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ABSTRACT: The mononuclear diiodoplatinum(II) complex (trans-PtI2(cis-DHDAMe)2), where cis-DHDAMe = cis-1,4-
dihydro-1,4-dimethyl-2,3,5,6-tetrakis(methoxycarbonyl)-1,4-diarsinine, forms three different crystalline polymorphs that can be
either concomitantly or separately obtained on varying the recrystallization conditions. Cubic red crystals (α-phase) and red-
orange needles (β-phase) exhibit solid-state red emissions at room temperature. Cubic red crystals of the γ-phase show no solid-
state emission at room temperature. All crystalline structures were confirmed by X-ray crystallography. Room-temperature
strongly luminescent crystals (α-phase) (λem = 657 nm, Φ = 0.52) have a triclinic P1 ̅ (No. 2) structure and no voids in the crystal
structure. Red-orange needle-shaped crystals of the β-phase exhibit moderate red luminescence (λem = 695 nm, Φ = 0.09) at
room temperature and have a trigonal, R3 ̅ (No. 148), structure. In the needlelike crystals of the β-phase, stable hexagonal arrays
of nanoporous channels, 5.0 Å in diameter, are formed. Room-temperature nonluminescent crystals (γ-phase) have an
orthorhombic, Pbca (No. 61), structure with a void volume that is 4.9% of the total crystal volume. After heating the α-phase
crystals at 150 °C for 2 min, a powder XRD pattern different from the original crystal is obtained, and its solid-state emission at
room temperature decreased. After heating the β-phase crystals at 150 °C for 2 min, the emission wavelength and the quantum
yield of the solid-state emission at room temperature and the powder XRD pattern are the same as those of the α-phase after
heating at 150 °C. A crystal-to-crystal transition triggered by the thermal stimulus produces a different stable polymorph of the
mononuclear diiodoplatinum(II) complex. The one-dimensional nanoporous crystals encapsulated iodine without distorting the
crystal packing.

■ INTRODUCTION

The properties of organic and organometallic molecular
materials are strongly dependent on their packing arrangement
in the solid state. The manipulation and control of the
molecular packing are of great importance in obtaining the
desired properties and functions of the materials.1,2 In crystal
engineering, the control of polymorphism (i.e., the ability of a
compound to crystallize in multiple packing arrangements) is of
great interest not only for fundamental chemical knowledge but
also for material technology. In such cases, the physical
properties of a polymorph reflect the individual characteristics
of a molecule. The network of soft interactions in the solid state

can often be manipulated by crystal-to-crystal switching

properties triggered by thermal, mechanical, or radiative

stimuli.3 One of the most interesting and useful properties is

the control of luminescence intensities and wavelengths in a

material’s crystalline states.4 However, the prediction of crystal

structure is not yet entirely feasible, and it is therefore useful to

develop new examples in which a given molecule will crystallize

from solution in one or many crystal forms.
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An attractive area for crystal engineering is the control of
polymorphs to construct stable one-dimensional (1D) nano-
channels, because such organic supramolecular microporous
solids are of interest as templates for the construction of new
1D organic optical, electrical, and magnetic materials based on
functional molecular chains.5 Although “porous coordination
polymers” or “ metal-organic frameworks” formed by the
combination of metal ions with rigid multivalent ligands
constitute the major approaches for building such solids,6,7

other approaches for obtaining extrinsic nanoporosity result
simply from crystal packing that relies on noncovalent
interaction.8,9 These nanoporous crystals are probably the
most challenging approach, because such open frameworks
must be maintained without the help of powerful directional
bonds or pre-existing cavities, and their instability can grow
after removal of the guest molecules. Such crystals are still rare
among supramolecular solids.9

Previously, we reported on a nonporous crystalline solid
consisting of an organoarsenic-Pt(II) complex (Chart 1), that

is, the mononuclear diiodoplatinum(II) complex (trans-PtI2(cis-
DHDAtBu)2) with cis-1,4-dihydro-1,4-dimethyl-2,3,5,6-tetrakis-
(t-butoxycarbonyl)-1,4-diarsinine (cis-DHDAtBu), that in-
cluded solvent molecules such as CH2Cl2, acetone, and
toluene.10 The crystal structure was unstable after removal of
the solvent molecules by heating and easily transitioned to a
nonporous crystalline solid. Conformational flexibility of the
bond angles around the arsenic center is an inherent property
of the organoarsenic compounds.11 The unique polymorphism
might originate from the flexibility of the organoarsenic
compounds. We found, as described herein, that a methox-
ycarbonyl-substituent analogue (Chart 1), that is, the
mononuclear diiodoplatinum(II) complex (trans-PtI2(cis-
DHDAMe)2) with cis-1,4-dihydro-1,4-dimethyl-2,3,5,6-tetrakis-
(methoxycarbonyl)-1,4-diarsinine (cis-DHDAMe) forms three
different crystalline polymorphs, which can be either con-
comitantly or separately obtained on varying the recrystalliza-
tion conditions. We found that the different molecular packings
in these crystals affect their solid-state emissions and that a
stable crystal having a cavity-like 1D nanochannel of 5.0 Å in
diameter can be obtained as one of the three polymorphs.

■ RESULT AND DISCUSSION
The mononuclear diiodoplatinum(II) complex (trans-PtI2(cis-
DHDAMe)2) was prepared from a mononuclear
dichloroplatinum(II) complex (trans-PtCl2(cis-DHDAMe)2)
(Scheme 1).11 The structure of the product was confirmed
by X-ray crystallography (Figure 1). The perspective views of

the complex show that the two cis-DHDAMe molecules are
bridged with the platinum ion in an antiparallel configuration,
which might be due to steric hindrance between the iodines
and the methoxy groups. The mononuclear diiodoplatinum(II)
complex (trans-PtI2(cis-DHDAMe)2) was recrystallized at room
temperature from CH2Cl2 and methanol as good and poor
solvents, respectively, to produce three different crystalline
polymorphs depending on the recrystallization conditions
(Figure 2a). When the complex is dissolved in a minimum
amount of CH2Cl2 and a larger amount of methanol is added,
cubic red crystals (α-phase) and red-orange needles (β-phase)
are simultaneously formed. Both crystal forms exhibit solid-
state red emissions at room temperature. The intensity of the
α-phase emission is stronger than that of the β-phase.
Increasing the amount of CH2Cl2 tends to produce the β-
phase, whereas using a larger amount of CH2Cl2 and a
minimum amount of methanol tends to form a different cubic
red crystal (γ-phase), which shows no solid-state emission at
room temperature.
All crystalline structures were confirmed by X-ray crystallog-

raphy (Figure 2a). Room-temperature strongly luminescent
crystals (α-phase) have a triclinic, P1 ̅ (No. 2), structure and no
voids in the crystal structure. Room-temperature nonlumines-
cent crystals (γ-phase) have an orthorhombic, Pbca (No. 61),
structure with a void volume that is 4.9% of the total crystal
volume. Red-orange needles (β-phase) have a trigonal, R3 ̅ (No.
148), structure and form a hexagonal array of nanoporous
channels with 5.0 Å diameters (Figure 2b). No guest molecules
were included in the crystals, as judged by 1H NMR analysis. X-
ray crystallographic analysis shows empty-pore hexagonal

Chart 1. Structures of trans-PtI2(cis-DHDAtBu)2 and trans-
PtI2(cis-DHDAMe)2

Scheme 1. Synthesis of trans-PtI2(cis-DHDAMe)2

Figure 1. Perspective view of trans-PtI2(cis-DHDAMe)2 as found in
the α-phase with thermal ellipsoids shown at the 50% probability level.
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structures with no residual electron density in the large
unoccupied volume. Weak intermolecular interactions con-
solidate the molecular stacks along the a axis and layers on the
bc plane. The crystal density is low, and 8.5% of the volume is
available to guests in the noncovalent architecture.
Selected bond length and angles for all three crystals are

summarized in Table 1. No significant differences appear in the
bond lengths and angles for these three crystal forms. The As−
As distance of the ligand in the β-phase crystals was 0.125 and
0.127 Å longer compared with those in the α-phase and γ-phase
crystals, respectively. The average As−CC bond angle
extended to 121.7° in the β-phase crystals from 119.4° in the
α-phase crystals and 119.6° in the γ-phase crystals. These
observations indicate increased flatness of the six-membered
ring of cis-DHDAMe in the β-phase crystals over those in the α-
and γ-phase crystals. The I−Pt−As-C torsion angle in the case
of the β-form is a significant difference from those in the α-
phase and γ-phase crystals (Supporting Information, Figure
S3).
The α-phase crystals exhibit very intense red luminescence

(λem = 657 nm) in the solid phase, even at room temperature

(Figure 3). The quantum yield and luminescence decay time
(Supporting Information, Figure S4) of the α-phase crystals are
0.52 and 29 μs, respectively. The needle-shaped crystals of the
β-phase exhibit moderate red luminescence (λem = 695 nm) at
room temperature. The quantum yield and luminescence decay
time of the β-phase crystals are 0.09 and 6.8 μs, respectively.
The emission spectrum of the α-phase crystals shows a band
from 570 to 800 nm with a peak at 657 nm. Although onset of
the emission spectrum of the β-phase crystals is the same as
that of the α-phase crystals, it exhibits a broader band from 570
nm to more than 800 nm, with a peak at 695 nm. The
excitation spectra of both the α-phase and β-phase crystals
show similarly shaped peaks in the same region, except for a
shoulder excitation peak at around 600 nm in the case of the β-
phase crystals, suggesting lower-energy photoexcitation pro-
cesses.
The solid-state absorption spectra of all three crystals at

room temperature show almost similarly shaped peaks in the
same region, suggesting similar photoexcitation processes
(Figure 4a). According to the expanded absorption spectra,
the position of the absorption edge for the β-phase crystals is
red-shifted compared with that of the α-phase crystals (Figure
4b). The solid-state absorption of both the α-phase and β-phase
crystals measured at room temperature match their excitation
spectra. The absorption maxima at around 370 nm are derived
from mixed metal (dM)-to-ligand (s/p*As)/ligand (pCl)-to-
ligand (s/p*As) charge transfer (MLCT/LLCT) transitions,
according to a time-dependent density functional theory (TD-
DFT) calculation.11 Because no metal−metal interaction
existed in all three crystals according to the crystallographic
data, the long-wavelength absorption maxima at 520 nm were
assigned to spin-forbidden 3MLCT transitions. The lower-
energy photoexcitation processes for the β-phase crystals may
be due to an increase of flatness of the six-membered ring of cis-
DHDAMe in the β-phase crystals compared with that in the α-
phase crystals.
Since the structural data rule out any specific strong

intermolecular interaction in three crystal phases, the different
quantum yields may be ascribed to the different local packing of
the independent molecules in the three polymorphs. Although
the γ-phase crystals showed no solid-state emission at room
temperature, they exhibited intense emission at −196 °C
without any specific shift when compared with those of the β-
phase crystals at −196 °C (Supporting Information, Figure S5).
In general, decreasing temperatures prevent nonradiative
relaxation processes. In the recently studied aggregation-
induced emission (AIE) and crystallization-induced emission
(CIE) processes, luminogens are emissive in their aggregation
and crystal states but nonluminescent in their solution and
amorphous states. These feature shifts are triggered by the
restriction of the molecular motions that blocks the non-
radiative path. No emission was observed for a CH2Cl2 solution
of trans-PtI2(cis-DHDAMe)2. The flexibility of the arsenic
ligands might be a main reason for the nonluminescent
properties of most of these organoarsenic complexes at room
temperature even in their solid states as well as solution phases,
in contrast to their phosphorus analogues. In the crystal
packing of the α-phase and β-phase crystals, the methyl groups
on the coordinated arsenic atoms are connected to adjacent
molecules (Supporting Information, Figure S6). However, no
such contact is observed in the crystal packing of the γ-phase
crystals. These results suggest that the freezing of the
intramolecular rotational relaxation pathways of the methyl

Figure 2. (a) Appearances (left) and crystal packing diagrams (right)
of α-phase, β-phase, and γ-phase of trans-PtI2(cis-DHDAMe)2 (50%
probability thermal ellipsoids). (b) Crystal structure of β-phase of
trans-PtI2(cis-DHDAMe)2 viewed along the channel axis: a view of five
layers of molecule is presented.
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groups on the coordinated arsenic atoms in the crystals due to
the restricted crystal packing is most likely responsible for
enhancement of the emission at room temperature.
The lifetime decays for both luminescent crystals are

monoexponential, in the microsecond region, suggesting that
the emission occurs from only one excited state (Supporting
Information, Figure S4). Radiative and nonradiative deactiva-
tion rate constants were calculated from the luminescence
lifetimes and quantum yields (Table 2).12 Although the
radiative deactivation rate constants (kr

T) for the α- and β-

phases are similar, the nonradiative deactivation rate constant
(knr

T ) of the β-phase is 1 order of magnitude higher than that of
the α-phase, indicating that the α-phase predominantly
prevents the nonradiative relaxation process in comparison
with the β-phase. In the crystal packing of the α-phase, the
methyl groups on the coordinated arsenic atoms are connected
to the methyl groups on the uncoordinated arsenic atom of
adjacent molecules. On the other hand, the methyl groups on
the coordinated arsenic atoms in the crystal packing of the β-
phase crystals are connected to the methyl groups of the
methoxycarbonyl substituent of adjacent molecules (Support-
ing Information, Figure S6). These observations suggest that
the molecular motion of the six-membered ring of cis-
DHDAMe in the α-phase crystals is more directly restricted
than that in the β-phase crystals. In addition, the short H−H
distance (2.276 Å) of the methyl groups on the coordinated
arsenic atoms in the crystal packing of the α-phase with the
adjacent methyl group is shorter than that of the β-phase
(2.335 Å). These results suggest that degree of the freezing of
the intramolecular rotational relaxation pathways of the six-
membered ring of cis-DHDAMe in the crystals is most likely
responsible for enhancement of the luminescence quantum
yield at room temperature.
After heating the α-phase crystals at 150 °C for 2 min,

however, a powder XRD pattern different from that of the
original crystal is obtained (Figure 5a,b), and its solid-state
emission at room temperature decreased (λem = 650 nm, Φ =
0.03). After heating the β-phase crystals at 150 °C for 2 min,
the emission wavelength and the quantum yield of the solid-

Table 1. Selected Distances (Å) and Angles (deg) of the Crystalline Products

α-phase

As···As As(1) ···As(2) 3.260(1)
Pt−As Pt(1)−As(1) 2.4031(5)
Pt−I Pt(1)−I(1) 2.6036(4)
C−As−Ca C(3)−As(1)−C(6) 98.8(2) C(4)−As(2)−C(5) 95.3(2)
As−CCb As(1)−C(3)−C(4) 118.7(4) As(1)−C(6)−C(5) 117.4(4)
As−CCc As(2)−C(4)−C(3) 120.5(4) C(12)−C(10)−As(1) 121.1(2)
I−Pt−I I(1)−Pt(1)−I(1) 180.000(16)
As−Pt−As As(1)−Pt(1)−As(1) 180.00(2)
torsion angle I(1)−Pt(1)−As(1)-C(1) 78.8(2)

β-phase
As···As As(4) ···As(5) 3.385(1)
Pt−As Pt(1)−As(5) 2.4065(8)
Pt−I Pt(1)−I(1) 2.6018(6)
C−As−Ca C(3)−As(5)−C(6) 98.5(3) C(4)−As(4)−C(5) 94.3(3)
As−CCb As(5)−C(3)−C(4) 119.8(6) As(5)−C(6)−C(5) 118.8(5)
As−CCc As(4)−C(4)−C(3) 123.5(6) As(4)−C(5)−C(6) 124.7(6)
I−Pt−I I(1)−Pt(1)−I(1) 180.00(2)
As−Pt−As As(5)−Pt(1)−As(5) 180.00(2)
torsion angle I(1)−Pt(1)−As(5)−C(1) 62.9(3)

γ-phase
As···As As(1) ···As(2) 3.258(1)
Pt−As Pt(1)−As(1) 2.3998(7)
Pt−I Pt(1)−I(1) 2.5992(6)
C−As−Ca C(3)−As(1)−C(6) 97.6(3) C(4)−As(2)−C(5) 93.6(3)
As−CCb As(1)−C(3)−C(4) 116.7(5) As(1)−C(6)−C(5) 116.7(5)
As−CCc As(2)−C(4)−C(3) 122.1(5) As(2)−C(5)−C(6) 122.7(5)
I−Pt−I I(1)−Pt(1)−I(1) 180.00(2)
As−Pt−As As(1)−Pt(1)−As(1) 180.00(2)
torsion angle I(1)−Pt(1)−As(1)−C(1) 80.1(3)

aInterior angle of the six-membered ring. bBond angles of the coordinated side. cBond angles of the vacant arsenic.

Figure 3. Room-temperature excitation (dashed blue line and dashed
red line, upon emission at λ = 635 and 650 nm, respectively) and
emission (solid blue and red lines, upon excitation at λ = 350 nm)
spectra of the α- and β-phase crystals in the solid state.
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state emission at room temperature (λem = 655 nm, Φ = 0.03)
and the powder XRD pattern are the same as those of the α-
phase after heating at 150 °C (Figure 5d,e). These transitions
are irreversible. These results suggest that a crystal-to-crystal

transition triggered by the thermal stimulus at 150 °C for the
crystals of both α- and β-phase produces the same polymorph
(δ-phase) of the mononuclear diiodoplatinum(II) complex.
Differential scanning calorimetry (DSC) curves obtained for
the crystals of α- and β-phase showed clear single endothermic
peaks at 138 and 120 °C, respectively, corresponding to the
crystal transitions to δ-phase (Figure 6). In addition, the α- and
β-phase crystals show relatively weak endothermic peaks at 184
and 178 °C, respectively. No endothermic peaks can be
observed during the second heating of either crystal. After

Figure 4. (a) Solid-sate optical absorption spectra for the α-, β-, and γ-phase crystals at room temperature and (b) expanded area.

Table 2. Emission Data for the α-Phase and β-Phase Crystals in the Solid State at Room Temperature

sample λem
a [nm] τem [μs] Φ kr

T (× 10−4 s−1) knr
T (× 10−4 s−1)

α-phase 657 29 0.52 1.8 1.7
β-phase 695 6.8 0.09 1.3 15

aAbbreviations: λem = emission maximum (λex= 350 nm), τem = lifetime, Φ = fluorescence quatum yield determined using a calibrated integrating
sphere, kr

T = radiative deactivation rate constant, knr
T = nonradiative deactivation rate constant.

Figure 5. Powder XRD patterns of the α-phase before (a) and after
(b) heating at 150 °C and 200 °C (c), the β-phase before (d) and after
(e) heating at 150 °C, and the γ-phase (f).

Figure 6. Differential scanning calorimetry (DSC) curves of the
crystals of (a) α-, (b) β-, and (c) γ-phases at a heating rate of 10 °C/
min in N2 flow for the whole temperature range.
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heating the α-phase crystals at 200 °C for 2 min, a powder
XRD pattern different from the original crystals before (α-
phase) and after heating at 150 °C (δ-phase) is obtained
(Figure 5c). The obtained crystals show no solid-state
luminescence at room temperature. The powder XRD pattern
is, however, different from that of the γ-phase crystals (Figure
5f). This result suggests that a new polymorph (ε-phase) is
produced by the thermal stimulus at 200 °C. The crystals of β-
and γ-phase crystals show weak and broad endothermic peaks
at ∼50 °C, which might be derived from desorption of solvent
molecules. The powder XRD patterns of the β- and γ-phase
crystals after heating at 110 and 100 °C for 2 min, respectively,
match those of the original crystals (Supporting Information,
Figures S7 and S8).
The crystals of β-phase were exposed to I2 vapors to test their

readsorption capabilities. Exposure of the sample was carried
out in a closed chamber. The colorless crystals turned dark
brown within a few hours. The iodine sublimed into the porous
crystals over time at ambient temperature, and this was
apparent from a color change in the crystal from red-orange to
almost black. Gravimetric measurements were taken at various
time intervals during the iodine loading after the crystals were
placed under reduced pressure at room temperature to remove
weakly absorbed iodine at the surfaces. The rate of mass
increase was slow as the pores became more occupied with the
iodine guest and saturated at 8 wt %, that is, 0.43 iodine
molecules per cage molecule, after 38 h (Figure 7). According

to this value, an axial length of an iodine molecule against a 1D
nanochannel is 6.2 Å, which is slightly shorter than the major
diameter of iodine molecule (6.8 Å). The XRD pattern after
exposing to iodine vapor shows the same XRD pattern before
exposing to iodine vapor except a new peak at 2θ = 7.1°, which
corresponds to the distance of two iodine molecules (12.4 Å) in
the 1D nanochannel. The unit cell parameters of I2-absorbed
crystals determined by XRD analysis indicated no change in
their crystal structure (Figure 8b). No solid-state emission was
observed for the black crystals. No removal of iodine was
observed when the crystals were placed under reduced pressure
at room temperature. Washing the I2-absorbed crystal with
methanol led to the removal of I2, and the crystals slowly
turned back to their original color. The washed crystals showed
the same solid-state emission and diffraction pattern of the
initial crystals (Figure 8c).
In summary, we have shown that trans-PtI2(cis-DHDAMe)2

forms at least four crystalline polymorphs. The present unique

polymorphism might originate from the flexibility of the
organoarsenic compounds. The different molecular packings in
these crystals affect their solid-state emission properties.
Thermal stimulation of the luminescent crystals produces
different stable polymorphs by crystal-to-crystal transitions.
Stable crystals having 1D nanochannels can be obtained as one
of these polymorphs. The 1D porous crystals exhibit room-
temperature solid-state luminescence properties, as a first
example of luminescent single-metal complexes that form
molecular crystals containing 1D nanochannels. Crystal
structure of this phase (β-phase) was found to be stable at
110 °C. Guest molecules, such as iodine, are reversibly
encapsulated in the 1D nanochannels without distorting the
crystal packing. Such crystals showing open framework
structures allow for sorption/desorption equilibrium of guest
molecules, similar to inorganic zeolite channel-type crystals.
Detailed optical and physical studies are now underway.

■ EXPERIMENTAL SECTION
Materials. Mononuclear dichloroplatinum(II) complex (trans-

PtCl2(cis-DHDAMe)2) was obtained by complexation of cis-DHDAMe
with a half-equimolar amount of PtCl2(PhCN)2 according to the
previous report.

Synthesis of trans-PtI2(cis-DHDAMe)2. A mixture of the
mononuclear dichloroplatinum(II) complex (trans-PtCl2(cis-
DHDAMe)2)

11 (1.05 g, 0.882 mmol), which was obtained by
complexation of cis-DHDAMe with a half-equimolar amount of
PtCl2(PhCN)2, and KI (2.93 g, 17.7 mmol) in acetone (70 mL) was
stirred at room temperature for 5 h and gave an orange solution. The
solvent was removed in vacuo. The residue was dissolved in CH2Cl2,
and KI precipitate was filtered off. The red-orange solution was
recrystallized from CH2Cl2 and methanol to give a red-orange crystal.
Yield: 85%. 1H NMR (CDCl3) δ: 3.83 (s, 2H); 3.80 (s, 2H); 2.42 (s,
3JPt−H = 10 Hz, 1H), 1.36 (s, 1H). 13C NMR (CDCl3) δ: 166.62;
162.98; 156.19; 136.65; 53.16; 52.89; 16.67; 6.71. Anal. Calcd for
C28H36As4Cl2O16Pt: C, 24.42; H, 2.63; I, 18.43. found: C, 24.21; H,
2.68; I, 18.33%.

X-ray Crystallographic Data for Single Crystalline Products. The
single crystal was mounted on glass fibers with epoxy resin. Intensity
data were collected at room temperature on a Rigaku RAXIS RAPID II
imaging plate area detector with graphite monochromated Mo Kα
radiation. The crystal-to-detector distance was 127.40 mm. Readout
was performed in the 0.100 mm pixel mode. The data were collected
at room temperature to a maximum 2q value of 55.0°. Data were

Figure 7. Gravimetric uptake of iodine as a function of time at room
temperature. (inset) Optical microscopic images for the β-phase
crystals before and after exposure to iodine vapor.

Figure 8. Powder XRD patterns of the β-phase crystals before (a) and
after (b) exposure to iodine vapor, and removing iodine by washing
with methanol (c).
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processed by the PROCESS-AUTO13 program package. An empirical
or numerical absorption correction14 was applied. The data were
corrected for Lorentz and polarization effects. A correction for
secondary extinction15 was applied. The structure was solved by heavy-
atom Patterson methods16 and expanded using Fourier techniques.17

Some non-hydrogen atoms were refined anisotropically, while the rest
were refined isotropically. Hydrogen atoms were refined using the
riding model. The final cycle of full-matrix least-squares refinement on
F2 was based on observed reflections and variable parameters. In the
case of the crystalline product recrystallized from acetone, the final
cycle of full-matrix least-squares refinement on F was based on
observed reflections and variable parameters. All calculations were
performed using the CrystalStructure18,19 crystallographic software
package. Crystal data and more information on X-ray data collection
are summarized in Table 3.
Measurements. X-ray diffraction (XRD) was recorded on a Smart

Lab (Rigaku) with Cu Kα radiation (λ = 1.5406 Å) in θ/2θ mode at
room temperature. The 2θ scans were collected at 0.01° intervals, and
the scan speed was 2°(2θ)/min. 1H (300 or 400 MHz) and 13C (75
and 100 MHz) NMR spectra were recorded on a Bruker PDX-300.
UV−vis spectra were recorded on a JASCO spectrophotometer V-670
KKN. Differential scanning calorimetry (DSC) was recorded on a TA
Instruments 2920 Modulated DSC. Elemental analysis was performed
at the Microanalytical Center of Kyoto University. Emission and
excitation spectra were obtained on an FP-8500 (JASCO). The
luminescence decay time of the crystalline solid was obtained using a
least-squares method for time courses of luminescence recorded by a
correlated single-photon counting method using a femtosecond
Ti3+:sapphire laser (400 nm) with a cavity dumper (∼10 kHz).20
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