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Abstract

A series of platinum (II) metallacycles were prepared via the coordination-driven self-assembly of 

a phenazine-cored dipyridyl donor with a 90° Pt(II) acceptor and various dicarboxylate donors in a 

1:1:2 ratio. While the metallacycles display similar absorption profiles, they exhibit a trend of 

blue-shifted fluorescence emission with the decrease in the bite angles between the carboxylate 

building blocks. Comprehensive spectroscopic and dynamic studies, as well as a computational 

approach were conducted, revealing that the difference in the degree of constraint imposed on the 

excited-state planarization of the phenazine core within these metallacycles results in the distinct 

photophysical behaviors. As such, a small initial difference in the dicarboxylate building blocks is 

amplified into distinct photophysical properties of the metallacycles, which is reminiscent of the 

efficient functional tuning observed in natural systems. In addition to the pre-assembly approach, 

the photophysical properties of a metallacycle can also be modulated using a post-assembly 

modification to the dicarboxylate building block, suggesting another strategy for functional tuning. 

This research illustrated the potential of coordination-driven self-assembly for the preparation of 

materials with precisely tailored functionalities at the molecular level.
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INTRODUCTION

In natural systems, large biomolecules such as proteins and nucleic acids are constructed via 

the covalent linking of small molecular building blocks and the subsequent self-assembly of 

these components.1 Subtle changes in these molecular building blocks can have a profound 

influence on the structure of the resulting biomolecules and consequently, their biological 

function as well.1 This serves as the basis for the structural and functional diversity of 

biomolecules that are involved in innumerable biological processes.

Coordination-driven self-assembly is a powerful strategy for the synthesis of supramolecular 

coordination complexes (SCCs) based on the spontaneous formation of metal-ligand 

bonding between Lewis basic organic donors and Lewis acidic metal acceptors.2 By the 

careful selection of the precursors, SCCs with pre-designed, well-defined sizes and shapes, 

ranging from simple rectangles to complex polyhedral, were obtained via this methodology.
2-3 In addition to efforts on the design and synthesis of complexes with high structural 

complexity, the development of functional systems is an emerging area of interest.2, 4 

However, the properties of SCCs are typically directly inherited from the precursor building 

blocks. Hence, covalent modifications/alterations to the functional moieties (which may 

require tedious synthesis and purification) are necessary to tune the properties of the 

resulting assemblies. Based on nature’s elegant strategy for the customization of functions 

and activities via the self-assembly of small molecular building blocks, we expect that the 

precise control over the structures of SCCs enabled by coordination-driven self-assembly 

can be further translated into facile functional tunability when molecules with environment-

based property change are used as building blocks. We chose photoluminescence property 

due to its diverse responsiveness towards the local environments and widespread 

applications.5 The photophysical properties of SCCs have been an emerging area of interest.
4b, 6 However, covalent modification to the luminophore6c, 7 or directed aggregation of 

SCCs8 is required to modulate the properties. The facile and precise control over the 

photophysical properties using the SCC platform is still challenging.

N, N‑disubstituted dihydrodibenzo[a,c]phenazines are a class of molecules that exhibit 

unique red and blue dual fluorescence emission. Previous studies used 9,14-diphenyl-9,14-

dihydrodibenzo[a,c]phenazine (DPAC) as a prototype and indicated that the property could 

be attributed to the vibrational motions of the two aromatic moieties along the N–N axis.9 
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Excitation of the molecule results in an initial bent excited state due to the steric hindrance 

caused by the N-substitutes. Subsequent planarization of the dibenzo[a,c]phenazine moiety 

along the N–N axis extends the overall π-conjugation, and a planar excited state is attained 

at the global minimum.9a, 10 Thus, the emission color of the molecules is tuned from red to 

deep blue by varying the degree of inhibition of the planarization process. This phenomenon 

is applied for the development of probes,11 imaging agents,12 and light-emitting materials.13

We expect that coordination-driven self-assembly can be employed to regulate the excited-

state deformation of DPAC molecule when it was used as a structural element in the 

preparation of SCCs. This resulted in efficient and precise tuning of photophysical 

properties, which is reminiscent of efficient functional diversification observed in natural 

systems. Therefore, a series of DPAC-cored metallacycles with varying sizes were designed 

and synthesized to modulate the excited-state conformation of the DPAC core chromophore 

within the macrocycles via regulating the constraint imposed on its planarization process. 

There are three main strategies as follows: (i) To gain further insights into the effect of 

structural hindrance on planarization by formation of metallacycles via the heteroligation of 

the Pt(II) center with the DPAC-containing precursor and complementary dicarboxylate 

donors with varying geometries using dynamic experiments and computational studies. (ii) 

To explore the association between the reversible assembly/reassembly process of the 

metallacycles and their fluorescence properties. (iii) A post-assembly modification strategy 

was employed on a metallacycle to reveal that post-assembly structural changes can also 

induce fluorescence emission changes. Comprehensive spectroscopic and dynamic studies 

and a computational approach exhibit a correlation between the size-dependent fluorescence 

emission and kinetics of planarization versus structural changes in the metallacycles. The 

reversible assembling/disassembling process of metallacycles and post-assembly 

modification experiments further supported the proposed origin of changes in the 

photophysical properties of the metallacycles and provided an alternative route for switching 

the functions expressed within a supramolecular system.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization.

In order to be exploited as a donor precursor for coordination-driven self-assembly, the 

DPAC fluorophore was functionalized with two pyridyl groups at the para sites of the 9,14-

diphenyl groups. Given the flexibility of the DPAC moiety, a multi-component self-

assembly strategy using Pt(II) heteroligation was employed for the synthesis of the 

metallacycles.14 DPAC-containing ligand 1, dicarboxylate donors 2a–2e with different bite 

angles between the carboxylate groups and a 90° di-Pt(II) acceptor 3 were mixed in a 

stoichiometry of 1:1:2 to yield metallacycles 4a–4e (Scheme 1). The structure of the 

metallacycles was characterized via multinuclear NMR and electrospray ionization time-of-

flight mass spectrometry (ESI-TOF-MS). The 31P{1H} spectra of the metallacycles (Figures 

1a, S9, S13, S17, S21, and S25) exhibited two sets of coupled doublets of similar intensity 

with concomitant 195Pt satellites that corresponded to two distinct phosphorous 

environments. This indicated that the heteroligation of the Pt(II) center with pyridyl and 

carboxylate moieties broke the symmetry of the two capping phosphine ligands.14 In the 1H 
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NMR spectra of the metallacycles (Figures 1c, S7, S11, S15, S19, and S23), downfield shifts 

(ca. 0.05 ppm for Ha and 0.25 ppm for Hb), and broadening were observed for the 

resonances of the pyridyl groups when compared with those of free donor 1 (Figure 1b). 

This indicated the formation of Pt-pyridyl coordination bonds that reduced the electron 

density of the pyridyl moieties.2 The ESI-TOF-MS data (Figures 1d, S10, S14, S18, S22, 

and S26) further supported the formation of discrete metallacycles with the expected 

stoichiometry. For all metallacycles, ESI-TOF-MS exhibited two peaks ([M-OTf]+ and 

[M-2OTf]2+) that corresponded to the assigned [1+1+2] assembly with charge states 

resulting from the loss of the OTf− counterions. All the peaks were isotopically resolved and 

in good agreement with their theoretical distributions.

Steady-State Photophysical Properties.

The normalized absorption and emission spectra of ligand 1 and metallacycles 4a–4e in 

CH2Cl2 are shown in Figures 2a-2f. Ligand 1 exhibited the lowest lying absorption band 

maximized at 411 nm and dual emission bands centered at 421 and 613 nm that originated 

from the unrelaxed structure and planarized species, respectively, in the excited state. The 

results were similar to those previously reported in the DPAC-chromophore, exhibiting the 

absorption onsets at approximately 400 nm and dual emission at approximately 400 and 610 

nm.9 Conversely, all metallacycles displayed nearly identical absorption bands with a peak 

wavelength at 360 nm. The result indicated that the metallacycles exhibited similar ground-

state characteristics and differed from 1 due to the formation of Pt-pyridyl coordination 

bond. Despite their similar absorption profiles, the metallacycles exhibited differences in the 

fluorescence properties with each other. For 4a that contained a 180° dicarboxylate donor, 

the fluorescence peak wavelength was observed at 570 nm with a shoulder at 500 nm. A 

trend of blue-shifted emission for 4b (528 nm), 4c (519 nm), 4d (511 nm), and 4e (499 nm) 

was observed and related to a decrease in the bite angle between the dicarboxylate donor 

(vide infra). This result indicated that the degree of structural relaxation for the 

metallacycles was in the order of 1 < 4a < 4b < 4c < 4d < 4e and was induced by steric 

hindrance. The blue shift of the emission is easily visualized as shown in the fluorescence 

images of 4a–4e (inset in Figure 2g). The changes in Stokes shifts (calculated from peak to 

peak between absorption and emission in energy) ranged from 1.27 eV (10234 cm−1) of 4a 
to 0.97 eV (7816 cm−1) of 4e in the order of 4a > 4b > 4c > 4d > 1 > 4e as shown in Figure 

2h. The metallacycles exhibited the opposite trend in Stokes shifts when compared with the 

degree of structural relaxation among each other, and this affirmed the proposed steric 

hindrance on the formation of the Pt-pyridyl coordination. When compared to the 

metallacycles, ligand 1 exhibited the most red-shifted emission although it was ranked 

second last in Stokes shifts of 2.02 eV (8019 cm-1). This type of difference was attributed to 

changes in the absorption peak in 1, i.e., the structural variation in its ground state.

Time-Resolved Emission Spectroscopy.

In order to gain insights into the photophysical properties of the compounds, comprehensive 

spectral/dynamic analyses were conducted using nanosecond time-correlated single photon 

counting (TCSPC) and femtosecond fluorescence up-conversion techniques. The dynamics 

of the excited-state relaxation of 1 and metallacycles 4a–4e were recorded in solutions at 
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298 K and are shown in Figures 3 and 4 for 4a and 4e, respectively, and Figures S35 to S39 

for the remaining compounds while the pertinent data are tabulated in Table 1 and S1. For 

ligand 1 in CH2Cl2, with respect to monitoring at the normal Stokes-shifted emission band 

(420 nm), the relaxation dynamics exhibited a fast decay component (τ ~17 ps, Figure S35) 

while the decay of the large Stokes-shifted emission band (monitored at 610 nm) was fitted 

as 235 ps. When compared to DPAC, a similar fast decay component (τ ~15 ps) was 

observed for the short-wavelength band (410 nm) while the population decay time of the 

610-nm emission reached 11.6 ns.13 This explained the differences in the ratiometric 

emission intensity between 1 and DAPC where the intensity of the 420-nm emission band 

(quantum yield, Q.Y. ~ 0.1%) was significantly weaker than that of the emission at 610 nm 

(Q.Y. ~ 22%) for DAPC. Conversely, an almost equal emission intensity was observed for 

the 420 nm emission band (Q.Y. ~0.24%) and 610 nm emission (Q.Y. ~0.45%) in compound 

1 (Figure 2). The weaker 610 nm emission for 1 (cf. DAPC) mainly resulted from the 

torsional motion of the two 4-phenylpyridine substituents that induced dominant 

radiationless deactivation.

Based on the design strategy, the dicarboxylate donors between the two Pt atoms introduced 

various degrees of steric effect that affected planarization kinetics. Using excitation at 380 

nm and monitoring at the blue edge of the steady-state emission (460 nm), the relaxation 

dynamics of 4a exhibited a fast decay component (0.52 ps) (Figure 3). This was followed by 

a fast decay of 6.07 ps and a long decay component with a considerably low intensity, which 

could not be resolved in the time window of approximately 30 ps that was applied for the 

femtosecond fluorescence up-conversion measurement. The long decay was further fitted as 

621 ps by TCSPC (Figure S35). With respect to monitoring from 500 to 520 nm, both the 

0.52 and 6.07 ps decay components as shown in Table 1 gradually decreases their pre-

exponential factor, and thereby the weighing ratio. This was accompanied by an increase in 

the intensity of the long 621 ps decay component. When the monitored emission wavelength 

extended beyond 540 nm, the pre-exponential factors for both 0.52 ps and 6.07 ps 

components started to become negative, indicating rising kinetics. With respect to 

monitoring at the red edge of the emission (e.g., 620 nm), the kinetic trace was fitted by a 

rise component of 6.07 ps and a long population decay of 621 ps while the 0.52 ps became 

vague due to its considerably low contribution in the weighing percentage. The same fitted 

time constant of 6.07 ps between 460 nm (decay) and 620 nm (rise) emissions revealed a 

precursor-successor type of kinetic relationship. Based on the previous studies on DPAC-

type systems9-10 and computational studies (vide infra), the dynamics of the emission are 

qualitatively described by a process that is expressed as: R∗ τ P∗, where R* represents the 

initial Franck–Condon excited state that possesses a charge transfer character and P* denotes 

the global minimum mainly after the planarization. The parent DPAC molecule exhibited an 

additional intermediate excited state during the planarization.13 However, 4a–4e only 

displayed R* and P* states due to the constraint imposed by their macrocyclic structures and 

as is supported by our computational studies (vide infra). This was similar to a few of the 

reported locked DPAC chromophores that lacked an intermediate excited state in the 

planarization process.15 Hence, it was reasonable to assign the first decay time constant τ1 

(0.52 ps) to the solvent relaxation that responded to the charge transfer character of R* of 4a 
and thus channeled into the reaction coordinates because a time constant of sub- to few 
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picosecond time scales was commonly reported for polar and low viscous solvents such as 

CH2Cl2.15 Given the sparse solubility, the time-dependent structural planarization studies for 

4a–4e could not be performed in nonpolar solvents to avoid (or diminish) the solvent 

relaxation process.9-10 The gradual disappearance of the contribution of solvent relaxation 

given increases in emission wavelength monitored was rationalized by the structural 

planarization that increased the ππ* character and thereby reduced the charge transfer 

properties. Therefore, the 6.07 ps was assigned as the time constant for the planarization of 

4a in CH2Cl2.

Similar kinetic patterns were observed for 4e in CH2Cl2 (Figure 4), in which the early fast 

decay component of 0.52 ps is ascribed to the solvent relaxation dynamics. The other time 

constants were fitted as 45 ps for the planarization and 1.5 ns for the population decay time. 

The significantly longer planarization time constant for 4e relative to 4a was attributed to the 

decrease in the bite angle between the dicarboxylate donor, and this enhanced the steric 

hindrance in the planarization process (vide infra). As shown in Table 1, the planarization 

time constant for the metallacycles is in the order of 4a (6.07 ps) < 4b (8.20 ps) < 4c (9.08 

ps) < 4d (11.10 ps) < 4e (45.01 ps), and this was correlated (in a reverse manner) with the 

magnitude of the emission Stokes shift in the order of 4a > 4b > 4c > 4d > 4e. Therefore, 

both the kinetics and steady-state emission spectrum revealed that the R* → P* process for 

all the metallacycles was subject to different degrees of constraint. All metallacycles 4a–4e 
exhibited a similar 0.52 ps fast relaxation time constant, thereby supporting its assignment to 

the solvent relaxation time in CH2Cl2 due to the charge transfer character of R*.

Computational Studies.

Further insights into the structure-relaxation relationship for the metallacycles were obtained 

by a computational approach. Ground state geometries of the compounds were optimized via 

the density functional theory (DFT) method associated with a LANL2DZ basis set for the Pt 

atom and a 6–31+G(d,p) basis set for all other atoms.16 The electronically excited structures 

with relevant photophysical properties were computed by a time-dependent density 

functional theory (TD-DFT) method (see the computational approaches section in SI for 

details). All calculated geometries and associated frontier orbitals are shown in Figures 5-6 

and Tables S6-S8. The results for reference compound 1 indicated that the S0 → S1 

electronic transition was from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) in which the electron density distributions in the 

HOMO and LUMO were mainly localized in the middle of the DPAC core and nearby 

phenylene-fused rings, respectively. This type of flow of electron density supported the 

excited-state charge transfer character (see details in Table S6-S7). With the introduction of 

the Pt-pyridyl coordination bonds, the orbital energy on the 9,14-diphenyl substituents 

decreased due to the electron deficient nature of the transition metal. Thus, the HOMOs of 

the metallacycles extended to the pyridyl groups at the para sites of the 9,14-diphenyl 

groups. In contrast, the LUMOs of the metallacycles were mainly localized at the two 

pyridyl groups. The computation results indicated that the initial states for the metallacycles 

exhibit relatively less charge-transfer character when compared with that of ligand 1.17
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In the ground state, ligand 1 and all DPAC-cored metallacycles were fully optimized in 

geometry to exhibit a global energy minimum (Figures 5b and 6). The angle between the 

two carboxylate groups of the 5 or 6- member ring in dicarboxylate donor moieties (Θa), 

dihedral angle∠C1−N1−N2−C2 that represents the bending angle between planes 1 and 2 

(Θb), and distance between the two N atoms in the pyridyl groups for ligand 1 and 4a-4e 
were measured (Figures 5-6). Specifically, Θa exhibited an order of 4a (178.58°) > 4b 
(152.85°) > 4c (137.84°) > 4d (136.30°) > 4e (119.49°), and this was in agreement with our 

molecular design. Ligand 1 exhibited the largest bending angle Θb = 135.44° and the longest 

N-N distance (11.1 Å) when compared with those of the metallacycles. The degree of the 

bending angles (Θb) and N-N distance (in the order of 1 > 4a > 4b > 4c > 4d > 4e) suggested 

that the degree of steric hindrance (i.e., the formation of Pt-pyridyl coordination and smaller 

Θa between the dicarboxylate donor) exhibited an order of 1 < 4a < 4b < 4c < 4d < 4e. This 

result was consistent with steady-state emission profiles and associated relaxation kinetics as 

discussed above.

The excited-state properties of the metallacycles are illustrated via calculation studies on 

ligand 1. The vertical electronic transition from R → R* of 1 was determined as 391 nm in 

CH2Cl2 and agreed with the experimental results (Figure 2a). Only a global minimum in its 

S1 state at Θb = 158.85° with an N-N distance of 17.9 Å was obtained for 1 in the 

computational results, which was denoted as P* (Figure 6). Hence, given optical excitation 

to the charge transfer state R*, fast solvent relaxation occurred and led to the solvent 

stabilized R* state. Additionally, the structural relaxation process R* → P* proceeded with 

the conformational change in the DPAC core via planarization, and this was accompanied by 

the motion of the two pyridyl substituents, i.e., an increase in Θb and N-N distance. The 

dynamics of the structural relaxation in 1 (although inaccessible at this stage) are prohibited 

in 4a-4e via the formation of Pt-pyridyl coordination bonds.

In order to further illustrate the structure-property relationship for the metallacycles with 

different dicarboxylate donors, a 3-D plot that comprises of Θa, the N-N distances, and 

emission Stokes shifts are plotted (Figure 7). The Θa (X axis in Figure 7b) are correlated 

with the N-N distance (Y axis) based on the projections on XY plane as denoted by red 

circles, and this indicated that the decrease in Θa constrained the N-N distance. On the YZ 

plane, the emission Stokes shift (Z axis) exhibited a correlation with the N-N distance (Y 

axis) (see the blue circle), thereby indicating that the decreased constraint imposed by the 

metallacycles results in a larger degree of structural relaxation. The Θa (X axis) also 

exhibited a linear relationship with the emission Stokes shift (Z axis). The results suggest 

that fine-tuning of fluorescence emission of metallacycles was achieved via the selection of 

dicarboxylate donors.

Reversible Fluorescence Tuning by Assembling/Disassembling the Metallacycles.

The reversibility of the assembling/disassembling of the metallacycles is demonstrated by 

their emitting properties. Four equivalents of halides (i.e., Cl−, Br− or I−) are required for the 

coordination sites of the Pt atoms to disassemble the metallacycles and release free ligand 1. 

As for the re-assembling process, silver cation (Ag+) is required to precipitate the silver 

halide salts, so that the Pt(II) complexes can coordinate ligand 1, reforming the 
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metallacycles. In the study, tetrabutylammonium chloride and silver 

trifluoromethanesulfonate (AgOTf) were employed.

The photoluminescence spectra of 4a under several assembling/disassembling cycles are 

recorded in CH2Cl2 and shown in Figure 8. Results on 4b–4e are shown in Figures S41-S44. 

The fluorescence intensity of 4a decreased with the introduction of tetrabutylammonium 

chloride into the solution, and the mixture gradually exhibited dual emission peaks at 421 

and 613 nm, which corresponded to the characteristic emission of ligand 1 (Figure 8a). 

Furthermore, an isoemissive point was observed (inset of Figure 8a) and indicated the 

existence of an equilibrium during the disassembling process. After the completion of the 

disassembling process by adding four equivalents of tetrabutylammonium chloride, AgOTf 

was added to proceed with the re-assembling process. The emission band at 570 nm 

emission spectrum gradually reappeared (Figure 8b). In a manner different from the 

disassembling process, the re-assembly required a certain incubation time to achieve 

equilibrium. The reversibility of the assembling/disassembling process was evidenced by 

five switching cycles while maintaining 75% fluorescence intensity (Figure 8c). The 

decrease in fluorescence intensity in the first cycle was more significant than the following 

cycles, and this was attributed to emission quenching induced by the tetrabutylammonium 

salts. Metallacycles 4b–4e exhibited the same properties, thereby suggesting that the 

structure-dependent emission properties can be utilized to monitor the reversible assembling/

disassembling process of supramolecular systems.

Post-Assembly Modification for Tuning Fluorescence.

A post-assembly modification (PAM) strategy was employed to provide an alternative route 

for the tuning of the fluorescence emission properties of the metallacycles. PAM reactions 

are powerful tools in natural systems to regulate functions and activities of biomolecules. In 

non-biological self-assembled systems, PAM reactions provide a new approach for preparing 

complexes with tailored functionalities and inducing structural transformations between 

ensembles.18 Metallacycle 5a that is comprised of an alkenyl dicarboxylate building block 

was synthesized, and its PAM by hydrogenation of the alkenyl group afforded 5b (Scheme 

2). Both 5a and 5b were characterized via multinuclear NMR and ESI-TOF-MS. The 1H 

NMR spectrum of 5b revealed that the resonance at 6.11 ppm which originated from the 

protons on the alkenyl group of 5a disappeared (Figure 9a), and a new peak was observed at 

1.84 ppm (Figure 9b), thereby suggesting the reduction of the alkenyl group to alkyl group. 

In a manner similar to metallacycles 4a–4e, 5a and 5b exhibited absorption bands centered 

at 360 nm albeit with distinctive emission profiles. A red-shifted emission maximum at 533 

nm (c.f. 5a at 502 nm) and marked decrease in the fluorescence intensity was observed for 

5b relative to 5a (Figure 9c) due to a decrease in the constraint imposed on the planarization 

of the DPAC-cored chromophore given the reduction of the alkenyl building block to a more 

flexible alkyl building block. The computed results also support the less constraint for 5b 
relative to 5a by its larger bending angle and longer N-N distance (Figure S40). As 

discussed above, the change in the emissive properties due to PAM is an example where 

structural changes are translated into photoluminescence signals.
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CONCLUSION

By systematically selecting the dicarboxylate building block used for the self-assembly, a 

series of phenazine-cored metallacycles with tunable fluorescence spanning the visible 

region was obtained. With decreases in the size of the metallacycles, the emission exhibits a 

trend of blue shifts from red-orange (570 nm) to blue (499 nm). The spectroscopic, dynamic, 

and computational studies indicated that the size of the metallacycles dictated the constraint 

imposed on the excited-state planarization of the 9,14-diphenyl-9,14-

dihydrodibenzo[a,c]phenazine core, thereby leading to diversity in the photophysical 

properties. The empirical correlation among the emission Stokes shift, bite angles of the 

dicarboxylate building block, and pyridyl N-N distance was established for the 

metallacycles. Reversible assembling/disassembling processes of the metallacycles were 

probed via structure-dependent emission properties. A PAM strategy was also developed and 

provided an alternative approach for functional tuning. Overall, the results of the study 

indicated that coordination-driven self-assembly can be adapted for the precise and 

systematic control over functions expressed within a system by utilizing either pre-assembly 

selection of building blocks or PAMs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) 31P{1H} NMR spectrum of metallacycle 4a in CD2Cl2. (b) Partial 1H NMR spectrum of 

1 in CD2Cl2. (c) Partial 1H NMR spectrum of 4a in CD2Cl2. (d) Full ESI-MS spectrum of 

4a.
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Figure 2. 
Steady-state absorption (dashed line) and photoluminescence (solid line) spectra of 1 (a), 4a 
(b), 4b (c), 4c (d), 4d (e), and 4e (f) in CH2Cl2 at room temperature. Q.Y. = emission 

quantum yield. (g) Plots of the energy of absorption and emission peaks of ligand 1 and 

metallacycles 4a–4e. λabs and λem denote wavelengths of the lowest-lying absorption and 

emission peaks, respectively, and the values (nm) are converted into energy units (eV). 

Insets: photographs of the metallacycles obtained under irradiation of 365-nm UV lamp. (h) 

Plots of the Stokes shifts in energy versus the compounds.
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Figure 3. 
Femtosecond fluorescence transients (open circles) of 4a in CH2Cl2 at room temperature 

observed at 460 nm (a, f), 500 nm (b, g), 540 nm (c, h), 580 nm (d, i), and 620 nm (e, j) as 

depicted in 10 ps and 30 ps time scales. The solid lines in the figure denote the fitting 

curves. The excitation wavelength is 380 nm. The fitting results are tabulated in Table 1.
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Figure 4. 
Femtosecond fluorescence transients (open circles) of 4e in CH2Cl2 at room temperature 

observed at 460 nm (a, f), 500 nm (b, g), 540 nm (c, h), 580 nm (d, i), and 620 nm (e, j) as 

depicted in 10 ps and 30 ps time scales. The solid lines in the figure denote the fitting 

curves. The excitation wavelength is 380 nm. The fitting results are tabulated in Table 1.
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Figure 5. 
(a) Schematic illustration for the tunable fluorescence controlled by increasing steric 

hindrance from metallacycles 4a to 4e based on the proposed molecular design. (b) DFT-

optimized ground state structures of titled molecules with the recorded values for the bite 

angle (Θa), bending angle (Θb), and N-N distance (Å).
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Figure 6. 
DFT-optimized excited state structures of ligand 1 with recorded values for the bending 

angle (Θa) and N-N distance (Å) in R* and P* states, respectively.
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Figure 7. 
3-D plot figure of the DPAC-cored metallacycles, in which bite angle (Θa), N-N distance 

(Å), and Stokes shift (eV) were recorded as X, Y and Z axis, respectively. Red, blue, and 

green circles denote the projections on XY, YZ, and XZ planes, respectively.
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Figure 8. 
(a) Photoluminescence spectra of 4a (purple), addition of one equivalence of Cl− (blue), 

addition of two equivalence of Cl− (green), addition of three equivalence of Cl− (yellow), 

and addition of four equivalence of Cl− (red) in CH2Cl2 −. (b) Photoluminescence spectra of 

4a and four equivalents of Cl− (purple), addition of three equivalence of Ag+ (blue), addition 

of four equivalence of Ag+ after 0 min (teal), addition of four equivalence of Ag+ after 5 min 

(green), addition of four equivalence of Ag+ after 15 min (yellow), and addition of four 

equivalence of Ag+ after 30 min (red). Insets: the enlarged fluorescence spectra to exhibit 

the isoemissive points recorded from 380 to 475 nm. (c) Normalized Photoluminescence 

intensity of 4a (blue open circle) monitored at the emission maximum (570 nm) under the 

reversible emission tuning experiments. Black solid and red dash lines denote that the 

solution is added with four equivalents of Cl− and four equivalents of Ag+ after a duration 

time of one hour, respectively. λex = 360 nm.
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Figure 9. 
(a) Partial 1H NMR spectrum of 5a in CD2Cl2. (b) Partial 1H NMR spectrum of 5b in 

CD2Cl2. (c) Emission spectra of 5a (red) and 5b (blue) in CH2Cl2. Insert: 

Photoluminescence images of 5a and 5b in CH2Cl2 under irradiation corresponding to 365-

nm UV light.
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Scheme 1. 
Self-Assembly of Metallacycles 4a–4e.
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Scheme 2. 
Post-assembly Modification of Metallacycle 5a.
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