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Three Co(II) complexes, {[Co(L)2(H2O)3]·H2O}n (1), [Co(L)2(H2O)2]n (2), and [Co(L)2(H2O)4]
·2H2O (3), were obtained under diferent pH (HL = achiral 2-benzothiazolylthioacetic acid). Com-
pound 1 was synthesized at pH 5.0~6.5 and possesses a chiral 1-D helical double chain structure,
which achieved chiral symmetry breaking. Compound 2 was obtained at pH 4.0~5.0 and has a 1-D
chain structure. Compound 3 was genenrated at pH 3.0~4.0 and is a mononuclear structure.
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Based on an achiral 2-benzothiazolylthioacetic acid (HL) ligand, three Co(II) coordination com-
pounds, {[Co(L)2(H2O)3]·H2O}n (1), [Co(L)2(H2O)2]n (2), and [Co(L)2(H2O)4]·2H2O (3), were
obtained under different pH environments. Compound 1 possessing an interesting chiral 1-D helical
double chain was synthesized with pH of 5.0~6.5, and the chiral symmetry breaking has been
probed by single-crystal X-ray diffraction and circular dichroism spectroscopy. Switching pH to
4.0~5.0 and 3.0~4.0 resulted in achiral 2 and 3, respectively. Compound 2 has a 1-D chain structure
and 3 is mononuclear.

Keywords: Crystal structure; Chiral symmetry breaking; Magnetic behavior

1. Introduction

Chiral compounds play an indispensable role in biological function and in many areas of
society and science such as medicine, biology, biotechnology, chemistry, and materials
science [1–4]. Of them, homochiral metal–organic coordination polymers have attracted
interest owing to their potential applications in enantioselective separation, asymmetric
catalysis, nonlinear optics, and sensor technology [5–8].

When discussing chirality in complexes, one needs to consider two different aspects [9];
first, whether the components (building blocks) of the structure are chiral themselves, and
second, whether the arrangement of components into the complex is chiral. In general, we
are very comfortable with such chirality coming from an asymmetric carbon or other
so-called chiral centers and that’s because using a chiral component as a starting point is
the easiest way to ‘design’ a chiral complex [10].

However, chiral complexes from achiral building blocks are less common [11]. Chirality
can be induced by coordination around the metal center (e.g. carboxyl, which can form a
helical chain to generate chiral complex by syn-anti bridging), flexibility of the ligands,
inter/intramolecular hydrogen bonds, stacking interactions, etc. [12]. In this case, statisti-
cally, left- and right-handed helical molecules should be of the same number, because each
enantiomer should be formed with equal probability if no enantiopure additive or chiral
physical environment is introduced [3c, 11b, 13], unless, spontaneous chiral symmetry
breaking occurs, where the number of one enantiomer is not equal to that of the other. Just
like flipping a coin, if we flip a coin a sufficient number of times, we can get the coin rest-
ing on either side with equal probability. However, if we limit the flipping to just a small
number of events, the chance of getting just one particular side up becomes higher than the
other side. Since the first realization reported by Kondepudi et al. [14], where NaClO3

crystallized in homochiral form from achiral precursors through chiral symmetry breaking,
much attention has been paid to unusual phenomenon. Later, Wu et al. [15] achieved chiral
symmetry breaking of [{Cu(succinate)(4,4′-bipyridine)}n]·(4H2O)n by modulating the pH of
the reaction and controlling the solution evaporation rate; Zheng et al. [11b] gained a
homochiral coordination polymer {Ni1.5(tzdc)(H2O)3}·3H2O (H3tzdc = 4H-1,2,4-triazole-
3,5-dicarboxylic acid) from achiral precursors, which could be driven by intrinsic chiral
quartz topology; Qin et al. [16] also obtained a homochiral coordination polymer {[Co(1,1′-
oxybis(3,5-dipyridinebenzene))(OBA)]·(H2O)}n [H2OBA = 4,4′-oxybis(benzoate)] from
achiral precursors, which could be induced by flexibility of ligand and the introduction of
co-ligand.

Herein, we report three different Co(II) complexes, {[Co(L)2(H2O)3]·H2O}n (1), [Co
(L)2(H2O)2]n (2), and [Co(L)2(H2O)4]·2H2O (3), generated under different pH environments
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based on an achiral ligand (2-benzothiazolylthioacetic acid). The pH of 5.0–6.5 produced 1
which holds chiral 1-D helical double chains owing to the syn-anti bridging of carboxyl. In
addition, the chiral symmetry has broken through an unusual spontaneous asymmetric crys-
tallization by circular dichroism (CD) spectroscopy. When the pH was switched to 4.0–5.0
and 3.0–4.0, achiral 2 and 3 were obtained, respectively. Complex 2 has a 1-D chain and 3
is mononuclear.

2. Experimental

2.1. Materials and physical measurements

All reagents were used as purchased without further purification. IR spectra (KBr pellets)
were recorded on a Perkin-Elmer spectrum One FT-IR spectrometer. The elemental analyses
(EA) of C, H, N, and S were performed on a 2400 II, Perkin-Elmer elemental analyzer.
X-ray powder diffraction intensities were measured with a Rigaku D/max-IIIA diffractome-
ter (Cu-Kα, λ = 1.54056 Å). CD spectra were measured on a JASCO J-810. Variable-tem-
perature magnetic susceptibility data were obtained on polycrystalline samples using a
Quantum Design MPMSXL7 SQUID magnetometer with an applied magnetic field of 1000
Oe from 2−300 K. TG-DTA tests were performed on a Perkin-Elmer thermal analyzer from
room temperature to 1100 °C in a nitrogen atmosphere at a heating rate of 5 °C min−1.

2.2. Synthesis of {[Co(L)2(H2O)3]·H2O}n (1)

To a methanol solution (20 mL) of HL (225 mg, 1 mmol) was added an aqueous solution
(10 mL) of CoCl2·6H2O (119 mg, 0.5 mmol). When the pH of the solution was adjusted to
5.0–6.5 with Et3N (0.3–0.65 mL), the mixture was stirred at 60 °C for 2 h, then cooled to
room temperature. The mixture was filtered and a light red solution was obtained. For crys-
tallization, the solution remained undisturbed. After two weeks, pink block-shaped crystals
were generated, washed with distilled water, and picked out after being dried in air. Yield:
217 mg [75% based on Co(II)]. Elemental analysis for C18H20CoN2O8S4 (%): Calcd: C,
37.30; H, 3.49; N, 4.83; S, 22.13. Found: C, 37.16; H, 3.69; N, 4.97; S, 22.21. IR (KBr,
cm−1): 3211s, 1589s, 1421s, 1309w, 1235w, 1007m, 746m, 720m, 673w.

2.3. Synthesis of [Co(L)2(H2O)2]n (2)

The preparation of 2 was similar to that of 1, except with pH of 4.0–5.0 with Et3N
(0.2–0.3 mL), giving reddish needle-shaped crystalline products. Yield: 182 mg [67% based
on Co(II)]. Elemental analysis for C18H16CoN2O6S4 (%): Calcd: C, 39.77; H, 2.97; N,
5.16; S, 23.60. Found: C, 39.46; H, 2.79; N, 5.57; S, 23.68. IR (KBr, cm−1): 3187w,
2968m, 2921w, 1569s, 1430s, 1243m, 1007s, 750s, 723m, 686w.

2.4. Synthesis of [Co(L)2(H2O)4]·2H2O (3)

The preparation of 3 was similar to that of 1, except with pH of 3.0–4.0 with Et3N
(1.5–0.2 mL), giving reddish rod-shaped crystalline products. Yield: 163 mg [53% based on
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Co(II)]. Elemental analysis for C18H24CoN2O10S4 (%): Calcd: C, 35.12; H, 3.94; N, 4.55;
S, 20.83. Found: C, 35.46; H, 3.69; N, 4.47; S, 20.68. IR (KBr, cm−1): 3120w, 2968w,
1569s, 1428s, 1375s, 1232w, 1008m, 749m, 686w.

2.5. X-ray crystallographic determination

Single-crystal X-ray diffraction data of 1 were collected on a Bruker SMART CCD
diffractometer by using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) at

Table 1. Crystallographic data and structure refinement for 1–3.

1 2 3

Empirical formula C18H20CoN2O8S4 C18H16CoN2O6S4 C18H24CoN2O10S4
Formula weight 579.53 543.50 615.56
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21 C2/c P21/c
a (Å) 8.2114(3) 34.246(5) 6.0557(2)
b (Å) 7.5866(3) 4.4484(6) 5.15872(15)
c (Å) 18.4644(7) 13.9243(18) 39.1082(12)
β (°) 97.126(3) 94.829(12) 92.097(3)
Volume (Å3) 1141.39(8) 2113.7(5) 1220.91(7)
Z 2 4 2
DCalcd (Mg m−3) 1.686 1.708 1.674
F(0 0 0) 594 1108 634
θ range for data collection (°) 2.9–28.7 2.9–28.7 3.1–28.7
Reflections collected 12,434 7138 9864
Independent reflections 5014 [R(int) = 0.029] 1897 [R(int) = 0.112] 2493 [R(int) = 0.031]
Goodness-of-fit on F2 1.05 1.18 1.14
Final R indices [I > 2σ(I)] R1 = 0.0297 R1 = 0.1078 R1 = 0.0418

ωR2 = 0.0650 ωR2 = 0.2338 ωR2 = 0.0833
R indices (all data) R1 = 0.0371 R1 = 0.1643 R1 = 0.0496

ωR2 = 0.0811 ωR2 = 0.2627 ωR2 = 0.0866
Flack parameter 0.018(13)

Table 2. Selected bond lengths (Å) and angles (°) for 1–3.

1
Co1–O1 2.071(8) Co1–O2A 2.109(2) Co1–O3 2.094(2)
Co1–O5w 2.129(2) Co1–O6w 2.097(2) Co1–O7w 2.084(2)
O1–Co1–O2A 82.45(9) O1–Co1–O3 89.95(8) O1–Co1–O5w 96.68(9)
O1–Co1–O6w 93.10(8) O1–Co1–O7w 172.17(9) O2A–Co1–O5w 176.05(1)
O3–Co1–O2A 92.05(9) O3–Co1–O5w 91.81(9) O3–Co1–O6w 176.94(9)
O6w–Co1–O2A 88.76(9) O6w–Co1–O5w 87.43(9) O7w–Co1–O2A 89.96(9)
O7w–Co1–O3 88.39(8) O7w–Co1–O5w 91.02(9) O7w–Co1–O6w 88.64(8)
Symmetry code: A: −x + 1, y − 1/2, −z + 1

2
Co1–O1 2.123(7) Co1–O2B 2.071(8) Co1–O3w 2.101(9)
O2B–Co1–O1 88.8(3) O2C–Co1–O1 91.2(3) O2B–Co1–O3w 88.0(3)
O2C–Co1–O3w 92.0(3) O3w–Co1–O1A 89.6(3) O3w–Co1–O1 90.4(3)
Symmetry codes: A: −x, −y + 2, −z + 1; B: x, y + 1, z; C: −x, −y + 1, −z + 1

3
Co1–O1 2.092(8) Co1–O3w 2.131(2) Co1–O4w 2.070(2)
O1–Co1–O3w 95.26(8) O1A–Co1–O3w 84.74(8) O4wA–Co1–O1 88.76(7)
O4w–Co1–O1 91.24(7) O4w–Co1–O3wA 90.78(8) O4w–Co1–O3w 89.22(8)
Symmetry code: A: −x + 2, −y + 1, −z

2110 C.-Y. Shu et al.

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
34

 2
8 

D
ec

em
be

r 
20

15
 



room temperature. The data for 2 and 3 were collected at 293 K on an Agilent
Technologies SuperNova diffractometer with Mo-Kα radiation (λ = 0.71073 Å). A
semiempirical absorption correction using SADABS was applied, and the raw data frame
integration was performed with SAINT [17]. Crystal structures were solved by the direct
method using SHELXS-97 [18] and refined by full-matrix least-squares on all F2 data
for the nonhydrogen atoms using SHELXL-97 [19] with anisotropic thermal parameters.
All hydrogens were placed in calculated positions and refined isotropically, except
hydrogens of water were located in a difference Fourier map and refined isotropically in
the final refinement cycles. Details of crystallographic data are summarized in table 1.
Selected bond lengths and angles for 1–3 are given in table 2 and hydrogen bond
lengths and angles are listed in table 3.

3. Description of the crystal structures

3.1. {[Co(L)2(H2O)3]·H2O}n (1)

Single crystals of 1 were obtained, and its structure was resolved in the monoclinic space
group P21. The structural analysis shows that 1 reveals a 1-D system with a mononuclear
Co(II) unit. As illustrated in figure 1(a), the central cobalt Co1 is six-coordinate in a
slightly distorted octahedron. The equatorial positions are composed by four carboxylate/
water oxygens [O1, O2A, O5w and O7w, Co–O1 = 2.0718(1) Å, Co–O2A = 2.109(2) Å,
Co–O5w = 2.129(2) Å and Co–O7w = 2.084(2) Å, symmetry code: A: −x + 1, y − 1/2,
−z + 1] and two carboxylate/water oxygens [O3 and O6w, Co–O3 = 2.094(2) Å and
Co–O6w = 2.097(2) Å] occupy the axial position. The Co–O distances are similar to those
for [Co(L′)2(H2O)2]n·2nH2O (HL′ = 2-(6-oxo-6H-purin-1(9H)-yl) acetic acid; Co–O, 2.094

Table 3. Hydrogen bond lengths (Å) and angles (°) in 1–3.

D–H⋯A D–H H⋯A D⋯A D–H⋯A

1
O5w–H5A⋯O3#2 0.84 2.08 2.892 (3) 166
O5w–H5B⋯O8w 0.84 1.96 2.793 (3) 173
O6w–H6A⋯O8w#1 0.85 1.92 2.748 (3) 167
O7w–H7A⋯N1#1 0.84 2.09 2.928 (3) 172
O7w–H7B⋯O4#2 0.83 1.85 2.675 (3) 169
O8w–H8A⋯N2 0.84 2.03 2.841 (4) 161
O8w–H8B⋯O4#3 0.84 2.02 2.856 (3) 170
Symmetry codes: #1: −x + 1, y − 1/2, −z + 1; #2: −x + 2, y + 1/2, −z + 1; #3: x, y + 1, z

2
O3w–H3A⋯O1#1 0.85(8) 1.97(9) 2.755(12) 154(11)
O3w–H3B⋯N1 0.85(9) 2.11(10) 2.858(14) 147(8)
Symmetry code: #1: x + 1/2, y + 3/2, z + 1

3
O3w–H3A⋯O2 0.85(2) 1.99(3) 2.720(3) 144(2)
O4w–H4A⋯O1#1 0.85(2) 2.01(2) 2.860(3) 176(2)
O4w–H4B⋯O5w 0.85(2) 1.83(2) 2.677(3) 175(2)
O5w–H5A⋯O2#2 0.87(5) 2.08(5) 2.863(4) 150(4)
Symmetry codes: #1: x, y + 1, z; #2: x − 1, y, z

Co(II) with 2-benzothiazolylthioacetic acid 2111
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(4)–2.103(5) Å) [20a] and {[Co(3,4-Hpdc)2(H2O)2]·2H2O·2dmso}n (3,4-H2pdc = 3,4-
pyridinedicarboxylic acid; Co–O, 2.094(2)–2.166(2) Å) [20b] and in the range of those for
[Co3(EIDC)2(H2O)5]n (H3EIDC = 2-ethyl-1H-imidazole-4,5-dicarboxylic acid; Co–O,
1.984(7)–2.148(5) Å) [20c]. Of the two carboxylate ligands, one is monodentate (O3), the
other has syn-anti bridging (O1, O2) to connect adjacent Co(II) cations, forming a 1-D
chain with 21 helicity along the b direction, in which the helical pitch is equal to the
length of the b-axis [b = 7.593(4) Å], as shown in figure 1(b). The distance between the
adjacent Co(II) centers connected by L− is 5.126(5) Å; 1 is a helical chain furnished by
carboxylate ligands.

Along the b-axis, we have also found a 1-D helical metal–water chain [21] comprised of
Co(II), two coordinated waters (O5w and O6w), and a lattice water (O8w), linked by
hydrogen bonds [O5w⋯O8w = 2.793(3) Å, O6w⋯O8w#1 = 2.748(3) Å, symmetry code:
#1: −x + 1, y − 1/2, −z + 1] between water molecules [figure 1(c)]. The average O⋯O
distance of the helical metal–water chain is 2.77 Å, which is slightly shorter than the
reported 2.85 Å of liquid water [22] and 2.90 Å of a hexameric water cluster in {[Nd
(p-HPIDC)(ox)0.5(H2O)]·2H2O}n (p-H3PIDC = 2-(pyridinium-4-yl)-1H-imidazole-4,5-dicar-
boxylic acid, H2ox = oxalic acid; O1W⋯O2W = 2.911(5) Å, O2W⋯O3W#7 = 2.893(7) Å,
O3W#1⋯O2W = 2.912(7) Å; average, 2.90 Å) [23].

Figure 1. (a) The local coordination environment of Co(II) in 1 with 30% ellipsoid probability. Symmetry code:
A: −x + 1, y − 1/2, −z + 1; (b) A view of the 1-D helical chain of 1; (c) The 1-D helical double chain of 1 com-
posed by the helical Co–O–C–O chain and the helical metal–water chain. Symmetry code: #1: −x + 1, y − 1/2,
−z + 1.

2112 C.-Y. Shu et al.
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Both helical chains are right-handed and they shared cobalt ions. That is, the 1-D system
of 1 is a 1-D helical double chain arrangement joined by the coordination bonds of L− and
hydrogen bonds of the metal–water chain.

In this compound, weak π⋯π stacking interactions exist with a centroid-to-centroid dis-
tance of 4.037 Å between benzene rings and thiazole rings of L−, and abundant hydrogen
bonds [O5w⋯O3#2 = 2.892(3) Å, O7w⋯N1#1 = 2.928(3) Å, O7w⋯O4#2 = 2.675(3) Å,

Figure 2. The 2-D supramolecular structure formed by hydrogen bonds and weak π⋯π stacking interactions.
Symmetry codes: #1: −x + 1, y − 1/2, −z + 1; #2: −x + 2, y + 1/2, −z + 1; #3: x, y + 1, z.

Figure 3. (a) The local coordination environment of Co(II) in 2 with 30% ellipsoid probability. Symmetry codes:
A: −x, −y + 2, −z + 1; B: x, y + 1, z; C: −x, −y + 1, −z + 1; (b) A view of the 1-D chain of 2 along the b-axis.
Symmetry code: #1: x + 1/2, y + 3/2, z + 1.

Co(II) with 2-benzothiazolylthioacetic acid 2113

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
34

 2
8 

D
ec

em
be

r 
20

15
 



O8w⋯N2 = 2.841(4) Å, O8w⋯O4#3 = 2.856(3) Å, average, 2.84 Å, symmetry codes: #1:
−x + 1, y − 1/2, −z + 1; #2: −x + 2, y + 1/2, −z + 1; #3: x, y + 1, z] which connect not only
the helical metal–water chains, but also the helical double chains to form a 2-D
supramolecular structure along the a, b directions (figure 2).

3.2. [Co(L)2(H2O)2]n (2)

Compound 2 belongs to the monoclinic C2/c space group and reveals a 1-D system with a
mononuclear Co(II) unit. Co1 is six-coordinate and located on a crystallographic inversion
center with a squashed octahedron coordination sphere [figure 3(a)]. Four carboxylate/water
oxygens [O1, O1A, O3w, and O3wA, Co–O1 = 2.123(7) Å and Co–O3w = 2.123(7) Å,
symmetry code: A: −x, −y + 2, −z + 1] compose the equatorial positions and two carboxy-
late oxygens [O2B and O2C, Co–O2B = 2.071(8) Å, symmetry codes: B: x, y + 1, z; C: −x,
−y + 1, −z + 1] occupy axial positions. The Co–O distances are similar to those for [Co(II)
L″(H2O)]n (H2L″ = 2-(2-(3-methyl-5-oxo-1-phenyl-1H-pyrazol-4(5H)-ylidene) hydrazinyl)
benzoic acid; Co–O, 1.956(3)–2.111(3) Å) [24a] and in the range of those for {[Co(bdc)

Figure 4. (a) The coordination environment of Co(II) in 3 with 30% ellipsoid probability. Symmetry code: A:
−x + 2, −y + 1, −z; (b) Adjacent cobalt units are connected by hydrogen bonds along the a-axis. Symmetry codes:
#1: x, y + 1, z; #2: x − 1, y, z; (c) Adjacent cobalt units are connected by hydrogen bonds and very weak π⋯π
stacking interactions along the b-axis.

2114 C.-Y. Shu et al.
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(bib)(H2O)]·H2O}n (H2bdc = 1,4-benzenedicarboxylic acid, bib = 1,4-bis(1-imidazolyl)ben-
zene; Co–O, 2.042(3)–2.202(4) Å) [24b] and [Co1.5(tpa)2 (N3)(H2O)]n (Htpa = trans-3-
pyridylacrylic acid; Co–O, 2.032(8)–2.140(8) Å) [24c]. As shown in figure 3(b), along the
b-axis, adjacent central cobalt ions are bridged by carboxyl groups of L− to furnish a 1-D
chain. In this chain, two adjacent central cobalt ions are syn-anti bridged by two carboxyl
groups of L− to form an eight-membered dicobaltacycle, in which the Co⋯Co distance is
4.448(5) Å (slightly shorter than the reported 4.518 Å of the eight-membered dicobaltacycle
in [Co(mip)(bpa)]n, longer than 4.235 Å in [Co(mip)(bpp)]n, H2mip = 5-methylisophthalic
acid, bpa = 1,2-bi(4-pyridyl)-ethane, bpp = 1,3-di(4-pyridyl)-propane) [25a], and slightly
longer than 4.387(1) Å in [Co2(Hnbpdc)2(nbpdc)(bipy)2]n, H2nbpdc = 2-nitrobiphenyl-4,4′-
dicarboxylic acid, bipy = 4,4′-bipyridine [25b]). Moreover, abundant hydrogen bonds
[O3w⋯O1#1 = 2.755(1) Å, O3w⋯N1 = 2.858(1) Å, average, 2.80 Å (slightly longer than
2.77 Å of 1 and shorter than the reported 2.85 Å of liquid water [22]), symmetry code: #1:
x + 1/2, y + 3/2, z + 1] and weak π⋯π stacking interactions with a face-to-face distance of
4.424 Å between benzene rings and thiazole rings of L− ligands exist in the 1-D chain.

3.3. [Co(L)2(H2O)4]·2H2O (3)

As shown in figure 4(a), 3 consists of a centrosymmetric Co(II) unit. The Co1 is six-coordi-
nate, showing an elongated octahedral environment, provided by four carboxylate/water
oxygens [O1, O1A, O4w, and O4wA (symmetry code: A: −x + 2, −y + 1, −z),
Co–O1 = 2.092(8) Å and Co–O4w = 2.070(2) Å] composing the equatorial plane and two
water oxygens [O3w and O3wA, Co–O3w = 2.131(2) Å] occupying the axial positions.
The Co–O distances are comparable to those for [Co(mbtx)(hpht)(H2O)]n (mbtx = 1,3-bis
(1,2,4-triazol-1ylmethyl)benzene, H2hpht = homophthalic acid; Co–O, 2.064(4)–2.133(4)
Å) [26a], and in the range of those for {[Co3(tm)2(3,4′-Hbpt)2(H2O)6]∙2H2O}n
(H3tm = trimellitic acid, 3,4′-Hbpt = 1H-3-(3-pyridyl)-5-(4-pyridyl)-1,2,4-triazole; Co–O,
2.048 (3)–2.147(3) Å) [26b]. Unlike 1 and 2, both carboxylate ligands in 3 are monodentate
(O1, O1A). The adjacent cobalt units are connected by abundant hydrogen bonds along the
a, b directions [O3w⋯O2 = 2.720(3) Å, O4w⋯O1#1 = 2.860(3) Å, O4w⋯O5w = 2.677(3)
Å, O5w⋯O2#2 = 2.863(4) Å, average, 2.78 Å (slightly shorter than the reported 2.85 Å of
liquid water [22]), symmetry codes: #1: x, y + 1, z; #2: x − 1, y, z] and very weak π⋯π
stacking interactions (with a centroid-to-centroid distance of 5.1587 Å along the b-axis)
between benzene rings and thiazole rings of L− [figure 4(b) and (c)].

4. Physical properties of 1–3

4.1. Powder X-ray diffraction

The experimental and simulated powder X-ray diffraction (PXRD) patterns of these com-
plexes are shown in figure 5. In order to realize chiral symmetry breaking, eight parallel
syntheses of 1 were carried out with pH in the range of 5.0–6.5. We can see that the
measured PXRD patterns of the eight parallel bulk samples (b–i) are consistent with the
calculated one, which can be concluded that they are all pure phase. For 2 and 3, the mea-
sured PXRD patterns also agree with the corresponding calculated ones, and both of them
are pure phase.
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4.2. CD spectrum of 1

In order to evaluate the asymmetric crystallization of 1, CD spectra (figure 6) of bulk sam-
ples from eight parallel syntheses were measured in the solid state using a JASCO J-810
spectropolarimeter. Six bulk samples of 1 show a positive Cotton effect [27] at 508 nm,
while two bulk samples of 1 exhibit the opposite CD signal at the same position. These
results provide evidence for asymmetric crystallization. We attempted to control the law of
chiral symmetry breaking by changing the pH of reaction, but we have not been able to find
conditions that can reasonably regulate and control the law of helical chirality; unexpect-
edly, two different complexes, 2 and 3, were obtained.

4.3. Magnetic properties of 1 and 2

The magnetic properties of 1 and 2 were carried out on crushed single crystals from 2.0 to
300.0 K at 1000 Oe, as shown in figure 7. For 1, the data above 35 K follow the Curie–
Weiss law with C = 3.58 cm3 K mol−1 and θ = −20.63 K. Above 40 K, the data of 2 also
follow the Curie–Weiss law with C = 2.99 cm3 K mol−1 and θ = −28.00 K. The magnetic

Figure 5. Measured and calculated powder X-ray diffraction (PXRD) patterns of 1–3 (b–i: the measured PXRD
patterns for the eight batches of 1 in CD spectra).
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moments of 1 and 2 are similar at 300 K with χMT of 3.31 and 2.74 cm3 K mol−1, respec-
tively, significantly larger than the theoretical spin-only value (1.88 cm3 K mol−1) for a
magnetically active Co(II), which is common for high-spin octahedral Co(II) complexes
because of the orbital contribution [28]. As T decreases, χMT of 1 and 2 decrease continu-
ously to a minimum value of 1.54 and 0.45 cm3 K mol−1 at 2 K, respectively. The global
feature of them is characteristic of weak antiferromagnetic interactions. As shown in the
crystallographic part, 1 and 2 are both made of Co(II) ions which are not only connected by
syn-anti bridging of the carboxylate ligands, but also by weak intermolecular interactions to
form a chain. Therefore, the overall antiferromagnetic interaction should be mainly
attributed to magnetic exchange coupling within the Co–carboxylate chain. As illustrated in
figure 7 (insets), the dependence of χMT versus T curves of 1 and 2 at different fields is
unconspicuous at low-temperature, which excludes spin canting.

300 350 400 450 500 550 600 650 700

-10

-5

0

5

10

15

20

25

Wavelength(nm)

C
D

[m
de

g]

Figure 6. The solid-state CD spectra of 1 from eight batches.

Figure 7. Plots of χMT vs. T (black) and χM
−1 vs. T (red) for 1 and 2 (insets: plot of χMT vs. T under different

fields at low temperature) (see http://dx.doi.org/10.1080/00958972.2015.1038996 for color version).
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4.4. Thermal stability of 1–3

The thermal stabilities of 1–3 have been investigated by thermogravimetric analysis
(figure 8). The first weight loss of 12.69% of 1 from 70 to 137 °C corresponds to release of
lattice and coordinated water (Calcd 12.42%). The second weight loss from 202 to 1000 °C
is due to decomposition and combustion of the ligands and collapse of the framework. The
final residual weight of 17.68% is consistent with that for CoCO3 (Calcd 20.52%) [29]. For
2, the first weight loss of 6.41% at 98–164 °C corresponds to expulsion of coordinated
water (Calcd 6.62%). The second weight loss of 79.96% which starts from 176 °C does not
stop until heating and ends at 1000 °C corresponds to decomposition and combustion of the
ligands (Calcd 82.42%). The final decomposition product (13.20%) is CoO (Calcd 13.79%)
[20a, 30]. For 3, the first weight loss of 5.97% at 50–96 °C corresponds to release of lattice
water (Calcd 5.85%), the second weight loss of 10.34% from 98 to 202 °C corresponds to
release of coordinated water (Calcd 11.70%), and further weight loss from 216 to 1000 °C
is attributed to decomposition and combustion of the ligands and collapse of the framework.
The remaining weight of 17.44% corresponds to formation of CoCO3 (Calcd 19.32%) [29].

5. Conclusion

We report three Co(II) complexes obtained under the same conditions except pH. Complex
1 was isolated at pH 5.0–6.5 and exhibits a rare chiral helical double chain structure, which
achieved chiral asymmetry breaking through spontaneous asymmetric crystallization
confirmed by CD spectra. Complex 2 was obtained at pH 4.0–5.0 and shows a 1-D chain
structure. Complex 3 was generated at pH 3.0–4.0 and is a mononuclear structure. Chiral 1
can be generated from an achiral source without enantiopure additive; usually such com-
pounds are synthesized by using enantiopure ligands [31]. Thus, conformation of the helical
Co–O–C–O chain and the helical metal–water chain both play crucial roles in the chiral

Figure 8. The TG curves of 1–3.
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generation. Only at pH 5.0–6.5 chiral 1 can be formed. The reason may be just like Wu
et al. [15] said that a higher pH condition prompts Et3N to form [Co(Et3N)6]

2+ to compete
with H2L for Co2+ to control the kinetics of the target product crystallization. As a result,
only a limited number of nuclei can be formed prior to crystal growth, and the probability
of attaining only the left- or right-handed helical structure in these nuclei is greatly
enhanced. The result shows that the pH of the reaction system is an important factor con-
trolling the structures of target compounds. Magnetic studies revealed significant antiferro-
magnetic interaction between Co(II) ions in 1 and 2. The exploration of the relationship
between spontaneous asymmetry breaking and helicity could lead to new insights into the
generation of helicity and homochirality in biopolymers.
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