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One new ligand, (Hcmdpca), and three supramolecular complexes, [Cd(4,4’-bpy)(Hcmd-
pea)(H0);]'H,O0 - (1),  [Cd(4,4"-bpy)(Hemdpea),(H>0)]-3H0  (2), and  [Cd(4,4"-bpy)(Hemd-
pca),(H,0)] (3), have been synthesized and characterized.

One new pyrazole-based ligand, 1-carboxymethyl-3,5-dimethyl-1H-pyrazole-4-carboxylic acid
(Hpcmdpca), has been synthesized and characterized. Structural analysis reveals that Hycmdpca crys-
tallizes in the monoclinic system and adopts a 3-D supramolecular network via the interaction of
intermolecular hydrogen bonds. The reactions of Cd(Il) ions with Hcmdpca and 4,4'-bipyridine
(4,4'-bpy) afforded three metal complexes, [Cd(4,4'-bpy)(Hecmdpca),(H,0)3]-H,O (1), [Cd(4,4'-bpy)
(Hemdpcea),(H,0)]-3H,0 (2), and [Cd(4,4"-bpy)(Hemdpca),(H,0)] (3). Structural analyses reveal
that these complexes are all monoclinic and 1, 2, and 3 exhibit mononuclear, 1-D chain, and 1-D
with binuclear loop structures, respectively, which are further assembled into 3-D supramolecular
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frameworks through non-covalent interactions. 1 and 2 are true supramolecular isomers, while 2 and
3 are “pseudo-supramolecular” isomers. In addition, the thermal stability and luminescent properties
of the complexes are also investigated.

Keywords:  N-Heterocyclic  ligand; Cadmium(Il); Crystal structure; Photoluminescence;
Supramolecular isomers

1. Introduction

The design and synthesis of supramolecular complexes and coordination polymers have
attracted interest owing to their topologically diverse structures [1, 2] and potential applica-
tions in catalysis [3, 4], gas storage and separation [5—8], sensors [9], lithium-ion batteries
[10-12], magnetic and optical properties, etc. [13—15]. Self-assembly of supramolecular
complexes is influenced by various factors such as organic ligands, metal ions, solvent sys-
tems, metal ion to ligand molar ratio, pH, etc. While the selection of ligands plays a key
role in assembling coordination polymers, slight change of the ligands, such as symmetry,
flexibility, and the number of coordinated atoms, may result in dramatic differences in
structures and properties. Reported coordination polymers of organic N-heterocyclic
carboxylic acid ligands, such as pyrazolecarboxylic acid [16-27] and imidazolecarboxylic
acid [28], are frequently chosen to fabricate various topological frameworks for their rich
coordination modes and/or flexible configurations. In order to expand the study in this field,
we synthesized a new ligand, 1-carboxymethyl-3,5-dimethyl-1H-pyrazole-4-carboxylic acid
(H>emdpca) (scheme 1), for the following reasons: (1) lack of symmetry in the positioning
of carboxylate groups in the ligand, -COOH and —CH,COOH benefit structural tunability;
(2) because H,cmdpca can be partially or fully deprotonated to generate Hemdpca™ and
ecmdpca®” at different pH values, and has a rigid N-heterocyclic ring and a flexible —
CH,COOH spacer, it may have different coordination modes when coordinating to metal
ions, and diverse structures, such as supramolecular isomers.

Supramolecular isomerism has gained considerable attention in crystal engineering and
supramolecular chemistry to help understand the factors that control and influence crystal
growth and the relationship between the structures and properties of structural isomers
[29-31]. Most supramolecular isomers belong to a group of solvent-induced (guest-induced)
pseudo-polymorphism [32—42]. Recently, true supramolecular isomers with fixed stoi-
chiometry for all components, which lie at the very heart of the concept of supramolecular
isomerism, have received attention [43-55]. However, synthesis of true supramolecular
isomers is still a formidable task. Some strategies for synthesizing true supramolecular

EtOOC H HOOC
Et00C CH, CHy CH,
/ \ BrCH,COOEt N NaOH / \ N
—_—
H,C B e HyC e
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Scheme 1. The synthetic process of Ecmdpcaee and Hyemdpca.
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isomers, such as template/additive-induced synthesis [48, 54, 55] and temperature-
controlled synthesis [45], have been studied, but only a few true supramolecular isomers
obtained via metal-ligand molar ratio/ligand concentration-controlled synthesis have been
reported [49]. Examples of true and “pseudo-supramolecular” isomers obtained at the
same time only by changing the ligand concentration have not been reported. With the
aforementioned consideration, and also as continuation of our previous efforts in construct-
ing functional coordination polymers [10], we adopted the extensively studied neutral
nitrogen donor ligand 4,4'-bipyridine (4,4'-bpy), as coligand to react with Hocmdpca and
cadmium salt in different molar ratios. Three supramolecular complexes containing
uncoordinated carbonyl groups were obtained, [Cd(4,4’-bpy)(Hemdpca),(H,0)5]-H,O (1),
[Cd(4,4'-bpy)(Hcmdpca),(H,0)]-:3H,O  (2), and [Cd(4,4-bpy)(Hecmdpca),(H,0)]  (3).
Compounds 1 and 2 are true supramolecular isomers, while 2 and 3 have the same building
blocks but different network superstructures and can be related as “pseudo-supramolecular”
isomers. Furthermore, structural characterization and fluorescence of H,cmdpca, and
thermal stability and fluorescence properties of the complexes have also been studied.

2. Experimental

2.1. Materials and instruments

All reagents and solvents were used as received from commercial sources. 3,5-Dimethyl-
1H-pyrazole-carboxylic acid ethyl ester was prepared according to the literature [S6]. NMR
spectra were recorded on a Bruker DRX500 (500 and 400 Hz for 'H). Single-crystal X-ray
determinations of Hcmdpca, 1, 2, and 3 were performed on a Bruker SMART CCD
diffractometer at 291(2) K (1, 2, and 3). The elemental analyses (C, H, and N) were per-
formed with a Perkin-Elmer 2400 Series II element analyzer. IR spectra were recorded on a
Nicolet 460 spectrometer using KBr pellets from 4000 to 400 cm™'. Electrospray mass
spectra (ESI-MS) were carried out by a Shimadzu GCMS-QP2010 ion trap mass spectrome-
ter. The luminescence spectra of solid samples were recorded with a Varian Cary Eclipse
spectrometer. Thermogravimetric analysis experiments were carried out on a DuPont ther-

mal analyzer from room temperature to 800 °C under N, at a heating rate of 10 °C min™".

2.2. Synthesis

2.2.1. Synthesis of 1-ethoxycarbonylmethyl-3,5-dimethyl-1H-pyrazole-4-carboxylic
acid ethyl ester (Ecmdpcaee). 3,5-Dimethyl-1H-pyrazole-carboxylic acid ethyl ester
(0.83 g, 5mM), potassium carbonate (2.07 g, 15 mM), tetrabutylammonium bromide
(0.11 g, 0.25 mM), and ethyl bromoacetate (3.32 mL, 5 mM) were mixed in 1,4-dioxane
(60 mL). The reaction mixture was stirred at 140 °C for 24 h and the solvent was removed
by evaporation. The residue was dissolved in CH,Cl, (40 mL) and washed with deionized
water (200 mL). The organic layer was dried over MgSO, and evaporated to give 1-ethoxy-
carbonylmethyl-3,5dimethyl-1H-pyrazole-4-carboxylic acid ethyl ester (Ecmdpcaee) as a
faint yellow oil. Yield: 0.78 g (78.7%). '"H NMR (CDCls, 500 MHz) J: 4.80 (s, 2H), 4.16
(q, 2H), 4.24 (q, 2H), 2.47 (s, 3H), 2.42 (s, 3H), 1.36 (t, 3H), 1.28 (t, 3H); ESI-MS: m/z
(%) 254.95 [MH"] (100%), 274.10[MK "] (100%); IR (cm™ ', KBr pellet): 3378 (m), 2985
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(vs), 2931 (vs), 2587 (w), 1735 (vs), 1702 (s), 1656 (w), 1552 (s), 1447 (m), 1374 (s),
1356 (w), 1282 (s), 1233 (vs), 1160 (w), 1051 (w), 873 (m), 686 (m); m.p.: 50-52 °C.

2.2.2. Synthesis of 1-carboxymethyl-3,5-dimethyl-1H-pyrazole-4-carboxylic acid
(Hyemdpcea). 1-Ethoxycarbonylmethyl-3,5-dimethyl-1-H-pyrazole-4-carboxylic acid ethyl
ester (1.00 g, 3.94 mM) and sodium hydroxide (0.39 g, 10 mM) were mixed in distilled
water (100 mL) and stirred at 100 °C for 4 h, then filtered to give a colorless solution. The
resulting solution was acidified to pH 3 with 12 M L™" HCI solution and allowed to stand
at low temperature for 2 h, resulting in the production of precipitate. The precipitate was fil-
tered and washed with distilled water, then dried in vacuum to give 1-carboxymethyl-3,5-
dimethyl-1H-pyrazole-4-carboxylic acid (Hcmdpca) as white powder. Yield: 0.308 g
(50.6%). Colorless crystals suitable for X-ray diffraction were obtained by volatilizing the
mixed solvent of water and dichloromethane (V : V =1 : 1), corresponding to Hycmdpca.
Anal. Calcd for CgH; gN,O04 (%): C, 48.44; H, 5.05; N, 14.13. Found: C, 48.46; H, 5.03; N,
14.11. '"H NMR (CDCls, 500 MHz): 6: 12.67 (s, 2H), 4.88 (s, 2H), 2.38 (s, 3H), 2.26 (s,
3H); ESI-MS: m/z (%) 198.9 [MH'] (100%); IR (cm ™', KBr pellet): 3559 (s) 3017 (m),
2973 (s), 2922 (w), 2736 (w), 2608 (m), 1730 (s), 1670 (m), 1554 (vs), 1433 (m), 1310 (s),
1242 (vs), 1139 (s), 1041 (w), 930 (m), 881 (m). m.p.: 260.5-264 °C.

2.2.3. Synthesis of [Cd(4,4'-bpy)(Hcmdpca),(H,0);]'H,O (1). A solution of Cd
(NO3),°4H,0 (0.1 mM, 0.0308 g) in distilled water (2 mL) was slowly added to a solution
of Hremdpca (0.2 mM, 0.0396 g) and 4,4"-bpy (0.05 mM, 0.0099 g) in DMF (4 mL) to
obtain a colorless solution. The resulting solution was allowed to stand at ambient tempera-
ture for some days, giving colorless crystals in 20.8% yield based on Cd. Anal. Caled for
Cy6H34CdNgO1, (Mr = 734.99): C, 42.45; H, 4.63; N, 11.43. Found: C, 42.48; H, 4.57; N,
11.46. IR (cm™', KBr pellet): 3408 (s), 3153 (w), 2679 (w), 2595 (m), 1644 (vs), 1543 (vs),
1502 (s), 1377 (s), 1319 (s), 1217 (s), 1118 (vs), 1068 (w), 926 (m), 817 (w), 776 (m).

2.2.4. Synthesis of [Cd(4,4’-bpy)(Hcmdpca),(H,0)]-:3H,0 (2). Synthesis of 2 was simi-
lar to that of 1, but the ratio of Cd(NO3),4H,O/H,cmdpca/4,4'-bpy is 1 :2 : 1. Colorless
crystals of 2 were obtained in 44.0% yield based on Cd. Anal. Caled for Cr4H34CdNgO;,
(Mr = 734.99): C, 42.45; H, 4.63; N, 11.43. Found: C, 42.49; H, 4.58; N, 11.42. IR (cm ',
KBr pellet): 3415 (m), 1671 (s), 1608 (s), 1544 (w), 1496 (s), 1377 (s), 1283 (m), 1212
(m), 1132 (s), 1006 (W), 744 (w).

2.2.5. Synthesis of [Cd(4,4’-bpy)(Hemdpca),(H,0)] (3). Synthesis of 3 was similar to
that of 1, but the ratio of Cd(NOs),"4H,O/H,cmdpca/4,4'-bpy is 1 : 1 : 1. Colorless crystals
of 3 were obtained in 48.65% yield based on Cd. Anal. Calcd for C,sH,3CdNgOg
(Mr = 680.94): C, 45.86; H, 4.11; N, 12.34. Found: C, 45.87; H, 4.14; N, 12.38. IR (cm !,
KBr pellet): 3413 (m), 2936 (w), 2586 (w), 1678 (s), 1635 (m), 1585 (vs), 1552 (s), 1384
(s), 1290 (s), 1210 (s), 1043 (w), 885 (w), 817 (s), 768 (s), 625 (m).
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2.3. X-ray crystallography

Single-crystal X-ray diffraction measurements were carried out with a Bruker Smart Apex
CCD area detector at 293(2) (Hoemdpca) and 291(2) K (1, 2 and 3), respectively. Intensities
of reflections were measured with graphite-monochromated Mo-K, radiation
(A=0.71073 A) with the g scan mode from 1.40° <@ <27.6°. The structures were
solved by direct methods and refined by full-matrix least-squares on F? employing
SHELXTL-97 [57]. Anisotropic thermal factors were assigned to all non-hydrogen atoms.
Hydrogens attached to C were placed geometrically and allowed to ride during subsequent
refinement with an isotropic displacement parameter fixed at 1.2 times U.q of the carbon.
Hydrogens attached to O from the water were first located in difference Fourier maps and
then placed in the calculated sites and included in the refinement. Crystallographic data and
experimental details for the four compounds are summarized in table 1, selected bond
lengths (A) and angles (°) are given in table 2, and hydrogen bond distances and angles are
presented in table 3.

3. Results and discussion

3.1. Syntheses and IR spectra

The synthetic procedures of 1-ethoxycarbonylmethyl-3,5-dimethyl-1H-pyrazole-4-
carboxylic acid ethyl ester (Ecmdpcaee) and 1-carboxymethyl-3,5-dimethyl-1H-pyrazole-4-
carboxylic acid (H,cmdpca) are shown in scheme 1. In a weak alkaline environment,
3,5-dimethyl-1H-pyrazole-4-carboxylic acid ethyl ester was partly deprotonated and reacted
with ethyl bromoacetate with the help of tetraethylammonium bromide (phase transfer cata-
lyst: PTC) to obtain Ecmdpcaee, then Ecmdpcaee was hydrolyzed in an aqueous solution of
sodium hydroxide to give Hycmdpca. PTC not only improves the reaction rate but also low-
ers the reaction temperature. Moreover, 1,4-dioxane is an aprotic solvent and has strong
solubility for 3,5-dimethyl-1H-pyrazole-4-carboxylic acid ethyl ester, which made the
experiment easy. Hycmdpca is soluble in DMF, methanol, and ethanol.

Ecmdpcaee and Hoemdpca were characterized by "H NMR, ESI-MS, and infrared spec-
troscopies (see figures S1-S6 [see online supplemental material at http://dx.doi.org/10.1080/
00958972.2015.1020305]). For Ecmdpcace, the peaks around 2985-2931 cm ™' are assigned
to the stretch of saturated C—H; the strong peaks at 1735 and 1374 cm™' are related to
antisymmetric v,i(COO™) and symmetric v(COO") stretching vibrations, respectively; the
peaks at 1656 and 1552 cm™' are attributed to stretching vibrations of C=N and C=C,
respectively; the intense bands within 1282-1233 cm™' can be ascribed to stretching vibra-
tions of C—N [54]; the peak at 873 cm ™' should be the bending vibration of saturated C—H;
a moderately strong peak at 3378 cm™' may be assigned to the O—H stretch from adsorbed
water molecules. For Hyemdpca, the strong and broad absorptions around 3000-3500 cm ™!
are assigned as O-H stretching vibrations from carboxylic group; the peaks at 2973—
2922 ecm™! are stretching vibrations of saturated C—H; the strong peaks at 1730 and
1310 cm™"' are related to antisymmetric v,((COO™) and symmetric vs(COO") stretching
vibrations, respectively; the peaks at 1670 and 1554 cm™" are attributed to stretches of C=N
and C=C, respectively; the intense bands at 1242-1139 cm™' can be ascribed to the
stretching vibrations of C-N, while the peaks at 930 and 881 cm ™" are attributed to bending
vibrations of O—H and saturated C—H, respectively.
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Table 2. Selected bond lengths (A) and angles (°) for Hcmdpca and 1-3.

H,cmdpca

01-C8 1.192(3) 03-C4 1.264(3)
C2-C3 1.422(3) N1-C2 1.323(3)
NI-N2 1371(2)

N2-C5-C3 106.25(18) 04-C4-C3 117.9(2)
C2-N1-N2 105.63(15) C3-C5-C6 131.47(19)
C5-N2-C7 127.79(18) N1-C2-C3 110.15(17)
01-C8-C7 122.65(19) 01-C8-02 124.4(2)
Complex 1

Cd1-08 2.081(3) Cd1-04 2.084(4)
Cd1-02 2.129(4) Cd1-01 2.134(4)
Cd1-N1 2.166(5) Cd1-03 2.241(4)
08-Cd1-04 159.88(17) 08-Cd1-02 89.44(13)
04-Cd1-02 92.25(14) 08-Cd1-01 92.19(14)
04-Cd1-01 107.87(17) 02-Cd1-01 89.19(13)
08-Cd1-N1 91.48(15) 04-Cd1-N1 86.62(15)
02-Cd1-N1 178.80(14) O1-Cd1-N1 91.54(15)
08-Cd1-03 87.27(13) 04-Cd1-03 72.64(16)
02-Cd1-03 92.29(13) 01-Cd1-03 92.29(13)
01-Cd1-03 178.42(13) N1-Cd1-03 87.00(14)
Complex 2

Cd1-N2' 2.298 (4) Cd1-06 2.245 (3)
Cd1-O1W 2.334 (3) Cd1-N1 2.282 (3)
N2-cd1t 2.298 (4) Cd1-01 2287 (3)
06-Cd1-N2' 90.56 (14) 06-Cd1-N1 94.45 (14)
NI1-Cd1-N2' 165.38 (15) 06-Cd1-01 160.82 (11)
01-Cd1-N2' 88.26 (11) NI1-Cd1-01 91.42 (12)
06-Cd1-01W 80.35 (11) 01-Cd1-01W 81.55 (10)
N1-Cd1-O1W 88.64 (12) N2'-Cd1-O1W 105.75 (12)
Symmetry codes: i: 1/2+x,3/2 —y, =12+ zii: =1/2+x,32 -y, 112 +z

Complex 3

Cd1-06' 2.225(3) Cd1-01 2.233(3)
Cd1-01W 2.275(3) Cd1-05 2.281(3)
Cd1-N1 2.307(4) cd1-02! 2.324(3)
Cd1"-06 2.225(3) - Cd1"-02 2.324(3)
06'-Cd1-01 173.11(11) 06'-Cd1-01W 89.90(11)
01-Cd1-01W 94.83(11) 06'-Cd1-05 85.21(12)
06'-Cd1-N1 91.89(12) O1-Cd1-N1 90.84(12)
O1W-Cd1-N1 170.20(11) 05-Cd1-N1 86.26(13)
06'-Cd1-02" 84.34(11) 01-Cd1-02' 89.73(11)
01W-Cd1-02' 91.88(11) 05-Cd1-02' 164.58(11)
N1-Cd1-02! 82.78(12)

Symmetry codes: i:x,3/2 —y, 12+ zi:x,3/2 -y, —12+z

During close examination of the synthesis conditions, we found that the molar ratio of
metal ion to ligand plays an important role in the assembly process. Complex 1 can be
obtained from Cd(NOj3),-4H,O/Hycmdpca/4,4’-bpy with molar ratios of 1 :2:0.5. When
the molar ratio changed into 1:2:1 and 1:1:1, complexes 2 and 3 were obtained,
respectively, showing the outcome is molar ratio-dependent. Considering the solvent and
the amount of metal salt are the same and the difference is only the molar ratio of the
ligands, the outcome is ligand concentration-dependent.

1-3 have similar IR spectra (figures S7—S9). The strong and broad peaks around 3000—
3500 cm ™" are assigned to v(OH) of water. The strong peaks at 1644 cm™' (1), 1608 cm ™!
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Table 3. Hydrogen bond distances (A) and angles (°) for Hycmdpca and 1-3.
D-H--A D-H/A H-A/A D-A/A D-H-A/°
H,cmdpcea )
O(2)-H(2)--"N(1)" 0.82 1.95 2.753(3) 165
O(4)-H(4)---0(3)" 0.88 1.75 2.616(3) 168
C(6)-H(6B)---0(3) 0.96 2.47 2.993(3) 114
C(7)-H(7A)---0(1)" 0.97 227 3.163(3) 152
C(7)-H(7B)---0(1)" 0.97 2.35 3.098(3) 133
Complex 1 )
O(1W)-H(1A)---N(6)" 0.85 2.55 2.997(5) 114
O(1W)-H(1B)---O(9)" 0.85 2.19 2.689(5) 117
O(1)-H(1X)-"N(2)" 0.96 2.03 2.799(7) 136
O(1)-H(1Y)"--O(1WY 0.96 2.31 2.918(5) 121
O(2)-H(2X)---O(5) 0.96 1.87 2.690(5) 142
O(2)-H(2Y):--0(9) 0.96 2.14 2.688(5) 115
0(3)-HBY) -0(1W)i 0.82 2.14 2.715(5) 117
C(1)-H(1)---O0(8) 0.93 2.46 3.044(7) 121
C(5)-H(5):--0(4) 0.93 2.50 2.992(7) 113
O(16)-H(16B)---O(7) 0.96 2.35 3.017(7) 126
0(24)-H(24B)---O(11) 0.96 2.59 3.102(7) 113
0O(26)-H(26B)---O(10) 0.96 2.48 2.949(7) 110

Symmetry codes: i:x, 1 +y, 1 +z;ii: 1 —x,2 —y,2 —z;
11—z

Complex 2 B

O(1W)-H(1Y)---O(8)" 0.85
O(2W)-H(2X)---O(4W)"" 0.85
O(W)-H(2Y)---O(6)"™ 0.85
O(3)-H(3A)---O3W)" 0.96
O(3)-H(3A) -O(4W)" 0.96
O(@W)-H(4X)---0(2)" 0.85
O(7)-H(7A)--N(4)" 0.96
C(2-H(2)---0(1)"" 0.93
C(4)-H(4)---0(5)' 0.93
C(7)-H(7)---0(1)" 0.93
C(16)-H(16D)---O(3) 0.96
C(24)-H(24B)---O(7) 0.96
C(26)-H(26D)---O(8) 0.96

ii:x,y, —l+zyivix,y, =1 +z;vi—x, 1 —y,

2.20
2.07
2.09
2.29
2.56
2.01
1.75
2.46
2.40
2.47
2.40
2.54
2.27

2.673(4)
2.733(5)
2.829(5)
2.877(5)
2.351(5)
2.750(4)
2.612(5)
3.358(5)
3.300(5)
3.400(5)
2.048(6)
3.076(6)
2.985(6)

115
135
146
119
140
145
148
163
164
176
125
115
131

Symmetry codes: i: 3/2 —x, 1/2+y,3/2 —zjii:x, | +y, z;1ii: 3/2 —x, =112+, 3/2 — z; iv: 3/2 — x,
=“12+y,32—z;v:2—x, 1 =y, 1 —z;viix, =1 +y, z; vii: 1/2+x, 112 =y, =1/2 + z; viii: 3/2 — x, —1/

24y, 12—z ix: 32 —x, =312+ 3,32 -z

Complex 3

O(1W)-H(1W4)---N(2)™ 0.96
O(1W)-H(1W5)---O(5)" 0.96
O(4)-H(4A) - N#)"™ 0.96
O(8)-H(8A)--N(5)"! 0.85
O(8)-H(8A) - -N(6)"' 0.96
C(4-H4)---0(7)" 0.93
C(12)-H(12A)---O(1)' 0.97
C(12)-H(12B)---O(3)" 0.97
C(16)-H(16B)---O(4) 0.96
C(20)-H(20A)---O(8)"" 0.97
C(24)-H(24B)---O(7) 0.96

2.13
1.92
1.76
2.62
1.90
2.47
2.24
2.25
2.42
2.50
2.19

2.803(5)
2.640(4)
2.701(5)
2.330(6)
2.817(6)
3.224(6)
3.096(5)
3.206(5)
2.948(5)
3.145(6)
2.910(7)

126
130
167
131
160
138
147
170
114
124
130

Symmetry codes: i: x, 3/2 —y, =12+ zii:x,3/2 —y, 12+ ziii:x, =1 +y, z;ivi: | —x, 1/2+y,3/

2—z;vil—x,=12+y,32—z;vi: 2 —x, =12+ y,32—z;vii: 2 —x, 1/2+y,3/2 — z

1695
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Figure 1. Molecular structure of Hycmdpca.

(2), 1585 cm™' (3), and 1377 cm™' (1), 1377 ecm™" (2), 1384 cm™' (3) are assigned to the
V,5(0OCO) and v¢(OCO) of Hemdpca™ [58, 59]. Those assignments are supported by the
X-ray crystal structure analysis.

3.2. Crystal structures of Hycmdpca, 1, 2, and 3

As shown in figure 1, Hyemdpca crystallizes in space group P2;, with the asymmetric
structural unit containing a single Hocmdpca molecule. The C-O, C—C, and C—N lengths in
H,cmdpcea are 1.192-1.264, 1.392-1.505, and 1.323—1.447 A, respectively, and N-N bond
length is 1.371 A, similar to values seen in [Co(MPA),(H,0),] (MPA = 5-methyl-1H-pyra-
zole-3-carboxylate) [18]. In Hyemdpca, adjacent Hyecmdpca molecules are linked by two
kinds of strong hydrogen bonds (O(2)-H(Q2)-N(1)', O(4)-H(4)-0(3)") forming an infinite
2-D structure (figure 2). These 2-D structures are further packed into a 3-D corrugated net-
work via the interaction of other weak hydrogen bonds (C(6)-H(6B)-O(3), C(7)-H(7A)-O
()™, C(7)-H(7B)-O(1)"™) (table 3), as shown in figure 3.

Complex 1 possesses a mononuclear structure and crystallizes in the monoclinic space
group P2;/c. In 1, each Cd(Il) is six-coordinate with five oxygens (O1, 02, O3, O4, and

Figure 2. 2-D structure of Hpcmdpca linked by hydrogen bonding interaction. Only hydrogens involved in
hydrogen bonds are shown; hydrogen bonds are indicated by dash lines.
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Figure 3. A view of an H-bonded 3-D network of Hycmdpca down the b axis. Dashed lines represent hydrogen
bonds.

Figure 4. Molecular structure of 1. Only hydrogens on oxygens are drawn; the others are omitted for clarity.

05) and one nitrogen (N1) (figure 4). The Cd1-O axial distances are 2.134(4) and 2.241
(4) A, while the equatorial Cd1-O distances are 2.081(3)-2.129(4) A. The Cd1-N1 distance
is 2.166(5) A, close to those observed in cadmium complexes based on pyrazole derivative
ligands [16]. Distortion in octahedral geometry in 1 is reflected in cisoid [72.64(16)-107.87
(17)°] and transoid angles [159.88(17)-178.80(14)°] (table 2). The dihedral angle between
the 4,4'-bpy ring and the pyrazolyl ring is 68.2°. The separation of 3.692 A between the
centroids of the pyrazolyl ring and the edge of 4,4-bpy ring indicates significant
intramolecular edge to face z—r interactions. Independent components [Cd(4,4’-bpy)
(Hemdpca),(H,0);] are linked by three kinds of hydrogen bonds (N-H:--O, O-H:--O, C-
H:--O) (table 3), as shown in figure 5, resulting in formation of a 3-D supramolecular
architecture with channels. The lattice waters are clathrated in the channels via hydrogen
bonds (O(1W)-H(1A)--"N(6)", O(1)-H(1Y)---O(1W)’, and O(3)-H(3Y):--O(1W)'), while
the intermolecular z—r interactions between pyrazolyl rings and between 4,4’-bpy molecules
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Figure 5. 3-D network of 1 constructed by hydrogen bonding. Broken lines represent hydrogen bonding interac-
tions.

Figure 6. 1-D chain structure of 2. Only hydrogens on oxygens are drawn; the others are omitted for clarity.

(centroid—centroid distances are 3.596-3.655 A) further increase the stability of the
structure.

Complex 2 crystallizes in the monoclinic space group P2;,. The asymmetric unit of 2
contains one Cd(Il), two Hemdpca™ ligands, one 4,4'-bpy, and one coordinated water. As
shown in figure 6, Cd(Il) is five-coordinate, with two oxygens (Ol, O6) from two
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carboxylate groups of two Hecmdpca™ ligands, one oxygen (O1W) from a coordinated water
molecule, and two nitrogens (N1, N2i) from two 4,4"-bpy, leading to a square-pyramidal
coordination geometry. Two nitrogens and two oxygens (N2i, N1, O1, O6) form the plane
of the square pyramidal structure and O1 W occupies the apical position. N2i, N1, O1, and
06, and Cd(II) deviate 0.3285 and 0.0422 A from the base plane, respectively. The bond
distances of Cd1-O and Cd1-N, respectively, are 2.245-2.334 and 2.282-2.298 A (table 2),
close to the values observed in other Cd(Il) complexes [16]. The bond angles of N2i—Cd1-
N1, N2i-Cd1-O1 W, and NI1-Cd1-O6 are 165.38(15), 105.75(12), and 94.45(14)°,
respectively.

Adjacent Cd(II) ions are linked by one 4,4"-bpy to form a 1-D chain structure, as shown
in figure 6. The distance between two Cd(II) ions is 11.623 A. These 1-D chains and free
water molecules are linked by multiple hydrogen bonds (N-H:--O, O-H:--O, C-H:---O)
(table 3), as shown in figure 7, resulting in the formation of a 3-D supramolecular microp-
orous architecture. The total potential solvent volume is 347.8 A®, accounting for ca. 11.5%
of cell volume of 3031.9(5) A? calculated by the Platon programs.

Compound 3 crystallizes in the monoclinic space group P2;,. The asymmetric unit of 3
contains one Cd(Il), two Hcmdpca , one 4,4'-bpy molecule, and one coordinated water
molecule. As illustrated in figure 8, the Cd(Il) ion is six-coordinate surrounded by five
oxygens (O1i, 02, O5, 06i, and O1W) from four Hcmdpca ligands and one water, respec-
tively, and the remaining position is occupied by N1 from 4,4'-bpy, forming a distorted
octahedron. The Cd-N bond length is 2.307(14) A and Cd-O bond lengths are 2.225(3)—
2.324(3) A, which are close to the values observed in 2. The bond angles around Cd(II) are
82.78(12)-173.11(11)°.

Different from coordination mode of Hcmdpca™ in 1 and 2, as shown in figure 9, each
Hemdpea™ in 3 is bridged to two adjacent Cd(II) ions via deprotonated carboxyl group in
bi-monodentate mode, resulting in formation of a {Cd,(COO),} binuclear loop. These

L

Figure 7. 3-D framework of 2 constructed by hydrogen bonding. Broken lines represent hydrogen bonding
interactions.
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Figure 8. A view of the coordination environment around Cd(Il) in 3. Only hydrogens on oxygens are drawn,
with others omitted for clarity.

Figure 9. 1-D chain structure of 3 along the ¢ axis. Only hydrogens on oxygens are drawn.

{Cd,(COO0),} binuclear loops are linked to further form a 1-D chain. The Cd—Cd distance
is 4.6884(7) A. These 1-D chains are assembled into a 3-D supramolecular structure by
interactions of N-H---O, O-H---O, and C-H---O hydrogen bonds (table 3), as shown in
figure 10.

Complex 2 contains uncoordinated carboxyl groups (free carboxylic acids), while 1 and
3 not only have uncoordinated carboxyl groups but also uncoordinated nitrogens from
4,4'-bpy molecules. These uncoordinated carboxyl groups/nitrogens might serve as Lewis
acid/base sites in catalytic and acid—base reactions [60, 61].
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Figure 10. 3-D framework of 3. Only hydrogens involved in hydrogen bonds are shown; dashed lines represent
hydrogen bonds.

3.3. Supramolecular isomerism

From the crystal engineering point of view, 1, 2, and 3 are supramolecular isomers because
they have same compositions: Cd(II) ion, 4,4’-bpy, and Hecmdpca  anion, and the ratios of
the three compositions are all the same (1 : 1 : 2). 1 and 2 have the same stoichiometry for
all components, but the coordination environment of Cd(Il) in 2 is different from that of
Cd(1l) in 1, which are two true supramolecular isomers; compounds 2 and 3 have the same
building blocks, [Cd(4,4'-bpy)(Hcmdpca),(H,0)], but different network superstructures and
crystalline water molecules. 2 has three crystalline water molecules, while 3 has no
crystalline water. 2 and 3 can be related as “pseudo-supramolecular” isomers. The structures
of 1-3 are controlled by the concentration of the ligand based on the synthetic conditions;
these supramolecular isomers are ligand concentration-dependent.

3.4. Thermal analysis

For detecting the thermal stabilities of 1-3, thermal gravimetric (TG) analyses were carried
out from room temperature to 850 °C in a nitrogen atmosphere (see figure S10, supporting
material). The initial weight loss of 1 from 30 to 161 °C, 2 from 50 to 159 °C, and 3 from
105 to 173 °C corresponds to the loss of four, four, and one water molecule, respectively
(for 1, calculated, 9.8%; found, 10.0%; for 2, calculated, 9.8%; found, 9.6%; for 3, calcu-
lated, 2.60%; found, 2.59%). Subsequently, the remaining materials of 1-3 all decompose
gradually.

3.5. Luminescent properties

Luminescent compounds are of interest because of applications in chemical sensors, photo-
chemistry, and electroluminescent display. The photoluminescent behaviors of 1-3,
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Figure 11. Solid-state emission spectra for 4,4’-bpy, Hocmdpca, 1, 2, and 3 (excitation wavelength = 370 nm) at
room temperature.

H,cmdpca, and 4,4'-bpy are studied in the solid state at room temperature. The excitation
and emission spectra are displayed in figure S11 and figure 11, respectively. As illustrated
in figure 11, the blue emission for Hycmdpcea, 4,4'-bpy, and 1-3 can be observed, where
their maximum emission wavelengths are all at 425 nm. Apparently, the main emission
peaks of 1-3 are similar to that of the ligand Hycmdpca and 4,4'-bpy in terms of the posi-
tion and the band shape, indicating that the emission bands of 1-3 may be attributed to the
emission of intraligand 7—z*/n—z* transitions [60, 62]. The weaker shoulder peaks of the
emission spectra at 460, 485, and 512 nm can probably be assigned to the intraligand transi-
tion because similar peaks also appear for the ligands.

4. Conclusion

We have synthesized a new pyrazole carboxylic acid ligand. Three Cadmium(II)
supramolecular isomers based on H,cmdpca have been synthesized and characterized.
Complex 1 has mononuclear structure, 2 and 3 show different 1-D structures; the structures
are controlled by the concentration of the ligand. 1 and 2 are true supramolecular isomers,
while 2 and 3 are “pseudo-supramolecular” isomers. To the best our knowledge, this is the
first example to obtain both true and “pseudo-supramolecular” isomers only by adjusting
the concentration of the ligand. The intermolecular hydrogen bond and z—= interactions
play important roles in formation of 3-D supramolecular architectures of 1-3. The
complexes all display ligand-based blue luminescence in the solid state.

Supplementary material

NMR and MS spectra of Ecmdpcaece and H,cmdpca, IR spectra of Ecmdpcace,
Hyemdpea, complexes 1-3, TG curves of complexes 1-3. Crystallographic data
(excluding structure factors) for the structures in this paper have been deposited with the
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Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ. Copies
of the data can be obtained by quoting the depository numbers CCDC-963359 (Hcmd-
pca), CCDC-979481 (1), CCDC-979483 (2) and CCDC-979482 (3) (Fax: +44 1223 336
033; E-mail: deposit@ccdc.cam.ac.uk).
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