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With the rapidly growing exploration of artificial molecular ma-
chines and their applications, there is a strong demand to develop
molecular machines that can have their motional states and
configuration/conformation changes detectable by more sensitive
and innovative methods. A visual artificial molecular hinge with
phosphorescence behavior changes is designed and synthesized
using square-planar cyclometalated platinum(II) complex and rigid
aromatic alkynyl groups as the building blocks to construct the
wings/flaps and axis, respectively. The molecular motions of this
single molecular hinge and its reversible processes can be powered
by both solvent and temperature changes. The rotary motion can be
conveniently observed by the visual phosphorescence changes from
deep-red to green emission in real time.

platinum | self-assembly | luminescence

Dynamic control of movements in artificial molecular ma-
chines at the nanoscale, including rotors, motors, hinges,

elevators, and shuttles, can result in electronic, photophysical,
catalytic, and transport property changes (1–10), which can lead
to their applications in the fields of chemistry, materials science,
and biology (1, 5, 11–18). The development of convenient de-
tection methods to monitor the molecular motions with property
changes that can be observable at the macroscopic level is a
major challenge (19, 20). Luminescence changes are attractive
optical readouts, which can be readily monitored spectrophoto-
metrically (4, 21–23). However, molecular machines with visual
emissive color changes are rarely explored. Therefore, it is of
great importance to develop molecular machines that can have
their motional states and configuration/conformation changes
detectable by more sensitive and convenient methods.
Emissive transition metal complexes have distinctive advan-

tages for the construction of molecular devices with visually
detectable luminescence changes due to their intrinsic ability to
possess long-lived phosphorescence (24). For example, square-
planar platinum(II) complexes with π-conjugated ligands can
show distinctive spectroscopic properties by modulation of their
aggregation and deaggregation states (25–31). Based on an un-
derstanding of the relationship between the rich phosphores-
cence behaviors and molecular structures, an artificial molecular
hinge with platinum(II) phosphor as building blocks of the hinge
wings or flaps has been designed and synthesized in this work.
The rather rigid molecular hinge wings or flaps can be opened or
closed by rotary motion about the central rigid axis, leading to
the modulation of intramolecular distances between these planar
wings or flaps. The rotary motion of this single molecular hinge
can be driven and controlled reversibly by external stimuli and
can be conveniently visualized as phosphorescence changes be-
tween deep-red and green emission (Fig. 1).

Results and Discussion
Dinuclear complexes 1−3, together with their mononuclear control
complexes 4−6, were prepared by the reaction of chloroplatinum(II)
precursors with their corresponding organic alkynes in the presence

of NaOH in methanol (Fig. 2 and SI Appendix, Schemes S1 and
S2). The synthetic routes, detailed procedures, and characteriza-
tion data of all of the synthesized compounds are described in
SI Appendix.
The closed hinge-like structures of the dinuclear complexes

are established by the crystal structure of 2, which reveals a
closed hinge-like intramolecular staggered conformation, stabi-
lized by intramolecular π−π interaction with an interplanar dis-
tance of about 3.4 Å (Fig. 3 and SI Appendix, Fig. S1). The Pt···Pt
distance of 4.108 Å indicates insignificant Pt····Pt interaction.
The crystal packing of 2 also suggests the lack of intermolecu-
lar π−π stacking between molecules. The crystal data, selected
bond lengths, and angles are summarized in SI Appendix, Tables
S1 and S2.
The hinge molecule 1, with four flexible alkyl chains, shows

good solubility in dichloromethane. Interestingly, a dilute solution
of 1 gives a deep-red emission band at 690 nm with a high-
photoluminescence quantum yield of 0.56 and an emissive
lifetime of 1.4 μs. The red emission exists in both dilute and
concentrated solutions (6.0 × 10−6 to 2.0 × 10−3 M, SI Appendix,
Fig. S2) with a growth of intensity upon increasing concentra-
tion. Complex 2, without the flexible chains, also gives a deep-red
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emission at 700 nm in dilute dichloromethane solution. Similarly,
the more sterically bulky complex 3 shows a red emission, slightly
blue-shifted from 1 and 2 at 676 nm. The red emissions observed
in the dinuclear complexes 1−3, quite different from the green
emission typical of the mononuclear complexes 4−6, are sugges-
tive of the retention of their closed hinge-like structures in the
solution state (SI Appendix, Figs. S2 and S3). The insignificant
changes in emission energies with concentration (SI Appendix, Fig.
S2A), together with the absence of scattering signals in the dy-
namic light scattering (DLS) studies as well as the agreement of
the UV-vis absorption bands with the Beer’s law (SI Appendix, Fig.
S2 B and C) of 1 in dichloromethane solution, suggest the absence
of intermolecular aggregate formation of 1 in dichloromethane.
Based on the comparison with the photophysical data of the

alkynyl ligand (L1) and the cyclometalated mononuclear platinum
complex 6 (SI Appendix, Fig. S2E), together with the X-ray crystal
structures of 2, the deep-red emission band is tentatively assigned
as originating from the intramolecular ground-state π-stacking
interactions in the closed hinge molecules (32, 33). These results
are in line with the molecular wings or flaps being close to each
other in dichloromethane solution with the formation of intra-
molecular π−π stacking interaction, resulting in the closed form of
the molecular hinge with deep-red color emission. By density-
functional theory calculations, the structures of the open and
closed forms of molecular hinge 1 have been optimized with the
M06 functional in dichloromethane, and their optimized geome-
tries are shown in SI Appendix, Fig. S3. For the closed form of 1,
the Pt···Pt distance was computed to be 4.22 Å, which is close to
the experimental value of 4.108 Å in the X-ray crystal structure
of 2 (SI Appendix, Fig. S4), indicating that there is no significant
Pt···Pt interaction. The interplanar distance of the two [Pt(N∧C∧N)]
[N∧C∧N = 1,3-di(2-pyridyl)benzene (dpyb)] coordination planes
has been computed to be ∼3.4 Å, which is in good agreement
with the value in the X-ray crystal structure of 2, and this indi-
cates the presence of short π−π contacts, probably resulting from
π−π interaction. In dichloromethane, the closed form of 1 is found to
bemore stable than the open form by a free energy of 4.24 kcal mol−1,
which is consistent with the experimental results, resulting from
the presence of intramolecular π–π interaction in the closed form.
Attempts to convert the closed hinge-like conformations to their open
forms in dichloromethane by heating to 311 K lead to insignificant
changes in both the absorbance and the emission energies (SI Ap-
pendix, Fig. S2D), further establishing the stability and the retention
of the closed form in dichloromethane solutions. The ground-
state geometries of the open and closed form of 3 have also been
optimized. Shown in SI Appendix, Fig. S5 are the optimized
structures of the open and closed forms of 3. The interplanar
distance of the two platinum(II)-ligand moiety coordination
planes in the closed form of 3 is ∼3.4 Å, whereas the Pt···Pt
distance is computed to be 4.28 Å. This indicates that the in-
troduction of sterically bulky tert-butyl groups at 4′- and 4′′-
positions and –CF3 group at 4-position to the ligand moiety does
not have significant effect on the intramolecular π−π interaction in
the closed form, as the interplanar distances of the two platinum(II)-
ligand moiety coordination planes are almost the same at ∼3.4 Å
in the closed forms of 1 and 3. The slightly blue-shifted emission
band at 676 nm of 3 might indicate a possible weakening of the
intramolecular π−π interaction due to the sterically bulky tert-
butyl groups. However, the possibility of a destabilized π* orbital

Fig. 1. Schematic representation of the rotary motion of molecular hinge.

Fig. 2. Molecular structures of complexes 1−6.
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of the N∧C∧N ligand due to the electronic effect of the more
electron-donating tert-butyl groups cannot be excluded.
The use of the butadiynyl linker as the rigid axis capable of

rotation, together with the incorporation of the square-planar
cyclometalated platinum(II) moieties as wings or flaps capable of
forming π−π stacking interaction, have led to the stabilization of
the molecular hinge in the closed form. Given the tightness of the
hinge in the closed form in dichloromethane, attempts have been
made to effect the opening and closing of the molecular hinge
through the control of solvation brought about by changes in the
solvent compositions. Upon the addition of nonpolar poor solvents
such as hexane or cyclohexane to the above dichloromethane
solutions, the emission band at 690 nm shows a drop in intensity,
initially accompanied by a slight red shift, followed by the almost
complete disappearance of the red emission band with the con-
comitant appearance of a high-energy emission band at 516 nm,
with the emission color showing continuous changes and finally
giving a green emission (Fig. 4 and SI Appendix, Fig. S6). The
emission energy and spectral shape of the green emission band at
516 nm are similar to that of the cyclometalated mononuclear
platinum complex, [Pt(N∧C∧N)(C≡CPh)] (6) (SI Appendix, Fig.
S7). The vibronic emission is typical of a triplet intraligand (3IL)
excited state (34, 35) although the possibility of a mixing of an IL
excimeric emission into the 3IL origin cannot be completely ex-
cluded given the absence of a well-resolved vibronic structure
together with the presence of a broad tail for the green emission
band. Additionally, in dilute dichloromethane solution, the control
mononuclear platinum(II) complexes 4 and 5, without the ability
to form inter- or intramolecular π−π contacts, have been found
to show similar green emission bands at 520 and 537 nm, respectively

(SI Appendix, Fig. S7), suggesting the green emission in the di-
nuclear complexes 1 and 2 is originating from 3IL emission
typical of mononuclear platinum(II) analogs (34, 36). This has
further been corroborated by the calculated emission wavelength
maximum of 567 nm for the open form of 1, which has been
approximated by the energy difference between the ground state
and the T1 state at their corresponding optimized geometries (SI
Appendix, Tables S3 and S7), which is close to the experimental
value of 516 nm. The initial slight red shift of the red emission
band indicates that the molecular hinge initially shows a tight-
ening of the molecular wings or flaps within the closed form with
reduced solvation and/or possible intermolecular aggregation.
Further increase of the content of nonpolar solvent eventually
leads to the transformation to the open form by the rotation of
molecular wings or flaps away from each other to form the open
form with the disappearance of the intramolecular π−π interaction
(Fig. 1), leading to the green emission, typical of the monomeric
3IL emission (Fig. 4). As shown in Movies S1 and S2, the rotational
process of the molecular hinge can also be conveniently moni-
tored by the naked eye with obvious color changes under UV
light irradiation. The excitation spectrum of the emission band at
λ = 690 nm (closed form) shows the presence of ground-state
aggregation compared with that of the emission band at λ =
516 nm (open form) due to the intramolecular π−π stacking in the
closed form as opposed to the monomeric 3IL emission of the
open form (SI Appendix, Fig. S8). The different emission origins
of the 690-nm (closed form) and the 516-nm (open-form) bands
have been further supported by their different emission lifetimes,
as revealed from the different time-resolved emission spectra (SI
Appendix, Fig. S10).

Fig. 3. (A) X-ray crystal structure of 2. Hydrogen atoms are omitted for clarity. (B) Crystal structure of complex 2 showing the intramolecular π−π stacking
interaction with interplanar distance of about 3.4 Å and Pt∙∙∙Pt distance of 4.108 Å.

Fig. 4. Solvent-dependent (A) UV-vis absorption and (B) emission spectra of 1 upon increasing hexane portion in dichloromethane (vol/vol, 2.7 × 10−5 M).
(A, Inset) Plots of absorbance at 348, 423, and 467 nm upon increasing hexane content. (C) A plot of phosphorescence intensity ratio between 516 and 690 nm
(I516/I690) upon increasing hexane portion in dichloromethane (vol/vol, 2.7 × 10−5 M). (Inset) Photographs of different emission colors in hexane–dichloromethane
(0:1, 7:1, 9:1, vol/vol) mixtures.
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The ease of opening or closing of the molecular hinge is af-
fected by the different ratios of the mixed solvents. This can be
monitored by following both the visual phosphorescence color
and emission spectral changes. The phosphorescence color
changes are found to be insignificant before the volume ratios
of hexane–dichloromethane and cyclohexane–dichloromethane
reach 6:1 (vol/vol) and 8:1 (vol/vol) at concentrations of 5.6 ×
10−5 and 2.7 × 10−5 M, respectively. As the volume ratios reach
6:1 (vol/vol) and 8:1 (vol/vol), respectively, an abrupt change in
emission color is observed with increasing contribution from the
emission band at 516 nm, as shown in Fig. 4C and SI Appendix,
Fig. S6C. More interestingly, the changes of emission color from
deep-red to green at hexane–dichloromethane (9:1, vol/vol) and
cyclohexane–dichloromethane (9:1, vol/vol) have been found to
be time-dependent. Such changes in emission have been found to
be dependent on the respective hexane and cyclohexane content
as well as the concentration of the complex in dichloromethane
solution. With a higher content of nonpolar solvents (hexane/
cyclohexane) and higher concentration of the complex, the
growth of the green emission is found to level off at a shorter
period of time (Fig. 5 and SI Appendix, Fig. S11). On the other
hand, the emission color changes still remain incomplete after
6 h under dilute concentrations of below 1.0 × 10−5 and 5.0 × 10−5 M
for the hexane–dichloromethane (9:1, vol/vol) and cyclohexane–
dichloromethane (9:1, vol/vol) mixtures, respectively (Fig. 5C and
SI Appendix, Fig. S11C). Consequently, the opening and closing
of the molecular hinge can be modulated by solvent and be ad-
justed through concentration changes.
Additionally, different nonpolar solvents have been found to

influence the opening and closing processes of the molecular hinge.
Cyclohexane (viscosity, η = 0.984 cP), n-hexane (η = 0.326 cP),
n-decane (η = 0.920 cP), and methylcyclohexane (η = 0.670 cP)
have been used to investigate the influence of solvent structure
and viscosity (η) on the conversion between the open and closed
forms of the molecular hinge, respectively. As shown in SI Appendix,
Fig. S12, the time-dependent emission spectral changes in n-hexane–
dichloromethane (9:1, vol/vol), n-decane–dichloromethane
(9:1, vol/vol), methylcyclohexane–dichloromethane (9:1, vol/vol), and
cyclohexane–dichloromethane (9:1, vol/vol) mixtures (5.4 × 10−5 M)
attain a level off of the emission intensity in about 7.5, 7.5, 13,
and 21 min, respectively, under ambient conditions. In general,
the n-alkane–dichloromethane mixtures require shorter time than
the cycloalkane–dichloromethane mixtures in the transformation
process. This observation might be attributed to the greater steric

effect imposed by cyclohexane and methylcyclohexane that would
hinder the hydrophobic interaction of the long alkyl chains on
the complex, different from the straight-chain zig-zag-structures
of n-hexane and n-decane, resulting in a longer time for such
emission spectral changes to attain equilibrium. Although the
addition of n-hexane and n-decane to the dichloromethane so-
lutions take similar time to achieve the phosphorescence color
changes, the methylcyclohexane–dichloromethane mixture requires
shorter time than the cyclohexane–dichloromethane mixture. It
is likely that viscosity also plays a role in their differences de-
spite the similar structure and the similar steric environment of
methylcyclohexane and cyclohexane. Such results indicate that
both the structure and viscosity of the poor solvent molecules can
influence the opening and closing processes of the molecular
hinge, which is more prominent in the sterically crowded envi-
ronment. A qualitative energy landscape diagram has been pro-
posed to illustrate the conversion processes (Fig. 6). Despite the
less stable conformation of the open form than the closed form
in good solvents such as dichloromethane, the reduced solva-
tion, brought about by the addition of a poor solvent, can
provide the driving force for the molecular rotation to the open
form through formation of intermolecular aggregates of the open
form, stabilized by π−π stacking interactions (vide infra). In-
terestingly, the rather loose packing of the π-stacked open-form

Fig. 5. Concentration-dependent (A) UV-vis absorption and (B) emission spectra of 1 in hexane–dichloromethane (9:1, vol/vol) mixtures at different con-
centrations from 2.0 × 10−6 to 1.3 × 10−4 M at room temperature. (Inset) A plot of the corresponding phosphorescence intensity ratio between 516 and
690 nm (I516/I690) in hexane–dichloromethane (9:1, vol/vol) mixtures at different concentrations. (C) Photographs of emission color changes in hexane–
dichloromethane (9:1, vol/vol) mixtures at concentrations of 1.1 × 10−5, 9.0 × 10−6, and 4.0 × 10−6 M (from left to right).

Fig. 6. A qualitative energy landscape diagram.
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aggregates is already sufficient to provide the stabilization to fa-
cilitate the opening of the molecular hinge.
More interestingly, the reversed molecular motion is able to

be controlled by temperature. After the formation of the open
form of the molecular hinge in the mixed solvents at a relatively
low temperature, it can revert back to the closed form upon
increasing the temperature (Fig. 7 and SI Appendix, Figs. S13
and S14). In the process of heating, due to the disruption of the
loosely packed intermolecular aggregates, the intramolecular
π−π stacking interactions could become dominant again by mo-
lecular wings or flaps rotating back to the closed form to stabilize
the molecules, which is in line with the visual phosphorescence
color changes from green to red (Fig. 7). The reversibility of such
opening/closing processes has been investigated by UV-vis and
emission spectroscopy (Fig. 7 and SI Appendix, Fig. S14), as well
as can be observed by the naked eye. Notably, reversible changes
of the emission color of five successive cycles have been ob-
served, suggesting the manipulation of the molecular hinge motions
by temperature. The concentration-dependent and temperature-
dependent UV-vis kinetic traces at 425 nm of 1 in hexane–
dichloromethane (9:1, vol/vol) and cyclohexane–dichloromethane
(9:1, vol/vol) mixtures have also been recorded and shown in SI
Appendix, Figs. S15 and S16.
In contrast to the closed form, in which no aggregates are

formed in dichloromethane, molecular association has been ob-
served in the open form in hexane–dichloromethane (9:1, vol/vol)
and cyclohexane–dichloromethane (9:1, vol/vol) mixtures, as

revealed from the DLS studies (SI Appendix, Fig. S17). In addi-
tion, the originally well-resolved proton signals in the 1H NMR
experiments in CD2Cl2 disappear as the proportion of hexane-
d14 increases to 90%, further suggesting the formation of aggre-
gates in the open form (SI Appendix, Fig. S18). One-dimensional
nanowires are observed in the TEM and SEM images pre-
pared from samples of hexane–dichloromethane (9:1, vol/vol)
and cyclohexane–dichloromethane (9:1, vol/vol) mixtures. The
nanowires are estimated to be about 2.0 nm thick according to
the AFM images (Fig. 8 and SI Appendix, Fig. S19). A ratio of
about 1:1/2:1/3:1/4:1/5 is observed in the XRD patterns, indicating
the possible formation of lamellar packing for the molecules with
corresponding d spacing of about 33.8 Å (SI Appendix, Fig. S20).
Upon the addition of nonpolar solvents, the observation of
phosphorescence color changes from deep-red to green suggests
that the molecular hinge wings are isolated and are rotated far
away from each other to the open form. These, together with
results from DLS studies, suggest that the open-form molecules
would tend to aggregate together to minimize the energy with the
formation of one-dimensional nanowires in hexane–dichloromethane
(9:1, vol/vol) and cyclohexane–dichloromethane (9:1, vol/vol)
mixtures, probably in a fairly loose manner, as revealed by the lack
of low-energy emission bands. The alkyl chains are well-dispersed
and would orient themselves toward hexane/cyclohexane to stabilize
the one-dimensional nanowire. Therefore, the open form of the
molecular hinge could be stabilized with the formation of ag-
gregates. A possible structural model for the one-dimensional
nanofiber is proposed in SI Appendix, Fig. S21. Further investi-
gation on the aggregation properties of complex 3 in hexane–
dichloromethane mixture (9:1, vol/vol) has been performed. How-
ever, no significant changes of the red emission have been
observed upon addition of hexane into the dichloromethane
solution of 3. In fact, 3 shows very good solubility in hexane as
well as in other relatively nonpolar solvents such as cyclohexane,
benzene, and toluene. This could be attributed to the lack of
driving forces in the formation of aggregates from the open form
of 3 and thus no opening/closing processes could be observed.
From the above results, the formation of open-form aggregates
is believed to provide sufficient driving force to facilitate the
opening of the molecular hinge. These suggest the importance
on the molecular design that leads to the opening/closing of the
molecular hinge, representing a special kind of functionality.
In summary, an artificial molecular hinge with molecular mo-

tions detectable by phosphorescence behavior changes has been
designed and constructed. In this single molecular hinge, square-
planar cyclometalated platinum(II) complex with rigid aromatic
alkynyl groups are used as the building blocks to construct the wings

Fig. 7. (A) Temperature-dependent phosphorescence intensity ratio be-
tween 516 and 690 nm of molecular hinge 1 in cyclohexane–dichloromethane
(9:1, vol/vol) mixture (5.6 × 10−5 M) with heating and cooling processes; (B)
Reversible process of the molecular hinge rotation with phosphores-
cence intensity ratio between 516 and 690 nm (I516/I690) in cyclohexane–
dichloromethane (9:1, vol/vol) mixture (5.6 × 10−5 M) in five cycles. (Inset)
Photographs of cyclohexane-dichloromethane (9:1, vol/vol) mixture at 283 K
(Top) and 308 K (Bottom).

Fig. 8. (A) TEM, (B) SEM, and (C) AFM images of molecular hinge 1 prepared from hexane–dichloromethane mixture (9:1, vol/vol) (5.6 × 10−5 M) (Scale bars,
200 nm.)
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or flaps and axis of the molecular hinge, respectively. Drastic
phosphorescence color changes (between green and deep-red
emission) are observed during the molecular motions between open
and closed form. The reversible motional changes of this mono-
molecular hinge can be realized, as driven by solvent and temperature
changes. Based on the visual phosphorescence changes, the dif-
ferent states of the molecular hinge between open form and closed
form can be conveniently regulated and observed by the naked eye.

Materials and Methods
The chloroplatinum(II) precursors were prepared by the reaction of K2[PtCl4]
with the corresponding cyclometalating ligands in glacial acetic acid. Dinu-
clear alkynylplatinum(II) complexes 1−3, together with their mononuclear
control complexes 4−6, were prepared by the reaction of chloroplatinum(II)
precursors with their corresponding organic alkynes in the presence of
NaOH in methanol. The detailed procedures and characterization of all of
the synthesized compounds are described in SI Appendix.

See SI Appendix for the following: Experimental section; Physical Mea-
surements and Instrumentations; Crystal structure and determination data

(CCDC 1893903); Computational Details; Solvent- and time-dependent UV-
vis and emission spectra (PDF); X-ray crystallographic data for Complex 2
(CIF); Movie S1, showing the luminescence changes in hexane–dichloromethane
mixture of 1 (AVI), and Movie S2, showing the luminescence changes in
cyclohexane–dichloromethane mixture of 1 (AVI).
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