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Two Coordination Polymers from 2-p-Butylphenyl Imidazole
Dicarboxylate: Syntheses, Crystal Structures, and Thermal Properties!
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Abstract—By employing a newly designed ligand, 2-(p-tert-butylphenyl)-1 H-imidazole-4,5-dicarboxylic
acid (H;BuPhIDC) to react with manganese(II) or nickel(II) ions, two coordiantion polymers [Mn,(p3-
HBuPhIDC),(CH;0H),] (I) and [Ni(p,-HBuPhIDC)(H,0),] (II) have been solvothermally synthesized
and structurally characterized by elemental analyses, IR spectroscopy, and single crystal X-ray diffraction.
Polymer I shows a 3D framework bearing 1D octagonal channels constructed from left- and right-handed
helical chains. Polymer II exhibits an infinite chain structure, which are joined through the ©—m interactions
and intramolecular hydrogen bonds to form a 3D architecture. The thermal properties of the polymers have
been investigated as well. The coordination ability and modes of H;BuPhIDC have been investigated from

both theoretical and experimental aspects.
DOI: 10.1134/S1070328414050042

INTRODUCTION

In recent years, design and construction of func-
tional coordination polymers (CPs) via metal ions
and various organic ligands have become a hot re-
search area. Imidazole-4,5-dicarboxylates (H;IDC)
and its derivatives, which have six potential donor at-
oms: two imidazole nitrogen atoms and four carboxy-
late oxygen atoms, have attracted much attention due
to their strong coordination ability and variety coordi-
nation modes [1—4].

More recently, our laboratory has synthesized a series
of imidazole dicarboxylate ligands bearing 2-position
phenyl-groups, for example, 2-phenyl-1H-imidazole-
4,5-dicarboxylic acid (H;PhIDC), 2-methylphenyl-1H-
imidazole-4,5-dicarboxylic acid (H;MePhIDC) and
2-dimethylphenyl- 1 H-imidazole-4,5-dicarboxylic acid
(H;DMPHIDC) [5—7], and successfully obtained some
fascinating structures, such as 3D polymer [Mn(u;-
HPhIDC)(H,0),] composed of novel 2D stairlike layers
inthe yzplane, 3D interpenetrating framework {{Co, s(p-
MePhIDC)(H,0),] - H,0}, containing honeycomb-like
cages, and 3D polymer {[Co;(p;-DMPhIDC),(H,0)¢]

! The article is published in the original.

2H,0}, bearing infinite 1D hexagonal channels and
[Co,(DMPHhIDC)], cages. As one might expect, the rel-
ative orientations of the imidazole dicarboxylate is a key
factor to determine the structures of the MOFs. Changes
in the substituents on the phenyl ring to which the imida-
zole dicarboxylate units are attached may result in differ-
ent spatial arrangements of the MOFs. At the same time,
our findings indicated that the bulky aromatic group can
supply additional stabilizing forces for solid-state crystal-
lizing packing.

Encouraged by our preliminary studies, we contin-
uously investigate butylphenyl substituted imidazole
dicarboxylate ligand at 2-position and successfully
prepare a new organic ligand, 2-(p-fert-butylphenyl)-
1 H-imidazole-4,5-dicarboxylic acid (H;BuPhIDC),
and hope to explore its coordination features.
To our excitement, two MOFs, namely [Mn,(u;-
HBuPhIDC),(CH;0H),] 4)) and [Ni(p,-
HBuPhIDC)(H,0),] (II), have been synthesized
(Scheme). In this paper, we will present the crystal
structures and thermal properties of the two coordina-
tion polymers I and II, and describe the coordination
modes of HBuPhIDC?~ anions (Fig. 1).

Ni(NO3), - 6H,0 HOOC g MnCl, - 4H,0
. 3)2° 2 n .
[Ni(p,-HBuPhIDC)(H,0), e ans e I %@—é oA [Mny(3-HBUuPhIDC),(CH;0H), |
160°C, 3d o
Polymer 11 Hooc” N 160°C. 3d Polymer I
H;BuPhIDC
Scheme.
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Fig. 1. Coordination modes of HBuPhIDC?™ anions in polymers I (a) and II (b).

EXPERIMENTAL

All chemicals were of reagent grade quality ob-
tained from commercial sources and used without fur-
ther purification. The organic ligand H;BuPhIDC was
prepared according to literature procedure [8]. The C,
H, and N microanalyses were carried out on a FLASH
EA 1112 analyzer. IR spectra were recorded on a
BRUKER TENSOR 27 spectrophotometer as KBr
pellets in the 400—4000 cm~' region. TG measure-
ments were performed by heating the crystalline sam-
ple from 20 to 680°C at a rate of 10°C min~"' in the air
on a Netzsch STA 409PC differential thermal analyzer.

Synthesis of I. A mixture of MnCl, - 4H,0
(10.1 mg, 0.05 mmol), H;BuPhIDC (14.5 mg,
0.05 mmol) CH;0H—H,0 (3 : 4, 7 mL), Et;N
(0.014 mL, 0.1 mmol) were sealed in a 25 mL Teflon-
lined stainless steel autoclave, heated at 160°C for three
days, and then cooled to room temperature. Colorless
lamellar crystals of I were isolated, washed with distilled
water, and dried in air (39% yield based on Mn).

IR (KBr; v, cm™!): 3430 m, 2959 m, 1597 s, 1573 s,
1491 m, 1405s, 1363 w, 1344 m, 1116 w, 841 w, 715 w.

C, 51.57;
C,51.79;

anal. calcd., %:
Found, %:

H, 4.56;
H, 4.28;

N, 7.52.
N, 7.34.

Synthesis of II. A mixture of Ni(NO;), - 6H,0
(14.5 mg, 0.05 mmol), H;BuPhIDC (14.5 mg,
0.05 mmol) CH,CN—-H,O (3 : 4, 7 mL), Et;N
(0.014 mL, 0.1 mmol) were sealed in a 25 mL Teflon-
lined stainless steel autoclave, heated at 160°C for
three days, and then cooled to room temperature.
Glitter green block—shape crystals of II were isolated,
washed with distilled water, and dried in air (51% yield
based on Ni).
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IR (KBr; v,cm™1): 3592 m, 2965 m, 1707 w, 1621 m,
1560s, 1493 m, 1435 s, 1365w, 1281 w, 1130 w, 844 w,
760 w.

For C15H18N206Ni
C, 47.36;
C, 47.19;

anal. calcd., %:
Found, %:

H, 4.74;
H, 4.31;

N, 7.37.
N, 7.58.

X-ray crystallography. Measurements of com-
pounds I and II were made on a Bruker smart APEXII
CCD diffractometer with a graphite-monochromated
MoK, radiation (A = 0.71073 A). Single crystals of I
and IT were selected and mounted on a glass fiber. All data
were collected at room temperature using the ®—26 scan
technique and corrected for Lorenz-polarization ef-
fects. A correction for secondary extinction was ap-
plied. The two structures were solved by direct meth-
ods and expanded using the Fourier technique. The
non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were included
but not refined. The final cycle of full-matrix least
squares refinement was based on 7047 observed reflec-
tions and 443 variable parameters for I, 3739 observed
reflections and 233 variable parameters for II. All cal-
culations were performed using the SHELX-97 crys-
tallographic software package [9]. Crystal data and ex-
perimental details for compounds I and II are con-
tained in Table 1. Selected bond lengths and angles are
listed in Table 2. Supplementary material has been de-
posited with the Cambridge Crystallographic Data
Centre (nos. 895529 and 913637 for I and I, respec-
tively; deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk).

Quantum-chemical calculation. The optimized
geometry and natural bond orbital (NBO) charge
distributions of the free ligand H;BuPhIDC were
given by the GAUSSIAN 03 suite of programs [10].
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Table 1. Crystal data and structure refinement information for compounds I and II

381

Value
Parameter
I 11
Temperature, K 296(2) 296(2)
Fw 744.51 381.02
Crystal system Tetragonal Orthorhombic
Crystal size, mm 0.23x0.20x 0.19 0.22 x0.20 x 0.20
Space group 14 Ibca
a,A 20.6044(9) 12.0233(13)
b, A 20.6044(9) 21.236(2)
c, A 16.2760(14) 25.690(3)
Vv, A3 6909.8(7) 6559.3(12)
Pealed» Mg M3 1.431 1.543
VA 8 16
p, mm~! 0.791 1.217
Reflections Nillected/unique (R;,,) 19667/7047 (0.0708) 19075/3739 (0.0685)
Data/restraints/parameters 7047/0/443 3739/0/233
GOOF on F? 0.950 1.032
R 0.0627 0.0390
WR 0.1585 0.1005
AP axand Ap i, e A3 0.610 and —0.492 0.476 and —0.480

And all calculations were carried out at the
B3LYP/6-311++G(d, p) level of theory.

RESULTS AND DISCUSSION

To obtain theoretical information for the ligand
H;BuPhIDC, we have investigated the ferf-butyl-phe-
nyl substituent effect in H;BuPhIDC by theoretical
calculation [10]. The computed results reveal that the
free ligand H;BuPhIDC has two characteristics:
(1) The negative NBO charges mainly distribute on the
oxygen and nitrogen atoms. The NBO charges are
—0.636, —0.648, —0.666, and —0.599 for four carboxy-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

late oxygen atoms, —0.460 and —0.498 for two imida-
zole nitrogen atoms (Fig. 2, Table 3). These values in-
dicate that the oxygen and nitrogen atoms of the ligand
all have potential coordination ability. So
H;BuPhIDC may show superior strong coordination
ability under appropriate conditions. This finding can
be confirmed by our present experimental results.
(2) Asshown in Table 3, compared with the free ligand
PhH,IDC [5], the introduction of 2-fert-butyl group
into H;BuPhIDC, has slight effect on the NBO charge
distributions of oxygen and nitrogen atoms. That is to
say, the substituent effect of 2-ferf-butyl group is slight.
Although it should be given more consideration on

Vol. 40 No.6 2014
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Table 2. Selected bond distances (A) and angles (deg) for the complexes I and IT*

Bond d,A Bond d, A Bond d,A

I
Mn(1)—N(1) 2.024(6) Mn(1)—N(3)*! 2.074(6) Mn(1)—0(9) 2.126(6)
Mn(1)—O(3) 2.173(5) Mn(1)—O(6) 2.244(5) Mn(1)—O(1) 2.297(6)
Mn(2)—N(2) 2.036(6) Mn(2)—N(4)*2 2.071(6) Mn(2)—O0(7) 2.094(6)
Mn(2)—O(3) 2.178(5) Mn(2)—O(6) 2.197(5) Mn(2)—O0(4) 2.280(5)

I
Ni(2)—N(2) 2.090(2) Ni(1)—N(1) 2.122(2) Ni(2)—0(1) 2.0526(18)
Ni(1)—0(4) 2.0795(19) Ni(1)=0(5) 2.064(2) Ni(2)—0(6) 2.106(2)

Angle o, deg Angle o, deg Angle ®, deg

I
N(1)Mn(1)N(3)*! 117.2(2) N(1)Mn(1)0(9) 112.0(2) N(@3)*'Mn(1)0(9) 95.1(2)
N(1)Mn(1)0(3) 152.3(2) N(3)*'Mn(1)0(3) 80.1(2) 0(9)Mn(1)O(3) 85.9(2)
N(1)Mn(1)O(6) 89.8(2) N(@3)*Mn(1)0(6) 151.9(2) O(9)Mn(1)O(6) 80.6(2)
O(3)Mn(1)O(6) 71.87(18) N(1)Mn(1)O(1) 78.6(2) N(3)*'Mn(1)0(1) 96.0(2)
O(9)Mn(1)O(1) 158.8(2) O(3)Mn(1)O(1) 78.21(19) O(6)Mn(1)O(1) 81.1(2)
N(2)Mn(2)N(4)*? 111.5(2) N(2)Mn(2)0(7) 109.8(2) N(4)*2Mn(2)0(7) 100.3(2)
N(2)Mn(2)0(3) 95.0(2) N(4)*2Mn(2)0(3) 150.8(2) O(7)Mn(2)O(3) 81.1(2)
N(2)Mn(2)O(6) 157.7(2) N(4)*2Mn(2)0(6) 78.2(2) O(7)Mn(2)O(6) 87.1(2)
O(3)Mn(2)O(6) 72.69(18) N(2)Mn(2)O(4) 79.6(2) N(4)*2Mn(2)0(4) 92.8(2)
O(7)Mn(2)O(4) 159.3(2) 0O(3)Mn(2)0(4) 79.7(2) 0O(6)Mn(2)O(4) 79.89(19)

I
O(5)*INi(1)O(5) 79.18(12) O(5)*Ni(1)N(1) 100.76(9) O(4)Ni(1)O(4)*! 92.84(11)
O(4)Ni(1)N(1) 81.23(8) O(1)Ni(2)O(6) 91.39(8) O(4)Ni(1)N(1)*! 88.11(8)
O(1)Ni(2)N(2) 97.48(8) N(2)Ni(2)0(6) 87.75(8) O(5)Ni(1)N(1) 91.18(9)
O(5)*'Ni(1)0(4) 172.92(8) O(5)Ni(1)O(4) 94.02(8) N()*INi(1)N(1) 164.54(13)

* Symmetry transformations used to generate equivalent atoms: #l X, —y+1,—z+2; x_1 /2, —y+1/2,z+3/2J); lxtl /2, y, —z (II).

bulky aromatic groups in the ligand, it can be predict-
ed that the strong coordination ability can suppress the
steric effect of the aromatic group.

A single-crystal X-ray diffraction study shows that
compound I is the open 3D structure crystallizing in
the tetragonal space group /4. The asymmetrical unit
of I consists of two Mn?* cations, two discrete
HBuPhIDC?" ligands, as well as two coordination

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40

methanol molecules. Two Mn atoms in the center po-
sition here are associated with a center inversion oper-
ation. Each of them is in a slightly distorted octahedral
geometry [MnN,O,]: two imidazole nitrogen (N(2)
and N(4b)) and two carboxylate oxygen atoms (O(4)
and O(6)) from two individual HBuPhIDC?~ anions,
one carboxylate oxygen atom (O(3)) from another one
u-bridging HBuPhIDC?~ anion, and one oxygen atom
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(@)

H,PhIDC [5]
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(b)

H;BuPhIDC

Fig. 2. Optimized geometries of the free ligands H;PhIDC [5] (a) and H;BuPhIDC (b).

(O7) from the coordinated methanol molecule (Fig.
3a). The Mn—N bond lengths are in the range of
2.024(6)—2.074(6) A, while the Mn—O distances span
from 2.094(6) to 2.297(6) A. The bond angles around
the central Mn?* ion vary from 71.87(18)° to
158.8(12)°. The bond lengths and angles within the
HBuPhIDC?" ligand have no significant difference
from those reported in the literature [7].

The ligand HBuPhIDC?~ in complex I adopts the
coordination mode linking three Mn atoms by p;-kN,
O: kO: kN', O' mode (Fig. 1a). The distance between
the two dinuclear Mn2* ions is 3.5493(12) A. As
viewed from the xz plane (Fig. 1b), neighboring Mn
atoms are also linked by HBuPhIDC?~ anions to form
1D left-handed and 1D right-handed helix chains,
and are further bridged by O atoms of the carboxylate
groups to form a diamond-shaped 2D layer. These he-
lical chains are built by the N;i4az01e ©f HBUPhIDC?~
ligands bridging neighboring metal centers. Interest-
ingly, the individual ring structures as the secondary
building units present clearly in the grid, while the ring
structure looks as a rhombus window of approximate
dimensions 10.4244 x 10.4244 A.

It should be pointed out that eight Mn?* ions are
linked by twelve HBuPhIDC?~ ligands to form one
[Mn,(HBuPhIDC);], cage (Fig. 3c). Furthermore,

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

these cages are shared with Mn(II) atoms to yield a
3D framework with 1D channels (Fig. 3d). In order to
get better understanding of the 3D network, we simpli-
fied this through topological considerations (Fig. 3e).
To the best of our knowledge, Mn(II) coordination
polymers with the imidazole dicarboxylate ligands
were only found in recent publications [5—7, 11—17].
Only five 3D coordination polymers have been re-
ported. Among them, polymers [Mn;s(l;-
PhIDC)(H,0);] and [Mn(u;-PhHIDC)(H,0)],} [5]
were constructed by H;PhIDC ligand. Polymer
{IMn;(u;-DMPhIDC),(H,0)4] - 2H,0}, [11] were
built by H;DMPhIDC  ligand. Polymers
{{IMn(HPIDC)(H,0)] 2H,0}, [14] and
[Mn;(Tmidc),(H,0),] - (H,0)¢ [15] were hydrother-
mally synthesized with the ligands of the H;PIDC and
the H;Tmidc, respectively. In this paper, I has charming
structure and is the second example of Mn(II) coordi-
nation polymer bearing [ Mn,(HBuPhIDC),], cages.

Compound II crystallizes in the orthorhombic
space group Ibca. The asymmetry unit of II contains
one Ni’*" ion, one HBuPhIDC?- ligand with O, N
chelating donors, and two terminal water molecules.
What’s more, the two Ni%* ions assume similar distort-
ed octahedral environments (Fig. 4a), in which four
oxygen atoms of two HBuPhIDC?~ ligands and two co-
No. 6
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Table 3. Natural bond orbital charge distributions of the
free ligands H;BuPhIDC and H;PhIDC

Atom number| NBO charge || Atom number| NBO harge

H;PhIDC [5]
o(l) —0.66493 || C(17) —0.19503
0(6) —0.65884 || C(18) —0.20781
0(2) —0.69007 || C(20) —0.20658
O(13) —0.64991 || C(22) —0.19635
N() —0.51400 || H(3) 0.50658
N4) —0.49039 || H(5) 0.48002
C(10) 0.80755 || H(14) 0.54077
C®) 0.02176 || H(19) 0.23323
C©) 0.06282 || H(21) 0.22633
C(12) 0.77880 || H(23) 0.22685
C(11) 0.40655 || H(24) 0.22757
C(15) —0.08825 || H(25) 0.22604
C(16) —0.18271

H;BuPhIDC
o(1) —0.636 C(20) —0.560
0(2) —0.648 C(21) —0.576
0(@3) —0.666 H(22) 0.487
04 —0.599 H(23) 0.437
N(5) —0.460 H(24) 0.504
N(6) —0.498 H(25) 0.232
C() 0.790 H(26) 0.194
C(8) 0.761 H(27) 0.206
o)) 0.027 H(28) 0.212
C(10) 0.057 H(29) 0.205
C(11) 0.395 H(30) 0.200
C(12) —0.112 H(31) 0.201
c(13) —0.142 H(32) 0.200
C(14) —0.160 H(33) 0.201
C(15) —0.202 H(34) 0.205
C(16) —0.211 H(35) 0.207
C(17) 0.006 H(36) 0.203
C(18) —0.101 H(37) 0.203
C(19) —0.560
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ordination water molecules are located in the equatorial
position and two symmetry-related nitrogen atoms of
two HBuPhIDC? ligands are in the apical position.
The Ni—O and Ni—N bond lengths are in the range of
2.0526(1)—2.106(2) A and 2.090(2)—2.122(2) A, re-
spectively, which are consistent with those of previous
reported compounds [18, 19]. In addition, the distance
between the neighbouring two Ni* jons is 6.469 A.

It is remarkable that the Ni atoms are joined by
doubly deprotonated p,-HBuPhIDC?~ ligands with
the mode of p,-kN,O: kN',O' (Fig. 1b) to generate an
infinite chain along the z axis (Fig. 4b) and each p,-

HBuPhIDC? ligand provides both chelating ligand
and bridging ligand. Notably, a 2D metal-organic
framework is constructed by the m—n interactions (the
distance and dihedral between the two staggered phenyl
rings is 6.5011 A and 0°) and the intramolecular hydro-
gen bonds (O(5)—H(5)---O(3c), O(2)—H(2)---O(3) and
O(6)—H(3)---:O(2d)) between the chains along the
yzaxes and the layers pack each other through van
der Waals interactions forming a 3D supramolecular
architecture (Fig. 4c).

As far as we know, Ni(II) coordination polymers
with imidazole dicarboxylate ligands are limited. Only
one 2D polymer [Ni(HPyIDC)(H,0)], [18], one 1D
polymer [Ni(u,-HMOPKIDC)(2,2'-Bipy)], [19], and
one molecular square tetranuclear Ni(II) complex
[Ni,(HEIDC),(H,0)¢] - 2H,O [13] have recently been
reported. The compound II is the first example of
complex with the ligand 2-(p-tert-butylphenyl)-1H-
imidazole-4,5-dicarboxylic acid. The successful prep-
aration of polymer II gives us more chance to study its
properties.

Compounds I and II indicate strong and broad ab-
sorption bands in the range of 3400—3500 cm~!, which
indicate the presence of the v(N—H) and the v(O—H)
stretching frequencies of imidazole ring and water
molecules. They exhibit strong characteristic absorp-
tions around 1540—1660 cm™! v,(COO~) and 1400—
1475 cm™!' v(COO™). The frame vibration of phenyl
ring is observed at 1405 and 1435 cm™! for I and II, re-
spectively. The characteristic IR band of the tertbutyl
at 1360—1380 cm™! due to 8(=C—H) vibrations,
which can be found at 1363 and 1365 cm~! for I and I,
respectively.

In order to estimate the thermal stabilities of the
polymers, thermal gravimetric analyses (TGA) of
I and II were carried out in the air (Fig. 5).

TG curve of polymer I suggests that it has good
thermal stability before 354.3°C. When the tempera-
ture is higher than 354.3°C, the 3D framework starts
decomposing. The weight loss of 78.35% in the range
of 354.3—439.6°C corresponds to the decomposition
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Fig. 3. Coordination environments of the Mn(II) atoms in I (a); the layer of complex I viewed along the y axis (in order to label
the left- and right-handed helical chains we magnify the two lines of Mn(II) atoms in the middle) (b); view of the
[Mn,(HBuPhIDC);]4 cage (c); view of the 3D framework of I with 1D channels (with partly atoms omitted for clarity) (d); the
simplified topological consideration of the 3D network of I (e).

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40 No.6 2014



386 GAO et al.

Fig. 3. (Contd).

of the HBuPhIDC?~ group (calculated 80.91%). Sub-
sequently, a plateau region is observed from 439.6 to
700.3°C. A white amorphous residue is 2MnO (ob-
served 21.65%, calculated 21.83%).

The TG curve of polymer II reveals that the first
weight loss from 119.2 to 281.6°C corresponds to the
removal of the two coordination water molecules (ob-
served 10.47%, calculated 9.47%). It keeps losing
weight from 281.6 to 490.0°C, which may be ascribed
to the decomposition of the organic HBuPhIDC?*~
ligand (observed 71.06%, calculated 71.05%). Finally,
a plateau region is observed from 490.0 to 689.6°C.
The remaining weight residue is NiO (observed
18.47%, calculated 19.47%).

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 40

In summary, two transition-metal-organic archi-
tectures have been successfully prepared by using
the newly designed ligand H;BuPhIDC. Their mo-
lecular structures have been characterized by single-
crystal X-ray diffraction, elemental analyses, thermal
analyses, and IR spectra. Both the experimental re-
sults and theoretical calculation show that the coordi-
nation ability of the ligand H;BuPhIDC is strong and
the coordination modes are flexible.
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