultrasonic power (from 150 W to 300W) and longer
duration (200s) as shown in Fig. 3¢, indicating that the extent of
disassembly could be tuned by varying acoustic energy and dura-
tion. To verify the role of the weak coordination bonds, the TPY-
M hydrogel served as a control. By comparison, there was no sig-
nificant change of output current when TPY-M hydrogel was sub-
jected to ultrasonic irradiation (Fig. S23 in Supporting information).
These results manifested that the dynamic coordination bonds of
TPY-Eu3* were dissociated at an acoustic field so that there were
more mobile Eu3* in the hydrogel matrix, leading to the increases
of current.

Moreover, XPS experiments were carried out to study the sono-
chemical transformation of europium(Ill) complexes in TPY-M-URF-
Eu hydrogel at an acoustic field (Fig. 4a). After sonication, the
intensity of peaks at around 1151.4eV (Eu 3d;p) and 1121.8eV
(Eu 3dsp,) for TPY-M-URF-Eu-US hydrogel were blueshifted from
1152.4eV and 1122.4eV for TPY-M-URF-Eu hydrogel, respectively,
due to the coordination of the URF with Eu3* (Fig. 4b). Also, be-
cause of the stronger electron-donating ability of URF than TPY
subunit, downshifts of Eu 4d;, and Eu 4dsp, from 131.6eV and
126.0eV for TPY-M-URF-Eu hydrogel to 131.2eV and 125.7 eV, re-
spectively, for TPY-M-URF-Eu-US hydrogel, indicating the formation
of URF-Eu3* assembly (Fig. 4c). Additionally, the transformation
of europium(Ill) complexes upon sonication were further investi-
gated by ATR-FTIR spectroscopy. As revealed in Fig. S21 (Support-
ing information), the stretching vibrations of pyridine ring (C=N,
C=C) moved from 1600.6 cm~! for TPY-M-URF-Eu hydrogel to
1598.6 cm~! for TPY-M-URF-Eu-US hydrogel. These results con-
firmed that the URF-Eu3*+ complex was assembled in the hydrogel
matrix upon ultrasound irradiation, leading to visible fluorescence
color-changing.

In summary, our study provides new prospects for fabricating
ultrasound-responsive hydrogel materials via the combination of
supramolecular labile TPY-Eu3* bonds and URF, where the TPY-
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Fig. 4. (a) The dissociation of TPY-Eu3* and assembly of URF-Eu?* upon sonication
in the hydrogel matrix. High-resolution of (b) Eu 3d and (c) Eu 4d XPS spectra of
TPY-M-URF-Eu hydrogel (top), and TPY-M-URF-Eu-US hydrogel (bottom).
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Eu3+ complex servers as mechanochromic moiety and europium
ion source, and URF acts like a molecular tweezer to capture mo-
bile Eu3*. The disassembly of TPY-Eu3* complexes and the forma-
tion of supramolecular URF-Eu3+ assembly leads to a notable flu-
orescence change in response to ultrasound. The mechanochem-
ical transformation of europium(Ill) complexes in hydrogel ma-
trix have been demonstrated by MD simulations and evidenced by
electrochemical experiments, XPS and ATR-FTIR. The ultrasound-
responsive hydrogel materials are expected to possess a broad po-
tential for applications in ultrasound diagnosis, imaging, and so on.
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