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Three silver(I) complexes, namely [Ag(L)(NO3)]� (1), [Ag(L)2-
(NO3)] (2) and [Ag(L)2](BF4) (3) {L = 9,10-dihydro-7H-benzo-
[de]imidazo[2,1-a]isoquinolin-7-one}, have been synthesized
and characterized by X-ray crystallography, elemental analy-
ses and FTIR spectra. The counteranions in the AgI salts and
the ligand/AgI ratio play fundamental roles in the formation
of AgI complexes having different crystal structures. The AgI

ions in 1 and 2 are both three-coordinate, but they are two-
coordinate in 3. Complex 1 adopts the polymeric chain-like
structure mainly bridged by nitrate anions. These chains are
assembled into 2D sheets by the π–π stacking interaction of
the ligands between the adjacent chains and weak intermo-
lecular hydrogen bonds. They are further packed into 3D

Introduction
Great interest has recently been focused on the crystal

engineering of novel coordination polymers, not only due
to their fascinating structures but also due to their potential
applications as functional materials.[1] In recent years, lumi-
nescent metal complexes have been extensively studied.
Among these, d10 complexes exhibit rich luminescent prop-
erties due to the versatility of excited states such as ligand-
centred, charge-transfer or, in the case of polynuclear com-
pounds, even metal-centred transitions.[2] In some cases, co-
ordination polymers have more advantages in controlling
emission properties in comparison with organic complexes.

The AgI ion is regarded as a soft acid that favours the
coordination of soft bases, such as ligands that contain sul-
fur and unsaturated nitrogen.[3] Although the influences on
coordination polymers are not yet well understood, silver(I)
coordination architectures have been documented to be
heavily influenced by various factors such as the coordina-
tion geometry, counteranion, metal-to-ligand ratio,[4] sol-
vent effects and reaction conditions,[5] as well as the nature
of the ligand.[6]

Ligands containing imidazole groups have attracted con-
siderable interest for their wide-ranging properties and ver-
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networks by C–H···O hydrogen bonds. For 2 and 3, mononu-
clear silver(I) complexes are formed. Complex 2 is extended
into an infinite zigzag chain with knots by the π–π stacking
interactions of the ligands and further assembled by C–H···O
interactions. However, the tetrafluoroborate anions in 3 are
not coordinated but are connected by intermolecular hydro-
gen bonds to form an infinite molecular ladder with ligand-
supported Ag–N inner rungs. All the complexes display
room-temperature photoluminescence in the visible region,
which may be assigned to ligand-centred π–π* transitions
supported by the theory calculation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

satile coordination modes. Many silver(I) complexes with
imidazole and its derivatives as ligands are also considered
as useful models to study metal–ligand interactions, in
which different kinds of the mononuclear,[7] dinuclear[8] and
ploynuclear[9] silver(I) complexes with a variety of coordi-
nation geometries are involved. We are currently investiga-
ting the formation of novel coordination polymers obtained
through the interaction between transition-metal ions and
different ligands containing the imidazole group[10] and are
planning to design new imidazole-containing ligands by in-
troducing large conjugated segments. 1,8-naphthalimide de-
rivatives are good candidates because of their intrinsic pho-
tophysical and photochemical properties,[11] which are well
known in their use as fluorescent dyes[12] and fluorescent
markers.[13] On the basis of the above-mentioned considera-
tions, inthisstudy,9,10-dihydro-7H-benzo[de]imidazo[2,1-a]-
isoquinolin-7-one (L, see Scheme 1) was synthesized by the
condensation of 1,8-naphthalic anhydride and ethylenedi-
amine by following the reported method.[14] Three AgI com-

Scheme 1. Synthesis route of the ligand and complexes.
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plexes, namely, [Ag(L)(NO3)]� (1), [Ag(L)2(NO3)] (2) and
[Ag(L)2](BF4) (3), were obtained and characterized
(Scheme 1). Emission spectra of these complexes and of the
ligand were also measured to explore the relationship with
their packing interactions in different coordination geome-
tries.

Results and Discussion

Syntheses and General Characterization

L was prepared in approximately 90% yield as a yellow
solid by the reaction of 1,8-naphthalic anhydride and ethyl-
enediamine, and it was characterized by 1H NMR and
FTIR spectroscopy.[15] Three silver(I) complexes with the
different metal–ligand ratios were obtained with AgNO3

and AgBF4. The elemental analysis data are in agreement
with those of the target products. All the complexes are air-
stable at room temperature.

The characteristic feature of the FTIR spectra of 1–3 is
the strong absorption around 1615 cm–1, which corresponds
to the stretching vibrations of C=N groups. These relatively
lower frequencies for the C=N groups with respect to those
of the ligand (1645 cm–1) suggest that the nitrogen atoms of
the C=N groups in the imidazole ring participate in the

Figure 1. View of (a) the 1D polymeric chain, (b) the 2D sheet and (c) the 3D supramolecular networks in 1 (H atoms omitted for
clarity). Symmetry codes are a: 1 + x, 1 + y, –1 + z; A: 0.5 + x, 0.5 – y, 1.5 + z; b: –1 – x, 1 – y, –z; c: –1.5 + x, 0.5 – y, –2.5 + z.
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coordination, which is confirmed by X-ray crystallography.
The absorption band around 1380 cm–1 indicates the pres-
ence of coordinated and dissociative nitrate anions in 1 and
2. In 3, the characteristic band appearing at 1055 cm–1 indi-
cates the existence of the BF4

– anion. Furthermore, the
FTIR spectra of 1–3 also show the expected medium-to-
weak absorption bands in the range 1550–1600 cm–1 due to
the breathing of the naphthyl rings.

Crystal Structure

[Ag(L)(NO3)]� (1)

X-ray diffraction analysis shows that 1 has an infinite
polymeric 1D chain structure, and all the AgI centres, L
and the nitrate anions in 1 are equivalent (see Figure 1a).
Interestingly, each AgI ion is linked to two O atoms from
different nitrate anions [Ag–O(2) 2.378(4) Å and Ag–O(3)
2.498(5) Å] and an N atom of L [Ag–N 2.186(4) Å] in a
triangular fashion with a nonbonding Ag···Ag distance of
5.302 Å connected by nitrate anions. The sum (357.9°) of
the angles N–Ag–O [142.28(13)° and 127.04(13)°] and O–
Ag–O [88.6(1)°] confirms a nearly planar environment
around each AgI centre. It should be pointed out that two
adjacent ligand rings in the chain are all in a staggered fash-



Silver(I) Complexes with Naphthalene Iminoimides

ion, no significant π–π stacking interaction is thus found.
In contrast, weak C–H···O hydrogen bonds and π–π inter-
actions are observed between adjacent chains. The distance
of C(4)···O(4) is 3.344(7) Å, and the angle C(4)–H(4)···O(4)
is 146°. The ligand rings are approximately parallel to each
other with a dihedral angle of 7.7° and face-to-face alter-
nate distances of 3.3786(2) and 3.3623(4) Å, indicating sig-
nificant π–π stacking interactions between the adjacent li-
gand rings. The chains are further assembled by weak C–
H···O hydrogen bonds and π–π interactions between adja-
cent chains into an infinite 2D supramolecular sheet (Fig-
ure 1b). Additionally, there are also weak C–H···O hydro-
gen bonds between the 2D sheets (Tables 1 and 2). Thus,

Table 1. Selected hydrogen bonds for 1–3.

D–H···A D–H [Å] H···A [Å] D···A [Å] D–H···A [°]

1

C(4)–H(4)···O(4) 0.93 2.53 3.344(7) 146
C(5)–H(5)···O(1)i 0.93 2.46 3.156(6) 132
C(13)–H(13A)···O(1)ii 0.97 2.44 3.284(6) 145
C(14)–H(14B)···O(2)iii 0.97 2.60 3.259(6) 126

2

C (12)-H(12)···O(3)i 0.93 2.47 3.190(5) 135
C(13)–H(13A)···O(5)ii 0.97 2.53 3.381(6) 146
C(13)–H(13B)···O(1)iii 0.97 2.55 3.335(5) 138
C(14)–H(14A)···O(4) 0.97 2.45 3.157(7) 130
C(19)–H(19)···O(2)iv 0.93 2.43 3.157(5) 135
C(27)–H(27A)···O(2)v 0.97 2.59 3.483(5) 154
C(28)–H(28B)···O(5)vi 0.97 2.31 3.248(7) 163

3

C (5)-H(5)···O(1) i 0.93 2.50 3.188 (6) 131
C(12)–H(12)···F(2)ii 0.93 2.46 3.37(2) 168
C(13)–H(13A)···O(1)iii 0.97 2.56 3.380(5) 142

Figure 2. (a) Perspective view, (b) the 1D chain, (c) the 2D sheet and (d) the 3D supramolecular networks in 2 (H atoms omitted for
clarity). Symmetry code a: 1 + x, y, z.
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the 2D sheets are further extended into 3D square grid sup-
ramolecular networks by the weak C–H···O hydrogen
bonds (Figure 1c).

Table 2. Selected bond lengths [Å] and angles [°] for 1–3.

1

Ag–N(2) 2.186(4) N(2)–Ag–O(2) 142.3(1)
Ag–O(3) 2.498(5) O(2)–Ag–O(3) 88.6(1)
Ag–O(2) 2.378(4) N(2)–Ag–O(3) 127.0(1)

2

Ag–N(4) 2.136(3) N(4)–Ag–N(2) 165.4(1)
Ag–N(2) 2.143(3) N(4)–Ag–O(3) 94.8(1)

N(2)–Ag–O(3) 99.7(1)

3

Ag–N(1) 2.093(3) N(1)–Ag–N(1a) 180.0

[Ag(L)2(NO3)] (2)

In comparison with 1, complex 2 exhibits an obviously
different conformation and features a mononuclear silver(I)
complex (Figure 2a). The unique AgI centre is linked to two
nitrogen donors of two different ligands [Ag–N lengths be-
ing 2.136(3) and 2.143(3) Å] and also to one oxygen atom
of a nitrate anion by a weak Ag···O [2.736(4) Å] interaction,
which is not similar to that in 1, resulting in an approxi-
mately T-shaped mononuclear unit. The Ag centre adopts
a triangular configuration. The sum (359.92°) of the angles
N–Ag–N [165.41(12)°] and N–Ag–O [94.82(12)° and
99.69(12)°] confirms a nearly planar coordination environ-
ment around each AgI centre, which is similar to that in 1.
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The ligand naphthyl rings are approximately parallel to

each other with a dihedral angle of 9.3°. The Ag–O bond
is longer than that in 1, while the Ag–N bond lengths in 1
and 2 are nearly equal. More interestingly, the mononuclear
units are connected by strong π···π stacking interactions of
the naphthyl segment with a centroid–centroid separation
of 3.478 Å to form an infinite zigzag chain with knots (Fig-
ure 2b). Weak C–H···O hydrogen bonds between O atoms
from the nitrate anion and H atoms from ligand L are ob-
served between adjacent chains. The distance C(28)···O(5)
is 3.248(7) Å, and the angle C(28)–H(28B)···O(5)vi is 163°
(Symmetry code: vi x, –1 + y, z). The chains are further
assembled by the weak C–H···O hydrogen bonds into an
infinite 2D supramolecular sheet (Figure 2c). In addition,
weak C–H···O hydrogen bonds are observed between adja-
cent chains. The distances C(12)···O(3)i, C(13)···O(5)ii,
C(13)···O(1)iii, C(14)···O(4), C(19)···O(2)iv and C(27)···
O(2)v are 3.190(5), 3.381(6), 3.335(5), 3.157(7), 3.157(5) and
3.483(5) Å, respectively, and the angles C(12)–H(12)···
O(3)i, C(13)–H(13A)···O(5)ii, C(13)–H(13B)···O(1)iii, C(14)–
H(14A)···(4), C(19)–H(19)···O(2)iv and C(27)–H(27A)···
O(2)v are 135, 146, 138, 130, 135 and 154°, respectively
(Symmetry codes: i –x, –y, 1 – z; ii –1 + x, y, z; iii –1 – x,
1 – y, 1 – z; iv 1 + x, 1 + y, z; v 1 – x, –1 – y, 2 – z). Similarly
to 1, the 2D sheets are further extended into 3D square grid
supramolecular networks by these weak C–H···O hydrogen
bonds (Figure 2d).

Figure 3. (a) Perspective view, (b) the 1D chain, (c) the 2D sheet and (d) the 3D diagram in 3. Symmetry codes are a: x, y, 1 + z; A: x,
1 + y, 1 + z; B: 2 – x, 2 + y, 2 – z.
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[Ag(L)2](BF4) (3)

The Z-shaped mononuclear structure of 3 is distinct from
those of 1 and 2: the AgI ion is coordinated by two nitrogen
atoms from two different naphthalene iminoimide ligands,
exhibiting a linear geometry with a N(1)–Ag(1)–N(1) angle
of 180° (Figure 3a). The Ag–N bond lengths [2.093(3) Å]
are shorter than those in 2 [2.143(3) Å] and 1 [2.186(4) Å],
but they fall in the normal range for other two-coordinate
AgI complexes.[16] It is noteworthy that all ligands are
equivalent and are completely parallel to each other. It is
interesting that in 3, the mononuclear unit is connected by
intermolecular hydrogen bonds [C(5)···O(1) 3.188(6) Å]
(Figure 3b), and both ligands bridge Ag atoms through Ag–
N bonds as inner rungs, resulting in an infinite molecular
ladder. In the ac plane, the sides of adjacent ladders are
connected by weak C···F hydrogen bonds [C(13)···F(2)
3.37(2) Å] into an infinite 2D supramolecular sheet (Fig-
ure 3c). There are strong π–π stacking interactions between
naphthalene iminoimide ligands, with a centroid–centroid
separation of 3.481 Å, and weak C–H···O hydrogen bonds
[C(13)···O(1)iii 3.284(6) Å, C(13)–H(13A)···O(1)iii 145°] be-
tween adjacent 2D sheets,[17] which results in square grid
supramolecular networks.

The role of the counteranion is evident when we compare
the reactivity of L with AgNO3 and AgBF4 in the 1:1 and
1:2 metal/ligand molar ratios. The presence of a small and
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moderate coordinating anion (NO3
–) leaves the possibility

of the formation of both the 1:1 and 1:2 complexes, while
in the case of the tetrafluoroborate salt only the 1:2 species
are obtained despite the metal/ligand ratio used. The
weakly coordinating tetrafluoroborate anions have no sig-
nificant influence in the coordination of the AgI ion even at
increased metal/ligand molar ratios. This effect is basically
attributable to the nature of the counteranion.[4a]

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) for 1–3 was per-
formed from 26 to 800 °C in air, and the TGA cures are
provided in Figures S1–S3. The results show that 1 decom-
poses at 187 °C, and 2 and 3 decompose at 268 and 246 °C,
respectively, which indicates that the three complexes have
high thermal stability. The difference in decomposition tem-
perature between 1, 2 and 3 may be attributed to the dif-
ferent association patterns of the AgI centres through the
ligands into the supramolecular network structures de-
scribed above. Scheme 2 illustrates the diagram of coordina-
tion patterns in the compounds. Complex 1 adopts mode I,
and Ag–O bonds, being longer than Ag–N bonds, play an
important role, which leads to the relatively lower decom-
position temperature. Complexes 2 and 3 are best described
by modes II and III, respectively. The isolated monomer
structure is observed in 2 and 3, and then the discrete asso-
ciation is adopted into an infinite structure. These struc-
tural features explain the higher temperatures of decompo-
sition.

Scheme 2.

Luminescent Properties

The room-temperature luminescence spectra of the li-
gand and the three complexes are illustrated in Figure 4.
When excited at 365 nm, compounds 1, 2 and 3 exhibit
fluorescence emission bands at 477, 497 and 500 nm,
respectively. Compared with the fluorescence emission band
of the ligand at 518 nm, the bands of 1–3 display a blueshift
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with slightly different band shapes. Although these com-
plexes contain silver(I) centres coordinated by the ligand,
the Ag···Ag separations (5.302 Å in 1, 8.724 Å in 2, 9.301 Å
in 3) are much longer than the upper limit of 3.30 Å for
ligand-to-metal-charge-transfer (LMCT).[18] Consequently,
the cluster-centred emission often accompanying the li-
gand-to-metal-charge-transfer (LMCT) excited state due to
metal–metal bonding is not favoured in these complexes.
Therefore, the emissions may be assigned to ligand-centred
π–π* transitions. Similar assignments have also been re-
ported for a luminescent AgI complex.[2,19] The difference in
the emission bands of these silver(I) complexes are mainly
attributable to the intensity of intermolecular π–π interac-
tions of naphthalene iminoimide ligand in the solid state.
According to the energy-gap law for radiationless deactiva-
tion,[20] the luminescence of 1–3 should be redshifted rela-
tive to that of the corresponding ligand. However, the re-
sults in this study are not in accordance with this law (Fig-
ure 4), and the same phenomenon was also reported in the
literature.[21]

Figure 4. Emission spectra of 1–3 in the solid state, as well as the
emission spectra of the free ligand in the solid state and in CH2Cl2
solution (10–4 ) at room temperature.

To explain the emission properties, periodical density
function theory (SIESTA 2.0.2) was applied in the current
case.[22] The X-ray data was used to mimic the real situation
in the solid state. A ligand was placed at the centre of a
50 Å cube to simulate the situation in the liquid state.
Table 3 indicates that the HOMO and LUMO of the mono-
mer and 3 are located mainly at the ligand. The electron
distribution of the ligand supports our view that the exci-
tation is mainly from ligand to ligand and that it has no
interaction with the Ag atom.

Table 3 indicates the distributions of molecular orbitals
(LUMO, HOMO, HOMO-2) of 1–3. The LUMO primarily
resides on the ligand. Complexes 1 and 2 have similar
HOMO distributions. The HOMO and HOMO-1 are
mainly located at the nitrate radical, and the HOMO-2 is
mainly located at the ligand, while the HOMO resides on
the ligand for 3. Therefore, the excited states of 1–3 can be
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Table 3. HOMO and LUMO distributions of complexes 1, 2, 3 and
the ligand calculated by DFT methods.

assigned to LLCT transitions. The calculated energy gaps
are listed in Table 4, and the data correspond to the emis-
sive bands.

Table 4. HOMO and LUMO energies of complexes 1, 2, 3 and the
ligand calculated by DFT methods.

LUMO [eV] HOMO [eV] HOMO-2 [eV]

1 –4.88730 –6.85157 –7.11300
2 –5.22495 –6.68577 –7.19427
3 –5.19362 –7.32151
L –3.27270 –5.61328

Furthermore, the LUMO of every molecule, the HOMO
of 3 and the HOMO-2 of 1 and 2 have no interaction with
the Ag atom, and this could be explained by frontier molec-
ular orbital theory.[23] So, Ag atoms have no evident influ-
ence on the result, according to the experiments.

Conclusions

Three silver(I) complexes with 9,10-dihydro-7H-
benzo[de]imidazo[2,1-a]isoquinolin-7-one have been synthe-
sized and structurally characterized. The different confor-
mations were obtained by the use of different counteranions
or different ligand/AgI ion ratios. The π–π stacking interac-
tions play an important role in the formation of these coor-
dination polymers. Additionally, hydrogen bonding is also
an indispensable element to construct supramolecular net-
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works. Furthermore, complexes 1–3 display a blueshift in
their emission with respect to that of the free ligand in the
solid state at room temperature, and the luminescence of
the silver(I) complexes mainly originates from ligand-
centred π–π* transitions.

Experimental Section
Materials and General Methods: All materials were commercially
available and used without further purification. Elemental analyses
of C, H and N were carried out with a Perkin–Elmer 2400 analyzer.
FTIR spectra were obtained with a Nicolet Avatar 370 DTGS spec-
trometer with KBr pellets in the range 4000–400 cm–1. 1H NMR
spectroscopic data were collected by using a Varian 300 MHz spec-
trometer. Chemical shifts were reported relative to TMS. Thermal
stability (TG-DTA) studies were performed with a DTG-60H (Shi-
madzu) thermal analyzer from room temperature to 800 °C with a
heating rate of 10 °C /min. Solid-state emission spectra of com-
pounds were measured with a VARIAN CRAY 500 fluorescence
spectrophotometer. Melting points were obtained with a XT4 Mi-
croscopic Melting-Point Detector (Beijing Keyi Electro-optic In-
strument Plant).

[Ag(L)(NO3)]� (1): A solution of AgNO3 (169 mg, 1 mmol) in
methanol (10 mL) was added to a chloroform (10 mL) solution of
L (216 mg, 1 mmol). The resulting solution was treated with nitric
acid (5%) until pH ≈ 6 and then stirred for 30 min at room tem-
perature. After filtration, the clear solution was kept for many days
at room temperature. Colourless crystals of 1 were collected with
approximately 75% yield. C28H20Ag2N6O8 (784.24): calcd. C 42.88,
H 2.57, N 10.72; found C 42.69, H 2.48, N 10.88. FTIR (KBr
pellets): ν̃ = 3515 (m), 3439 (m), 3023 (m), 2973 (m), 2902 (m),
1698 (s), 1634 (s), 1595 (s), 1516 (m), 1494 (m), 1381 (s), 1315 (s),
1280 (s), 1120 (w), 1037 (w), 893 (w), 847 (w), 827 (w), 780 (s), 711
(w), 536 (m) cm–1.

[Ag(L)2(NO3)] (2): Colourless crystals of 2 suitable for X-ray analy-
sis were obtained by a procedure similar to that described for 1,
except for the ratio of the ligand and AgNO3 (2:1 instead of 1:1).
Yield: 80%. C28H20AgN5O5 (614.36): calcd. C 54.74, H 3.28, N
11.40; found C 54.32, H 3.35, N 11.86. FTIR (KBr pellets): ν̃ =
3498 (s), 3358 (s), 3053 (s), 2970 (m), 2872 (w), 1659 (s), 1596 (s),
1482 (w), 1443 (w), 1384 (s), 1280 (s), 1233 (m), 1010 (m), 894 (w),
841 (m), 774 (s), 700 (w), 539 (m) cm–1.

[Ag(L)2](BF4) (3): Colourless crystals of 3 suitable for X-ray analy-
sis were obtained by a procedure similar to that described for 1,
except for using AgBF4 instead of AgNO3 and using fluoroboric
acid instead of nitric acid to adjust pH value. Yield: 80%.
C28H20AgBF4N4O2 (639.16): calcd. C 54.74, H 3.28, N 11.40;
found C 54.32, H 3.35, N 11.86. FTIR (KBr pellets): ν̃ = 3514 (m),
3438 (m), 3027 (w), 2970 (m), 2901 (m), 1698 (s), 1634 (s), 1594 (s),
1514 (w), 1493 (w), 1376 (m), 1314 (m), 1280 (m), 1217 (w), 1111
(m), 1055 (s), 959 (w), 893 (w), 846 (w), 780 (s), 536 (m) cm–1.

X-ray Crystallography: Single crystals of 1–3 were mounted on a
Bruker Smart 1000 CCD diffractometer at 293 K equipped with
Mo-Kα radiation (λ = 0.71073 Å). Absorption corrections were per-
formed by using the SADABS program.[24] All the structures were
solved by direct methods and refined by full-matrix least-squares
fitting on F2 by SHELXL.[25] All of the non-hydrogen atoms were
refined anisotropically. Hydrogen atoms attached to C were located
at geometrically calculated positions and refined with isotropic
thermal parameters. For 3, the tetrafluoroborate anions have disor-
der, the B atoms are in a special position, and the occupancy fac-



Silver(I) Complexes with Naphthalene Iminoimides

tors for B1, F1 and F1� atoms are all 0.50, while F2 and F2� atom
occupancy factors are 0.60 and 0.40, respectively. The crystallo-
graphic data are provided in Table 5. Selected bond lengths and
angles are listed in Tables 1 and 2.

Table 5. Crystallographic data and structure refinement summary
for 1–3.

Complex 1 2 3

Chemical formula C28H20Ag2N6O8 C28H20AgN5O5 C28H20AgBF4N4O2

Formula weight 784.24 614.36 639.16
T [K] 298(2) 298(2) 298(2)
Space group P21/n P1̄ P1̄
a [Å] 7.1454(9) 7.7991(9) 7.503(1)
b [Å] 21.404(3) 9.186(1) 9.124(2)
c [Å] 9.305(1) 18.013(2) 9.301(2)
α [°] 90 86.575(2) 87.511(3)
β [°] 112.074(2) 88.329(2) 70.495(3)
γ [°] 90 66.194(2) 88.295(3)
V [Å3] 1318.8(3) 1178.5(2) 599.5(2)
Z 2 2 1
Dcalcd. [Mg/m3] 1.975 1.731 1.770
µ [mm–1] 1.552 0.909 0.909
Data/parameters 2864/199 4995/352 2532/192
R1 0.0770 0.0857 0.0517
wR2 0.1690 0.1024 0.1325

CCDC-701804 (for 1), CCDC-701805 (for 2) and CCDC-701806
(for 3) contain the supplementary crystallographic data for this pa-
per. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Computational Details: The simulation was run under SIESTA
2.0.2 with numerical-orbital basis sets. GGA-PBE was used for The
exchange-correlation function. The standard basis set was used.
The Meshcutoff was 150 Ry and orbital-confining cutoff radii were
determined from an energy shift of 0.01. To simulate the solid situa-
tion effectively, we have widely used X-ray data to mimic the real
situation. Because of the difference between reality and simulation,
variablecell was set true. The parallel diagonalization method was
used to speed up calculations. The accuracy was carefully bench-
marked with the plane-wave code previously.

Supporting Information (see footnote on the first page of this arti-
cle): TGA for 1, 2, 3.
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