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ABSTRACT: The organization of molecular motors in supramolecular assemblies to
allow the amplification and transmission of motion and collective action is an
important step toward future responsive systems. Metal-coordination-driven direc-
tional self-assembly into supramolecular metallacycles provides a powerful strategy to
position several motor units in larger structures with well-defined geometries. Herein,
we present a pyridyl-modified molecular motor ligand (MPY) which upon
coordination with geometrically distinct di-Pt(II) acceptors assembles into discrete
metallacycles of different sizes and shapes. This coordination leads to a red-shift of the
absorption bands of molecular motors, making these motorized metallacycles
responsive to visible light. Photochemical and thermal isomerization experiments
demonstrated that the light-driven rotation of the motors in the metallacycles is similar
to that in free MPY in solution. CD studies show that the helicity inversions associated
with each isomerization step in the rotary cycle are preserved. To explore collective
motion, the trimeric motor-containing metallacycle was aggregated with heparin
through multiple electrostatic interactions, to construct a multi-component hierarchical system. SEM, TEM, and DLS measurements
revealed that the photo- and thermal-responsive molecular motor units enabled selective manipulation of the secondary
supramolecular aggregation process without dissociating the primary metallacycle structures. These visible-light-responsive
metallacycles, with intrinsic multiple rotary motors, offer prospects for cooperative operations, dynamic hierarchical self-assembled
systems, and adaptive materials.

■ INTRODUCTION

Molecular machines are the key to nearly every essential process
in living systems, ranging from fuel production to transport or
muscle function, and normal cellular activities depend on
various cooperative and collective motions of massive numbers
of biomolecular motors.1 Inspired by these intriguing processes
and fascinating functions, a variety of man-made molecular
machines have been successfully synthesized in the past
decades,2−13 several of which have shown intricate mechanical
behavior and revealed potential applications in future responsive
molecular systems and smart materials.14−29 Overcrowded
alkene-based molecular motors, a typical class of molecular
machines, show intrinsic directional rotary motion driven by
external light and heat stimuli.30−32 To date, molecular motors
have been widely employed in developing, e.g., dynamic
materials for ion recognition,33 asymmetric catalysis,34,35 and
chirality switching.36,37 To mimic biomolecular motors enabling
collective movements, molecular motors have been successfully
incorporated into macroscopic materials, including liquid
crystals,38,39 glass or gold surfaces,40−42 polymer gels,43,44

muscle-like fibers,45 and metal−organic frameworks.46,47

However, most of these systems require complex pre-

modifications to ensure collective operations of the molecular
motors. Exploring simple and effective methods to organize
several molecular motors is highly warranted. It will greatly
facilitate those applications which critically rely on amplification
and transmission mechanisms in multi-component dynamic
systems.
As a result of one of the major developments in chemistry in

the past decades, i.e., the coordination-driven directional self-
assembly strategy, numerous novel supramolecular metal-
coordination architectures ranging from two-dimensional (2-
D) metallacycles to three-dimensional (3-D) metallacages with
well-defined shapes, sizes, and geometries have been pro-
duced.48−58 These supramolecular coordination complexes not
only show astonishing geometrical structures but also enable a
range of functions including supramolecular catalysis,59−62
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encapsulation,63−67 liquid crystal,68−72 control of optical
properties,73−76 and use in photodynamic therapy.77−81 Due
to the highly directional and comparatively strong metal−ligand
bonds, the synthesis of self-assembled metallacycles and
metallacages via the coordination of simple metal and ligand
precursors is straightforward and nearly quantitative. Taking
advantage of these robust and readily accessible self-assembled
systems, a next level of design is focused on the introduction of
responsive behavior. For example, Stang et al. pioneered photo-
controlled transformations from discrete metallacycles to
metallo-supramolecular polymers induced by Z- and E-
configurational changes of embedded stiff stilbene units.82

Other stimuli-responsive metal−ligand assemblies have been
reported.83−85 The fabrication of novel functional supra-
molecular metallacycles and metallacages, via the coordina-
tion-driven self-assembly strategy, featuring intrinsic responsive
functions, offers fascinating opportunities to achieve cooperative
action, adaptive organization, and responsive material proper-
ties.
Toward this goal, we designed a bis-pyridyl-based molecular

motor ligand, MPY (Scheme 1). The precise geometry of the
electron-rich MPY donor moieties allow them to coordinate
with different electron-deficient di-Pt(II) acceptors 2−4 to form
discrete metallacycles. Several design features need to be
emphasized. First, we anticipate that due to sufficient free
volume in the metallo-supramolecular structures, the photo-
isomerization and THI of molecular motors located on the
macrocycles are not restricted by the coordination topologies,
allowing for not only the transformation of molecular geometry
but also the chirality of self-assembledmetallacycles. In addition,
compared to the free ligand, coordinating theMPY with the di-
Pt(II) acceptors results in an electron density shift toward the
acceptor units. As a consequence, new push−pull systems
involving the rotor and stator of molecular motors are
established, accompanied by a red-shift of the absorption

wavelength and an increase of the molar absorption coefficient
for the motors, which potentially enables these metallacycles to
be driven by visible light. Finally, taking advantages of the
positive charges and stimuli-responsiveness of the metallacycles,
the initially formed metallacycles were employed to further
aggregate with negatively charged heparin to form cross-linked
networks, in which the materials could transform into discrete
assemblies when the stable motor isomers switch to metastable
isomers triggered by visible light (420 nm) without destroying
the primary nanospheres’ or linear aggregates’ structures. We
reasoned that this coordination-driven self-assembly could
present a new strategy of organizing molecular motors to exploit
their cooperative and collective motions. Meanwhile, as an
additional benefit, these visible-light-responsive metallacycles
may exhibit potential for future biocompatible smart materials.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The structures of motor

MPY bearing two pyridine ligands in the stator part and Pt-
complexes 2−486−88 are depicted in Scheme 1. The synthesis
route toward photo- and thermal-responsive molecular-motor-
based ligand MPY is shown in Scheme S1. First, compound 1
was synthesized as described previously.89 Subsequently, the
desired ligand MPY was obtained by a double Suzuki coupling
between compound 1 and 4-pyridineboronic acid pinacol ester
in 76% yield. The structure of MPY was confirmed using 1H
NMR and 13C NMR spectroscopy and high-resolution
electronic spray ionization (HR-ESI) mass spectrometry
(detailed information given in the Supporting Information).
NMR absorption signals were fully assigned by 1H−1H COSY,
HMBC, and HMQC analysis (Figure S1).
The single-crystal structure of racemicMPY revealed that the

angle between its two pyridyl sites was approximately 110°
(Figure S2 and Table S1). Guided by the directional-bonding
approach,48 the racemic metallacycles, i.e., rhomboid 5, [3+3]

Scheme 1. Structures and Self-Assembly Process of Racemic Molecular Motor-Based Ligand MPY and with Di-Pt(II) Acceptors
with Distinct Angles (60° for 2,120° for 3, and 180° for 4) to Give Different Size Metallacycles
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hexagon 6, and [6+6] hexagon 7, were obtained quantitatively
by stirring a mixture ofMPY and di-Pt(II) acceptors 2, 3, and 4
at a 1:1 molar ratio in CH2Cl2, respectively (Scheme 1). Multi-
nuclear NMR spectroscopy was used to confirm the structure of
new metallacycles. For instance, the 31P{1H} NMR spectra of
metallacycles 5−7 exhibited sharp singlets (ca. 15.94 ppm for 5,
13.09 ppm for 6, and 12.89 ppm for 7) shifted upfield by
approximately 6.29, 6.15, and 6.10 ppm, relative to the starting
platinum acceptors 2, 3, and 4, respectively. This upfield shift,
along with a decreased coupling of flanking 195Pt satellites (ca.
ΔJPPt = −68.0 Hz for 5, ΔJPPt = −131.2 Hz for 6, ΔJPPt = −17.0
Hz for 7), is consistent with back-donation from the platinum
atoms (Figure 1a−f).68,70
The structures of the metallacycles were further studied by 1H

NMR spectroscopy. Compared to the proton signals of the
pyridyl moieties in the free ligand MPY (Figure 1g), downfield
shifts were observed in the spectrum of rhomboid 5 (Figure 1h)
due to the loss of electron density upon the coordination of Pt
and N atoms (ca. Δδ = 0.03 ppm for H14, Δδ = 0.02 ppm for
H14′, Δδ = 0.51 ppm for H13, Δδ = 0.45 ppm for H13′). Similar
changes were observed for metallacycles 6 and 7 (Figure 1i,j).
The clear spectra and distinctive NMR signals in the 31P, 1H, and
2D NMR spectra (1H−1H COSY and DOSY) support the
formation of discrete metallacycles (Figures S3−S11).
Electrospray ionization time-of-flight mass spectrometry

(ESI-TOF-MS) analysis provided further evidence for the
formation of discrete metallacycles. For example, the mass
spectrum of rhomboid 5 revealed two peaks atm/z = 809.36 and
m/z = 1128.57 (Figure 1k), corresponding to the different
charge states as a result of losing counterions [M−4OTf−]4+ and
[M−3OTf−]3+, respectively, where M represents the intact
metallacycle. Meanwhile, the isotopic pattern of each peak was
in good agreement with the theoretical distribution, indicating
the existence of discrete rhomboid 5. Additionally, the assigned
peaks of hexagons 6 and 7 were also in accordance with their

theoretical distributions (Figure 1l,m), confirming the for-
mation of hexagon metallacycles.
Molecular simulations were performed to gain further insight

into the spatial structure of the coordination complexes, as we
were unable to obtain single crystals of the metallacycles even
after repeated attempts. After simplifying the molecules by
replacing the ethyl groups with methyl groups, the geometries of
the metallacycles were optimized using the GFN2-xTB
semiempirical tight-binding method with an implicit GBSA
solvation model (dichloromethane).90 As shown in Figure S12,
the calculated geometries of these metallacycles featured well-
defined cyclic structures with different-sized cavities. The
changes of relative energy as a function of the rotation of
naphthalene-based rotor for MPY and 5 are shown in Figure
S13. The results indicate that the intermediate conformers with
the naphthalene group almost perpendicular to the stator
backbone are disfavored because of steric hindrance, which is in
line with our recent findings.91 The combined experimental data
and theoretical simulations support the formation of metalla-
cycle architectures.

UV−Vis Absorption Spectroscopy. UV−vis absorption
spectra of the free ligandMPY and the metallacycles (Figure 2)
showed that the ligand MPY displayed a characteristic
absorption maximum at 370 nm with a molar absorption
coefficient (ε) of 1.30 × 104 M−1 cm−1. Interestingly, after
forming discrete metallacycles, the absorption maximum of
MPY exhibited a red-shift to 410 nm with an increase of the
molar absorption coefficient to 1.40 × 104 M−1 cm−1, indicating
the change in optical properties of molecular motors in the
metallacycles.
The observed bathochromic shift might be attributed to a new

push−pull system formed between the upper half and lower half
of the molecular motor upon Pt-coordination of the two pyridyl
units ofMPY. To verify our hypothesis,N-methylated reference
compound R was prepared by using MPY and methyl iodide

Figure 1. 31P NMR spectra (243MHz, CD2Cl2, 298 K) of 60° acceptor 2 (a), rhomboid 5 (b), 120° acceptor 3 (c), hexagon 6 (d) 180° acceptor 4 (e),
and hexagon 7 (f). Partial 1H NMR spectra (600 M, CD2Cl2, 298 K) ofMPY (g), rhomboid 5 (h), hexagon 6 (i), and hexagon 7 (j). For the proton
assignment, see Scheme 1. Theoretical (top) and experimental (bottom) ESI-TOF-MS of rhomboid 5 (k), hexagon 6 (l), and hexagon 7 (m).
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(Figure 3a and Scheme S5). The UV−vis absorption spectra of
R also exhibited a maximum at 410 nm with a molar absorption

coefficient of 1.40 × 104 M−1 cm−1 (Figure 2, green line).
Theoretical simulations were used to provide further support for
this explanation. Compared with the free ligand MPY, the
calculated HOMO→LUMO gap for compound 5 is reduced
from 5.34 to 4.49 eV (Figure S14), indicating that the formation
of the metallacycle will result in a red-shift of the maximum
wavelength for the molecular motor unit, which is in consistent
with the experimental results. Furthermore, hole−electron
analysis of the lowest singlet (S1) excited states for MPY and
metallacycles 5 was also performed (Figure S15). The
metallacycle 5 possesses relatively smaller hole−electron wave
function overlap (Sr) and larger distance between the centroids
of the hole and electron distributions (D) thanMPY, indicating
a stronger charge-transfer excitation of the metallacycle 5
resulting from the coordination of N and Pt atoms. Meanwhile,
we also showed that the reference compound R can undergo
efficient photo- and thermal isomerization steps upon exposure
to light (420 nm) and heat (Figure S16), which indicates that
the motor units in these metallacycles might be driven by visible
light.92−96

Photochemical and Thermal Isomerization of MPY
and Metallacycles. The light- and thermally induced isomer-
ization processes of motor MPY and metallacycles 5−7 were
analyzed using UV−vis absorption spectroscopy. A diluted

dichloromethane solution of free ligand MPY showed a strong
absorption band at 340−390 nm in the UV−vis spectrum. New
red-shift absorption bands appear between 390 and 550 nmwith
clean isosbestic points at 345 and 390 nm upon irradiation with
365 nm light for 90 s at −20 °C (Figure 4a), indicating the

formation of the metastable isomers. A red-shifted absorption
band is observed in the metallacycles 5−7, indicating the
possibility to trigger 5−7 with visible light. Two wavelengths of
light (365 and 420 nm) were employed to irradiate the samples
of 5−7 at −20 °C. The absorption spectra of metallacycles 5−7
displayed new red-shifted bands with clean isosbestic points
(Figure 4b−d), confirming the successful photo-isomerization
with both UV and visible light. Notably, the ratio of metastable
isomers at PSS (420 nm) was higher than that at PSS (365 nm).
To verify the subsequent thermal helix inversion (THI) process,
the irradiated solutions of both MPY and metallacycles 5−7
were heated for 3 min at 40 °C, allowing the metastable isomers
to undergo complete THI. Considering the symmetrical stator
of MPY, the formed THI isomers were equivalent to the initial
MPY. Therefore, the UV−vis spectra fully recovered to initial
spectra after the THI process. Importantly, both free MPY and
metallacycles show excellent fatigue resistance during the
irradiation/heating processes, which could be repeated through
multiple cycles without any degradation (Figure 4, insets),
supporting the high stability and selectivity in multiple
isomerizations.
The photo- and thermal isomerization processes were further

confirmed by 1H NMR analysis. As shown in Figure 5a and
Figure S17, free ligand MPY in dichloromethane-d2 showed
distinctive proton shifts (ca. Δδ = −0.82 ppm for H1, Δδ =
−0.51 ppm for H1′, Δδ = −0.37 ppm for H2, Δδ = 0.68 ppm for
H3) in the 1H NMR spectra upon exposure to UV light (365
nm) at −40 °C for 6 h with a metastable:stable isomer ratio of
78:22 at the PSS. The subsequent THI step was performed at 40
°C for 3 min along with the recovery of proton peaks of H1, H1′,
H2, and H3, indicating the isomerization process of metastable
isomers to stable isomers. Similar changes were also observed in
the 1H NMR spectra of the three different metallacycles 5−7
using visible-light (420 nm, 6 h)-driven photo-isomerization

Figure 2. UV−vis absorption spectra of the free ligand MPY, discrete
metallacycles (CH2Cl2, 298 K, c = 1 × 10−5 M), and the N-methylated
reference compound R (CH3CN, 298 K, c = 1 × 10−5 M). The molar
extinction coefficients of the metallacycles are calculated based on the
concentration of molecular motors.

Figure 3. Structural formulas of reference compounds: (a) N-
methylated compound R; (b) non-cyclic di-Pt(II) modified compound
R1; and (c) non-light-responsive trimeric metallacycle R2.

Figure 4.UV−vis absorption spectra (CH2Cl2, c = 1× 10−5 M) ofMPY
and metallacycles before/after photo- and thermal isomerization: (a)
MPY, (b) rhomboid 5, (c) hexagon 6, and (d) hexagon 7. The insets
show the change in UV−vis absorption at 435 nm forMPY and 465 nm
for metallacycles after several irradiation/heating cycles.
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(ratios of metastable:stable isomers at PSS are 81:19 for 5, 73:27
for 6, and 71:29 for 7) and thermal isomerization (40 °C, 3 min)
(Figure 5b and Figures S18−S20). The combination of UV−vis
absorption and NMR analysis confirmed that (i) the metalla-
cycles were capable of undergoing efficient photo- and thermal
isomerization steps like the free MPY; (ii) the formation of the
metallacycles 5−7 did not restrict the rotary motion of the
molecular motors; and (iii) the unique visible-light-driven
motion as well as excellent fatigue resistant make these
metallacycles promising candidates for fabricating novel
stimuli-responsive materials.
To investigate how the assembly into metallacycles affects the

rotation speed of molecular motors, the thermal isomerization
kinetics from metastable isomers to stable species were
determined from UV−vis spectra at varied temperatures. The
Gibbs free energy of activation (ΔG°) and corresponding half-
life (t1/2) of metastable isomers at 20 °C were obtained by using
Eyring analysis (Table 1 and Figure S21). Based on the data in

Table 1, the Gibbs free energy and half-life of the metastable
metallacycles were comparable with those of the metastable free
ligand, confirming that the formation of supramolecular
metallacycles had no significant effect on the rotation speed of
the molecular motors. The experimental and theoretical results
indicate that the photo- and thermal isomerizations of motors in
the metallacycles are independent of each other and no
significantly synergistic or inhibitory effects are observed.
Dynamic Chirality. Due to the unique molecular structure,

the molecular motor has two distinguishable chiral elements: the

methyl-substituted carbon stereogenic center (R or S) and the
molecular helicity (P or M) induced by overcrowded double
bond. Chirality can be used as a distinguishing feature to follow
isomerization processes. In order to investigate the chiroptical
properties, including change in isomerization of the free ligand
MPY and metallacycles 5−7, optically pure enantiomers (S,P)-
MPY and (R,M)-MPY were isolated by using chiral HPLC
(Figures S22−S24). The structure of enantiopure MPY was
confirmed by single-crystal X-ray diffraction analysis (Figure S25
and Table S1), and the absolute configuration was determined
by CD spectroscopy supported by calculations91 (see Figure 6b
and Figures S34 and S35). Subsequently, the chiral metallacycles
were prepared by using enantiopure ligands to coordinate with
di-Pt(II) acceptors 2−4. No notable differences were observed
in the 1H NMR spectra of the metallacycles assembled by
racemic or enantiopure motors, indicating the chirality had no
impact on the coordination process (Figures S26−S29). Upon
irradiation by UV light (365 nm), the stable (S,P)-MPY and (R,
M)-MPY transformed into metastable isomers (S,M)-MPY and
(R,P)-MPY, respectively, by photo-isomerization. Meanwhile,
starting from the stable isomers with the methyl substituent at
the stereogenic center in a pseudo-axial orientation, upon photo-
isomerization the methyl substituent adopts a pseudo-equatorial
orientation, in which conformational change accompanies the
helix inversion. Subsequently, to release the steric strain of the
structure, the metastable isomers thermally transform into the
stable isomers by a unidirectional helix inversion process
(Figures S30 and S31). We envisioned that the chirality of the
molecular motors would display a collective enhancement and
that similar helix transformations operate after forming the
metallacycles (Figure 6a and Figure S32).
Circular dichroism (CD) spectroscopy was employed to

monitor dynamic chirality associated with the helix inversion
processes of the enantiomers of free ligand MPY and the
metallacycles. As shown in Figure S33, the CD signals of the
chiral metallacycles show quantitative enhancement compared
to those of the chiral free ligand, attributed to an increased
number of helical molecular motor units. The helicity inversion
process of the free ligand (S, P)-MPY was monitored by CD
spectroscopy (Figure 6b). Upon exposure of the solution to UV
irradiation (365 nm) for 90 s, the CD spectra showed a distinct
change with two isosbestic points at 274 and 362 nm, indicating
the selective photo-isomerization step along with helicity
inversion from (S,P)-MPY to (S,M)-MPY. The solutions
obtained after irradiation were then heated at 40 °C for 3 min
to induce the THI inversion of the metastable isomer (S,M)-
MPY. The complete recovery of the original CD spectrum
confirmed the helix inversion from (S,M)-MPY to (S,P)-MPY.
CD measurements of the photochemical and thermal isomer-
izations of the enantiomeric free ligand (R,M)-MPY showed
similar helix inversion steps, as evident from completely
opposite changes in CD absorption (Figure 6b). Additionally,
TDDFT calculations at the sTD-CAM-B3LYP/TZVP level
reasonably reproduced the experimental CD spectra, further
supporting the absolute stereochemical assignment of the
isolated isomers and confirming the helicity inversion processes
(Figure S34). To confirm whether the switching of helicity
remained in the metallacycles, chiral rhombic metallacycles
(S,P)-5 and (R,M)-5 were initially selected to study by CD the
interconverting chirality during the photo- and thermal
isomerization processes. As shown in Figure 6c, after irradiation
with 420 nm light for 90 s, several isosbestic points at 244, 306,
334, and 370 nm in the CD spectra were observed, indicating

Figure 5. Partial 1H NMR spectra of (a) free ligand MPY (600 MHz,
CD2Cl2, −40 °C) before irradiation, at PSS, and after completed THI
and (b) metallacycle 5 (600 MHz, CD2Cl2,−40 °C) before irradiation,
at PSS, and after completed THI (MPYs/5s: stable isomer,MPYm/5m:
metastable isomer).

Table 1. Thermodynamic Parameters of Metastable Isomers
for ThermalHelix Inversion of Free Ligand andMetallacycles
as Determined by Eyring Analysis

compound half-life at 20 °C (s) ΔG° (kJ/mol)

MPYm 55.7 82.5 ± 0.4
5m 48.0 82.1 ± 1.3
6m 50.8 82.2 ± 4.3
7m 45.8 82.0 ± 2.4
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these two chiral metallacycles undergo selective photo-isomer-
ization without any degradation. The changes in CD spectra
indicated that the helicity in metallacycles has been reversed.

Similar to the chiral free ligand, the original CD spectrum of
(S,P)-5 was fully recovered after the subsequent THI step.
These helicity inversion steps were also supported by calculation

Figure 6. (a) Schematic illustration of photo- and thermal isomerization steps of chiral metallacycles (S,P)-5 and (S,M)-5. (b) CD spectra changes of
free ligands (S,P)-MPY and (R,M)-MPY upon photo- and thermal isomerization (CH2Cl2, c = 5 × 10−5 M, −20 °C). (c) CD spectra changes of
metallacycles (S,P)-5 and (R,M)-5 upon photo- and thermal isomerization (CH2Cl2, c = 5 × 10−5 M, −20 °C).

Figure 7. Schematic representation of the manipulated supramolecular aggregation of metallacycle 6 and heparin (a). SEM images of 6 and heparin
composites (b). EDX results of 6 and heparin composites collected from the area marked by the white boxes (c). TEM images of 6 and heparin
composites before 420 nm irradiation (d), after 420 nm irradiation for 2 h (e), after 420 nm irradiation for 4 h (f), and after 420 nm light irradiation for
4 h and continuous aging for 12 h (g). DLS data of 6 and heparin composites in the photo- and thermal isomerization steps (h). DLS data of referential
composites formed by heparin with MPY and reference compound (i) in a mixture of acetone/water (3/7, v/v).
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of the CD absorptions (Figure S35). In addition, the
enantiomers of chiral hexagonal metallacycles (S,P)-6, (R,M)-
6, (S,P)-7, and (R,M)-7 also displayed changes in the CD
spectra similar to those shown for the chiral free ligand and
rhombic metallacycle 5 (Figures S36 and S37), confirming that
the motor units in the enantiomerically pure hexagonal
metallacycles also undergo the normal helix inversion steps.
These results demonstrated that, along with synergistic
enhancement of the CD signals, effective isomerization and
helicity inversion processes still operate in the molecular motor
units of these chiral metallacycles.
Photochemically and Thermally Regulated Reversible

Supramolecular Aggregation. Upon coordination of elec-
tron-rich MPY and electron-deficient di-Pt(II) acceptors, the
formed metallacycles skeletons exhibited positive charges,
endowing these metallacycles with the ability to undergo
additional supramolecular aggregation with negative-charged
compounds.68,97 Furthermore, the photo- and thermal-
responsive molecular motor units might render the system
responsive to allow non-invasive control of such hierarchical
aggregation (Figure 7a). To address this issue of regulating
reversible self-assembly at the next hierarchical level, the trimeric
metallacycle 6 was selected to bind to negative-charged heparin.
Considering that heparin is insoluble in organic solvents, the
morphologies of the aggregates and polymers and the
subsequent stimuli-responsive behavior were investigated in a
mixture of acetone/water (3/7, v/v). Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) were used to study the size and morphologies of the
supramolecular aggregates. In the solution of heparin (10 μM),
dispersed nanospheres and linear aggregates were observed
(Figure S38a). Notably, after addition of heparin (10 μg) to the
solution of metallacycle 6 (10 μM), SEM and TEM experiments
revealed that cross-linked networks were formed (Figure 7b,d).
The formation of such aggregates is attributed to the
electrostatic-interactions-induced supramolecular aggregation
between positive-charged metallacycles and the negative-
charged primary nanospheres and linear aggregates of heparin.
Energy-dispersive X-ray spectroscopy (EDX) was employed to
further investigate the components of the three-dimensional (3-
D) network, confirming the elemental compositions comprising
carbon, oxygen, nitrogen, platinum, fluorine, sulfur, and
phosphorus (Figure 7c). The results provided strong support
for the multi-component aggregates obtained. Furthermore,
control experiments were performed to further confirm the
aggregation process shown in Figure 7a. When heparin (10 μg)
was added to a diluted solution of MPY (30 μM), TEM
measurement revealed that only nanospheres and linear
supramolecular polymers were formed (Figure S38b). In a
control experiment, non-cyclic di-Pt(II)-modified reference
compound R1 (Scheme S6) only resulted in the formation of
non-cross-linked aggregates (Figure S38c−e), indicating the
distinctive role of multi-charged metallacyclic structures in
aggregating the negative-charged polymers into networks.
Next the question was addressed to what extent the light-

driven rotation of molecular motors in the metallacycles could
deliver responsiveness toward the cross-linked polymer net-
work. A solution of metallacycle 6 (10 μM) with 10 μg of
heparin was aged for 1 h to form the cross-linked aggregates and
then exposed to 420 nm light for 2 h. TEM images showed that
the cross-linked networks transformed into dispersed lamellar
polymers (Figure 7e). Further irradiation made the lamellar
aggregates transform into linked or dispersed nanospheres

(Figure 7f). The transformations from 3-D networks to
dispersed aggregates might be attributed to disruption of
electrostatic interactions between motorized metallacycles and
polymers by light-driven isomerization of molecular motors,
wherein the influence of possible heating effects can be excluded
by the control experiments (Figure S38f,g). After aging these
irradiated solutions at room temperature for 12 h, the molecular
motor units underwent a thermal isomerization step to regain
their initial configurations, and as a consequence the original
morphologies were obtained (Figure 7g and Figure S39). It
should be emphasized that during the entire sequence of
isomerization processes, the photo- and thermal-responsive
molecular motor units seem to selectively affect the reversible
secondary supramolecular aggregation process without destroy-
ing the primary aggregates. Additionally, a trimeric metallacycle
reference compound R2 (Figure 3c and Scheme S7), without
photo-responsive unit, was synthesized for further comparison.
After heparin (10 μg) was added into the solution of R2 (10
μM), cross-linked networks were also observed (Figure S40a).
However, these networks exhibited no notable changes after
irradiation (420 nm) for 4 h (Figure S40b), suggesting that the
photo-responsive morphological changes were attributed to the
photo-isomerization motion of molecular motors (Figures
S38c,d and S40).
Dynamic light scattering (DLS) experiments were performed

to further investigate the statistic distribution of the aggregates
and the photochemically induced changes. As shown in Figure
7h, the solutions of heparin (10 μM) and metallacycle 6 (10
μM) displayed uniform distributions with an average size of 125
and 45 nm, respectively. Upon addition of heparin (10 μg) into
the solution of metallacycle 6 (10 μM), large supramolecular
aggregates were formed, and the DLS curve displayed broad
distributions with an average size of 615 nm, showing the
formation of cross-linked networks. Importantly, after irradi-
ation with 420 nm light for 2 h, the DLS curve displayed a
distribution with an average size of 550 nm, and continuous
irradiation (4 h) resulted in a smaller average size of 220 nm.
The size distribution shifted from a broad peak to a uniform
decreased peak, suggesting that the cross-linked networks have
transformed into dispersed small aggregates. When the
irradiated solution was aged for 12 h at room temperature, the
DLS curve exhibited a similar distribution as that for the solution
of the initial 6 and heparin composites, indicating that the multi-
component assemblies had converted back to the initial cross-
linked networks. Additionally, the composite solutions of
heparin with MPY and reference compound R1 displayed
uniform distributions with averages sizes at 165 and 335 nm,
respectively (Figure 7i, black and red lines), corresponding to
small aggregates formed. Furthermore, the DLS curve of the
heparin and R2 composites solution exhibited no significant
changes when the solution was exposed to 420 nm light for 4 h,
suggesting the polymer morphology was retained (Figure 7i,
blue and pink lines). The results obtained by DLS experiments
were fully consistent with the TEM analysis, which further
confirmed the electrostatic-interactions-induced supra-
molecular aggregation and control of the secondary aggregation
process. In fact, these motorized metallacycles act as a kind of
photo-responsive supramolecular “glue” for dynamic cross-
linking in the networks.

■ CONCLUSION
In summary, we have successfully organized photo-responsive
molecular motors into different sized discrete metallacycles by

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c11752
J. Am. Chem. Soc. 2021, 143, 442−452

448

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c11752/suppl_file/ja0c11752_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c11752?ref=pdf


coordinating molecular-motor-based electron-rich donor MPY
with different electron-deficient di-Pt(II) acceptors. The
structures of the metallacycles were confirmed by multi-nuclear
NMR (1H and 31P), ESI-TOF-MS, and 2D NMR, and the
specific sizes of three different metallacycles were supported by
theoretical simulations. UV−vis and NMR spectroscopy
revealed that the molecular motor units located on the
metallacycles could undergo efficient photo- and thermal
isomerization steps similar to free molecular motor ligands.
Upon coordination of the pyridine ligands to Pt, the absorption
maxima of the motor units exhibited red-shifts, allowing these
metallacycle motors to be driven by visible light. Kinetic studies
for the thermal isomerization steps of metallacycles illustrated
that the coordination of the free ligand donors and di-Pt(II)
acceptors had no influence on the isomerization processes or the
rotation speed of molecular motors. Experimental CD data,
supported by calculations, confirmed that the helicity inversions
of the molecular motors were preserved in the discrete
metallacycles during the photo- and thermal isomerization
processes. These findings have demonstrated that the
coordination-driven self-assembly provides a facile approach
to organize several single molecular motors and reveal a
potential design strategy to implement collective motions.
Toward such a goal, themetallacycles were employed as building
blocks in a subsequent supramolecular aggregation process with
heparin, exploiting multiple electrostatic interactions to
construct a multi-component hierarchical system. SEM, TEM,
and DLS analysis revealed that the photo- and thermal-
responsive molecular motor units enabled selectively manipu-
lation of the secondary aggregation process, i.e., the formation of
cross-linked aggregates of metallacycles and heparin, realizing
reversible morphology transformations between cross-linked
networks and primary supramolecular architectures. These
visible-light-responsive metallacycles offer prospects as novel
building blocks to construct biomimetic hierarchical self-
assembled systems and to fulfill functions reminiscent of
dynamic polypeptide and protein assemblies.
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