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Hydrothermal Syntheses and Properties of Compounds Based on 1,10-Phenanthroline-
5,6-dione and Keggin-Type Polyoxometalate
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Abstract: Three compounds based on Keggin-type polyoxometalate (POMs) using 1,10-phen-5,6-dione (Do) as
neutral organic ligand, namely, (HDo)s(PW ,04),+H,O (1), [Cu(Do),(H,0) [ Cu(Do)>(PW1,0.0)(H,0) | (PW,04)(2) and
[Pb(Do)2(PW1,04)](HDo)(3), have been synthesized under hydrothermal conditions and characterized by elemental
analyses, infrared spectra, inductively coupled plasma analyses, X-ray photoelectron spectroscopy and single-
crystal X-ray diffraction. Compounds 1 and 2 are zero-dimensional structures, and compound 3 exhibits one-
dimensional chain. The thermal stabilities and photoluminescent properties of three compounds have also been
investigated. CCDC: 767622, 1; 767623, 2; 767619, 3.
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Much effort has been devoted to metal -organic
frameworks (MOFs) due to their potential applications
in  chemical-biology, polyacid nano meterials,
catalysis, pharmaceutical chemistry and functional
applications. The structure of the resultant framework

is mainly influenced by various factors, such as the
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ligands, anions, templates, geometric requirements of
metal atoms, and so on. Among them, ligand plays an
important role in the construction of MOFs with
derivatives of 1,10-

distinctive  structures. The

phenanthroline  (phen) are one kind of important

ligands to form novel supermolecular structures.
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Numerous 1D, 2D and 3D frameworks with derivatives

of phen have been reported . Among these

derivatives, although 1,10-phenanthroline-5,6-dione

(Do) could donate both N atoms and O atoms in the

self-assembly of complexes, the reports about

complexes with Do are still rare . On the other hand,

(POMs)

the research based on polyoxometalates

clusters, especially the a-Keggin-type
polyoxometalate, has attracted a lot of interests due to
their extensive applications in catalysis,
photochemistry, electrochemistry, magnetism, and
biochemistry!.

Under these considerations, we selected Keggin-
type polyoxometalate a-H3(PW,04) and Do as organic
ligand for producing complexes to find out the
constructing possibilities and optimum conditions.
Herein, a series of compounds, namely, (HDo)s
(PW1,04), - H,O (1), [Cu (Do), (H0)}x[Cu (Do), (PW 1,04)
(H0)] (PW1204) (2) and  [Pb (Do), (PW1,0.)] (HDo) (3)
Their

structures, thermal stabilities and photoluminescent

were  hydrothermally  synthesized. crystal

properties are reported in this article.
1 Experimental

1.1 General

The ligand Do was synthesized according to the
literature ™ and all other materials were purchased
from commercial sources without further purification.
Elemental analysis (C, H and N) were performed on a
Perkin-Elmer 2400 CHSN elemental analyzer. 1CP
was done on a Perking-Elemer Optima 3300 DV
spectrometer. The IR spectra were obtained on an
Alpha Centaurt FT/IR spectrometer with KBr pellets
in the range of 4 000~400 cm™ region. XPS analyses
were performed on a VGESCALABMK spectrometer
with an Mo Ka (1 253.6 €V) achromatic X-ray source.
Thermogravimetric Analyses (TGA) were carried out
under N, condition on a NETZSCH STA 449C
analyzer in owing N, with a heating rate of 5 C+min™.
The  solid-state  luminescent  spectroscopy  was
performed on a Perkin-Elmer LS55 spectrometer.
1.2 Syntheses and crystal growth

(HD0)s(PW1,04): - H,O (1): The starting materials

a-H;[PW,04] (0.05 mmol, 1 444 mg), Do (0.1 mmol,
20 mg) and distilled water (12 mL) were mixed. The
resulting suspension was stirred for 1 h and the
suspension was sealed in the 25 mlL Telfon-lined
reactor and heated to 150 °C for 4 d. Orange block

crystals were obtained after cooling to room

temperature with a yield of about 59% based on W.
Anal. Caled. for C,HuNpOoP,Way (%): C, 12.29; H,
0.63; N, 2.39; P, 0.88; W, 62.68. Found (%): C,
12.10; H, 0.69; N, 2.22; P, 091; W, 62.58. IR
spectrum (KBr em™) : 3 489 (s), 3 093 (w), 1 693(s),
1 620 (m), 1 574 (s), 1 471 (s), 1 300 (s), 1 261(m),
1 211(m), 1 124(m), 1 080(s), 978(s), 895(s), 816(s),
731(s), 596(w), 521(s).

[Cu (Do), (H20)],[Cu (Do), (PW 15040) (H20)] (PW 1:04)
(2): The synthesis of 2 was similar to compound 1, but
the metal salt was Cu(NOs), and a-H;[PW,04] was
changed to 0.075 mmol. And other reaction conditions
were the same as compound 1. Green block crystals
were filtered and yield 68% based on W. Anal. Caled.
for CusC,HpNpOgsP,Woy (%): Cu, 2.63; C, 11.91; H,
0.58; N, 2.32; P, 0.85; W, 60.77. Found (%): Cu,
2.59; C, 12.10; H, 0.59; N, 2.12; P, 0.85; W, 60.01.
IR spectrum (KBr em™): 3 481(m), 3 107(w), 1 691(s),
1614 (m), 1 572 (s), 1 527 (m), 1 470 (s), 1 423(s),
1298 (s), 1 254 (s), 1 205 (m), 1 120 (m), 1 082(s),
1 020(m), 982(s), 895(s), 804(s), 596(w), 517(s).

[Pb (Do), (PW1,0.)] (HDo) (3): Compound 3 was
prepared in a manner similar to that described for
compound 2, except the Pb (NO;), replaced the Cu
(NO3), and the synthesis temperature was 160 °C .
Yellow block crystals were filtered and yield 72%
based on W. Anal. Calcd. for PbCsH ;oNsOsPW 1, (%):
Pb, 5.58; C, 11.64; H, 0.52; N, 2.26; P, 0.83; W,
59.37. Found (%): Pb, 5.60; C, 11.60; H, 0.55; N,
2.21; P, 0.80; W, 58.99. IR spectrum (KBr cm™):
3 417(w), 3 244(w), 3089(w), 1 699(s), 1 581(s), 1 527
(s), 1 433(s), 1 377(m), 1 294(s), 1 252(s), 1 078(s),
978(s), 893(s), 810(s), 596(m), 523(s).

1.3 X-ray structure determination

Crystallographic data of compounds 1~3 were
collected at room temperature on a Rigaku RAXIS-
RAPID single crystal diffractometer equipped with a
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narrow-focus, 5.4 kW sealed tube X-ray source (graphite-
monochromated Mo Ko radiation, A= 0.071 073 nm) by
using an w-26 scan mode at 293 (2) K. The structures of
these compounds were solved by the direct method of
SHELXS-97 ¥ and refined with full-matrix least-
squares techniques using the SHELXL-97" program.
All  the refined

nonhydrogen  atoms  were

anisotropically and the hydrogen atoms were
calculated theoretically. In compounds 1 and 2, the
hydrogen atoms attached to water molecules could not
be positioned reliably. The detailed crystallographic
data and refinement

structure parameters  for

compounds 1~3 are summarized in Table 1.

CCDC: 767622, 1; 767623, 2; 767619, 3.

Table 1 Crystal data and structure refinements for compounds 1~3

Compound 1
Empirical formula CHuN 5063P> W oy
Formula weight 7041.53
Crystal system Triclinic
Space group PL
a/ nm 1.344 68(9)
b/ nm 1.898 85(12)
¢/ nm 2.545 94(16)
al (%) 81.444(1)
B/ 75.598(1)
v /(%) 69.707(1)
V/nm? 5.863 6(7)
A 2
D./ (g-em™) 3.987
M/ mm™ 23.580

Reflns collected / unique 32 355/22 826
F(000) 6 220

R\ / wRA(I>20 (1)) 0.053 6/0.132 4
R\ / wR; (all data) 0.070 1/0.142 9
GOF (F) 1.036

2 3
CusCrHoNpOosPo W oy PbCs6HoNsOsPW 1,
7 260.14 3 715.67
Monoclinic Monoclinic
P2, Ce
1.182 1(2) 2.193 3(4)

2.375 7(5) 1.503 9(3)
2.292 7(5) 2.045 2(4)
90 90
96.38(3) 118.90(3)
90 90
6.398(2) 5.906(2)
2 4

3.768 4.179
22.097 26.248

58 373/28 215 14 058/8 613
6 422 6517

0.052 3/0.096 3 0.035 3/0.056 4
0.085 0/0.108 8 0.040 3/0.061 5
1.031 1.052

2 Results and discussion

2.1 Description of crystal structures
2.1.1 Structural description of 1

Single-crystal X-ray diffraction analysis reveals
that there are six organic ligands HDo * and two
(PW,04)°" ions in the asymmetric unit of 1 (Fig.1a).
In this compound, there are one uncoordinated water
molecule (OW) per asymmetric unit which serves as
hydrogen bonding interaction acceptor and interacts
(N4-H4---OW).
There are four types of hydrogen bonding interactions

between Do ligands (N2-H2A---090", N6-H6--- 084,
N7-H7---091, N9-H9A ---081%, symmetry code: #1 —

with the N atom from the Do ligand

x+2, —y+1, —z+1; #2 —x+3, —y+1, —z+1) (Table 2).
Among these hydrogen bonds, N2-H2A --- 090" and
NO-H9A ---081* further consolidate the structure of 1,
leading to a 1D supermolecular structure (Fig.1b).
2.1.2  Structural description of 2

Single-crystal X-ray diffraction analysis shows
that compound 2 consists of three Cu®* ions, six Do
ligands, three water molecules and two (PW,0,)* ions
(Fig.2). In 2, there are three crystallographically
independent Cu?* (Cul, Cu2 and Cu3). Cul is six-
coordinated by four N atoms (0.202 5(11) nm for Cul-
N1, 0.202 6 (9) nm for Cul-N2, 0.226 4 (10) nm for
Cul-N3, 0.2034 (9) nm for Cul-N4) and two O atoms
(0.2007(11) nm for Cul-O1W, 0.2411(8) nm for Cul-
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Symmetry code: #1: —x+2, —y+1, —z+1; #2: —x+3, —y+1, —z+1
Fig.1 (a) ORTEP view of 1, showing 30% probability displacement ellipsoids; (b) 1D chain structure
built of the hydrogen bonds along a axis
Table 2 Hydrogen bond distances (nm) and angles (°) for 1
D-H---A d(D-H) / nm d(H---A) / nm d(D---A) / nm ZDHA /(°)

N4-H4---01W 0.086 0.229 0.3026(15) 143.2
N2-H2A---090" 0.086 0.263 0.3182(14) 123.1
N6-H6---084 0.086 0.253 0.2987(11) 114.0
N7-H7---091% 0.086 0.228 0.2968(13) 136.6
N9-H9A---081* 0.086 0.254 0.3007(10) 114.8

Symmetry codes: #1: —x+2, —y+1, —z+1; #2~: —x+3, —y+1, —z+1; #3~: —x+2, —y+1, —z+42

06]. Then Cu2 is five-coordinated by four N atoms
(0.1979(9) nm for Cu2-N5, 0.2058(11) nm for Cu2-N6,
0.1993(9) nm for Cu2-N7, 0.2177(9) nm for Cu2-N8)
and one O atom (0.2045 (10) nm for Cu2-O2W). The
coordination sites of Cu3 are also five (0.2004(11) nm
for Cu3-03W, 0.2042(10) for Cu3-N9, 0.2078(10) nm
for Cu3-N10, 0.1968(12) nm for Cu3-N11 and 0.1960
(11) nm for Cu3-N12). All the bond distances are in
the of

compounds

range other  similar

[11]

organic-inorganic

2.1.3  Structural description of 3
Compound 3 consists of one Pb?* ion, one
(PW12040)3_

protonated HDo* ligand is free in this structure. As

ion and three Do ligands in which one

shown in Fig.3a, the central metal bivalence Pb are
six-coordinated by two O atoms (0.282 3 (5) nm for
Pb-O5 and 0.273 9 (6) nm for Pb-036) from two
(PW1,040)° -
ligands (0.258 4(8) nm for Pb-N1, 0.251 3(9) nm for
Pb-N2, 0.243 9 (7) nm for Pb-N3 and 0.257 7 (8) nm

ion and four N atoms from the two Do



XA P4 BT 1,10-%84E 2 hk-5,6- i Fll Keggin B £ 45 I8 EL AL 1Y
ER A4 A K I 1 B M T 395

~ - - - =
N =t —\.

N L - L
\: \: ®) ‘\: ™~

Fig.3 (a) The ORTEP view of compound 3, showing 30% probability displacement ellipsoids;
(b) 1D twisted Pb-POMs chain along the crystallographic along a axis

for Pb-N4), showing a badly distorted octahedral chain with Pb---Pb bond distance of 1.360 5 nm.
coordinated geometry. The bond distances of Pb-O 2.1.4  Effect of reaction conditions on the compounds

and Pb-N are within the normal ranges as observed in structures
the other Pb containing compounds ". A 1D chain To investigate the influence of the metallic ion on
structure is formed by 05 and 036 from POMs (shown the structure, any metallic salt was not introduced to the

in Fig.3b). The neighboring Pb atoms form Z-shaped reaction system of 1. Compound 1 exhibits zero-
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dimensional structure in which POMs have not any
coordinating O atoms. In contrast with 2 and 3, the
variation of the crystal structures has been observed
through selecting metal centers with dissimilar
coordination preferences. In despite of the same
coordination patterns of Keggin-type POMs  (Fig.4), the
complex 2 displays zero-dimensional structure and
complex 3 shows 1D chain structure. This can
presumably be attributed to the metal-controlled
assembly and the metal center plays a crucial and
steering role in constructing compounds. It should be
noted that the reaction temperature is also an important
factor in determining the structures of coordination
compounds, which is demonstrated by the formation of

compounds 2 and 3.

Fig.4 Coordination patterns of Keggin-type POMs in

complexes 2 and 3

2.2 1R spectra

The IR spectra of compounds 1~3 all exhibit
characteristic asymmetric vibrations for the a-Keggin
structure, namely, P-Oa (1 080 cm™ for 1, 1 082 cm™
for 2, 1 078 cm™ for 3), W-Ot (978 cm™ for 1, 982 for
2, 978 cm™ for 3), corner-sharing W-Oc-W (895 c¢m™
for 1 and 2, 893 em™ for 3), edge-sharing W-Oe-W
(816 cm™ for 1, 804 cm™ for 2, 810 em™ for 3)L And
peaks in the range of 1 100~1 700 cm™ and wave
numbers from 3 000~3 300 cm™ are indicative of the
organic ligands of Do. The peaks about 3 250~3 740
cm™ are ascribed to the O-H stretching vibration.
2.3 XPS Spectra

In XPS spectra for compounds 1~3. The peaks at

35.73 and 37.12 eV for 1, 35.20 and 37.10 eV for 2,
35.65 and 37.79 eV for 3 are attributed to W®*(4f;y)
and WO (4f5»)"™. In the XPS spectra of 2, the similar
peaks at about 933.80 and 954.20 eV for 2 are
attributed to Cu®* (2psp) and Cu*(2p,p), respectively™.
The peaks at 138.65 and 143.60 eV are attributed to
Pb?*(4ds,) and Pb**(4ds,) for 31, All these spectra
further confirm the valence sum calculations and the
structural analyses.
24 TGA

In order to characterize more about the compounds,
their thermal stabilities were investigated by TGA (Fig.
5). In 1, a total weight loss of 19.5% is accordant with the
calculated value of 18.3% in the range of 40~740 C,
ascribed to the release of a water molecule and six HDo*
ligands. Compound 2 loses water molecules from room
temperature to 145 °C about 0.70% (Calcd. 0.74% )
firstly, then the 16.9% (Caled. 17.4% ) weight loss
attribute to the organic ligand decompose from 399 °C.

The anhydrous compound 3 only has one step loss of

17.5% (Caled. 17.0%) from 400 to 747 °C which is
ascribed to the loss of organic ligands.
100 - .
—2
95 - .,
=
E 90 4
3
2
85 4
80
2(;0 4OIO 660 860

Temperautre / C
Fig.5 TGA curves of 1~3

2.5 Photoluminescent properties

The luminescent properties of compounds 1~3
and free Do ligand are studied in the solid state at
room temperature. As shown in Fig.6, very similar
(For 1, A.,=592 nm; 2, A,,,=596

nm) were observed. And then similar wide emission

wide emission bands
band in compound 3  (A., =585 nm) were also
observed. The free Do ligand possesses the maximum
emission at 594 nm. Compared with the PL spectra of

1~3 and free ligands, the emission spectra of three
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compounds are obviously similar to that of Do, which
might be attributable to the intraligand fluorescent
emissions of Do . However, it is not difficult to find
that the free counter anion POMs has little influence
on the shift of emission bands of Do in compound 1.
Compounds 2 and 3 exhibit red shift of 2 nm and blue
shift of 9 nm compared to the emission peak of free
ligand Do, respectively. The reason for different
emissive peak positions of 2 and 3 was presumably
of metal center and

owing to the differences

coordination mode of complexes.

1.01

0.8

0.6

0.44

Intensity (normalized)

0.24

0.0 T T T T T T
450 500 550 600 650 700 750
Wavelength / nm

Fig.6 Solid state photoluminescent spectra of Do and 1~3

3 Conclusions

In this work, three new compounds based on
Keggin-type POMs and organic ligand Do were
achieved under hydrothermal conditions. Compounds
1 and 2 possess zero-dimensional structures, while 3
exhibits one dimensional chain structure. In addition,
the N-H --- O hydrogen bonding interactions connect
the zero-dimensional structures to be one dimensional
chains in 1. Photoluminescent properties of these
compounds indicated that they may be employed as

candidates for potential solid luminescent materials.

References:

[1] Anne D, Eddy D, Cédric R M, et al. Chem. Rev., 2010,110:
6009-6048

[2] Che G B, Liu C B, Liu B, et al. CrystEngComm, 2008,10:
184-191

[3] Liu C B, Wang J, Zha X L, et al. J. Coord. Chem., 2011,64:
232-243

[4] Che G B, Wang S S, Zha X L, et al. Inorg. Chim. Acta.,
2013,394:481-487

[5] Yang J, Li G D, Cao J J, et al. Chem. Eur. J., 2007,13:3248-
3261

[6] Gao S Y, Li X, Yang C P, et al. J. Solid State Chem., 2006,
179:1407-1414

[7] Eugenio C, Carlos J G G. Chem. Rev., 1998,98:273-296

[8] Hiort C, Lincoln P, Nordén B. J. Am. Chem. Soc., 1993,115:
3448-3454

[9] Sheldrick G M. SHELXS-97, Programs for X-ray Crystal
Structure  Solution; University of Gottingen: Gottingen,
Germany, 1997.

[10]Sheldrick G M. SHELXL-97, Programs for X-ray Crystal
Structure Refinement; University of Gottingen: Gétlingen,
Germany, 1997.

[11]Liu Y B, Liao W P, Bi Y F, et al. Cryst. Growth Des., 2009,
9:5311-5318

[12]Liu C B, Wang S S, Che G B, et al. Inorg. Chem. Commun.,
2013,27:69-75

[13]Liu H'Y, Wu H, Yang J, et al. Cryst. Growth Des., 2011,11:
1786-1797

[14]Wang Y, Zou B, Xiao L N, et al. J. Solid State Chem., 2011,
184:557-562

[15]Niu J Y, Chen G, Zhao ] W, et al. Crsyt. Growth Des., 2010,
10:4689-4692

[16]Ju J, Wang D J, Lin J H, et al. Chem. Mater., 2003,15:
3530-3536

[17]Wang X L, Chen Y Q, Gao Q, et al. Cryst. Growth Des.,
2010,10:2174-2184





