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a b s t r a c t 

Two novel structurally characterized Co(II) metal-organic framework (Co(II) MOF) and Cd(II) coordination 

polymer (Cd(II) CP), [{Co(L)} 2 ] n ·nCH 3 COCH 3 and [Cd(H 2 L)(CH 3 COO) 2 ] n were self-assembled from a newly 

designed salamo-like ligand H 2 L bearing double terminal pyridine groups and Co(II) and Cd(II) ions, re- 

spectively. In the Co(II) MOF, the Co1 and Co2 ions are six-coordinated octahedron geometries, have sim- 

ilar coordination environments, and are located in the N 2 O 2 cavities of the ligand (L) 2 − units, forming 

"Co1-L" and "Co2-L" parts, respectively. The terminal pyridine N atoms of the "Co1-L" (or "Co2-L") part 

are connected with "Co1-L" and "Co2-L" parts respectively, forming a metal-organic framework with dou- 

ble helix structure in the a -direction and regular channels in the c -direction. In the Cd(II) CP, Cd(II) ion 

is seven-coordinated single cap triangular prism geometry, did not participate in the coordination of the 

N 2 O 2 cavity, but coordinated with free acetate in the solution. Two bidentate acetate anions chelate to 

Cd1 ion, and two Cd1 ions are bridged by O atom of one of the acetate anions to form Cd 2 (OAc) 2 unit 

which was used as the junction point to connect with the terminal pyridine N atoms of H 2 L. Finally, the 

coordination polymer with large pore channels was formed. Spectroscopic analyses of H 2 L and its Co(II) 

MOF and Cd(II) CP are performed using IR, UV–Vis and fluorescence spectroscopy. TGA analyses show 

that the Co(II) MOF and Cd(II) CP have good stabilities. Various short-range interactions in the Co(II) MOF 

and Cd(II) CP are investigated through Hirshfeld surfaces analyses. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Metal-organic frameworks (MOFs) [1–7] and coordination poly- 

ers (CPs) [8–14] are attracting more and more attention due 

o their regular pore channels with large porosity. In 2017, Guo 

t al. constructed a MOF using a pyridyl-terminal base ligand 

ith auxiliary ligand and applied to selectively separate Th(IV) 

rom Ln(III) [15] . In 2017, Dong et al. reported 2 salen-like lig- 

nds containing pyridine terminal group, that coordinated with 

n(II) by varying the ratio of the two ligands, resulted 3 six- 

embered cyclic CPs, enabling the chiral separation of different 

mino acids [16] . In 2018, on the basis of previous research, Ren 

t al. realized the replacement of metal ions in MOFs by in- 

roducing different metal ions, and obtained 6 isomorphic MOFs 

ith excellent catalytic performance [17] . In 2019, Xia et al. de- 

eloped a ligand containing pyridine groups, and constructed 3 
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somorphic MOFs with terephthalic acid and Cd(II), which were 

tudied for gas adsorption and could be used as excellent cata- 

yst [18] . In 2020, Wang et al. synthesized 2 Co(II) coordination 

olymers and applied them to the degradation of dye molecules 

19] . In 2020, Liu et al. synthesized 3 photochromic coordina- 

ion polymers that offer the possibility of designing color-changing 

aterials [20] . 

Salen- [21–27] and salamo-like compounds [28–34] are the 

ore common and versatile ligands in modern coordination chem- 

stry because they can provide stable N 2 O 2 coordination sites, var- 

ous metal salen- and salamo-like complexes with novel structures 

ave been obtained. Because introduction of O atoms into alkyl 

hain, salamo-like compounds have better stability compared to 

alen-like ligands. Nearly decade, research of the salamo-like lig- 

nds and their metal complexes [ 34 , 35 ] has gradually deepened, 

nd has been found that they have good application prospects 

n ion recognition [36–44] , antibacterial activity [45–47] , cataly- 

is [4 8] , luminescence [ 4 9 , 50 ], magnetism [51] and other fields,

he theoretical researches are also carried out by DFT calculations 

52] and Hirshfeld surfaces analyses [53–55] . 
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Scheme 1. Synthetic route to H 2 L. 

Scheme 2. Synthetic route to the Co(II) MOF and Cd(II) CP. 
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In conclusion, the introduction of terminal pyridine into the 

alen-like ligands [15–20] can provide two potential coordina- 

ion sites. When different metal ions are added to the salen- 

ike ligands, metal ions can participate in the coordination at dif- 

erent coordination sites, and various novel complexes such as 

OFs can be self-assembled. Based on the in-depth study of 

alamo-like ligands, a novel salamo-like ligand H L braring dou- 
2 

2 
le terminal pyridine groups was designed and synthesized. The 

o(II) MOF and Cd(II) CP possessing novel structures are ob- 

ained by self-assembling of the ligand H 2 L with Co(II) and Cd(II) 

ons, respectively. The coordination of the Co(II) and Cd(II) ions 

t different positions of the ligand H 2 L gives rise to pore size 

ifferences. 



J.-F. Wang, T. Feng, Y.-J. Li et al. Journal of Molecular Structure 1231 (2021) 129950 

Fig. 1. IR spectra of H 2 L and its Co(II) MOF and Cd(II) CP. 
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Fig. 2. UV–Vis spectra of H 2 L and its Co(II) MOF and Cd(II) CP. 
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. Experimental 

.1. Materials and general methods 

All chemicals were analytical grade reagents from Shanghai 

eiruier Chemical Technology Co., Ltd, solvents were analyti- 

al grade reagents from Tianjin Chemical Reagent Factory, and 

ere used without further purification. Melting points were mea- 

ured by the use of a microscopic melting point apparatus made 

y the Beijing Taike Instrument Limited Company and the ther- 

ometer was uncorrected. X-ray single crystal structure deter- 

inations were carried out on a SuperNova, Dual (Cu at zero) 

tlasS2 CCD diffractometer. Other instruments used in the ex- 

eriments can be found in our previously reported literature 

45] . 

.2. X-ray crystallographic analyses 

X-ray single-crystal diffraction data of the Co(II) MOF was 

ollected on a graphite monochromated Mo- K α radiation 

 λ = 0.71073 Å) at 100 K for N 2 atmosphere. X-ray single- 

rystal diffraction data of the Cd(II) CP was collected on a graphite 

onochromated Cu- K α radiation ( λ = 1.54184 Å) at 100 K for 
ig. 3. (a) Continuous addition of Co 2 + (1 × 10 −3 M) to H 2 L (5 × 10 −5 M) leads to a cha

5 × 10 −5 M) leads to a change in absorbance intensity. 

3 
 2 atmosphere. The structures were solved by using the program 

SHELXS-2015) [ 56 , 57 ], and Fourier difference techniques, and 

efined by full-matrix least-squares method on F 2 . In the X-ray 

tructure refinement, however, the solvent molecules of the Co(II) 

OF and Cd(II) CP could not be located because of its high ther- 

al disorder, and the final structure model was refined without 

he solvent molecules by using a SQUEEZE routine of PLATON, and 

he H atoms were included at the calculated positions and con- 

trained to ride on their parent atoms. CCDC – 2014475 (The Co(II) 

OF) and 2014474 (The Cd(II) CP) contain the supplementary 

rystallographic data for this paper. 

.3. Synthesis of the ligand H 2 L 

.3.1. Synthesis of 3–tert–butyl–5-bromosalicylaldehyde 

The synthetic route to the ligand H 2 L is shown in Scheme 1 .

ccording to the reference [15] , 3–tert–butyl–salicylaldehyde 

178.23 mg, 1.0 mmol) was dissolved in two-neck round bot- 

om flask containing 20 mL of dichloromethane, 1.5 mL of liq- 

id bromine was drawn with a syringe and injected into a con- 

tant pressure drop funnel containing 15 mL of dichloromethane. 

eep the system sealed to a temperature of 0 °C. Slowly added the 

rominated dichloromethane solution to the round bottom flask, 

eep the temperature constant and react 1.5 h. After, anhydrous 
nge in absorbance intensity; (b) Continuous addition of Cd 2 + (1 × 10 −3 M) to H 2 L 
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Fig. 4. Structure diagram of the "Co1-L" and "Co2-L" units. 

Fig. 5. (a) The smallest symmetric unit of the Co(II) MOF; (b) Coordination mode of the Co1 and Co2 ions. 

4 
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Fig. 6. Three-dimensional structure diagram of the Co(II) MOF in the c -direction. 

Fig. 7. (a) The double helix structure of the Co(II) MOF observed in the a -direction (red and yellow represent different helix structures respectively); (b) the intercalated 

double helix structure of the Co(II) MOF observed in the c -direction. 
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odium sulfite solution (20 mL) was poured into the reactor and 

ontinued 0.5 h. Stop the reaction, the liquid was separated with 

 separating funnel, leaving the organic phase. It is then distilled 

nder reduced pressure to give a bright yellow solid, namely 3–

ert–butyl–5-bromosalicylaldehyde. 1 H NMR spectrum is shown in 

ig. S1 (Supplementary Information). Yield: 91.8% (236.05 mg). M. 

.: 62 −64 °C. Anal. calcd. for C 11 H 13 O 2 Br: C, 51.38; H, 5.10. Found:

, 51.81; H, 5.01. 1 H NMR (500 MHz, DMSO) δ 11.75 (s, 1H, -CHO), 

.96 (s, 1H, -OH), 7.89 (d, J = 2.5 Hz, 1H, -ArH), 7.57 (d, J = 2.5 Hz,

H, -ArH), 1.37 (s, 9H, -CH ). 
3 

5 
.3.2. Synthesis of 3–tert–butyl–5-(4-pyridinyl) salicylaldehyde 

According to the reference [15] , 3–tert–butyl–5-bromo- 

alicylaldehyde (1.28 g, 5 mmol), 4-pyridylboric acid (0.75 g, 

 mmol), Pd(PPh 3 ) 4 (0.23 g) and K 2 CO 3 (2.08 g, 15 mmol) were

dded to a double port flask containing 50 mL of deaeration mixed 

olution (dioxane:distilled water = 4:1, V: V). Keep the system 

ealed and replace with N 2 to remove oxygen. Put the reaction 

ystem at 90 °C and reflux for 12 h, 40 mL dichloromethane and 

0 mL distilled water were added after the solution was cooled to 

oom temperature, separate with a separating funnel, leaved the 
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Fig. 8. Different pore sizes of the Co(II) MOF structure. 

Fig. 9. (a) The intramolecular hydrogen bonds of the Co(II) MOF; (b) The intermolecular hydrogen bonds of the Co(II) MOF. 

Fig. 10. The schematic diagram of the Cd(II) CP is constructed by taking Cd 2 (OAc) 2 as the node. 

6 
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Fig. 11. Coordination modes of the Cd(II) ions. 

Fig. 12. The pore size of the Cd(II) CP. 

Fig. 13. The intramolecular hydrogen bonds of the Cd(II) CP. 
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rganic layer, repeat the above operation for 3~4 times, and added 

nhydrous Na 2 SO 4 to the organic layer. On the second day, after 

ltration and solvent removed, brown solid was obtained. After 

eparation by column chromatography (ethyl acetate:petroleum 

ther = 1:1, V: V), yellow solid was obtained, namely 3–tert–

utyl–5-(4-pyridyl) salicylaldehyde. 1 H NMR spectrum is shown in 

ig. S2 (Supplementary Information). Yield: 50.2% (0.64 g). M. p.: 

4 −85 °C. Anal. calcd. for C 16 H 17 NO 2 : C, 75.27; H, 6.71; N, 5.49.

ound: C, 75.65.; H, 6.43; N, 5.12. 1 H NMR (500 MHz, CDCl3) δ
1.93 (s, 1H, -CHO), 9.98 (s, 1H, -OH), 8.66 (s, 2H, -ArH), 7.81 (s, 
t

7 
H, -ArH), 7.69 (dd, J = 5.3, 1.6 Hz, 1H, -ArH), 7.49 (s, 2H, -ArH),

.48 (s, 9H, -CH 3 ). 

.3.3. Synthesis of the ligand H 2 L 

1,2-Bis(aminooxy)ethane was synthesized according to the re- 

orted reference [48] . 10 mL of anhydrous ethanol of 1,2- 

is(aminooxy)ethane (0.21 g, 2.28 mmol) was added to 1.14 g 

4.47 mmol) of 3–tert–butyl–5-(4-pyridyl) salicylaldehyde of 20 mL 

nhydrous ethanol solution. Reaction at 60 °C for 12 h. When the 

emperature is reduced to 20 °C, a white solid was precipitate. 1 H 
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Fig. 14. (a) C–H �π interactions of the Cd (II) CP; (b) π�π stacking interactions of the Cd(II) CP. 

Fig. 15. 2-D supramolecular structure of the Cd(II) CP. 
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MR spectrum of H 2 L is shown in Fig. S3 (Supplementary Informa- 

ion). Yield: 57.6% (744.24 mg). M. p.: 129 −131 °C. Anal. calcd. for 

 34 H 38 N 4 O 4 : C, 72.06; H, 6.76; N, 9.89. Found: C, 72.34; H, 6.71;

, 9.82. 1 H NMR (500 MHz, CDCl 3 ) δ 10.55 (s, 1H, -OH), 8.62 (d,

 = 6.0 Hz, 2H, -ArH), 8.34 (s, 1H, - N 

= CH), 7.57 (s, 1H, -ArH), 7.43

d, J = 6.2 Hz, 2H, -ArH), 7.29 (s, 1H, -ArH), 4.56 (s, 2H, -CH 2 ), 1.47

s, 9H, -CH 3 ). IR (cm 

–1 , KBr): 3450 (s), 1603 (s), 1260 (s). 

.4. Synthesis of the Co(II) MOF and Cd(II) CP 

Synthetic route to the Co(II) MOF and Cd(II) CP are shown in 

cheme 2 . 

The Co(II) MOF: 5.71 mg (0.01 mmol) H 2 L was dissolved in 

 mL acetone, 2.52 mg (0.010 mmol) Co(CH 3 COO) 2 ·4H 2 O was 

issolved in 2 mL anhydrous ethanol. The dissolved anhydrous 

thanol solution was added into the acetone solution, the solution 
8 
mmediately turns orange red and became turbid during the stir- 

ing process. After 2 drops of pyridine was added into the solution, 

nd the solution became clear. Continuously stirred for 20 min, 

hen filtered, and sealed. After about 1 week, the red block-shaped 

ingle crystals suitable for X-ray diffraction were obtained. Yield: 

3%. Although the single-crystal diffraction showed the product 

as the formula [{Co(L)} 2 ] n ·nCH 3 COCH 3 , the product can be best 

ormulated as [{Co(L)} 2 ] n ·3nCH 3 COCH 3 ·nC 5 H 5 N on the basis of mi- 

roanalysis and TGA. Calcd for C 82 H 95 Co 2 N 9 O 11 (%): C, 65.63; H, 

.38; N, 8.40; Co, 7.85. Found (%): C, 65.92; H, 6.03; N, 8.11; Co, 

.74. IR (cm 

–1 , KBr): 3400 (s), 1591 (s), 1225 (s), 513 (m), 418 (m). 

The Cd (II) CP: 5.72 mg (0.01 mmol) H 2 L was dissolved 

n 3 mL acetone, 2.67 mg (0.010 mmol) Cd(CH 3 COO) 2 ·H 2 O 

as dissolved in 3 mL anhydrous ethanol. The dissolved an- 

ydrous ethanol solution mentioned above was added drop- 

ise into the acetone solution, the solution immediately turns 
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Fig. 16. Hirshfeld surface analysis mapping and various 2D fingerprints of the Co(II) MOF. 

Fig. 17. Hirshfeld surface analysis mapping and various 2D fingerprints of the Cd(II) CP. 
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ale yellow, continue to stirred for 15 min, then filtered, 

ealed and remained still. After about 2 weeks, colorless block- 

haped single crystals suitable for X-ray diffraction were obtained. 

ield: 56%. 

Although the single-crystal diffraction showed the product has 

he formula [Cd(H 2 L)(CH 3 COO) 2 ] n , the product can be best formu- 

ated as [Cd(H 2 L)(CH 3 COO) 2 ] n ·2nCH 3 COCH 3 on the basis of micro- 

nalysis and TGA. Calcd for C 44 H 56 CdN 4 O 10 (%): C, 57.86; H, 6.18;

, 6.13; Cd, 12.31. Found (%): C, 59.03; H, 5.82; N, 5.91; Cd, 12.15.

R (cm 

–1 , KBr): 3450 (s), 1603 (s), 1260 (s), 501 (m), 421 (m). 

. Results and discussion 

.1. IR spectra 

As shown in Fig. 1 , there are various absorption peaks in the 

ange of 40 0 0–40 0 cm 

−1 for the ligand H L and its Co(II) MOF
2 

9 
nd Cd(II) CP. In the ligand H 2 L, there is a large absorption peak 

t about 3450 cm 

−1 , which is caused by the stretching vibration of 

ydroxyl group in the ligand H 2 L molecule, the strong absorption 

eak at about 1603 cm 

−1 belongs to the typical C = N stretching vi- 

ration, and the absorption peak at about 1260 cm 

−1 is the typical 

r-O stretching vibration. 

Infrared spectrum of H 2 L exhibits a strong band at 3450 cm 

−1 

hich is connected with the phenolic O 

–H stretching vibration 

and. However, this band is disappeared in the Co(II) MOF, indi- 

ating that the phenolic O 

–H groups of the ligand are fully depro- 

onated [49] . A large O 

–H stretching vibration band in the Co(II) 

OF is observed at around 3400 cm 

−1 corresponding to water 

olecules in the manufactured of KBr lamination. The typical C 

= N 

nd Ar-O stretching vibrations appear at about 1591 and 1225 

m 

−1 , with significant low wavenumber displacements, indicat- 

ng the coordination has occurred [58] . In addition, there are two 

edium absorption peaks at about 513 and 468 cm 

−1 , which are 
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Fig. 18. TGA curves of the Co(II) MOF and Cd(II) CP. 

Fig. 19. Fluorescence spectra of H 2 L and its Co(II) MOF and Cd(II) CP. 
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Table 1 

The crystal data and structure optimization of the Co(II) MOF and Cd(II) CP. 

Complex The Co(II) MOF The Cd(II) CP 

Empirical formula C 71 H 78 Co 2 N 8 O 9 C 38 H 44 CdN 4 O 8 

Formula weight 1305.27 797.17 

T (K) 100.00(10) 100.00(10) 

Wavelength ( ̊A) MoK α ( λ = 0.71073) CuK α ( λ = 1.54184) 

Crystal system tetragonal triclinic 

Space group P4 3 P-1 

a ( ̊A) 21.2198(10) 10.5161(8) 

b ( ̊A) 21.2198(10) 13.1563(10) 

c ( ̊A) 20.8795(14) 18.7244(14) 

α ( °) 90 99.572(6) 

β ( °) 90 92.335(6) 

γ ( °) 90 91.923(6) 

V ( ̊A 3 ) 9401.6(9) 2550.2(3) 

Z 4 2 

D calc (g ·cm 

–3 ) 0.922 1.038 

Absorption coefficient 

(mm 

–1 ) 

0.397 3.770 

F (000) 2744.0 824.0 

Crystal size (mm) 0.13 × 0.11 × 0.10 0.12 × 0.1 × 0.09 

2 θ Range ( °) 3.838–49.996 4.792–149.952 

Index ranges –25 ≤ h ≤ 16 –11 ≤ h ≤ 13 

–23 ≤ k ≤ 25 –16 ≤ k ≤ 16 

–19 ≤ l ≤ 24 –23 ≤ l ≤ 22 

Reflections collected 

Independent 

reflections 

24698 

13968[R int = 0.0700, 

R sigma = 0.1401] 

18076 

9931 [R int = 0.0660, 

R sigma = 0.0865] 

data/restraints/parameters 

13968/43/825 9931/0/468 

GOF 0.971 1.054 

Final R 1 , wR 2 indices 0.0671, 0.1322 0.0977, 0.2647 

R 1 , wR 2 indices (all 

data) 

0.1009, 0.1506 0.1195, 0.2892 

Largest diff. peak and 

hole (e. ̊A -3 ) 

0.59/ −0.39 3.27/ −1.69 

t

s

t

i

t

n

t  

C

s

p

s

o

t

a

3

 

C

d  

T

C

3

d

s

t

l

m  

c

(  
he absorption peaks of Co-O and Co-N bonds [59] , showing Co(II) 

ons are coordinated with the deprotonated ligand (L) 2 − unit. 

Compared with the free ligand H 2 L, the absorption peak at 

bout 3450, 1603 and 1260 cm 

−1 in the Cd(II) CP did not change 

ignificantly, but there are two new absorption peaks at about 509 

nd 421 cm 

−1 , which is assigned to the coordination of the Cd(II) 

on with acetate O atoms and pyridine N atoms from the unpro- 

onated ligand H 2 L [59] . The result is consistent with the single 

rystal structure. 

.2. UV–Vis spectra analysis 

The UV–Vis spectra of H 2 L (DMF, 5 × 10 −5 M) and its Co(II) 

OF and Cd(II) CP (DMF, 5 × 10 −5 M) are shown in Fig. 2 . In the

bsorption curve of the free ligand H 2 L, there are two strong ab- 

orption peaks at ca. 271 and 326 nm, which can be attributed 

o the π- π ∗ transitions of benzene rings and oxime groups, re- 

pectively [60] . Compared with the free ligand H 2 L, the absorption 

eaks of the Co(II) MOF and Cd(II) CP at ca. 271 nm decreased sig- 

ificantly, while the absorption peaks at ca. 326 nm have red-shift 

o ca. 336 and 338 nm respectively, which may be due to the lig-

nd to metal charge transition (LMCT) [61] , these results are con- 

istent with the previous report, and similar to the ligand to metal 

harge transition in salen-like metal complexes [48] . 

The titration curves of the Co(II) MOF and Cd(II) CP are shown 

n Fig. 3 . In Fig. 3 a, with the addition of Co 2 + (1 × 10 −3 M),
10 
he absorption peak intensity at 326 nm increases gradually and 

hows an obvious red-shift. When 1 equiv. Co 2 + is add, the absorp- 

ion peak redshifts to 336 nm and the intensity reaches the max- 

mum, an isoabsorption point appears at ca. 291 nm. After con- 

inuously added Co 2 + , the absorption intensity at 336 nm does 

ot change any more. The results of titration show that the op- 

imal ratio of H 2 L to Co 2 + is 1:1. In Fig. 3 b, with the addition of

d 

2 + (1 × 10 −3 M), a similar phenomenon appears, and the ab- 

orption peak redshifts to 338 nm, and an isoabsorption point ap- 

ears at ca. 302 nm. When 1 equiv. Cd 

2 + is add, the absorption 

trength at 338 nm will not increase any more, indicating that the 

ptimal combination ratio of H 2 L and Cd 

2+ is 1:1, which is consis- 

ent with the obtained single crystal structure by X-ray diffraction 

nalysis. 

.3. Crystal structure descriptions 

The main bond lengths ( ̊A) and angles ( °) of the Co(II) MOF and

d(II) CP are presented in Table 1 . The detailed information of hy- 

rogen bonds in the Co(II) MOF and Cd(II) CP are listed in Table 2 .

he crystal data and structure optimization of the Co(II) MOF and 

d(II) CP are listed in Table 3 . 

.3.1. Crystal structure of the Co(II) MOF 

The obtained red bulk single crystal was subjected to X-ray 

iffraction analysis. The Co(II) MOF crystallizes in the tetragonal 

ystem, and the space group was P 4 3 . There is no doubt about 

he obtained Co(II) MOF is the first reported case in the salamo- 

ike complexes [34–36] . 

There are two Co(II) ions with similar coordination environ- 

ents in the Co(II) MOF. As shown in Fig. 4 , the Co1 ion is lo-

ated in the N 2 O 2 cavity of the completely deprotonated ligand 

L) 2 − unit (the N O cavity is composed of the N1, N2, O1 and O4
2 2 
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Table 2 

Selected bond lengths ( ̊A) and angles ( °) of the Co(II) MOF and Cd(II) CP. 

The Co(II) MOF 

Bond Lengths Bond Lengths Bond Lengths 

Co1-O4 1.976(5) Co1-N7 #2 2.177(6) Co2-N4 2.146(6) 

Co1-O1 2.039(6) Co1-N1 2.101(7) Co2-N5 2.114(6) 

Co1-N2 2.145(6) Co2-O5 2.027(5) Co2-N8 #3 2.160(6) 

Co1-N3 #1 2.207(8) Co2-O8 2.023(5) Co2-N6 2.095(6) 

Bond Angles Bond Angles Bond Angles 

O4-Co1-O1 91.1(2) N2-Co1-N7 #2 91.1(2) O8-Co2-N4 87.2(2) 

O4-Co1-N2 85.9(2) N1-Co1-N2 97.2(3) O8-Co2-N5 172.2(2) 

O4-Co1-N3 #1 86.7(3) N1-Co1-N3 #1 95.8(3) O8-Co2-N8 #3 91.2(2) 

O4-Co1-N1 176.0(3) N1-Co1-N7 #2 85.6(3) O8-Co2-N6 85.7(2) 

O4-Co1-N7 #2 91.9(2) N7 #2 -Co1-N3 #1 178.4(3) N4-Co2-N8 #3 177.3(2) 

O1-Co1-N2 176.8(2) O5-Co2-N4 94.0(2) N5-Co2-N4 85.5(2) 

O1-Co1-N3 #1 89.2(3) O5-Co2-N5 87.1(2) N5-Co2-N8 #3 96.0(2) 

O1-Co1-N1 85.8(2) O5-Co2-N8 #3 83.8(2) N6-Co2-N4 92.9(2) 

O1-Co1-N7 #2 90.1(2) O5-Co2-N6 172.1(2) N6-Co2-N5 97.3(2) 

N2-Co1-N3 #1 89.6(3) O8-Co2-O5 90.8(2) N6-Co2-N8 #3 89.2(2) 

#1 1-Y, −1 + X, −1/4 + Z #2 1-X, 1-Y, 1/2 + Z #3 -Y, + X, −1/4 + Z. 

The Cd(II) CP 

Bond Lengths Bond Lengths Bond Lengths 

Cd1-O1 2.338(6) Cd1-O3 2.420(6) Cd1-N4 #2 2.391(6) 

Cd1-O1 #1 2.613(5) Cd1-O4 2.271(5) 

Cd1-O2 2.433(6) Cd1-N1 2.301(5) 

Bond Angles Bond Angles Bond Angles 

O1-Cd1-O2 53.65(19) O4-Cd1-O1 112.73(19) N1-Cd1-O2 124.3(2) 

O1-Cd1-O1 #1 69.15(18) O4-Cd1-O1 #1 81.00(18) N1-Cd1-O1 88.67(19) 

O1-Cd1-O3 151.76(18) O4-Cd1-O2 92.4(2) N1-Cd1-O3 91.26(18) 

O1-Cd1-N4 #2 123.7(2) O4-Cd1-O3 55.39(17) N1-Cd1-N4 #2 87.34(19) 

O2-Cd1-O1 #1 114.14(18) O4-Cd1-N1 142.86(19) N4 #2 -Cd1-O1 #1 161.24(18) 

O3-Cd1-O1 #1 83.12(17) O4-Cd1-N4 #2 103.2(2) N4 #2 -Cd1-O2 84.2(2) 

O3-Cd1-O2 141.9(2) N1-Cd1-O1 #1 78.95(17) N4 #2 -Cd1-O3 84.44(19) 

#1 -X, 1-Y, 2-Z #2 −1 + X, + Y, 1 + Z. 
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toms), and the four atoms form a plane with the Co1 ion, We 

amed this part "Co1-L" (The coordination environment of the Co2 

on is similar to the Co1 ion, and the Co2 ion is located in the

 2 O 2 cavity of the deprotonated ligand (L) 2 − unit, the N 2 O 2 cavity 

s composed by the N5, N6, O5 and O8 atoms, the four atoms form 

 plane with the Co2 ion, which named it "Co2-L"). 

The terminal pyridine N3 atom of the "Co1-L" part participates 

n the coordination of axial position of the N 2 O 2 plane (N1, N2, O1

nd O4) from another "Co1-L" part, and the terminal pyridine N7 

tom of the "Co2-L" part also participates in coordination of an- 

ther axial position of the N 2 O 2 plane (N1, N2, O1 and O4). Sim-

larly, the terminal pyridine N8 atom of the "Co2-L" part partici- 

ates in the coordination of axial position of the N 2 O 2 plane (N5, 

6, O5 and O8) from the another "Co2-L" part, and the terminal 

yridine N4 atom of the "Co1-L" part also participates in coordina- 

ion of another axial position of the N 2 O 2 plane (N5, N6, O5 and

8). Both Co1 and Co2 ions are six-coordinated octahedral geomet- 

ic configurations. The "Co1-L" and "Co2-L" moieties are connected 

hrough the terminal pyridine N atoms to form the smallest sym- 

etric unit shown in Fig. 5 . Since the pyridine and the benzene 

ings are connected by a single bond, when the complex is formed, 

he pyridine and the benzene rings will rotated and present differ- 

nt angles (Fig. S4). 

The Co1 and Co2 ions were used as the connection points in the 

mallest symmetric units, and the smallest symmetric unit serves 

s the connector to form a metal-organic frame with a three- 

imensional structure with regular pores in the c-direction ( Fig. 6 ). 

owever, when observing in the a -direction, it is found that there 

s a double helix structure in the structure as shown in Fig. 7 . Red
11 
nd yellow represent two different spiral structures. The two spi- 

al structures intersect each other ( Fig. 7 ), and the interpenetrated 

piral structures are connected by the terminal pyridine N atoms 

f the "Co1-L" and "Co2-L" parts, and finally produce metal organic 

ramework with different sizes of pores ( Fig. 8 ). 

In addition, there are 13 pairs of obvious intramolecu- 

ar hydrogen bonds (C(5)–H(5B) �N(3), C(20)–H(20A) �O(4), 

(21)–H(21C) �O(4), C(27)–H(27A) �O(1), C(28)–H(28C) �O(1), 

(32)–H(32) �N(6), C(37)–H(37B) �N(8), C(4 8)–H(4 8) �O(1), 

(51)–H(51C) �O(8), C(60)–H(60A) �O(5), C(61)–H(61C) �O(5), 

(6 4)–H(6 4) �O(8) and C(67)–H(67) �O(5)) in the Co(II) MOF 

 Fig. 9 a), and two pairs of intermolecular hydrogen bonds (C(46)–

(46) �O(7), C(6 6)–H(6 6) �O(9)) between the Co(II) MOF molecules 

nd between the Co(II) MOF and the solvent acetone molecule 

 Fig. 9 b). 

.3.2. Crystal structure of the Cd(II) CP 

The obtained colorless bulk single crystal was subjected to X- 

ay diffraction analysis. The Cd(II) CP crystallizes in the triclinic 

ystem, and the space group is P-1. What’s interesting is that un- 

ike the previously reported transition metal complexes [62–65] , 

he Cd(II) ion (Cd1) is not located at the N 2 O 2 cavity of the ligand

 2 L. To our knowledge, this phenomenon is never occurred in the 

reviously reported salen- and salamo-like complexes [ 45 , 46 , 48 ]. 

It is well known that Cd(II) is located in the fifth period 

f the periodic table of elements and has a large ionic radius. 

hen Cd(II) ions coordinate with H 2 L, the larger radius of Cd(II) 

ons cannot enter the N 2 O 2 cavity. While Cd(II) generally has a 

igher coordination number [68] , the loss of stable coordination 
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Table 3 

The information about hydrogen bond in the Co(II) MOF and Cd(II) CP, and 

C –H ···π and π ···π stacking information in Cd(II) CP. 

The Co(II) MOF 

D–H ···A d(D–H) d(H–A) d(D–A) � D–X–A 

C(5)–H(5B) ···N(3) 0.9700 2.5500 3.459(13) 156.00 

C(20)–H(20A) ···O(4) 0.9600 2.4400 3.018(12) 118.00 

C(21)–H(21C) ···O(4) 0.9600 2.3900 3.031(11) 123.00 

C(27)–H(27A) ···O(1) 0.9600 2.4100 2.984(14) 118.00 

C(28)–H(28C) ···O(1) 0.9600 2.4900 3.101(13) 122.00 

C(32)–H(32) ···N(6) 0.9300 2.5900 3.161(11) 120.00 

C(37)–H(37B) ···N(8) 0.9700 2.5700 3.480(11) 157.00 

C(51)–H(51C) ···O(8) 0.9600 2.3600 2.988(11) 123.00 

C(60)–H(60A) ···O(5) 0.9600 2.4200 3.030(9) 121.00 

C(61)–H(61C) ···O(5) 0.9600 2.4300 3.034(9) 121.00 

C(64)–H(64) ···O(8) 0.9300 2.5300 3.013(9) 113.00 

C(67)–H(67) ···O(5) 0.9300 2.5600 3.139(10) 120.00 

C(46)–H(46) ···O(7) 0.9300 2.4700 3.093(8) 124.00 

C(48)–H(48) ···O(1) 0.9300 2.4700 3.041(11) 120.00 

C(66)–H(66) ···O(9) 0.9300 2.5600 3.454(11) 162.00 

C-H ···π H-Cg X –Cg � C–H–Cg 

C(6)–H(6) ···Cg(8) 2.81 3.726(9) 170 

C(64)–H(64) ···Cg(4) 2.35 2.966(9) 124 

C(65)–H(65) ···Cg(3) 2.56 3.061(8) 114 

C(71)–H(71B) ···Cg(10) 2.96 3.887(12) 161 

The Cd(II) CP 

D–H ···A d(D–H) d(H–A) d(D–A) � D–X–A 

O(5)–H(5) ···N(2) 0.8200 1.8600 2.593(8) 148.00 

O(8)–H(8) ···N(3) 0.8200 1.9200 2.647(10) 147.00 

C(2)–H(2A) ···O(3) 0.9800 2.5800 3.490(10) 155.00 

C(5)–H(5A) ···O(1) 0.9500 2.4600 3.151(8) 129.00 

C(5)–H(5A) ···O(4) 0.9500 2.4600 3.220(9) 136.00 

C(19)–H(19A) ···O(5) 0.9800 2.3200 2.956(11) 122.00 

C(21)–H(21A) ···N(3) 0.9900 2.5900 2.926(10) 100.00 

C(32)–H(32) ···O(2) 0.9500 2.5500 3.174(10) 123.00 

C(33)–H(33) ···O(3) 0.9500 2.5500 3.212(10) 127.00 

C(36)–H(36A) ···O(8) 0.9800 2.4200 3.041(13) 121.00 

C(38)–H(38C) ···O(8) 0.9800 2.2900 2.969(11) 126.00 

C(18)–H(18C) ···O(5) 0.9800 2.3400 3.004(10) 125.00 

C –H ···π H-Cg X –Cg � C–H–Cg 

C(21)–H(21B) ···Cg(1) 2.83 3.769(8) 158 

C(22)–H(22B) ···Cg(2) 2.94 3.919(10) 171 

Cg(3) ···Cg(3) 3.908(4) 
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ite of the N 2 O 2 cavity leads to the failure to meet the higher

oordination number. However, there are some acetate anions in 

he solution, which can coordinate with Cd(II) ions. As shown 

n Fig. 10 , two bidentate chelated acetate anions (O1, O2, O3 

nd O4 atoms) are coordinated to Cd1 ion, and two Cd1 ions 

ith the same coordination environment are bridged by O1 atom 

f one of the acetate anions to form Cd 2 (OAc) 2 unit. Using the 

d 2 (OAc) 2 unit as the junction point and H 2 L as the linker, the

d 2 (OAc) 2 unit was coordinated with terminal pyridine N atoms 

N1 and N4) of H 2 L to form a coordination polymer with speci- 

cation holes. Among them, Cd1 ion is a seven-coordinated sin- 

le cap triangular prism geometry ( Fig. 11 ). As shown in Fig. 12 ,

he coordination polymer has a large cavity with a pore size of 

5.26 × 17.49 Å 

2 . 

In the Cd(II) CP, there are 12 pairs of obvious intramolecular hy- 

rogen bonds (O(5)–H(5) �N(2), O(8)–H(8) �N(3), C(2)–H(2A) �O(3), 

(5)–H(5A) �O(1), C(5)–H(5A) �O(4), C(18)–H(18C) �O(5), C(19)–

(19A) �O(5), C(21)–H(21A) �N(3), C(32)–H(32) �O(2), C(33)–

(33) �O(3), C(36)–H(36A) �O(8) and C(38)–H(38C) �O(8)) are 

bserved ( Fig. 13 ). In addition, there are two kinds of C–H �π
nteraction (C(21)–H(21B) �Cg(1) and C(22)–H(22B) �Cg(2)) of the 

d(II) CP ( Fig. 14 a), and have one kind of π�π stacking interac- 
12 
ion (Cg(3) �Cg(3)) in the Cd(II) CP ( Fig. 14 b). Through C–H �π and

�π stacking interactions to form a 2-D supramolecular structure, 

s shown in Fig. 15 . 

Both the Co(II) MOF and Cd(II) CP were obtained from the same 

igand H 2 L, but the two complexes possess different structures. On 

he one hand, the radius of the Co(II) and Cd(II) ions are quite dif- 

erent. The Cd(II) ion cannot enter the N 2 O 2 cavity to participate 

n the coordination, but coordinate with the free acetate in the so- 

ution and form the Cd 2 (OAc) 2 connecting unit. On the contrary, 

he N 2 O 2 cavity can provide stable four coordination sites, which is 

asier to stabilize the Co(II) ions. On the other hand, the common 

oordination number of the Co(II) ion is five or six, while the Cd(II) 

on needs higher coordination number [68] . The terminal pyridine 

 atoms of H 2 L is easy to participate in the coordination with the 

o(II) and Cd(II) ions. In conclusion, the Co(II) ion can located at 

he N 2 O 2 cavity of the ligand (L) 2 − unit, its terminal pyridine N 

toms occupied the two axial positions, while the Cd(II) ion only 

oordinated with the terminal pyridine N atoms of H 2 L. Finally, 

he pyridine ring in the Co(II) MOF is cis, while in the Cd(II) CP 

s trans. 

.4. Hirshfeld surface analyses 

Hirshfeld surface analysis [66] is carried out by selecting the 

mallest symmetrical unit of the Co(II) MOF and Cd(II) CP. Figs. 

6 and 17 represent the Hirshfeld surfaces of the Co(II) MOF and 

d(II) CP, and are mapped to d norm 

, shape index and curvature, 

espectively. In the map of d norm 

, the red region represents the 

 ···H/H ···O interactions (C 

–H ···O hydrogen bonding contact on the 

urface) in the Co(II) MOF and Cd(II) CP, the darker the color, the 

tronger the interaction. The white spots on the surface are due 

o the H ···H interactions, while the blue areas in the surface illus- 

rates that there is no interaction because the atoms are far away 

rom each other. Comparing the d norm 

of the Co(II) MOF and Cd(II) 

P, it is found that the interaction of O ···H/H ···O in the Cd(II) CP

s significantly stronger than that of the Co(II) MOF. This is con- 

istent with the crystal structures observed. Shape index and cur- 

ature can be used to identify stacking interactions in the Co(II) 

OF and Cd(II) CP. For the Co(II) MOF, red or blue triangle (bow 

ie pattern) was observed in the shape index (black circle), and 

here are flat surface patches in the curvature (red circle), which 

ndicates that there are C–H �π stacking interactions. While in the 

d(II) CP, more red or blue triangles (bow tie pattern) and flat sur- 

ace patches were observed in shape index (black circle) and cur- 

ature (red circle), which indicated the existence of C–H �π stack- 

ng and π�π interaction. In the two-dimensional fingerprint, gray 

epresents the whole fingerprint, while the blue area represents 

he proportion of each short-range effect. In the Co(II) MOF, tak- 

ng the O ···H/H ···O interactions as an example, the O ···H interac- 

ion is mainly concentrated in the peak position at the bottom 

ight of the fingerprint, while the H ···O interaction is mainly con- 

entrated in the peak position at the top left of the fingerprint. 

he proportion of O ···H/H ···O interactions is 7.0%. The proportions 

f C ···H/H ···C, N ···H/H ···N and H ···H interactions are 15.7%, 3.2% and

7.5%, respectively. Therefore, H ···H interaction is the main inter- 

ction in the Co(II) MOF. In the Cd(II) CP, the proportions of the 

 ···H/H ···O, C ···H/H ···C, N ···H/H ···N and H ···H interactions are 17.0%,

2.6%, 2.2% and 60.3%, respectively. Therefore, H ···H interaction is 

he main interaction in the Cd(II) CP. 

.5. TGA analyses 

Weigh out 5 mg of the Co(II) MOF and Cd(II) CP respectively, 

ontrol the heating rate at 10 °C/min, the thermal stability of the 

o(II) MOF and Cd(II) CP are analyzed using thermogravimetric 

nalysis. As shown in Fig. 18 , the weight loss of the Co( Ⅱ ) MOF
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Fig. 20. (a) Continuous addition of Co 2 + (1 × 10 −3 M) to H 2 L (5 × 10 −5 M) leads to a change in fluorescence intensity; (b) Continuous addition of Cd 2 + (1 × 10 −3 M) to H 2 L 

(5 × 10 −5 M) leads to a change in fluorescence intensity. 

Fig. 21. (a) The linear fitting of the binding constants of H 2 L and Co 2 + ion; (b) The linear fitting of the binding constants of H 2 L and Cd 2 + ion. 
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s mainly divided into two stages. The weight loss is 22.5% in the 

ange of 85–230 °C, and the solvent molecules in the Co(II) MOF 

re calculated as 13.1%, so this should be weight loss due to the 

oss of three acetone and one pyridine molecules in the Co(II) MOF. 

n the range of 372–502 °C, the weight loss is caused by the de- 

omposition of the main framework of the Co(II) MOF. After 600 

C, the weight will not be lost, the remaining weight is 15.4%, and 

he theoretical analysis of CoO is 11.2%. The two values are close, 

o it is inferred that the Co(II) MOF will generate its oxide after 

eing heated at 600 °C. The weight loss of the Cd(II) CP can be di-

ided into two stages. The weight loss is 23.8% in the range of 46–

40 °C, and the solvent molecules in the Cd(II) CP are calculated as 

9.7%, so this should be weight loss due to the loss of two acetone

olecules in the Cd(II) CP. While in the range of 360–532 °C, it 

elongs to the decomposition of the main framework of the Cd(II) 

P. After 600 °C, the weight will not be lost, the remaining weight 

s 16.1%, and the theoretical analysis of CdO is 12.9%. The two val- 

es are close, so it can be concluded that Cd(II) CP will generate 

ts oxide after being heated at 600 °C. Thermogravimetric analyses 

how that the Co(II) MOF and Cd(II) CP could withstand the high 

emperature of more than 350 °C and keep the structure intact, 

ndicating that both Co(II) MOF and Cd(II) CP have good thermal 
tabilities. t

13 
.6. Fluorescence properties 

With 350 nm as excitation wavelength and 10 / 20 nm as slit, 

he ligand H 2 L and its Co(II) MOF and Cd(II) CP used anhydrous 

thanol as solvent. The fluorescence spectra of H 2 L (5 × 10 −5 M) 

nd its Cd(II) CP and Co(II) MOF (5 × 10 −5 M) are given in Fig. 19 .

he ligand H 2 L has an emission peak at approximately 466 nm, 

hich may be due to the π- π ∗ transition within the ligand [67] . 

hile the emission peaks of the Co(II) MOF and Cd(II) CP at 

66 nm disappeared significantly, decreased fluorescence intensity 

f the Co(II) MOF and Cd(II) CP may be due to the introduction of 

he Co(II) and Cd(II) ions into the ligand [68] . A small absorption 

eak appears at approximately 452 and 440 nm, respectively, there 

re significant blue-shifts, which may be due to the occurrence of 

igand-to-metal charge transition (LMCT) [61] . 

The titration curves of the Co(II) MOF and Cd(II) CP are shown 

n Fig. 20 . In Fig. 20 a, with the addition of Co 2 + (1 × 10 −3 M), the

uorescence intensity at 466 nm decreases gradually, and shown 

 slight blue-shift. When 1 equivalent Cd 

2 + is add, the emission 

eak at 466 nm is moved to 452 nm, which is due to the coor-

ination between Co 2 + and the ligand, resulting in the ligand to 

etal charge transition (LMCT) [69] . After continuing to add Co 2 + , 
he fluorescence intensity at 452 nm will not change any more. 
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he titration results show that the optimal binding ratio of the lig- 

nd H 2 L to Co 2 + is 1:1, which is consistent with the single crystal

tructure obtained by X-ray diffraction analysis. In Fig. 20 b, a sim- 

lar phenomenon occurs with the addition of Cd 

2 + (1 × 10 −3 M), 

nd the emission peak is moved to 440 nm. When 1 equivalent 

o 2 + is add, the fluorescence intensity at 440 nm does not de- 

rease any more, indicating that the optimal binding ratio of the 

igand H 2 L to Cd 

2 + is 1:1, which is consistent with the obtained 

ingle crystal structure. The results of the titration are brought into 

he Hill equation [70] to calculate the binding constant. The bind- 

ng constants of the ligand H 2 L with Co 2 + and Cd 

2 + ions are cal-

ulated to be 3.05 × 10 5 M 

−1 and 2.03 × 10 5 M 

−1 , respectively 

 Fig. 21 ). 

. Conclusions 

A novel salamo-like ligand H 2 L containing double terminal pyri- 

ine groups was synthesized and characterized. Two structurally 

ifferent Co(II) MOF and Cd(II) CP, [{Co(L)} 2 ] n ·nCH 3 COCH 3 and 

Cd(H 2 L)(CH 3 COO) 2 ] n were obtained by self-assembly of H 2 L with 

d(II) and Co(II) ions. In which, a first reported salamo-like metal- 

rganic framework (MOF) with regular pore sizes is self-assembled 

ia H 2 L and Co(II) ion, while a never found and structurally novel 

oordination polymer (CPs) is self-assembled from the Cd(II) ion 

nd the unprotonated ligand H 2 L adopting N 2 O 2 cavity not in- 

olved in the coordination. TGA analyses show that the Co(II) MOF 

nd Cd(II) CP have good thermal stabilities. Fluorescence titrations 

ndicate the binding constants of the ligand H 2 L with Co 2 + and 

d 

2 + ions are calculated to be 3.05 × 10 5 M 

−1 and 2.03 × 10 5 

 

−1 , respectively. Theoretical analyses of the presences of various 

nteractions in the Co(II) MOF and Cd(II) CP are carried out by Hir- 

hfeld surfaces analyses. 
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