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ABSTRACT: The synthesis of argentivorous molecules (L1 and L2)
having two chromophores (4-(anthracen-9-yl)benzyl or 4-(pyren-1-
yl)benzyl groups) and two benzyl groups and the fluorescence
properties of their silver complexes in a solution and the solid state are
reported. A crystallographic approach for the Ag+ complexes with L1

and L2 revealed that the observed fluorescence changes stem from the
excimer formation and extinction of fluorescent. Furthermore, binding
stabilities of L1 and L2 toward Ag+ ions were estimated by the Ag+-
induced UV−vis and PL spectral changes.

■ INTRODUCTION

Excimer is defined as a dimer associated with an excited
electronic state and dissociative in its ground electronic
state.1−3 Generally, the excimer band shows a red shift
compared with a monomer because of the increasing electron
affinity of the acceptor and decreasing the donor’s ionization
potential.1−3 Using the fluorescence properties of excimers, the
fluorescent sensor molecules for heavy and transition metals
have been extensively developed.4−8 Among well-known
fluorophores, anthracene, pyrene, and their derivatives have
been investigated into many functions for sensing metal ions,
pH, simple inorganic anions, and small organic molecules.9−19

Pyrene is strong electron donor material, and pyrene excimer
from several pyrene derivatives usually exhibits a similar
emission color of sky-blue or cyan, resulting from almost the
same excited-state geometry.20−25 Since excellent monomer
and excimer emission changes occur at remarkably different
wavelengths on the basis of the distance between two
anthracene or pyrene moieties, both fluorophores (anthracene
and pyrene) acting as a fluorophore have been utilized
effectively.20−29

On the other hand, our group is interested in tetra-armed
cyclens and their silver(I) complexes, incorporating tetra-
armed aromatic side chains, giving wide structural diversity in
the resulting argentivorous molecules by Ag+−π and CH−π
interactions.30−39 For example, we demonstrated that double-
and tetra-armed cyclens bearing an anthracene or pyrene unit
as side arms behave like an insectivorous plant (Venus flytrap)
by Ag+−π interactions.30−39 More recently, we reported that
an Ag+ complex with tetra-armed cyclens with styrylmethyl
groups incorporates chiral alkyl nitriles to afford a drastic
enhancement of the molar ellipticity in CD spectra.32

In the case of fluorophore-substituted cyclens, fluorescent
complexes where excimers formed were reported.40−43 We also
reported tetra-armed cyclens (La−Lc) with fluorophore as side
arms and their silver(I) complexes. However, in the silver(I)
complexes of cyclens La−Lc, the excimer formation was not
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observed even if fluorophores have existed in the side
arms.38,39 It is considered that the formation of excimer has
been difficult due to the steric hindrance when the complex
formed the silver(I) complex. To cover this point, fluorescent
cyclens, showing fluorescence changes according to the
formation or extinction of the excimer when reacted with the
metal ions, are designed. In this work, we proposed tetra-
armed cyclens (L1 and L2) with anthracenyl- or pyrenyl-benzyl
groups in the side chains, which exhibits a unique fluorescent
response in the presence of Ag+ (Scheme 1). The fluorescence
on−off behaviors via structure−function relationship based on
single-crystal X-ray analysis were also determined.

■ RESULTS AND DISCUSSION
Synthesis of Argentivorous Molecules with Fluoro-

phores (L1 and L2). New tetra-armed cyclens (L1 and L2;

Supporting Information Figure S1) were prepared by reductive
amination of 1,7-dibenzyl-1,4,7,10-tetraazacyclododecane
(1)38 with the corresponding aromatic aldehydes (2 and 3)
in the presence of NaBH(OAc)3. The 4-formyl phenylboronic
acid (4)44 and 9-(4-formyl phenyl)anthracene (2)45 were
prepared according to the procedure described in the
literature. The crystal structure of compound 2 was also
determined (Figure S2). The precursor 4-(1-pyrenyl)-
benzaldehyde (3) was synthesized using the modified
condition of the work previously reported.46 The structures
of the new compounds (L1 and L2) were confirmed by 1H and
13C NMR spectroscopy, FAB-MS, and elemental analysis
(Figures S3 and S4).

Structural Description of L1 and L2. The structures of
the new ligands, L1 and L2, were also characterized in the solid
state by single-crystal X-ray crystallography (Figures S5 and S6,
Table S1). Colorless single crystals of L1 and L2 were prepared
by slow evaporation of their chloroform solutions. Both cyclen
L1 and L2 are present as the 1,2-alternate conformation
(Figures S5 and S6).31,39 In the packing structure of L1, two
anthracene molecules from different L1 were overlapped at a
distance of 3.53 Å (Figure 2a). This structure means that the
solid state of L1 forms an anthracene excimer between the
nearest neighbor L1 molecules. Due to intermolecular excimer,
the solid-state fluorescence spectrum of L1 shows strong green
emission at 506 nm, as a characteristic emission band for the
anthracene excimer29 (Figure 1a). On the other hand, two
pyrene molecules of L2 were overlapped at a distance of 3.37 Å
with about 10% overlap area (Figure 3a). The interplanar
distance is almost the same as those reported in the
literature.47−53 Since the pyrene excimer was formed, the
solid-state fluorescence spectrum of L2 shows weak blue
emission at 409 nm (Figure 1b). It was reported that the
excimer emissions for pyrene dimer could be changed
depending on the interplanar distances and overlap degree of
pyrene.47−53

Scheme 1. Ag+-Induced Excimer Formation and Extinction
Depending on the Fluorogenic Cyclens

Figure 1. Solid-state fluorescence spectra of (a) L1 and [Ag(BF4)L
1] complex and (b) L2 and [Ag(OTf)L2] complex. The excitation wavelengths

(λex) for L
1 and L2 were 365 and 342.5 nm, respectively.
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In an attempt to investigate the structure of the Ag+

complex, 1H NMR titration was monitored using L1 and L2

(Figure S7). The COSY and HOHAHA spectra of a mixture of
L2 with Ag+ were measured to assign the protons on each
aromatic ring (Figures S8 and S9). On the addition of silver(I)
to L1, the Ha and Hb signals of the aromatic ring in the side
arms shifted to a higher field by ca. 0.63 and 0.27 ppm,
respectively (Figure S7a). The Ha and Hb signals in L2 also
shifted to a higher field by ca. 0.70 and 0.98 ppm, respectively
(Figure S7b). These chemical shift changes indicate that the
Ha and Hb protons are located in the shielded area next to the
aromatic rings. The NMR data indicate that the Ag+ ions are
covered by the aromatic side arms of L1 and L2. In addition,
since there was no change after 1.0 equiv of Ag+, it was
confirmed that both cyclen (L1 and L2) formed 1:1 Ag+

complexes.
Silver(I)-Induced Excimer Extinction and Formation

of L1 and L2. To investigate the luminescence behavior by
silver complex formation of L1 and L2, we prepared silver
complexes, [Ag(BF4)L

1] and [Ag(OTf)L2], and their solid-
state fluorescence spectra and quantum yields were measured.
As a result, although L1 showed bright emission (Φf = 0.46) at
506 nm (Figure 1a), a silver complex with L1 exhibited a weak
emission (Φf = 0.16) at the same wavelength. This quenching
effect may reflect an enhancement of photoinduced electron
transfer (PET) from the amine to the adjacent anthracene. In
contrast, the silver complex with L2 has a weak blue emission
(Φf = 0.14) at 409 nm, but the silver complex showed a bright
blue luminescence (Φf = 0.40) at 462 nm (Figure 1b). In the
absence of the silver(I) ion, its fluorescence (pyrenyl excimer
emission) is weak due to the PET effect from the nitrogen

atom of the cyclen part to the excited state of the Py
fluorophore. However, the complexation of the nitrogen atoms
by Ag(I) ion inhibits PET, but there is a metal ion-induced
chelation-enhanced fluorescence (CHEF) effect that induces
fluorescence enhancements.
To obtain further insight for the complexation-based and

silver(I)-induced fluorescence enhancement or quenching, we
thus decided to reveal the crystal structures of the related
complex species. From complexation of L1 with AgBF4, single
crystals suitable for X-ray crystallography were obtained. The
X-ray analysis revealed that the [Ag(BF4)L

1] complex is a
crystal in the monoclinic space group P21/n with the formula
of [Ag(L1)]·BF4·3CHCl3 (Figure 2 and Table S1). The
asymmetric unit contains one Ag(I) atom, one L1 molecule,
one BF4 anion, and three chloroform molecules. The Ag(I)
center is four-coordinated to an N4 donor of the cyclen ring.
The Ag−N [2.392(2)−2.544(2) Å] bond lengths are within
the normal range for these bond types.54,55 As we expected
from 1H NMR spectral data (Figure S7a), the Ag(I) complex
formed argentivorous molecules, in which the four aromatic
side arms of the cyclen cover the Ag+ such as a Venus flytrap.
The Ag···C distances were 2.873−3.670 Å (Figure S10a).
These distances showed Ag−π interactions between the
aromatic ring of the cyclen and Ag(I).56 The CH−π
interactions between adjacent aromatic side arms were also
confirmed (Figure S10b, 2.676−3.156 Å). Comparing the
[Ag(BF4)L

1] complex with L1 (Figures 2 and S11), the
distance between two anthracene units has become slightly
shorter but the overlap degree almost disappeared in the silver
complex. Furthermore, the formation of excimer in [Ag(BF4)
L1] complex was probably disturbed by the existence of anion

Figure 2. Crystal structures of (a) L1 and (b) [Ag(BF4)L
1].
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and solvent molecules between two anthracene units when the
silver(I) complex was formed (Figure 2). These crystal
structures indicate that the excimer was formed in the solid
state of the ligand but excimer is extinct after the complexation
with a silver(I).
The slow evaporation of the mixture of L2 and AgOTf gave

colorless crystals suitable for single-crystal X-ray diffraction.
The X-ray analysis revealed that the Ag(I) complex [Ag(OTf)
L2] is a crystal in the monoclinic space group P21/c with the
formula of [Ag(L2)]·OTf·2CHCl3 (Figure 3 and Table S1).

The asymmetric unit contains one formula unit. Similar to
complex [Ag(BF4)L

1], complex [Ag(OTf)L2] formed argen-
tivorous molecules in which the aromatic side arms of the
cyclen and Ag−π and CH−π interactions contributed to the
stability of the structure formation (Figure S12). Although the
distance between two pyrene units in [Ag(OTf)L2] has
become slightly longer (0.1 Å) than L2 (Figures 3 and S13),
the overlap degree in the silver complex was drastically
increased from 10 (for L2) to 50% (for [Ag(OTf)L2]). This
structure means the excimer of L2 was formed by self-
assembling, so the fluorescence intensity increased, and the
wavelength changed. The emission for the silver(I) complex of
L2 falls within the typical emission range for pyrene
excimer.47−53

Silver-Induced UV−Vis and Fluorescence Spectral
Changes of L1 and L2. To estimate the stability constants for
silver complexes of L1 and L2, UV−vis and fluorescence
titration were carried out in chloroform:methanol (=1:9) and
THF at 298 K, respectively (Figures S14 and S15). From UV−
vis titration data, the stability constants (log β) between
silver(I) and L1 and L2 are 7.3(1) and 7.2(1), respectively
(Figures S14c and S15c).57 On the other hand, in the titration
experiments using fluorescence spectroscopy, the log β values
of L1 and L2 were 7.3(1) and 6.9 (1), respectively, roughly
similar to the values of log β from UV−vis titration. These
results strongly support that the 1:1 silver(I) complexes of L1

and L2 were thermodynamically stable species in the solution
state.
The 13C NMR and CSI-MS titration experiments were also

performed to suggest further information for the complexation
of L1 and L2 with Ag(I) (Figures S16−S18). These results
supported that L1 and L2 formed 1:1 complex.

■ CONCLUSION
We have designed and prepared two fluorogenic argentivorous
molecules (L1 and L2) with anthracenyl- or pyrenyl-benzyl
units as side arms. X-ray structures of the ligands and the silver
complexes were investigated to confirm their fluorescent
responses by silver(I) ion in the solid state. These results
revealed that the observed fluorescence changes stem from the
excimer formation and extinction of fluorescent. That is, when
L1 forms a silver(I) complex, the fluorescence emission
strongly quenched because the formation of excimer is
disturbed by the position of anion between anthracene units,
while in the silver(I) complex with L2, the silver(I) ion-
induced significant red shift with the increase of fluorescence
intensity because of formation of excimer. These results would
be contributing not only to the design of new fluorogenic
cyclen for heavy metal ions but also to the development of the
relationship between the structure and the fluorescence change
for the cyclen-based receptor.

■ EXPERIMENTAL SECTION
General Method. All chemicals and solvents used in the syntheses

were of reagent grade and were used without further purification. The
1H and 13C NMR spectra were recorded on a JEOL ECP400
spectrometer (400 MHz). The 1H−1H COSY and HOHAHA NMR
spectra were recorded on a Bruker Avance II 400. The FAB mass
spectrum was obtained on a JEOL 600H mass spectrometer. The
absorption spectra were recorded on a JASCO V-650 UV−visible
spectrophotometer. Stability constants were calculated using Hyper-
Spec ver. 1.1.33.57 The fluorescence spectra were recorded in a
HORIBA SPEX Fluorolog-3 spectrophotometer. The absolute
quantum yields were measured with a Hamamatsu Quantaurus-QY
C11347-11 absolute PL quantum yield measurement system. Cold
ESI mass spectra were recorded on a JEOL JMST100CS mass
spectrometer. The elemental analysis was carried out on a Yanako
MT-6 CHN Micro Corder.

Synthesis of 4-(1-Pyrenyl)benzaldehyde (3). We prepared
compound 3 using the modified condition of the work previously
reported.46 A mixture of 1-bromopyrene (1.41 g, 5.0 mmol), 4-
formylphenylboronic acid (0.595 g, 3.97 mmol), benzene (20.0 mL),
and ethanol (6.0 mL) was added to a 100 mL two-necked round-
bottom flask under a nitrogen atmosphere. The mixture was stirred at
80 °C. After the compounds dissolved, Pd(PPh3)4 (0.0614 g, 0.0531
mmol), K2CO3 (1.73 g, 12.5 mmol) and water (6.5 mL) were added.
And then, the mixture was stirred for 1 day at 80 °C under nitrogen.
After benzene was added, the organic layer was extracted, washed with
brine, and dried with NaSO4. The residue was separated by silica gel
column chromatography (benzene) and recrystallized from chloro-
form/hexane to obtain 3 as a yellow solid. Mp: 147.0−148.0 °C. 1H
NMR (400 MHz, CDCl3): δ 10.16 (s, 1H), 8.26−7.82 (m, 13H).
FAB-MS (m/z) (DTT:TG = 1:1): 283 ([M + 1]+, 100%).

Synthesis of 1,7-Bis(4-(9-anthracenyl)benzyl)-4,10-diben-
zyl-1,4,7,10-tetraazacyclododecane (L1). 1,7-Dibenzylcyclen38

(1, 0.177 g, 0.5 mmol), 4-(9-anthracenyl)benzaldehyde45 (2, 0.750
g, 2.7 mmol), and NaBH(OAc)3 (0.63 g, 2.7 mmol) were added to
1,2-dichloroethane (12 mL) under a nitrogen atmosphere. The
mixture was stirred for 7 days at room temperature. Saturated aqueous
Na2CO3 was then added before the mixture was extracted with
chloroform. The combined organic phases were dried with anhydrous
sodium sulfate and then evaporated to dryness. The residue was
separated by silica gel column chromatography (chloroform:methanol

Figure 3. Crystal structures of (a) L2 and (b) [Ag(OTf)L2].
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= 2:1) and recrystallized from chloroform/ethanol to obtain L1 as
yellow solid. Yield: 68% (0.29 g). Mp: 120.0−130.0 °C. 1H NMR
(400 MHz, CD2Cl2): δ 8.48 (s, 2H), 8.02 (d, J = 8.3 Hz, 4H), 7.58−
7.62 (m, 8H), 7.48 (d, 4H, J = 7.1), 7.40 (t, 4H, J = 7.4), 7.22−7.32
(m, 12H), 7.14 (m, 2H), 3.61 (s, 4H), 3.57 (s, 4H), 2.84 (s, 16H).
13C NMR (100 MHz, CDCl3): 140.60, 140.01, 137.58, 137.15,
131.77, 131.24, 130.59, 129.49, 129.40, 128.58, 128.44, 127.18,
126.92, 126.64, 125.61, 125.44, 60.53. 60.40. Anal. Calcd for
[C64H60N4 + 1.5H2O]: C, 84.27; H, 6.96; N, 6.14. Found: C,
83.99; H, 6.67; N, 6.23%. FAB-MS (m/z) (DTT:TG = 1:1): 886 ([M
+ 1]+, 40%).
Synthesis of 1,7-Bis(4-(1-pyrenyl)benzyl)-4,10-dibenzyl-

1,4,7,10-tetraazacyclododecane (L2). 1,7-Dibenzylcyclen38 (1,
0.178 g, 0.5 mmol), 4-(1-pyrenyl)benzaldehyde (3, 0.616 g, 2.0
mmol), and NaBH(OAc)3 (0.44 g, 2.1 mmol) were added to 1,2-
dichloroethane (10 mL) under a nitrogen atmosphere. The mixture
was stirred for 7 days at room temperature. Saturated aqueous
Na2CO3 was then added before the mixture was extracted with
chloroform. The combined organic phases were dried with anhydrous
sodium sulfate and then evaporated to dryness. The residue was
separated by silica gel column chromatography (chloroform:metha-
nol:ammonia = 5:1:0.2) and recrystallized from chloroform/
acetonitrile to obtain L2 as yellow solid. Yield: 78% (0.37 g). Mp:
182.0−184.0 °C (dec.). 1H NMR (400 MHz, CD2Cl2): δ 8.20−7.18
(m, 36H), 3.60 (s, 4H), 3.56 (s, 4H), 2.84 (s, 16H). 13C NMR (100
MHz, CD2Cl2): 139.65, 138.25, 131.88, 131.35, 130.79, 130.64,
129.43, 129.37, 128.78, 128.45, 128.09, 127.78, 127.67, 127.62,
126.93, 126.37, 125.68, 125.38, 125.26, 125.19, 125.10, 125.01, 60.57,
60.30. Anal. Calcd for [C68H60N4 + 1.5H2O]: C, 85.05; H, 6.61; N,
5.83. Found: C, 85.25; H, 6.40; N, 5.88%. FAB-MS (m/z) (DTT:TG
= 1:1): 933 ([M + 1]+, 10%).
Preparation of [Ag(BF4)L

1], [Ag(L1)]·BF4·3CHCl3. AgBF4 (3.9
mg, 0.020 mmol) in methanol (1 mL) was added to a solution of L1

(17.7 mg, 0.020 mmol) in chloroform (1 mL). Acetonitrile and 1,2-
dichloroethane were added to the mixture to dissolve a fine powder
that precipitated the solution. The slow evaporation of the solution
afforded a colorless crystalline product ([Ag(BF4)L

1]) suitable for X-
ray analysis. Because the sample was dried under vacuum for the
elemental analysis sample, some lattice solvent (CHCl3) was reduced.
Mp: 125.0−130.0 °C (dec.). Anal. Calcd for [C64H60N4B1F4Ag1 +
1.5CHCl3 + 0.5H2O]: C, 62.05; H, 4.97; N, 4.42. Found: C, 61.91; H,
4.93; N, 4.24%.
Preparation of [Ag(OTf)L2], [Ag(L2)]·OTf·2CHCl3. AgOTf (5.1

mg, 0.020 mmol) in methanol (1 mL) was added to a solution of L2

(18.6 mg, 0.020 mmol) in chloroform (1 mL). The acetonitrile was
added to the mixture for dissolving a fine powder that precipitated
from the solution. The slow evaporation of the solution afforded a
colorless crystalline product ([Ag(OTf)L2]) suitable for X-ray
analysis. Because the sample was dried under vacuum for the
elemental analysis sample, lattice solvent (CHCl3) was removed. Anal.
Calcd for [C69H60N4O3F3S1Ag + H2O]: C, 68.59; H, 5.17; N, 4.64.
Found: C, 68.79; H, 5.08; N, 4.52%.
UV−Vis Titration with AgOTf for L1 and L2. All titrations were

performed in a mixed solvent of chloroform and methanol (1:9). For
titration, 1.25 × 10−5 and 1.25 × 10−5 M solutions of L1 and L2 were
prepared, respectively. Both titrations were performed with the 0.0−
6.0 equiv of silver(I) triflate. Titration data were fitted into a desired
binding model with HyperSpec.57

Fluorescence Titration with AgOTf for L1 and L2. All titrations
were performed in a THF solvent. The 2.0 × 10−7 and 2.0 × 10−5 M
solutions of L1 and L2 were prepared, respectively. The titration of L1

was performed with 0.0−3.0 equiv of silver(I) triflate. In the case of
L2, titration was performed with the 0.0−10.0 equiv of silver(I)
triflate. Also, titration data were fitted into a desired binding model
with HyperSpec.57 The excitation wavelengths (λex) for L1 and L2

were 365 and 342.5 nm, respectively.
Metal-Induced Fluorescence Change in a Solution. Metal

ion-induced fluorescence spectral changes were carried out. THF
solutions of metal salts (AgNO3, Ni(NO3)2, Cu(NO3)2, Zn(NO3)2,
Cd(NO3)2, and Hg(NO3)2) were prepared. After the addition of 1.0

equiv of metal salts to the L1 and L2 THF solutions, the fluorescence
spectroscopies were measured. The excitation wavelengths (λex) for
L1 and L2 were 365 and 342.5 nm, respectively.

Metal-Induced Fluorescence Change in the Solid State. To
preparation for solid-state metal complexes of L1, metal nitrate salts
(0.020 mmol) in methanol (1 mL) were added to a solution of L1

(17.7 mg, 0.020 mmol) in chloroform. Acetonitrile and 1,2-
dichloroethane were added to the mixture to dissolve a fine powder
that precipitated the solution. The mixture was slowly evaporated
until a solid product was afforded. Obtained solid products were
confirmed by elemental analysis.

[Ag(NO3)L
1]: Anal. Calcd for [C64H60N5O3Ag + 2CHCl3]: C,

61.27; H, 4.83; N, 5.41. Found: C, 61.28; H, 4.99; N, 5.59%.
[Cu(NO3)2L

1]: Anal. Calcd for [C64H60N6O6Cu + 0.5CHCl3]: C,
68.41; H, 5.38; N, 7.42. Found: C, 68.47; H, 5.62; N, 7.61%.

[Zn(NO3)2L
1]: Anal. Calcd for [C64H60N6O6Zn + 0.25CHCl3]: C,

69.87; H, 5.50; N, 7.61. Found: C, 69.90; H, 5.63; N, 7.54%.
[Cd(NO3)2L

1]: Anal. Calcd for [C64H60N6O6Cd + 2.4CHCl3 +
6CH3CN]: C, 56.92; H, 4.90; N, 10.16. Found: C, 57.10; H, 5.11; N,
10.34%.

[Hg(NO3)2L
1]: Anal. Calcd for [C64H60N6O6Hg + 0.5CHCl3]: C,

61.02; H, 4.80; N, 6.62. Found: C, 61.15; H, 4.82; N, 6.80%.
The metal nitrate salts (0.020 mmol) in methanol (1 mL) were

added to a solution of L2 (18.6 mg, 0.020 mmol) in chloroform.
Acetonitrile was added to the mixture for dissolving a fine powder that
precipitated from the solution. The mixture was slowly evaporated
until a solid product was afforded. Obtained solid products were
confirmed by elemental analysis.

[Ag(NO3)L
2]: Anal. Calcd for [C68H60N5O3Ag + H2O]: C, 72.85;

H, 5.57; N, 6.25. Found: C, 72.76; H, 5.46; N, 6.06%.
[Ni(NO3)2L

2]: Anal. Calcd for [C68H60N6O6Ni + 0.5CHCl3 +
0.5H2O]: C, 69.45; H, 5.23; N, 7.09. Found: C, 69.25; H, 5.52; N,
7.29%.

[Cu(NO3)2L
2]: Anal. Calcd for [C68H60N6O6Cu + 0.5CHCl3 +

H2O]: C, 68.65; H, 5.35; N, 7.01. Found: C, 68.72; H, 5.35; N,
7.28%.

[Zn(NO3)2L
2]: Anal. Calcd for [C68H60N6O6Zn + 1.5H2O]: C,

71.04; H, 5.52; N, 7.31. Found: C, 70.99; H, 5.34; N, 7.28%.
[Hg(NO3)2L

2]: Anal. Calcd for [C68H60N6O6Hg + 0.5CHCl3]: C,
62.45; H, 4.63; N, 6.38. Found: C, 62.66; H, 4.74; N, 6.58%.

X-ray Crystallographic Analysis. X-ray data were collected on a
Bruker SMART APEX II ULTRA diffractometer equipped with
graphite monochromated Mo Kα radiation (λ = 0.71073 Å)
generated by a rotating anode. The cell parameters for the compounds
were obtained from a least-squares refinement of the spot. Data
collection, data reduction, and semiempirical absorption correction
were carried out using the software package of APEX2.58 All of the
calculations for the structure determination were carried out using the
SHELXTL package.59 In all cases, non-hydrogen atoms were refined
anisotropically and hydrogen atoms were placed in idealized positions
and refined isotropically in a riding manner along with their respective
parent atoms. Relevant crystal data collection and refinement data for
the crystal structures are summarized in Table S1. Crystallographic
data for 2075285 (L1), 2075286 (L2), 2075287 ([Ag(BF4)L

1]),
2075288 ([Ag(OTf)L2]), and 2075289 (2) have been deposited with
CCDC.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01161.

NMR spectra, UV−vis spectra PL spectra, crystal
structures, and CSI-MS spectra (PDF)

Accession Codes
CCDC 2075285−2075289 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01161
Inorg. Chem. 2021, 60, 9141−9147

9145

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01161/suppl_file/ic1c01161_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2075285&id=doi:10.1021/acs.inorgchem.1c01161
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2075286&id=doi:10.1021/acs.inorgchem.1c01161
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2075287&id=doi:10.1021/acs.inorgchem.1c01161
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2075288&id=doi:10.1021/acs.inorgchem.1c01161
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2075289&id=doi:10.1021/acs.inorgchem.1c01161
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01161?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01161/suppl_file/ic1c01161_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2075285&id=doi:10.1021/acs.inorgchem.1c01161
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2075289&id=doi:10.1021/acs.inorgchem.1c01161
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01161?rel=cite-as&ref=PDF&jav=VoR


Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
Yoichi Habata − Department of Chemistry and Research
Center for Materials with Integrated Properties, Faculty of
Science, Toho University, Funabashi, Chiba 274-8510,
Japan; orcid.org/0000-0003-0712-6231;
Email: habata@chem.sci.toho-u.ac.jp

Authors
Huiyeong Ju − Department of Chemistry, Toho University,
Funabashi, Chiba 274-8510, Japan; orcid.org/0000-
0003-2961-763X

Aya Taniguchi − Department of Chemistry, Toho University,
Funabashi, Chiba 274-8510, Japan

Kaoru Kikukawa − Department of Chemistry, Toho
University, Funabashi, Chiba 274-8510, Japan

Hiroki Horita − Department of Chemistry, Toho University,
Funabashi, Chiba 274-8510, Japan

Mari Ikeda − Education Center, Faculty of Engineering, Chiba
Institute of Technology, Narashino, Chiba 275-0023, Japan

Shunsuke Kuwahara − Department of Chemistry and
Research Center for Materials with Integrated Properties,
Faculty of Science, Toho University, Funabashi, Chiba 274-
8510, Japan; orcid.org/0000-0002-9673-4580

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.1c01161

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by a Grant-in-Aid for Scientific
Research from the MEXT of Japan (Grant Nos. 17K05844 and
20K05480). H.J. was supported by fellowships from the
Marubun Research Promotion Foundation (Japan).

■ REFERENCES
(1) Förster, T. Excimers. Angew. Chem., Int. Ed. Engl. 1969, 8, 333−
343.
(2) Birks, J. Excimers. Rep. Prog. Phys. 1975, 38, 903−974.
(3) Birks, J. B. Photophysics of Aromatic Molecules; Wiley-
Interscience: New York, 1970.
(4) Kowser, Z.; Rayhan, U.; Akther, T.; Redshaw, C.; Yamato, T. A
brief review on novel pyrene based fluorometric and colorimetric
chemosensors for the detection of Cu2+. Mater. Chem. Front. 2021, 5,
2173−2200.
(5) Lee, M. H.; Kang, G.; Kim, J. W.; Ham, S.; Kim, J. S. Tren-
spaced rhodamine and pyrene fluorophores: Excimer modulation with
metal ion complexation. Supramol. Chem. 2009, 21, 135−141.
(6) Kraskouskaya, D.; Bancerz, M.; Soor, H. S.; Gardiner, J. E.;
Gunning, P. T. An Excimer-Based, Turn-On Fluorescent Sensor for
the Selective Detection of Diphosphorylated Proteins in Aqueous
Solution and Polyacrylamide Gels. J. Am. Chem. Soc. 2014, 136,
1234−1237.
(7) Mikata, Y.; Kawata, K.; Iwatsuki, S.; Konno, H. Zinc-Specific
Fluorescent Response of Tris(isoquinolylmethyl)amines (isoTQAs).
Inorg. Chem. 2012, 51, 1859−1865.
(8) Mikata, Y.; Takeuchi, S.; Higuchi, E.; Ochi, A.; Konno, H.;
Yanai, K.; Sato, S.-i. Zinc-specific intramolecular excimer formation in
TQEN derivatives: fluorescence and zinc binding properties of
TPEN-based hexadentate ligands. Dalton Trans. 2014, 43, 16377−
16386.

(9) Shellaiah, M.; Wu, Y.-H.; Singh, A.; Ramakrishnam Raju, M. V.;
Lin, H.-C. Novel pyrene- and anthracene-based Schiff base derivatives
as Cu2+ and Fe3+ fluorescence turn-on sensors and for aggregation
induced emissions. J. Mater. Chem. A 2013, 1, 1310−1318.
(10) Shiraishi, Y.; Kohno, Y.; Hirai, T. Bis-azamacrocyclic
Anthracene as a Fluorescent Chemosensor for Cations in Aqueous
Solution. J. Phys. Chem. B 2005, 109, 19139−19147.
(11) Kim, Y. K.; Lee, H. N.; Singh, N. J.; Choi, H. J.; Xue, J. Y.; Kim,
K. S.; Yoon, J.; Hyun, M. H. Anthracene Derivatives Bearing Thiourea
and Glucopyranosyl Groups for the Highly Selective Chiral
Recognition of Amino Acids: Opposite Chiral Selectivities from
Similar Binding Units. J. Org. Chem. 2008, 73, 301−304.
(12) Jiang, X.-K.; Ikejiri, Y.; Jin, C.-C.; Wu, C.; Zhao, J.-L.; Ni, X.-L.;
Zeng, X.; Redshaw, C.; Yamato, T. Synthesis and evaluation of a novel
fluorescent sensor based on hexahomotrioxacalix[3]arene for Zn2+

and Cd2+. Tetrahedron 2016, 72, 4854−4858.
(13) Lee, E.; Ju, H.; Park, I.-H.; Park, S.; Ikeda, M.; Habata, Y.; Lee,
S. S. Mechanistic insights into heavy metal ion sensing by NOS2-
macrocyclic fluorosensors via the structure-function relationship:
influences of fluorophores, solvents and anions. Analyst 2020, 145,
1667−1676.
(14) Kumar, M.; Kumar, R.; Bhalla, V. Optical Chemosensor for
Ag+, Fe3+, and Cysteine: Information Processing at Molecular Level.
Org. Lett. 2011, 13, 366−369.
(15) Zhou, Y.; Jung, J. Y.; Jeon, H. R.; Kim, Y.; Kim, S.-J.; Yoon, J. A
Novel Supermolecular Tetrameric Vanadate-Selective Colorimetric
and “Off-On” Sensor with Pyrene Ligand. Org. Lett. 2011, 13, 2742−
2745.
(16) Sarkar, S.; Roy, S.; Sikdar, A.; Saha, R. N.; Panja, S. S. A pyrene-
based simple but highly selective fluorescence sensor for Cu2+ ions via
a static excimer mechanism. Analyst 2013, 138, 7119−7126.
(17) Sahoo, P.; Sarkar, H. S.; Das, S.; Maiti, K.; Uddin, M. R.;
Mandal, S. Pyrene appended thymine derivative for selective turn-on
fluorescence sensing of uric acid in live cells. RSC Adv. 2016, 6,
66774−66778.
(18) Sutariya, P. G.; Soni, H.; Gandhi, S. A.; Pandya, A. Single-step
fluorescence recognition of As3+, Nd3+ and Br− using pyrene-linked
calix[4]arene: application to real samples, computational modelling
and paper-based device. New J. Chem. 2019, 43, 737−747.
(19) Sutariya, P. G.; Soni, H.; Gandhi, S. A.; Pandya, A. Luminescent
behavior of pyrene-allied calix[4]arene for the highly pH-selective
recognition and determination of Zn2+, Hg2+ and I− via the CHEF-
PET mechanism: computational experiment and paper-based device.
New J. Chem. 2019, 43, 9855−9864.
(20) Kim, S. K.; Kim, S. H.; Kim, H. J.; Lee, S. H.; Lee, S. W.; Ko, J.;
Bartsch, R. A.; Kim, J. S. Indium(III)-Induced Fluorescent Excimer
Formation and Extinction in Calix[4]arene-Fluoroionophores. Inorg.
Chem. 2005, 44, 7866−7875.
(21) Yang, J.-S.; Lin, C.-S.; Hwang, C.-Y. Cu2+-Induced Blue Shift of
the Pyrene Excimer Emission: A New Signal Transduction Mode of
Pyrene Probes. Org. Lett. 2001, 3, 889−892.
(22) Zeng, Z.; Spiccia, L. OFF-ON Fluorescent Detection of
Thymidine Nucleotides by a Zinc(II)-Cyclen Complex Bearing Two
Diagonal Pyrenes. Chem. - Eur. J. 2009, 15, 12941−12944.
(23) Schmidt, F.; Stadlbauer, S.; König, B. Zinc-cyclen coordination
to UTP, TTP or pyrophosphate induces pyrene excimer emission.
Dalton Trans. 2010, 39, 7250−7261.
(24) Cabral, A. D.; Murcar-Evans, B. I.; Toutah, K.; Bancerz, M.;
Rosa, D.; Yuen, K.; Radu, T. B.; Ali, M.; Penkul, A.; Kraskouskaya, D.;
Gunning, P. T. Structure-activity relationship study of ProxyPhos
chemosensors for the detection of proximal phosphorylation and
other phosphate species. Analyst 2017, 142, 3922−3933.
(25) Cabral, A. D.; Rafiei, N.; de Araujo, E. D.; Radu, T. B.; Toutah,
K.; Nino, D.; Murcar-Evans, B. I.; Milstein, J. N.; Kraskouskaya, D.;
Gunning, P. T. Sensitive Detection of Broad-Spectrum Bacteria with
Small-Molecule Fluorescent Excimer Chemosensors. ACS Sens. 2020,
5, 2753−2762.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01161
Inorg. Chem. 2021, 60, 9141−9147

9146

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoichi+Habata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0712-6231
mailto:habata@chem.sci.toho-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huiyeong+Ju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2961-763X
https://orcid.org/0000-0003-2961-763X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aya+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaoru+Kikukawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroki+Horita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari+Ikeda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shunsuke+Kuwahara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9673-4580
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01161?ref=pdf
https://doi.org/10.1002/anie.196903331
https://doi.org/10.1088/0034-4885/38/8/001
https://doi.org/10.1039/D0QM01008A
https://doi.org/10.1039/D0QM01008A
https://doi.org/10.1039/D0QM01008A
https://doi.org/10.1080/10610270802527069
https://doi.org/10.1080/10610270802527069
https://doi.org/10.1080/10610270802527069
https://doi.org/10.1021/ja411492k?ref=pdf
https://doi.org/10.1021/ja411492k?ref=pdf
https://doi.org/10.1021/ja411492k?ref=pdf
https://doi.org/10.1021/ic202159v?ref=pdf
https://doi.org/10.1021/ic202159v?ref=pdf
https://doi.org/10.1039/C4DT01847H
https://doi.org/10.1039/C4DT01847H
https://doi.org/10.1039/C4DT01847H
https://doi.org/10.1039/C2TA00574C
https://doi.org/10.1039/C2TA00574C
https://doi.org/10.1039/C2TA00574C
https://doi.org/10.1021/jp052645x?ref=pdf
https://doi.org/10.1021/jp052645x?ref=pdf
https://doi.org/10.1021/jp052645x?ref=pdf
https://doi.org/10.1021/jo7022813?ref=pdf
https://doi.org/10.1021/jo7022813?ref=pdf
https://doi.org/10.1021/jo7022813?ref=pdf
https://doi.org/10.1021/jo7022813?ref=pdf
https://doi.org/10.1016/j.tet.2016.06.055
https://doi.org/10.1016/j.tet.2016.06.055
https://doi.org/10.1016/j.tet.2016.06.055
https://doi.org/10.1039/C9AN02466B
https://doi.org/10.1039/C9AN02466B
https://doi.org/10.1039/C9AN02466B
https://doi.org/10.1021/ol102543e?ref=pdf
https://doi.org/10.1021/ol102543e?ref=pdf
https://doi.org/10.1021/ol200846a?ref=pdf
https://doi.org/10.1021/ol200846a?ref=pdf
https://doi.org/10.1021/ol200846a?ref=pdf
https://doi.org/10.1039/c3an00928a
https://doi.org/10.1039/c3an00928a
https://doi.org/10.1039/c3an00928a
https://doi.org/10.1039/C6RA15980J
https://doi.org/10.1039/C6RA15980J
https://doi.org/10.1039/C8NJ03506G
https://doi.org/10.1039/C8NJ03506G
https://doi.org/10.1039/C8NJ03506G
https://doi.org/10.1039/C8NJ03506G
https://doi.org/10.1039/C9NJ01388A
https://doi.org/10.1039/C9NJ01388A
https://doi.org/10.1039/C9NJ01388A
https://doi.org/10.1039/C9NJ01388A
https://doi.org/10.1021/ic050702v?ref=pdf
https://doi.org/10.1021/ic050702v?ref=pdf
https://doi.org/10.1021/ol015524y?ref=pdf
https://doi.org/10.1021/ol015524y?ref=pdf
https://doi.org/10.1021/ol015524y?ref=pdf
https://doi.org/10.1002/chem.200902734
https://doi.org/10.1002/chem.200902734
https://doi.org/10.1002/chem.200902734
https://doi.org/10.1039/c0dt00001a
https://doi.org/10.1039/c0dt00001a
https://doi.org/10.1039/C7AN00722A
https://doi.org/10.1039/C7AN00722A
https://doi.org/10.1039/C7AN00722A
https://doi.org/10.1021/acssensors.9b02490?ref=pdf
https://doi.org/10.1021/acssensors.9b02490?ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01161?rel=cite-as&ref=PDF&jav=VoR


(26) Huang, F.; Feng, G. Highly selective and controllable
pyrophosphate induced anthracene-excimer formation in water. RSC
Adv. 2014, 4, 484−487.
(27) Erdemir, S.; Kocyigit, O. Anthracene Excimer-Based “Turn On”
Fluorescent Sensor for Cr3+ and Fe3+ ions: its application to living
cells. Talanta 2016, 158, 63−69.
(28) Liu, H.; Cong, D.; Li, B.; Ye, L.; Ge, Y.; Tang, X.; Shen, Y.;
Wen, Y.; Wang, J.; Zhou, C.; Yang, B. Discrete Dimeric Anthracene
Stackings in Solids with Enhanced Excimer Fluorescence. Cryst.
Growth Des. 2017, 17, 2945−2949.
(29) Finelli, A.; Chabert, V.; Hérault, N.; Crochet, A.; Kim, C.;
Fromm, K. M. Sequential Multiple-Target Sensor: In3+, Fe2+, and Fe3+

Discrimination by an Anthracene-Based Probe. Inorg. Chem. 2019, 58,
13796−13806.
(30) Habata, Y.; Kizaki, J.; Hosoi, Y.; Ikeda, M.; Kuwahara, S.
Argentivorous molecules bearing three aromatic side arms: synthesis
of triple-armed cyclens and their complexing property towards Ag+.
Dalton Trans. 2015, 44, 1170−1177.
(31) Habata, Y.; Ikeda, M.; Yamada, S.; Takahashi, H.; Ueno, S.;
Suzuki, T.; Kuwahara, S. Argentivorous Molecules: Structural
Evidence for Ag+−π Interactions in Solution. Org. Lett. 2012, 14,
4576−4579.
(32) Ju, H.; Tenma, H.; Iwase, M.; Lee, E.; Ikeda, M.; Kuwahara, S.;
Habata, Y. Inclusion of alkyl nitriles by tetra-armed cyclens with
styrylmethyl groups. Dalton Trans. 2020, 49, 3112−3119.
(33) Lee, E.; Hosoi, Y.; Temma, H.; Ju, H.; Ikeda, M.; Kuwahara, S.;
Habata, Y. Silver ion-induced chiral enhancement by argentivorous
molecules. Chem. Commun. 2020, 56, 3373−3376.
(34) Ikeda, M.; Matsumoto, M.; Kuwahara, S.; Habata, Y. Tetra-
Armed Cyclen Bearing Two Benzo-15-Crown-5 Ethers in the Side
Arms. Inorg. Chem. 2014, 53, 10514−10519.
(35) Lee, E.; Hayano, M.; Ju, H.; Ikeda, M.; Kuwahara, S.; Habata,
Y. Influence of the Molar Ratio and Solvent on the Coordination
Modes of 1,7-Dibenzyl-4,10-bis(pyridin-4-ylmethyl)cyclen. Inorg.
Chem. 2020, 59, 11166−11173.
(36) Ju, H.; Tsuruoka, Y.; Hayano, M.; Lee, E.; Park, K.-M.; Ikeda,
M.; Ishii, J.-i.; Kuwahara, S.; Habata, Y. Pentacyclic Nano-Trefoil.
Angew. Chem., Int. Ed. 2021, 60, 650−654.
(37) Ju, H.; Abe, T.; Takahashi, Y.; Tsuruoka, Y.; Otsuka, A.; Lee,
E.; Ikeda, M.; Kuwahara, S.; Habata, Y. Mole-Ratio-Dependent
Reversible Transformation between 2:2 and Cyclic 3:6 Silver(I)
Complexes with an Argentivorous Molecule. Inorg. Chem. 2021, 60,
1738−1745.
(38) Habata, Y.; Taniguchi, A.; Ikeda, M.; Hiraoka, T.; Matsuyama,
N.; Otsuka, S.; Kuwahara, S. Argentivorous Molecules Bearing Two
Aromatic Side-Arms: Ag+-π and CH-π Interactions in the Solid State
and in Solution. Inorg. Chem. 2013, 52, 2542−2549.
(39) Habata, Y.; Oyama, Y.; Ikeda, M.; Kuwahara, S. Argentivorous
molecules with two kinds of aromatic side-arms: intramolecular
competition between side-arms. Dalton Trans. 2013, 42, 8212−8217.
(40) Correia, B. B.; Brown, T. R.; Reibenspies, J. H.; Lee, H.-S.;
Hancock, R. D. Exciplex Formation and Aggregation Induced
Emission in Di-(N-benzyl)cyclen and Its Complexes - Selective
Fluorescence with Lead(II), and as the Cadmium(II) Complex, with
the Chloride Ion. Eur. J. Inorg. Chem. 2018, 2018, 3736−3747.
(41) Correia, B. B.; Brown, T. R.; Lee, H.-S.; Reibenspies, J. H.;
Hancock, R. D. Mono-N-benzyl cyclen: A highly selective, multi-
functional ‘’turn-on” fluorescence sensor for Pb2+, Hg2+ and Zn2+.
Polyhedron 2020, 179, 114366.
(42) Deems, J. C.; Reibenspies, J. H.; Lee, H.-S.; Hancock, R. D.
Strategies for a fluorescent sensor with receptor and fluorophore
designed for the recognition of heavy metal ions. Inorg. Chim. Acta
2020, 499, 119181.
(43) Correia, B. B.; Brown, T. R.; Reibenspies, J. H.; Lee, H.-S.;
Hancock, R. D. Exciplex formation as an approach to selective
Copper(II) fluorescent sensors. Inorg. Chim. Acta 2020, 506, 119544.
(44) Cousin, D.; Mann, J.; Nieuwenhuyzen, M.; van den Berg, H. A
new approach to combretastatin D2. Org. Biomol. Chem. 2006, 4, 54−
62.

(45) Teki, Y.; Miyamoto, S.; Nakatsuji, M.; Miura, Y. π-Topology
and Spin Alignment Utilizing the Excited Molecular Field:
Observation of the Excited High-Spin Quartet (S = 3/2) and Quintet
(S = 2) States on Purely Organic π-Conjugated Spin Systems. J. Am.
Chem. Soc. 2001, 123, 294−305 (the synthesis of 2 was mentioned in
this reference, but no single-crystal structure has been reported).
(46) Okabe, Y.; Lee, S. K.; Kondo, M.; Masaoka, S. Syntheses and
CO2 reduction activities of π-expanded/extended iron porphyrin
complexes. JBIC, J. Biol. Inorg. Chem. 2017, 22, 713−725.
(47) Ge, Y.; Wen, Y.; Liu, H.; Lu, T.; Yu, Y.; Zhang, X.; Li, B.;
Zhang, S.-T.; Li, W.; Yang, B. A key stacking factor for the effective
formation of pyrene excimer in crystals: degree of π-π overlap. J.
Mater. Chem. C 2020, 8, 11830−11838.
(48) Jiang, W.; Shen, Y.; Ge, Y.; Zhou, C.; Wen, Y.; Liu, H.; Liu, H.;
Zhang, S.; Lu, P.; Yang, B. A single-molecule conformation
modulating crystalline polymorph of a physical π-π pyrene dimer:
blue and green emissions of a pyrene excimer. J. Mater. Chem. C 2020,
8, 3367−3373.
(49) Liang, Z.-Q.; Li, Y.-X.; Yang, J.-X.; Ren, Y.; Tao, X.-T.
Suppression of aggregation-induced fluorescence quenching in pyrene
derivatives: photophysical properties and crystal structures. Tetrahe-
dron Lett. 2011, 52, 1329−1333.
(50) Mallesham, G.; Swetha, C.; Niveditha, S.; Mohanty, M. E.;
Babu, N. J.; Kumar, A.; Bhanuprakash, K.; Rao, V. J. Phosphine oxide
functionalized pyrenes as efficient blue light emitting multifunctional
materials for organic light emitting diodes. J. Mater. Chem. C 2015, 3,
1208−1224.
(51) Xiong, Y.; Huang, J.; Liu, Y.; Xiao, B.; Xu, B.; Zhao, Z.; Tang, B.
Z. High-contrast luminescence dependent on polymorphism and
mechanochromism of AIE-active (4-(phenothiazin-10-yl)phenyl)-
(pyren-1-yl)-Methanone. J. Mater. Chem. C 2020, 8, 2460−2466.
(52) Zhang, Y.; He, B.; Liu, J.; Hu, S.; Pan, L.; Zhao, Z.; Tang, B. Z.
Aggregation-induced emission and the working mechanism of 1-
benzoyl and 1-benzyl pyrene derivatives. Phys. Chem. Chem. Phys.
2018, 20, 9922−9929.
(53) Kong, Q.; Zhuang, W.; Li, G.; Xu, Y.; Jiang, Q.; Wang, Y. High
contrast stimuli-responsive luminescence switching of pyrene-1-
carboxylic esters triggered by a crystal-to-crystal transition. New J.
Chem. 2017, 41, 13784−13791.
(54) Gyr, T.; Macke, H. R.; Hennig, M. A Highly Stable Silver(I)
Complex of a Macrocycle Derived from Tetraazatetrathiacycle. Angew.
Chem., Int. Ed. Engl. 1997, 36, 2786−2788.
(55) Hawes, C. S.; Batten, S. R.; Turner, D. R. Self-assembly of
discrete and polymeric metallosupramolecular architectures from
cyclen-derived ligands. CrystEngComm 2014, 16, 3737−3748.
(56) Burgess, J.; Steel, P. J. Is the silver-alkene interaction a useful
new supramolecular synthon? Coord. Chem. Rev. 2011, 255, 2094−
2103.
(57) Gans, P.; Sabatini, A.; Vacca, A. Investigation of equilibria in
solution. Determination of equilibrium constants with the HYPER-
QUAD suite of programs. Talanta 1996, 43, 1739−1753. Available
online: HypSpec2014: Equilibrium Constantsfrom Spectrophotometric
Data , Stability Constants; http://www.hyperquad.co.uk/
HypSpec2014.htm.
(58) APEX2: Data Collection and Processing Software, Ver. 2009.1-0;
Bruker AXS: Madison, WI, USA, 2008.
(59) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Crystallogr., Sect. C: Struct. Chem. 2015, C71, 3−8.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01161
Inorg. Chem. 2021, 60, 9141−9147

9147

https://doi.org/10.1039/C3RA45681A
https://doi.org/10.1039/C3RA45681A
https://doi.org/10.1016/j.talanta.2016.05.017
https://doi.org/10.1016/j.talanta.2016.05.017
https://doi.org/10.1016/j.talanta.2016.05.017
https://doi.org/10.1021/acs.cgd.7b00460?ref=pdf
https://doi.org/10.1021/acs.cgd.7b00460?ref=pdf
https://doi.org/10.1021/acs.inorgchem.9b01478?ref=pdf
https://doi.org/10.1021/acs.inorgchem.9b01478?ref=pdf
https://doi.org/10.1039/C4DT02954B
https://doi.org/10.1039/C4DT02954B
https://doi.org/10.1021/ol3019538?ref=pdf
https://doi.org/10.1021/ol3019538?ref=pdf
https://doi.org/10.1039/D0DT00335B
https://doi.org/10.1039/D0DT00335B
https://doi.org/10.1039/D0CC00798F
https://doi.org/10.1039/D0CC00798F
https://doi.org/10.1021/ic501590a?ref=pdf
https://doi.org/10.1021/ic501590a?ref=pdf
https://doi.org/10.1021/ic501590a?ref=pdf
https://doi.org/10.1021/acs.inorgchem.0c01710?ref=pdf
https://doi.org/10.1021/acs.inorgchem.0c01710?ref=pdf
https://doi.org/10.1002/anie.202010436
https://doi.org/10.1021/acs.inorgchem.0c03222?ref=pdf
https://doi.org/10.1021/acs.inorgchem.0c03222?ref=pdf
https://doi.org/10.1021/acs.inorgchem.0c03222?ref=pdf
https://doi.org/10.1021/ic302511e?ref=pdf
https://doi.org/10.1021/ic302511e?ref=pdf
https://doi.org/10.1021/ic302511e?ref=pdf
https://doi.org/10.1039/c3dt00034f
https://doi.org/10.1039/c3dt00034f
https://doi.org/10.1039/c3dt00034f
https://doi.org/10.1002/ejic.201800573
https://doi.org/10.1002/ejic.201800573
https://doi.org/10.1002/ejic.201800573
https://doi.org/10.1002/ejic.201800573
https://doi.org/10.1016/j.poly.2020.114366
https://doi.org/10.1016/j.poly.2020.114366
https://doi.org/10.1016/j.ica.2019.119181
https://doi.org/10.1016/j.ica.2019.119181
https://doi.org/10.1016/j.ica.2020.119544
https://doi.org/10.1016/j.ica.2020.119544
https://doi.org/10.1039/B513515J
https://doi.org/10.1039/B513515J
https://doi.org/10.1021/ja001920k?ref=pdf
https://doi.org/10.1021/ja001920k?ref=pdf
https://doi.org/10.1021/ja001920k?ref=pdf
https://doi.org/10.1021/ja001920k?ref=pdf
https://doi.org/10.1007/s00775-017-1438-3
https://doi.org/10.1007/s00775-017-1438-3
https://doi.org/10.1007/s00775-017-1438-3
https://doi.org/10.1039/D0TC02562C
https://doi.org/10.1039/D0TC02562C
https://doi.org/10.1039/C9TC06603A
https://doi.org/10.1039/C9TC06603A
https://doi.org/10.1039/C9TC06603A
https://doi.org/10.1016/j.tetlet.2011.01.060
https://doi.org/10.1016/j.tetlet.2011.01.060
https://doi.org/10.1039/C4TC01753F
https://doi.org/10.1039/C4TC01753F
https://doi.org/10.1039/C4TC01753F
https://doi.org/10.1039/C9TC05064G
https://doi.org/10.1039/C9TC05064G
https://doi.org/10.1039/C9TC05064G
https://doi.org/10.1039/C8CP00260F
https://doi.org/10.1039/C8CP00260F
https://doi.org/10.1039/C7NJ03014B
https://doi.org/10.1039/C7NJ03014B
https://doi.org/10.1039/C7NJ03014B
https://doi.org/10.1002/anie.199727861
https://doi.org/10.1002/anie.199727861
https://doi.org/10.1039/C3CE42141D
https://doi.org/10.1039/C3CE42141D
https://doi.org/10.1039/C3CE42141D
https://doi.org/10.1016/j.ccr.2011.01.024
https://doi.org/10.1016/j.ccr.2011.01.024
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1016/0039-9140(96)01958-3
http://www.hyperquad.co.uk/HypSpec2014.htm
http://www.hyperquad.co.uk/HypSpec2014.htm
https://doi.org/10.1107/S2053229614024218
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01161?rel=cite-as&ref=PDF&jav=VoR

