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The 3D structure of 3 connected by (Cul), (a) or (ICul), (b) unit

By using a thiodiacetate, phenanthroline, and tuning the metal salts in the reaction system, three new
metal-organic coordination complexes, { [Co(MOPIP)z(tdaQ]‘HZO} 172 (1), [CA(MOPIP),(tda)],-3H,0
(2), and [CusL4(MOPIP);-H,0], (3) (tda = S(CH,COO); , thiodiacetate; MOPIp = 2-(4-methoxy-
phenyl)-1H-imidazo[4,5-f][1, 10]phenanthroline), have been prepared through hydrothermal reac-
tions. In 1 and 2, the metal (Co**/Cd*") centers are connected by tda to form a mononuclear molecule,
which connect to a two-dimensional (2-D) layer by N-H---O hydrogen bonds. By selecting the copper
iodide salt we get 3, where the Cu" center exhibits three different coordination types, which has never
been seen before in the same compound, and linked by iodide and MOPIP to construct a new 3-D
framework. Compound 3 represents the first example of MOPIP showing a new coordination mode
with four nitrogens all coordinated. The metal salts play an important role in assembly of the struc-
tures of 1-3. Introduction of MOPIP shows significant effect on the dimensionalities of complexes.
The fluorescence and catalytic properties of 1 and 3 have also been investigated.
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Thiodiacetate
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1. Introduction

Crystal engineering of metal complexes has developed, especially coordination polymers.
The structures of coordination polymers could be effectively influenced by factors such as
the coordination of metal ions, solvent system [1], ligands [2], templates [3], counterions
[4], non-covalent interactions [5], etc. 1,10-Phenanthroline and its derivatives are used in
coordination polymers due to their strong chelating abilities and good z-conjugation, usu-
ally as terminal ligands. Herein, we use 2-(4-methoxyphenyl)-1H-imidazo-[4,5-f][1, 10]
phenanthroline (MOPIP) as the ligand. It contains an extended imidazo-ring with two nitro-
gens, which can provide supramolecular interactions (in 1 and 2), and also provide lone pair
electrons to connect metal or halides forming a multidimensional structure in 3.

The study of the thiodiacetate (tda) transition metal chemistry was initiated several dec-
ades ago. It has a polycarboxylate structure, but also a versatile complexing agent with
potential hard (O carboxyl) and soft (S thioether) donors, giving various binding modes to
hard, soft or intermediate metal ions. Tda displays a variety of coordination modes [6]: (a)
chelating fac-SO,-tridentate (group I); (b) fac-SO,-tridentate chelating role + p-carboxylato
bridging (group II); (c) head-to-tail carboxylate—carboxylate bridging modes without metal—
sulfur bond (group II); (d) S,O-bidentate chelating, with a free acid S-carboxymethyl arm
(group IV). The thiodiacetate is a flexible polydentate ligand which provides two carboxy-
late groups connected with the same metal in our work.

Three transition metal-organic coordination polymers, {[Co(MOPIP),(tda)]-H,O}; /5 (1),
[CA(MOPIP),(tda)],-3H,O (2), and [CusI4(MOPIP);], (3), have been hydrothermally syn-
thesized and structurally characterized. In addition, the luminescence of these compounds
has also been discussed.

2. Experimental

2.1. General materials and methods

The neutral chelating ligand MOPIP was synthesized according to the literature method [7].
Other reagents for synthesis were purchased from commercial sources and used as received.
Transmission mode FT-IR spectra were obtained as KBr pellets between 400 and
4000 cm™ " using a Nicolet Nexus 470 infrared spectrometer. Elemental analysis was carried
out with a Perkin-Elmer 240C analyzer. Thermogravimetric analysis (TG) was performed
on a Germany Netzsch STA449C at a heating rate of 10 °C-min”" in nitrogen. Fluorescence
measurement was carried out at room temperature with a Cary Eclipse spectrometer.

2.2. Syntheses of compounds

2.2.1. {[Co(MOPIP),(tda)]-H,0},,, (1). A mixture of Co(NO;),6H,O (0.073 g,
0.25 mmol), tda (0.075 g, 0.41 mmol), MOPIP (0.082 g, 0.25 mmol), NaOH (0.004 g,
0.1 mmol), and H,O (18 mL) was placed in a 25 mL Teflon-lined stainless steel vessel under
autogenous pressure at 165 °C for 5 days. After cooling to room temperature, red block crys-
tals of 1 (0.083 g) were collected by filtration and washed with distilled water in 76% yield
(based on MOPIP). Anal Calcd (%) for C44H30NgO;SCo: C, 60.47; H, 3.46; N, 12.83. Found
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(%): C, 60.46; H, 3.48; N, 12.82. IR (KBr): v = 3447(m), 2934(m), 2834(m), 1609(m), 1520
(s), 1399(m), 1357(m), 1307(m), 1178(m), 1071(m), 837(m), 734(m), 515(w).

2.2.2. [CA(MOPIP),(tda)],-3H,0 (2). A mixture of Cd(OAc),"2H,O0 (0.067 g,
0.25 mmol), tda (0.045 g, 0.25 mmol), MOPIP (0.082 g, 0.25 mmol), NaOH (0.004 g,
0.1 mmol), and H,O (18 mL) was placed in a 25 mL Teflon-lined stainless steel vessel
under autogenous pressure at 165 °C for 5 days. After cooling to room temperature, red
block crystals of 2 (0.070 g) were collected by filtration and washed with distilled water in
60% yield (based on MOPIP). Anal Calcd (%) for CggHgaN16015S,Cd,: C, 56.44; H, 3.34;
N, 11.97. Found (%): C, 56.43; H, 3.36; N, 11.96. IR (KBr): v =3448(m), 2930(m), 2836
(m), 1609(m), 1521(s), 1397(m), 1357(m), 1304(m), 1177(m), 1069(m), 829(m), 741(m),
S15(w).

2.2.3. [CusI4(MOPIP);-H,0]n (3). Compound 3 was also synthesized by using a method
similar to that described for synthesis of 1 except that Cul (0.095 g, 0.5 mmol) was used
instead of Co(NOs3), 6H,O (0.073 g, 0.25 mmol). Red block crystals of 3 (0.093 g) were
collected by filtration and washed with distilled water in 52% yield (based on Cu). Anal
Calcd for CgoH33N1,0314Cus: C, 40.14; H, 1.86; N, 9.36. Found: C, 40.13; H, 1.88; N,
9.35%. IR (KBr): v=3732(m), 3436(m), 3243(m), 1612(m), 1521(s), 1452(m), 1401(s),
1310(m), 1250(m), 1180(m), 879(m), 809(s), 551(w), 513(w), 411(w).

2.3. Catalysis experiments

The photocatalytic activity of 1 and 3 was tested by degradation of methyl orange under
visible-light irradiation. The experiments were performed at room temperature as follows:
16 mg of sodium persulfate and 13.1 mg of 1 (26.6 mg of 3) was added to 80 mL of methyl
orange solution (10 mg-L™") in a Pyrex reactor. The pH of the dispersion was adjusted to 3
with sulfuric acid (1 M) and exposed to visible-light irradiation under stirring. At given
time intervals, the suspension was centrifuged to remove the remnant photocatalyst from
the liquid. The concentrations of methyl orange were monitored by checking the absorbance
at 506 nm using a UV-2450 (Shimadzu) spectrophotometer.

2.4. Crystal data collection and refinement

Single-crystal X-ray data of all compounds were collected at room temperature with a
Bruker SMART Apex CCD diffractometer with MoK, radiation (1 =0.71073 A) at 293(2)
K using w-scan mode. The structures were solved by direct methods with SHELXS-97 [8]
and refined by SHELXL-97 [9] using full-matrix least-squares techniques on F2. All
non-hydrogen atoms were easily found from the difference Fourier map and refined
anisotropically, and hydrogens were generated geometrically and added to the structure
factor calculation. The crystallographic data and structure refinement parameters for the
compounds are summarized in table 1. Selected bond lengths and angles are listed in tables
S1-S3 (see online supplemental material at http://dx.doi.org/10.1080/00958972.2015.
1035652).
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Table 1.  Crystal data and structure refinement for 1-3.

2017

Compound 1 2 3

Empirical formula C44H34NgO5SCo CggHsgN16015S,Cd, CgoH39N1,0414Cus

Formula weight (g mol™") 877.78 1868.42 1801.38

u(MoKea) (mm ™) 0.575 0.663 3.966

Crystal size (mm) 0.2x0.2x0.2 0.2x0.2x0.2 0.2x0.2x0.2

Crystal system Monoclinic Triclinic Triclinic

Space group C2/c P-1 P-1

a(A) 16.329(3) 10.019(2) 13.623(3)

b (A) 10.273(2) 17.503(3) 15.411(3)

c/A 23.051(5) 23.159(5) 15.489(3)

a(°) 90 77.85(3) 75.88(3)

Q) 101.29(3) 89.00(3) 67.98(3)

7 () 90 87.03(3) 81.67(3)

Volume (A%) 3791.9(13) 3964.8(13) 2918.4(10)

VA 4 4 1

Limiting indices “20<h<17 -11<h<12 -16<h<13
—-12<k<7 21 <k<21 -16<k<18
—-24<]<28 —-28 </<28 -19</<18

T (K) 293(2) 293(2) 293(2)

F(000) 1812 1728 1728

6 range for data collection (°) 3.61-26.02 3.04-26.02 3.04-26.04

Calculated density (mg-cm™>) 1.538 1.476 2.050

Rint 0.0558 0.0000 0.0645

GOF 1.017 0.992 1.111

R1, wR2 [I > 20(])] 0.0715, 0.1329 0.1348, 0.3137 0.1101, 0.3001

Reflections collected/unique 9332/3630 14,792/14,792 27,386/11,099

3. Results and discussion

3.1. Description of crystal structure

3.1.1. Crystal structure of {{Co(MOPIP),(tda)]-H,0},,, (1). The X-ray single-crystal
structure determination of 1 suggested that it crystallized in the monoclinic system with
C2/c space group. Compound 1 consists of one Co(Il), two MOPIP ligands, one tda

S1

Figure la. The molecular structure of 1. All hydrogens are omitted for clarity.
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Figure 1b.  2-D layer structure of 1 connected by N—H---O hydrogen bonds.

anion, and one uncoordinated water. As depicted in figure 1(a), Col is six-coordinate and
surrounded by four nitrogens (N1, N2, N1A, and N2A) from two MOPIP ligands and two
oxygens (Ol and OlA) from different carboxyl groups of one tda. Water Olw is disor-
dered over two positions with the same occupancy of 50% [10].

Figure lc. 7 stacking interactions between neighboring layers of 1.
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Figure 1d. Three-dimensional supramolecular packing structures of 1.

In 1, both carboxyl groups of tda are monodentate and connect the same Co(II) (scheme
1) to form a mononuclear structure. The MOPIP ligands are H-donors to form intermolecu-
lar hydrogen bonding interactions with uncoordinated O from tda [N4-HIC---O2A].
Hydrogen bonding interactions result in the formation of a 2-D supramolecular network
[figure 1(b)]. The [N4-H1C:--O2A] distance of 1.789 A falls in the normal N-H:--O hydro-
gen bond range from 1.72 to 1.99 A [11]. Compound 1 exhibits face-to-face 7—7 stacking
interactions between imidazole and benzene rings of two different MOPIP ligands in adja-
cent 2-D layers [figure 1(c)]. The distances of centroid—centroid are 3.530 A. Therefore,
adjacent layers are further interconnected via intermolecular z—7 stacking interactions to
form a 3-D supramolecular structure [figure 1(d)].

3.1.2. Crystal structure of [Cd(MOPIP),(tda)],-3H,0 (2). Compound 2 was crystallized
in the triclinic system with P-/ space group. There are two Cd(MOPIP),(tda) subunits and
three uncoordinated waters as depicted in figure 2. Compounds 1 and 2 are isostructural
and therefore only the structure of 1 is described in detail.

3.1.3. Crystal structure of [Cusly(MOPIP);-H,0],, (3). The X-ray crystal structure of 3
is depicted in figure 3(a). The asymmetric unit of 3 consists of five Cu ions, four iodides,

OT\S ﬁo/o
~

Scheme 1. Coordination mode of tda in 1.
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Figure 2. The molecular structure of 2. All hydrogens are omitted for clarity.

and three MOPIP, without tda. The MOPIP ligands exhibit differences in their connectivity
with Cu(l) ions or iodide ions as depicted in scheme 2. Five different types of copper cen-
ters are present in 3 (scheme 3). Cul is surrounded in a trigonal planar coordination geome-
try consisting of two nitrogens (N2 and N3) from the imidazole ring of two different
MOPIP ligands and one iodide (I1). Cu2 is bound to N5 and N12 from different units; Cu3
has a distorted tetrahedral geometry which is connected by N7, N8, N10, and N11 from
two MOPIP ligands. Cu4 is chelated by N4 and N6 from one MOPIP and linked by one
iodide (I3), and Cu5 is connected by two iodides (I1 and 12).

The molecular structure of 3 reveals a 3-D coordination polymer. Two asymmetric units
connect to form an 18-membered macrometallocycle [figure 3(b)] comprised by two Cul

Figure 3a. The molecular structure of 3. All hydrogens are omitted for clarity.
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Figure 3b. The 18-membered macrometallocycle of 3; the methoxyphenyl was omitted for clarity.

ions, two Cu2 ions, two 14 ions, and twelve nitrogens from the imidazole rings of six MOPIP
ligands. Each 18-membered macrometallocycle connects by Cu3 forming a straight chain
[figure 3(c)] and each chain connects to the adjacent by the unit of (I3Cu4), [figure 3(d)] to
form a two-dimensional plane. The distance of Cu4-I3 is from 2.561(2) to 2.609(2) A. The
(I1Cu5I12), units link adjacent planes to the 3-D framework [figure 3(e)]. The packing organi-
zation reveals that the 3-D framework is arranged parallel to each other [figure 3(f)] because
of the C—H:-I atypical hydrogen bonds (table S5).

3.2. FT-IR analysis

The FT-IR spectrum of 1 (similar to 2) revealed the presence of vibrationally active car-
boxylate groups. Antisymmetric stretches v,s(COO™) for the carboxylate carbonyls appeared
at 1520 cm™', symmetric vibrations v{(COO") for the same groups appeared at 1399 cm™'.
The frequencies shifted to lower values in comparison to the corresponding vibrations in
free tda due to the connection with cobalt. The band at 439 cm™' for 1 indicates that the
metal ions are coordinated with oxygen. Meanwhile, the band corresponding to pyridine

Figure 3c. One-dimensional chain structure formed by Cu3 with the macrometallocycle (filled with pink); the
methoxyphenyl was omitted for clarity (see http://dx.doi.org/10.1080/00958972.2015.1035652 for color version).
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Figure 3d. Two-dimensional structure formed by (Cu4lI3), unit with the 1-D chain; the methoxyphenyl was
omitted for clarity.

ring vibrations ve_y of the ligands MOPIP shift to lower wavenumber of 1520 cm™" for 1
(1521 cm™" for 3); this negative shift indicates coordination of pyridine nitrogen to the
metal [12]. The signal at 515 cm™" for 1 (513 cm™" for 3) also proves coordination of metal
ions and nitrogen [13]. The broad bands at 3447-3436 cm™ ' are attributed to vibrations of
water.

Figure 3e. The three-dimensional supramolecular packing structures of 3; the methoxyphenyl was omitted for
clarity.
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Figure 3f. The AB packing of the 3-D framework; the methoxyphenyl was omitted for clarity.

3.3. Thermal property

Thermal stabilities of 1-3 were determined by using a thermogravimetric (TG) analyzer
(figure 4). Compound 1 shows a three-step weight loss. The first weight loss of 1.88%
(Caled 1.97%) occurs from 100 to 314 °C, which corresponds to loss of water. The second
weight loss of 17.95% (Calcd 19.99%) occurs from 350 to 423 °C, which corresponds to

o o

N N
[ N
N—Cu—N N—Cu—1 >cu”
N I T N—Cu—N [—Cu—I

Scheme 3. Coordination mode and environment of Cu ion.
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Compound 1
100 4 Rt N = = Compound 2
= = Compound 3

80

60

Weight (%)

40 4

Temperature (°C)
20

T T T T T T
0 200 400 600 800 1000 1200

Figure 4. TG curve of 1-3.

loss of one tda per formula unit. The last weight loss of 65.17% (Calcd 69.54%) between
450 and 1250 °C is ascribed to loss of two-coordinated MOPIP ligands. After decomposi-
tion, the final product may be CoO. The thermal stability of 2 is similar to 1. The first
weight loss of 2.34% (Caled 2.89%) corresponds to loss of water. The second sharp weight
loss of 16.59% (Calcd 16.11%) corresponds to release of one equivalent of tda per formula
unit. The third loss of 66.91% (Calcd 70.5%) after 463 °C is ascribed to loss of MOPIP
ligands, with CdO forming as the final remnant. Compound 3 is stable until 363 °C and the
first weight loss of 1.17% (Calcd 1.36%) is ascribed to loss of water. The packing structure
collapses after 413 °C; the weight loss of 76.06% (Calcd 76.74%) may correspond to
decomposition of MOPIP and sublimation of iodine. The weight losses are in agreement
with the theoretical volume of the crystal structure, with CuO formed as the final remnant.
Thermal analysis reveals that 1-3 are stable to 350, 361, and 413 °C, respectively.

As-synthsized

As-synthsized
(b) Simulated

—— Simulated

wmw Mosoes |

‘M
Jg

.

\
M J{h U" "w” MM A

10 20 30 40 50 10 20 30 40 50
20(°) 20(°)

Figure 5. Comparison of PXRD patterns of the simulated pattern from the single-crystal structure determination
and the as-synthesized products in 1 (a) and 3 (b).
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3.4. Powder X-ray diffraction analyses

The powder X-ray diffraction (PXRD) experiments of 1 and 3 were performed to confirm
the phase purity of those bulk materials. As shown in figure 5, the experimental PXRD pat-
terns almost correspond with the computer-simulated from the single-crystal data for the
compounds, indicating the purity of the synthesized compounds. The differences of
reflection intensities between the simulated and the experimental pattern may be caused by
preferred orientation of the powder [14].

3.5. Fluorescent analysis

The solid-state fluorescence spectra of 1 and 3 at room temperature were recorded (figure
6). Free MOPIP displays two main emissions at 380 and 469 nm upon excitation at
292 nm, assigned to x — x* transitions [15]. Free tda displays main emission bands at 450
and 469 nm upon excitation at 300 nm [16], attributed to #* — n transitions. Compound 1
exhibits two strong peaks at 392 and 470 nm due to MOPIP ligands and weak emission at
452 due to the tda (4ex = 300 nm). The small red shift emission peaks probably are related
to the intraligand fluorescent emission [17-19]. For 3, the emission peaks at 453 and
471 nm (Aex = 348 nm) are assigned to MOPIP and the weak emission of 549 nm may be
attributed to ligand-to-metal charge transfer [20]. Thus, 1 and 3 will be potential photolumi-
nescent materials.

3.6. Catalytic properties

Methyl orange has been widely used in printing, textile, paper, pharmaceutical industries,
and other fields [21]. It is an acidic/anionic dye potentially harmful to the environment [22].
Methyl orange was chosen as an organic pollutant to evaluate the photocatalytic efficiency
of the compounds as heterogeneous catalysts, with sodium persulfate added as oxidant [23].
The possible catalytic mechanism has been reported [24]. In the absence of the catalyst, a
solution of methyl orange mixed with Na,S,0g is stable (the degradation efficiency was
only 8.9%), which indicates that there is no obvious reaction taking place between methyl
orange and Na,S,0g (figure 7). However, when 1 or 3 was added, the mixture activates

a) b
( )IXIO ( )
Compound 1 1.6x10" Compound 3
1x10° B hem =392 5 ]
Ky =300 hgy=470 1.4x10
5] It 1.2x10°
S 9x10 “\‘w = X
] I ]
S‘ it < 10x10°4
2 810’ ?
Z |
g g 8.0x10"
= 4 g
= Tx10 = 6.0x10°4
"
6x10°4 4.0x10"
2.0x10"4
5x10° r r r r r T T T T

Figu

250

re 6.

T T
300 350 400 450

wavelength

T
500 550

Solid-state fluorescent spectra of 1 (a) and 3 (b).

T T T
300 350 400 450 500 550 600 650 700
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0o ] W
0.8 4 —=&— Compound 1
07 4 —o— Compound 3
—A— Na S 0,
0.6
L 05
Q
0.4
0.3 1
0.2
0.1
0.0 T T T T T
0 20 40 60 80 100 120

Time(min)

Figure 7. Degradation of methyl orange.

SZO? reaction with methyl orange solution and leads to color removal of the dye. Com-
pound 3 has higher activity for the degradation than 1 (figure 7). The degradation of methyl
orange in 1 was 71.2% after 100 min and nearly ceased with time (figure 8), while the
degradation of methyl orange in 3 was close to 95% after 70 min (figure 9).

To investigate the kinetics of methyl orange photocatalytic degradation by 1 and 3 mixed
with Na,S,0g, experimental data can be described by the Langmuir—Hinshelwood model
[25] as expressed by In (C/Cy) = —kt (k = apparent reaction rate constant). Cy is the initial
concentration of methyl orange, ¢ is the reaction time, and C is the concentration of methyl
orange at the reaction time ¢. As shown in figure 10, the plot of In (Co/C) and irradiation
time (f) is approximately linear and approximated the first-order kinetic equation. The

Absorbance

0.0

T T — T
400 500 600
Wavelengh(nm)

Figure 8. The photocatalytic degradation of methyl orange by 1.
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Absorbance

400 500 600
Wavelengh(nm)

Figure 9. The photocatalytic degradation of methyl orange by 3.

4.0
°
3.5+ Compound 1
Compound 3
3.0 4 Na S O
27278 °

. 2.5 1
L
o 204
=
-

120

Time(min)

Figure 10. Photocatalytic degradation kinetics of methyl orange by 1 or 3 and Na,S,0s.

calculated apparent rate constant & value for 3 (k=2.1378 h™") is about 2.96 times higher
than that of 1 (k= 0.7206 h_l) and much higher than for Na,S,0g (k= 0.0473 h_l). So, 1
and 3 could be chosen as photocatalyst to degrade methyl orange.

4. Conclusion

Three coordination polymers have been obtained under hydrothermal conditions. Com-
pounds 1 and 2 are zero-dimensional structures similarly and exhibit 2-D layers owing to
hydrogen bonds and extend to 3-D supramolecular structures by z—= stacking interactions.
Unlike 1 and 2, 3 has a 3-D packing structure connected by (Cul), or (ICul), unit.
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Compounds 1 and 3 are potential photocatalytic materials due to thermal stability and
catalytic properties.
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