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The self-assembly of In,O3 with 2,5-pyridinedicarboxylic
acid (2,5-H,PDC) and 3,5-pyridinedicarboxylic acid (3,5-
H,PDC) generates two hybrid inorganic-organic compounds
[In(OH)(2,5-PDC)], (1) and [Iny(OH)5(3,5-PDC),(H;0)], (2),
respectively. The two compounds have been characterized
by IR, XRPD, elemental analysis, and photoluminescent stud-
ies. The structure of 1 consists of corner-sharing InNO; octa-
hedra and 2,5-PDC ligands to form 2D frameworks with ther-

mal stability up to ca. 347 °C. The 3D framework of 2 con-
tains corner-sharing InN,O, octahedra and InO; decahedra
with a 406 nm emission at 77 K. Both of the compounds pos-
sess similar one-dimensional --In-OH-In-OH--- inorganic
chains.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

During the past two decades the rational design and
characterization of hybrid inorganic-organic compounds
have undergone rapid development. The attraction of this
field is justified by both the fascinating structures and top-
ologies,!'l and the potential applications in the areas of ca-
talysis,!”! magnetism,?® luminescence,™ gas storage,® and
nonlinear optical materials.[]

In order to obtain the designed and predictable frame-
works and properties, chemists choose various systems with
different metal ions and diverse organic moieties for each
purpose.”l As functional metal centers, indium ions attract
more and more attention as a result of their fantastic coor-
dination properties and special chemical characteristics
arising from their variable coordination geometry and coor-
dination numbers.®! On the one hand indium can be used
in organic chemistry,” on the other hand it can perform a
good candidate in inorganic-assembly chemistry. Up to
now, a series of articles have described the syntheses of in-
dium coordination polymers.['” However, much of the work
so far has focused mainly on the systems arising from aro-
matic carboxylic ligands. Until recently, little attention has
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been devoted to indium hybrid organic-inorganic materials
with nitrogen-donor multicarboxylate ligands.I'!l Therefore
we chose a system of 2,5-H,PDC and 3,5-H,PDC multi-
functional carboxylic acids with indium ions in order to
perform the self-assembly of indium ions with multidentate
nitrogen-donor ligands. Compounds 2,5-H,PDC and 3,5-
H,PDC give rise to a rich coordination geometry as a result
of several possible coordination modes of the two carbox-
ylic groups, such as bridging, chelating, and monodentate
modes, as well as the potential coordinating nitrogen do-
nor[112.12]

Herein we wish to report the syntheses, luminescence, X-
ray characterizations, and the thermal stabilities of two new
compounds [In(OH)(2,5-PDC)], (1) and [In,(OH),(3,5-
PDC),(H,0)],, (2), which were prepared from In,O; and
2,5-H,PDC and 3,5-H,PDC by hydrothermal reactions,
respectively. It is worth noting that both of the two com-
pounds comprise similar secondary building units (SBUs)
of +In-OH-In-OH-+ zigzag chains, which have already
been documented in aromatic carboxylic polymers of in-
dium.!®®] However, to the best of our knowledge, com-
pounds 1 and 2 are the first aromatic nitrogen-donor car-
boxylates of indium that are built up of one-dimensional
= In-OH-In-OH-+* inorganic chains.

Results and Discussion

Structural Descriptions
[In(OH)(2,5-PDC)], (1)

Compound 1 crystallized in the space group Iba2 with
the flack polarity parameter x = —0.010, su. = 0.048, in
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which the indium atoms are polymerized through the 2,5-
PDC ligands to yield two-dimensional frameworks. As illus-
trated in Figure 1, each asymmetric unit comprises one
hexacoordinate In'!' center, one hydroxy group, and one
2,5-PDC ligand. The indium metal atom interacts with one
nitrogen atom, two p,-OH groups, and three oxygen atoms
from three independent 2,5-PDC ligands in a distorted oc-
tahedral environment. The carboxylic In-N distance and
In-O bond range, 2.225(3) and 2.063(3)-2.289(3) A, respec-
tively, are comparable to those reported for other indium-
oxygen and indium-nitrogen donor compounds.'®!!] The
neighboring InNOj5 octahedra share the axial p,-OH groups
along the [001] direction leading to one-dimensional SBUs
of +In-OH-In-OH-- zigzag chains. The In-OH-In angle
is 129.85(1)° and the observed distance of the indium atom
to the p,-OH groups is 2.063(3) A, which is similar to the
typical distance of In-OH.[®®l Moreover, these one-dimen-
sional inorganic chains are linked by 2,5-PDC ligands in
the [010] direction to form a two-dimensional framework
(Figure 2, a). Each 2,5-PDC ligand connects three indium
atoms (structure a, Scheme 1), with the nitrogen donor and
monodentate carboxylic group chelating one indium atom
and the other carboxylic group bridging two indium atoms.
Finally, the p,-OH groups are hydrogen bonded to mono-
dentate carboxyl oxygen atoms (Figure 2, b) from adjacent

joss

Figure 1. The coordination environment around In'! in compound
1 represented by thermal ellipsoids drawn at the 50% probability
level.
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Scheme 1. Coordination modes of the 2,5-H,PDC and 3,5-H,PDC
ligands.
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two-dimensional  frameworks [O(1)-O(5A) distance:
2.748(3) A; symmetry code: A —x, —y, z],I" leading to a
three-dimensional supermolecule (Figure 2, c).

Figure 2. View of the 2D layer in compound 1 in the [010] direction
(a). Details of H-bond interactions (dotted lines) for compound 1
with thermal ellipsoids at the 50% probability level (b). Symmetry
codes: A —x, —y, z. Packing of the 2D framework of compound 1
along the [001] direction (c).

[In:(OH),(3,5-PDC)>(H>0)], (2)

An X-ray diffraction study reveals that compound 2 be-
longs to the space group C2/c¢ and possesses a three-dimen-
sional framework consisting of six-coordinate and seven-
coordinate dinuclear clusters. As shown in Figure 3, each
asymmetric unit is composed of one p,-OH group, one 3,5-
PDC ligand, half a water molecule as well as two halves of
1327
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crystallographically independent indium atoms. The coordi-
nation sphere of the Inl atom can be described as a dis-
torted InO; decahedron with two p,-OH groups on the ver-
tical points, and one water molecule and four oxygen atoms
from two chelate carboxylic groups on the plane. In con-
trast, the In2 atom is coordinated with two p,-OH groups
in the axial direction, and two N atoms and two O atoms

Figure 3. The coordination environment around In'"' in compound

2 with the thermal ellipsoid at the 50% probability level. Sym-
metry-equivalent atoms are labeled with an additional letter.

Figure 4. Details of H-bond interactions (dotted lines) for com-
pound 2 with thermal ellipsoids at the 50% probability level (a).
Symmetry code: A x — 1/2, —y — 1/2, z — 1/2. Packing of the InN,O4
octahedra (green) and InO; decahedra (red) of compound 3 along
the [001] direction (b).
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from monodentate carboxylic groups diagonally on the
plane to form the InN,O, octahedra. Two kinds of polyhe-
drons, InN,O, octahedra and InO, decahedra, are corner-
shared through the p,-OH groups to furnish 1D --In-OH-
In-OH-- zigzag chains. The In-OH-In angles [129.85(1)°
for compound 1 and 142.69(8)° for 2] are similar to those
found in aromatic carboxylates of indium with 1D -In—
OH-In-OH-* inorganic chains.[¥>1%I In addition, the water
molecules interact with the Inl atom to form hydrogen
bonds with the monodentate carboxyl oxygen atom [Ow—
O(4A) distance: 2.745(3) A; symmetry code: A x — 1/2, -y —
1/2, z — 1/2] (Figure 4, a). Furthermore, each 3,5-PDC li-
gand arranges three ---In-OH-In-OH--- chains with the p3
mode (structure b, Scheme 1) into the three-dimensional
structure (Figure 4, b).

Characterization of Vibrational Spectra

In the IR spectrum of compound 1 a strong absorption
at 3130 cm ™! is attributed to the presence of an OH group.
The bands at 1572 and 1410, 1343 cm ! are due to the anti-
symmetric and symmetric stretching vibrations of the car-
boxylate groups, respectively. As shown in Figure 2 (b), the
hydrogen bonds between the p,-OH groups and the mono-
dentate carboxyl oxygen atoms cause the split of the anti-
symmetric stretching vibrations.['’] In the IR spectrum of
compound 2 the broad band at 3380 cm™' testifies to the
existence of water molecules. The antisymmetric and sym-
metric stretching vibrations at 1567 and 1408, 1350 cm™!,
respectively, indicate that the carboxylate groups employ
the chelating and monodentate coordination geometry. As
illustrated in Figure 4 (a), the broad band at 3380 cm™!
arises from the hydrogen bonds between the coordinated
water and the monodentate carboxyl oxygen atom, which is
in accordance with the crystal structure.

Thermal Stability Analyses

The thermal gravimetric analyses (TGA) of the com-
pounds were investigated on crystalline samples under
20 mL min~' flowing nitrogen, while increasing the tem-
perature at a rate of 15°min~! from 35 to 900 °C. The TGA
curve of compound 1 (Figure 5) shows high stability up to
347 °C. The weight loss (found 44.94%, calculated 44.15%)
from 347 to 500 °C indicates the decomposition of the or-
ganic ligands leading to In(OH);. Then In(OH); loses water
to yield the final residue of In,O5 (found 43.74%, calculated
46.75%).1'%1 The TGA curve of compound 2 (Figure 5)
shows the first weight loss (found 3.05%, calculated 2.95%)
between ca. 145 and 278 °, which is in accordance with the
loss of H,O molecules. The second weight loss (found
40.92%, calculated 42.85%) from 278 to 500 °C indicates
the decomposition of the organic ligands leading to In-
(OH);. Then In(OH); loses water to yield the final residue
of In,05 (found 43.82%, calculated 45.37%).1'% The pres-
ence of In(OH); during the decomposition of the two com-
pounds was confirmed by energy dispersive X-ray spec-
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troscopy (EDS). After heating the two compounds to
500 °C the EDS results show that no C and N are observed
and that the molar ratio of O to In is about 3:1 in the
residues (Figure S1).

TG /%
100

80 2

60

40

T T T T T T T T 1
100 200 300 400 500 600 700 800 900

Temperature / °C

Figure 5. TGA curves for compound 1 and compound 2.

Photoluminescence Properties

The photoluminescent spectra of compounds 1 and 2
were recorded at 77 K. As shown in Figure 6, excitation of
compound 1 at 355 nm produces a blue emission with a
peak maximum at 471 nm. The luminescent properties of
hybrid inorganic—organic compounds are usually assigned
to ligand-to-metal charge transfers (LMCT), metal-to-li-
gand charge transfers (MLCT), metal-centered transitions,
or interligand n—r* transitions. Taking into account the
emission of 2,5-H,PDC centered at 392 nm,['>!4! the emis-
sion of compound 1 may originate from the ligand-to-metal
charge transfer (LMCT), a process similar to the photolu-
minescence of transitional metal zinc(II) compounds with
carboxylic acid.l'%¢!51 The emission band of compound 2
ranges from 350 to 450 nm with the maximum emission at
406 nm (Ao, = 306 nm). The photoluminescent properties of
3,5-H,PDC (Apmax = 380 nm) were measured for compari-
son. The emission may be related to the charge transfer
between indium(I1I) and the 3,5-H,PDC ligands.[10¢11¢.16]

3,5-H2PDC

Intensity

T T T T T T T
350 400 450 500 550 600 650
Wavelength /nm

Figure 6. Solid-state emission spectra of compound 1, 2 at 77 K
and 3,5-H,PDC at room temperature.
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Conclusions

In summary, we have successfully constructed two new
hybrid inorganic-organic compounds, which are con-
structed from InNOs or InN,O4 and InO; polyhedra with
shared p,-OH vertices. To the best of our knowledge, com-
pounds 1 and 2 exemplify the first aromatic nitrogen-donor
carboxylates of indium based on the assembly of infinite
one-dimensional **In-OH-In-OH- zigzag building blocks.
It is reasonable to believe that the foregoing results are im-
portant to enrich the metal-organic assemblies of indium.
Present work is in progress to use this approach to synthe-
size homo- or heterometallic metal-organic frameworks
with InN,O,, polyhedrons.

Experimental Section

Materials and General Methods: All reagents were commercially
available and used without further purification. Infrared spectra
were recorded with a Magna 750 FT-IR spectrophotometer using
KBr pallets. The elemental analyses of C, H, and N were deter-
mined using a Perkin—Elmer 240C elemental analyzer. X-ray pow-
der diffraction (XRPD) patterns of the samples were recorded with
an X-ray diffractometer (RIGAKU-DMAX2500). Thermal analy-
ses were recorded using a NETZSCH STA 449C unit. Fluorescence
spectroscopy of two compounds was performed with an Edinburgh
Analytical instrument FLS920 at 77 K. The energy dispersive X-
ray spectroscopy (EDS) was performed with a JEOL-6700F SEM
instrument.

Synthesis: Solid In,0O5 (27.8 mg, 0.1 mmol) was added to a solution
of pyridinedicarboxylic acid (16.7 mg, 0.1 mmol) and HCIO,
(0.031 mmol) in deionized water (15 mL), the mixture was sealed
in a hydrothermal reaction vessel and heated at 165 °C for 72 h.
After cooling at a rate of 3 °C/h to room temperature, air-stable
white crystals were obtained and then washed with ethanol. The
final pH of the reaction system was ca. 2.68. Yield 10 mg, 33.7%
(compound 1 based on In); 12 mg, 39.2% (compound 2 based on
In). Elemental analysis (%) for C;H4InNOs (296.93): caled. C
28.32, H 1.36, N 4.72; found C 28.30, H 1.40, N 4.70. For
C,;HsInNOs 5 (305.94): caled. C 27.48, H 1.65, N 4.58; found C
27.42, H 1.70, N 4.50. IR (KBr) for compound 1: ¥ = 3130 (br. s),
1572 (s), 1410 (m), 1343 (s), 1227 (w), 827 (w), 765 (w), 737 (w),
651 (w) cm !, IR (KBr) for compound 2: ¥ = 3380 (br. s), 1567 (s),
1408 (m), 1350 (s), 843 (w), 768 (w), 743 (w), 650 (w) cm!.

X-ray Crystallographic Studies: Measurements of compounds 1 and
2 were collected with a Rigaku Mercury CCD diffractometer with
graphite-monochromated Mo-K, (radiation 4 = 0.71073 A) at
room temperature. The absorption corrections were performed by
using the CrystalClear software package.'”! The structures were
solved by direct methods with the SHELXL-97 program pack-
age.'8! All data were refined by full-matrix least-squares minimiza-
tions of X(F, — F.)?> with anisotropic thermal parameters for all
non-hydrogen atoms. All hydrogen atoms belonging to the water
molecules and p,-OH groups were found in the electron-density
map. The other hydrogen atoms were generated geometrically (C—
H 0.95 A). The crystallographic data and structure determination
summaries for compounds 1 and 2 are listed in Table 1. The se-
lected bond lengths and angles for two compounds are listed in
Table 2.

CCDC-659856 (for 1) and -659857 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
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Table 1. Crystal data and structure determination summary for
compounds 1 and 2.

1 2
Formula C7H4IHNO5 C14H101n2N2011
M, [gmol™] 296.93 611.88
Crystal size [mm] 0.25%x0.17x0.12 0.30 X0.21 X0.15
Crystal system orthorhombic monoclinic
Space group 1ba2 C2/c
a[A] 12.632(1) 16.137(1)
b[A] 20.088(2) 9.864(1)
c[A] 6.217(1) 11.158(1)
B [1 111.800(3)
V [A3] 1577.7(2) 1649.2(2)
VA 8 8
D, [gem ) 2.500 2.464
4 [mm!] 2.989 2.868
F(000) 1136 1176
T [K] ) 298(2) 298(2)
AMMo-K,) [A] 0.71073 0.71073
Reflections collected 5902 6158
Unique reflections 1765 1182
Riy 0.0269 0.0157
Parameters 129 140
Son F, 1.097 1.061
Ry [[>20(D) 0.0239 0.0161
WR, [I>20(D)]P 0.0488 0.0372
R (all data) 0.0266 0.0170
wR, (all data)l®! 0.0500 0.0376

Apumin and . [eA3] 1.047 and —0.370

[a] Ry = 3(IF| — |FIVEIF. [b]wRy =
w1,

1.238 and —0.503
{Z[W(Foz - Fcz)z]/

Table 2. Selected bond lengths [A] and angles [°] for compounds 1
and 2.4

Compound 1

In-O5 2.063(3) In-O3B 2.182(3)
In-O5A 2.103(3) In-N1 2.225(3)
In-O1 2.148(3) In-04C 2.289(3)
05-In-O5A 103.39(8) O1-In-N1 75.0(1)
05-In-0O1 93.0(1) O3B-In-N1 90.9(1)
O5A-In-Ol 90.8(1) 05-In-04C 83.9(1)
05-In-O3B 102.2(1) O5A-In-04C  162.4(1)
O5A-In-O3B 85.8(1) O1-In-04C 104.9(1)
O1-In-O3B 164.8(1) 0O3B-In-04C 77.0(1)
0O5-In-N1 154.9(1) N1-In-04C 78.3(1)
O5A-In-N1 98.8(1)

Compound 2

In1-02 2.124(1) In2-02 2.089(1)
In1-OW 2.184(2) In2-O3E 2.161(1)
In1-O6B 2.255(2) In2-N1 2.322(2)
In1-O5B 2.311(2)

02A-In1-02 172.1(1) 06C-In1-0O5B  139.8(1)
02-In1-OW 86.04(4) 02-In1-05C 80.9(1)
02-In1-0O6B 92.2(1) O5B-In1-0O5C 162.5(1)
OW-Inl-O6B  138.14(4) 02-In2-0O3E 87.7(1)
02-In1-06C 93.7(1) 02-In2-O3F 92.3(1)
06B-In1-06C 83.7(1) 02-In2-N1D 88.4(1)
02-In1-O5B 97.9(1) 02-In2-N1 91.6(1)
OW-In1-O5B 81.25(4) O3E-In2-N1 86.7(1)
O6B-In1-O5B 57.5(1) O3F-In2-N1 93.3(1)

[a] Symmetry codes, for 1: A —x, y, z + 1/2; Bx - 1/2, -y + 1/2, z;
C-—x+1/2,-y+1/2,z—1/2. For 2: A —x, y, —z + 3/2; B—x + 1/2,
y+1/2,z+3/2;,Cx—-112,y+1/2,z;D—x+ 112, -y + 1/2, z +
2ZEx,—yz-12;F—x+1/2,y+1/2, = + 5/2.
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tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): The EDS patterns (Figure S1) and X-ray powder dif-
fraction (XRPD) patterns (Figure S2).
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