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The self-trapping nano-loop structures of [1l]rotaxanes exhibited
multiple Forster resonance energy transfer (FRET) patterns via dual
and sequential locking/unlocking of pH-gated and UV exposure
processes. As a tightened and constrained nano-loop in the acidic
condition, dithienylethene (DTE) unit was locked in the highly
bending open form to forbid ring closure upon UV irradiation.

Recently, mechanically interlocked molecules (MIMs) with 3-
dimensional architectures have attracted considerable interest
in the development of molecular switches and machines.'™
Several studies have investigated the controlling and switching
quasi-mechanical motion of MIMs with certain external sti-
muli, including redox, pH, light and temperature, providing
nanoscale devices for the fabrication of actuators, switches,
motors and nanites.*® Among them, the bistable [2]rotaxane as
a representative example of MIMs contains a host macrocycle
interlocked onto another linear guest dumbbell by supramole-
cular interactions,”'° while the [1]rotaxane molecular structure
is a single molecular system with the combination of host and
guest moieties together to self-trap the axle tail inside its own
macrocycle head.*™* Interestingly, the reciprocating shuttling
motion of the macrocycle causes rigorous changes between
contraction and extension configurations of [1]rotaxane iso-
mers, leading to the obvious reduction in the rotation of rotors
due to the bulky steric hindrance of the self-tightened
structure."*® Along with potential applications of rotaxanes
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based on molecular shuttling and introducing various specific
functionalities with delicate designs into rotaxane structures,
the corresponding reversible properties can be tuned
easily.””'® The development of sophisticated and functional
molecules that concede a variety of interactions among their
components is desirable, such as energy-, electron- and charge-
transfer, etc.'® resulting in controllable molecular devices and
machines, which have significant impacts on the improvement
of sensing, electronic, nanotechnological and biological
applications.>*™*

Photons are utilized as efficient external triggers for energiz-
ing photochromic and photo-switchable molecules.>**° Dithie-
nylethene (DTE) and its derivatives are one of the most
distinguished optical switching agents since they have optimal
effectiveness on customizable functions and exhibit excellent
thermal stabilities, fatigue resistances and photo-conversion
efficiencies.”” In addition, Férster resonance energy transfer
(FRET) phenomena, as a non-radiative energy transfer process
from an excited-state donor to an acceptor in the ground state
through dipole-dipole coupling, rely on an appreciable overlap
of the donor emission with acceptor absorption spectra and
a suitable donor-acceptor distance.”® Thus, a considerable
number of FRET-based materials have been prepared by the
combination of various photochromic and fluorophoric donors-
acceptors in covalent and supramolecular systems.”>*° A notable
example of this strategy is tetraphenylethane (TPE) as an
aggregation-induced emission (AIE) donor and DTE as a photo-
chromic acceptor to control in vivo imaging and cancer surgery
to display many unique characteristics as smart systems with
benefits at higher levels of molecular design.*"

Numerous concepts of gated photochromism of DTE
derivatives have successfully proceeded through non-covalent
interactions including host-guest supramolecules, multiple
hydrogen bonds, n-r stacking and so forth.*>** However, the
naked-eye colour changes in these systems are inferior to the
visualization of photo-switchable fluorescence materials.
Hence, we designed and investigated novel multi-stimuli
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Fig. 1 Schematic representation of controllable FRET behaviors between
TPE and DTE units under acid—base reversible processes between [1]RotA
and [1]RotB-O along with reversible photoisomerization processes
between [1]RotB-O and [1]RotB-C.

responsive MIMs incorporating the optical switching DTE unit,
as described in Fig. 1, which performed FRET behaviour by
integration of the TPE unit as an AlEgen donor and the DTE
moiety as a photochromic acceptor in [1]rotaxane. The acid-
base controlled shuttling of the macrocycle between distinct
stations led to the transformed DTE configurations between
parallel (p) and antiparallel (ap) conformers, which demon-
strated a gated photochromism due to the locked and
non-photoswitchable structure of the p-conformer upon UV
irradiation in the acidic condition. Consequently, the pH-gated
photochromism behaviour also induced FRET-OFF phenomena,
resulting in the photoluminescence (PL) turn-on signals, as illu-
strated in Fig. 1. Thus, the FRET process can be triggered via
molecular shuttling by acid/base controls as a programmable
molecular machine with multi-stimuli responsiveness.

A photo-switchable interlocked molecule [1]JRotA was
designed and synthesized through the self-tightened molecular
strategy using an asymmetrically thread molecule constructed from
a dibenzo-24-crown-§ (DB24C8) macrocycle-linked benzylalkyl-
ammonium (BAA) station via a photochromic DTE bridge and
TPE as an AlEgen stopper. Furthermore, compound [1]RotB-O with
DB24C8 located at the N-methyltriazolium (MTA) site was prepared
from [1]JRotA in a base solution of 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) (see Scheme 1). The synthetic procedures and character-
izations of compounds 1-15, TPE-propagyl, [1]rotaxanes and the
unthreaded compound (NIM-O) are fully described in Fig. S1-S29
and the ESL Firstly, the successful synthesis of interlocked [1]RotA
was proven by the analysis and comparison of the "H NMR spectra
between [1]JRotA and non-interlocked molecule NIM (Fig. 2a and b).
Secondly, the reversible motions of [1]RotA were examined by
"H NMR spectra under acid and base conditions. As well-known
acid-base reagents, trifluoroacetic acid (TFA) and 1,8-diazabi-
cyclo[5.4.0Jundec-7-ene (DBU) were used as external stimuli to
observe the shuttling of the macrocycle between two distinct
binding sites (i.e. BAA and MTA stations) of [1]JRotA and [1]JRotB
(Scheme 1). Besides, the unthreaded behaviour from self-tightened
pseudo-1]rotaxane to linear non-interlocked structures with differ-
ent synthetic yields of isomeric MIM and NIM structures (45% and
85% for [1]JRotA and NIM-C, respectively) could be controlled by the
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Scheme 1 Synthetic strategies of self-tightened [1]rotaxanes, including
[1]RotA, [1]RotB-O and [1]RotB-C.
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Fig. 2 Partial 'H NMR spectra (500 MHz, CDCls, 298 K) of (a) NIM-O, (b)
[1]RotA. (c) [1]RotB-O (upon the addition of 1.1 equiv. DBU) and (d) [1]RotA
(upon the further addition of 2.2 equiv. TFA to the solution of (c)).

UV exposure time, as shown in Fig. 3. The details of Scheme 1 and
related results of [1]JRotB-O, [1]RotB-C, [1]JRotB-C + TFA in Fig. S30
are revealed in the ESLf

In essence, the photochromic DTE unit could undergo
reversible photo-isomerization between closed and open forms
of DTE-C and DTE-O by UV and Vis light, respectively. Upon
different UV irradiation time intervals (at l.x = 365 nm), the
solutions of [1]JRotB-O and NIM-O in DMSO (Fig. S31 and S32b,
¢, ESIt) produced two new absorption bands at 350-380 (very
small absorbance) and 435-680 nm with A, = 542 nm, so the
colour of the solutions was remarkably changed from colour-
less to purple due to the photochromic behaviour of isomeric
DTE structural changes. Nonetheless, [1]RotA showed an unex-
pected UV-inactive behaviour which could be attributed to the
p-conformer of DTE, resulting in its unaltered optical activity
(Fig. S32a, ESIt). As typical AlEgens, [1]rotaxane and related
compounds in the DMSO/H,0 system with different water frac-
tions ( f,,) were explored in Fig. S33a-f (ESIT), and the solutions
of both [1]rotaxanes ([1]RotA and [1]RotB-O) and the unthreaded
compound NIM-O in 99% water (DMSO/H,0 = 1/99, v/v) with the
strongest AIE behaviours and highest blue PL emission inten-
sities (at 470 nm) were chosen for the other studies.

Interestingly, increasing UV irradiation time, the PL inten-
sities of [1]RotA were only decreased slightly, while the original

Chem. Commun., 2023, 59, 466-469 | 467
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Fig. 3 (a) Synthetic schemes illustrated light-driven processes of pseudo-
[1lrotaxane and the unthreaded linear structure controlled by UV/Vis light
before the interlocked step. (b) TLC differentiated major productions of
isomeric [1]RotA and NIM-C with DTE-O and DTE-C intermediates under
respective Vis and UV exposure conditions. (c) Yields of [1]RotA and NIM-C
controlled by UV irradiation time.

blue PL intensities (at 470 nm) of both [1]RotB-O and NIM-O
were remarkably dropped due to converting from the open
forms of [1]JRotB-O and NIM-O to the closed forms of [1]JRotB-C
and NIM-C, respectively, leading to the activation of the energy
transfer through FRET pathways. Thus, the strong blue emis-
sions and open form of DTE were maintained in [1]RotA after
UV exposure, but the closed form of DTE was obtained and thus
the PL emissions in [1]JRotB-C and NIM-C were quenched after
UV irradiation (insets of Fig. 4a—c), where NIM-C has a more
efficient closure time (ca. 100 sec.) compared with that (over
200 sec.) of [1]RotB-C (loosened loop) after UV exposure
(Fig. 4d) due to the higher photo-isomerization rate in NIM-O
(non-interlocked structure) with the non-constrained open
form of DTE. Accordingly, the UV facilitated DTE ring closure
reaction speeds and kinetics follow the reversed trend of DTE
self-constraint order as: [1]RotA (tightened loop) < [1]RotB-O
(loosened loop) < NIM-O (non-interlocked structure). More-
over, their highly reversible photochromic and efficient FRET
phenomena along with self-assembly properties in Fig. S34-S37
were verified by SEM, DLS and time-resolved PL (TRPL) mea-
surements (described in the ESIt). To demonstrate the pH-
gated FRET phenomena, it is inspired by the pH effects on
various photo-switching FRET behaviours (see Fig. S38, ESIY)
where bistable [1]rotaxane and related structures (i.e., [1]RotA,
[1]RotB and NIM-O) and loosened derivatives were treated by
the combinations of base-controlled shuttling (adding DBU)
and UV irradiation (365 nm) (described in the ESIY).

To study the rare structural transformations in self-
tightened [1]rotaxanes, theoretical calculations were conducted
to obtain the optimized structures for different forms of
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Fig. 4 Time-dependent PL spectra of (a) [1]RotA, (b) [1]RotB-O and (c)
NIM-O, and (d) relative emission intensities of [1]RotA, [1]RotB-O and
NIM-O at /e = 470 nm upon UV exposure (0-480 s). Insets: Photographs
of fluorescence changes observed in (a) [1]RotA, (b) [1]RotB-O and (c)
NIM-O solutions (DMSO/H,0O = 1/99, v/v) before and after UV irradiation.
Concentration: 50 puM, Zeyx: 310 nm.

[1]rotaxanes [1]RotA (tightened loop) and [1]RotB (loosened
loop) along with non-interlocked molecule NIM. To illustrate
their FRET-OFF/ON behaviours, the absorption spectra of iso-
lated closed and open forms of DTE ap-conformers were also
computed using time-dependent density functional theory (TD-
DFT) approaches.®® The B3LYP/6-31G(d)** ™’ level of theory was
employed in this study and all computations were performed
using the Gaussian 16 program. The full explications are clearly
described in the ESL{ As shown in Fig. 5 and Fig. S39 (ESIY),
owing to the largest bending conformation of DTE to induce
the larger twisting distance of potentially reactive C1 to C6 for
ring closure reaction, the farthest C1 to C6 distance of 5.5 A in
[1]RotA was much longer in contrast to those of 3.7 in [1]RotB-O
and NIM-O, and thus the photoisomerization (by UV exposure)
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Fig. 5 Optimized structures for [1]RotA, [1]RotB-O and [1]RotB-C;
DTE(p) and DTE(ap) refer to parallel- and antiparallel-conformers, while
—C and -0 indicate the closed and open forms of DTE. The C1 to C6
distances (rC1-C6) for the C1-C6 bond formations in photoisomerization
are marked in pink in the side view for open form compounds ([1]RotA and
[1]RotB-O).
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was inhibited in this highly bent and constrained structure of
[1]RotA.

In summary, the dual and sequential locked/unlocked photo-
switching effects on reversible FRET processes (under UV/Visible
irradiations) were investigated by tightened/loosened nano-loops
of diarylethene-based [1]rotaxanes via pH-controlled shuttling to
the auxiliary methyltriazolium (MTA) binding site. In addition, the
unthreaded behaviour from the self-tightened pseudo-{1]Jrotaxane
to linear non-interlocked structures with different synthetic yields
of isomeric MIM and NIM structures (45% and 85% for [1]JRotA
and NIM-C, respectively) could be controlled by the UV exposure
time. With the contribution of the AIEgenic TPE stopper, the
solutions of both [1]rotaxanes and the unthreaded compound in
99% water (DMSO/H,0 = 1/99, v/v) possessed strong blue PL
emissions (at 470 nm). Interestingly, DTE ring closure occurred at
different extents after UV exposure according to the constraints of
their MIM/non-interlocked structures, ie. [1]RotA, [1]RotB and
NIM and thus the Forster resonance energy transfer (FRET)
phenomena upon UV irradiation could be controlled. Compared
with [1]RotB-O/[1]RotB-C (loosened nano-loops) and NIM-O/NIM-
C (unconstrained linear structures) possessing switchable FRET-
OFF/ON behaviours activated by UV/Vis exposures, [1]RotA in the
acidic condition was FRET-OFF locked and inert to UV exposure
due to the larger bending conformation of the DTE p-conformer
and a tightened nano-loop. The optimized structures for different
forms of [1]rotaxanes [1]JRotA and [1]RotB along with non-
interlocked molecule NIM calculated by DFT simulations also
confirmed the locked/unlocked photochromism of [1]RotA (tigh-
tening) by acid/base-driven transformation to [1]RotB (loosening)
as well as to reduce the distance of potentially reactive C1 to C6 for
the activation of the ring closure reaction in the DTE moiety.
Thus, these dual and sequential locked/unlocked photo-switching
effects introduced by multi-stimuli responsive MIMs could be
further investigated and the concept of nano-confinement to
perform a complex operation might hold potential for the devel-
opment of programmable molecular machines.
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