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Six transition metal coordination compounds with Hymand and different N-donor ligands, [Co
(Hmand),(2,2"-bipy)]-H,O (1), [Ni(Hmand),(2,2-bipy)]-H,O (2), [Ni(Hmand)y(bpe)] (3), [Zn
(Hmand),(2,4"-bipy)(H,0)]-2H,0 (4), [Zn(Hmand)(bpe)(H,0)],[(ClO4)],'nH,O (5), and [Zn
(Hmand)(4,4'-bipy)(H,0)].[(ClO4)], (6), were synthesized under different conditions (Hmand = (S)-
(+)-mandelic acid, bpe = 1,2-di(4-pyridyl)ethane, 4,4'-bipy = 4,4'-bipyridine, 2,4"-bipy = 2,4"-bipyri-
dine, 2,2"-bipy = 2,2'-bipyridine). Their structures were determined by single-crystal X-ray diffraction
analysis and further characterized by elemental analysis, infrared spectra, thermogravimetric analysis,
powder X-ray diffraction, and circular dichroism. Compounds 1 and 2 are isostructural (0-D struc-
tures), which are extended to supramolecular 1-D chains by hydrogen bonding. Compound 3 exhibits
1-D straight chain structures, which are further linked via hydrogen bond interactions to generate a 3-
D supramolecular architecture. Compound 4 displays a discrete molecular unit. Neighboring units are
further linked by hydrogen bonds and 7—x interactions to form a 3-D supramolecular architecture.
Compound 5 displays a 2-D undulated network, further extended into a 3-D supramolecular architec-
ture through hydrogen bond interactions. Compound 6 possesses a 2-D sheet structure. Auxiliary
ligands and counteranions play an important role in the formation of final frameworks, and the hydro-
gen-bonding interactions and z— stacking interactions contributed to the formation of the diverse
supramolecular architectures. Compounds 1, 2, 4, 5, and 6 crystallize in chiral space groups, with the
circular dichroism spectra exhibiting positive cotton effects. Furthermore, the luminescent properties
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of 4-6 have been examined in the solid state at room temperature, and the different crystal structures
influence emission spectra significantly.

Keywords: Coordination compounds; (S)-(+)-Mandelic acid; Crystal structure; Circular dichroism;
Luminescent properties

1. Introduction

Chirality has been of great importance in chemistry, biochemistry, and materials science
[1-3]. Recently, chiral coordination polymers have received extensive attention for diverse
topologies, intriguing structure, and potential applications in enantioselective synthesis,
asymmetric catalysis, nonlinear optical materials, luminescence, and magnetic materials
[4-11]. Generally, introduction of chiral templates or chiral ligands to direct the homochiral
crystallization of intrinsically chiral coordination polymers has proved to be a very effective
method. However, the synthesis of chiral coordination polymers with desirable structures
and properties is still arduous [12—15]. A possible reason may be that crystallization is a
very complicated process, in which subtle changes such as additional ligands, metal, pH,
counteranion, and reaction temperature, make it difficult to predict effects on final composi-
tions and structures [16-20]. Among various chiral organic ligands, a-hydroxycarboxylic
acids, exhibiting a variety of coordination abilities and the tendency to form architectures
with multidimensional frameworks, are appealing ligands for building chiral coordination
compounds [21]. Mandelic acid, as an a-hydroxydicarboxylic acid, which consists of phe-
nyl, hydroxyl, and carboxyl groups, possesses ability to synthesize chiral coordination poly-
mers. Owing to these functional groups, the mandelic acid ligand creates many possibilities
for formation of inter- and intra-molecular interactions through aromatic interactions and
hydrogen bonds to stabilize the structure of chiral coordination polymers [22-25]. A num-
ber of chiral network materials of mandelic acid ligand have been reported. Yogo et al.
reported the discovery of a 1-D chiral coordination polymer, [Cu-(C¢HsCH(OH)COO)(p-
C¢HsCH(OH)COO)], which showed piezoelectric properties and second harmonic genera-
tion activity [22], while Fedin et al. succeeded in preparing a series of porous coordination
polymers with mandelic acid [26], and Luneau et al. synthesized 1-D chiral molecular-mag-
nets {M"(L/D-mand)(4-MePy);},-n(ClO4) (M =Co" and Ni') [27]. However, there are
very few reports which discuss the structures of different N-donor auxiliary ligands around
metal centers.

Our group has been committed to exploitation of chiral coordination compounds based
on chiral ligands. We have synthesized a series of chiral complexes and made a systematic
investigation into how external conditions such as temperature, auxiliary ligands, metal, etc.
influence the structures and properties [28—31]. Pursuing our work in this area, we selected
(8)-(+)-mandelic acid as ligand and a series of N-donor ligands to synthesize chiral coordi-
nation compounds. Herein, we report six coordination compounds, [Co(Hmand),(2,2'-
bipy)]'H,O (1), [Ni(Hmand),(2,2"-bipy)]-H,O (2), [Ni(Hmand)(bpe)] (3), [Zn
(Hmand),(2,4'-bipy)(H,O)]-2H,O (4), [Zn(Hmand)(bpe)(H,0)],[(ClO4)],-rH,O (5), and
[Zn(Hmand)(4,4"-bipy)(H,0)],[(ClOy4)], (6) (Hymand = (S)-(+)-mandelic acid, bpe = 1,2-di
(4-pyridyl)ethane, 4,4'-bipy = 4,4'-bipyridine, 2,4’-bipy = 2,4'-bipyridine, 2,2'-bipy = 2,2'-
bipyridine), which are characterized by X-ray crystallography, elemental analysis, IR
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spectra, thermal stability, powder X-ray diffraction (PXRD), and circular dichroism (CD).
Furthermore, the solid-state luminescent properties of 4-6 were studied.

2. Experimental

2.1. Materials and methods

All reagents and solvents for syntheses were purchased from commercial sources and were
used as received. Elemental analyses (C, H, and N) were performed on an Elemental Vario
EL elemental analyser. Infrared (IR) spectra were (KBr pellets) measured on a FTIR-8900
spectrometer from 4000 to 400 em . Thermogravimetric analyses (TGA) were carried out
on a simultaneous STA 449F3/TENSOR 27 thermal analyzer under nitrogen with a heating
rate of 10 °C min~' from room temperature to 800 °C. The PXRD patterns were checked at
room temperature. The solid-state CD spectra were recorded on a JASCOJ-810 spectropo-
larimeter with KCl1 pellets. Fluorescence spectra were recorded on a Hitachi F-4500
luminescence spectrometer.

2.2. Synthesis

2.2.1. Synthesis of [Co(Hmand),(2,2-bipy)]"H,O (1). Co(Ac),4H,O (0.0498 g,
0.2 mmol), Hymand (0.0608 g, 0.4 mmol), and 2,2"-bipy (0.0624 g, 0.4 mmol) were mixed
in a solution containing ethanol (25.0 mL). The solution was adjusted to pH 5.4 with addi-
tion of a dilute aqueous 2 mol/L NaOH solution. The mixture was stirred for 5 min at room
temperature and filtered. The filtrate was left to stand at room temperature for about two
weeks to deposit orange diamond-shaped crystals of 1. Yield: ~55% (based on Co). Anal.
Calcd for Cy6H4N>O7Co (%). C, 58.55; H, 4.46; N, 5.25. Found: C, 58.32; H, 4.51; N,
5.23. IR (KBr, cm™ ') v: 3524(b), 1578(s), 1493(w), 1475(w), 1443(m), 1395(m), 1340(w),
1283(m), 1250(w), 1196(w), 1154(w), 1080(w), 1053(m), 1024(m), 957(w), 789(w), 767
(m), 743(m), 798(m), 652(w), 606(m), 552(m), 509(w), 459(w).

2.2.2. Synthesis of [Ni(Hmand),(2,2'-bipy)]-H,O (2). The mixture of Hymand (0.0304 g,
0.2 mmol) and 2,2"-bipy (0.0312 g, 0.2 mmol) was stirred into a 15-mL aqueous solution,
which was heated in a water bath at 60 °C for about 10 min. Then, the freshly prepared Ni
(OH), was added until a small amount of precipitate was formed. The resulting solution
was stirred for 20 min, filtered off, and allowed to stand for two weeks. The blue diamond-
shaped crystals obtained were suitable for X-ray analysis. Yield: ~53% (based on Ni). Anal.
Calcd for Co6H,4N,NiO5 (%). C, 58.35; H, 4.52; N, 5.23. Found: C, 58.49; H, 4.56; N,
5.41. IR (KBr, cm™") v: 3451(b), 1578(s), 1494(w), 1475(w), 1445(m), 1398(m), 1342(w),
1285(m), 1196(w), 1154(w), 1081(w), 1055(m), 1029(m), 958(w), 766(m), 743(m), 700(m),
655(w), 608(m), 554(m), 419(w).

2.2.3. Synthesis of [Ni(Hmand),(bpe)] (3). The mixture of Hymand (0.0304 g, 0.2 mmol)
and bpe (0.0368 g, 0.2 mmol) was stirred into a solution containing H,O (7 mL) and metha-
nol (3 mL). Then, the freshly prepared Ni(OH), was added until a small amount of precipi-
tate was formed. The mixture was homogenized for 30 min at room temperature,
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transferred to a sealed 23-mL Teflon-lined stainless reactor, and heated at 140 °C for four -
days under autogenous pressure. Afterward, the reaction mixture was allowed to cool to
room temperature and filtered. The blue diamond-shaped crystals were separated from the
mother liquor by slow evaporation at room temperature after 10 days. Yield: ~33% (based
on Ni). Anal. Calcd for C,gH,6N,>NiOg (%). C, 61.68; H, 4.81; N, 5.14. Found: C, 60.98;
H, 4.68; N, 5.12. IR (KBr, cm ') v: 3436(b), 3058(m), 2477(b), 1612(w), 1581(s), 1498
(w), 1450(m), 1378(w), 1345(w), 1288(w), 1246(w), 1224(w), 1197(w), 1089(m), 1060(m),
1019(w), 944(w), 829(s), 815(w), 797(m), 740(s), 700(m), 673(w), 610(w), 551(s), 495(w),
466(w).

2.2.4. Synthesis of [Zn(Hmand),(2,4'-bipy)(H,0)]-2H,0 (4). Zn(ClO4), 6H,O (0.0372 g,
0.1 mmol), Hymand (0.0304 g, 0.2 mmol), and 2,4"-bipy (0.0312 g, 0.2 mmol) were mixed
in a solution containing H,O (6 mL) and ethanol (6 mL). The mixture was placed in a 23-
mL Teflon-lined stainless reactor after adjusting to pH = 4.5 with the addition of a dilute
aqueous 1 mol/L NaOH solution, which was then heated to 120 °C for six days. Afterward,
the reaction mixture was allowed to cool to room temperature and filtered. The filtrate was
left to stand at room temperature for about one week to deposit colorless block-shaped crys-
tals of 4. Yield: ~58% (based on Zn). Anal. Calcd for CosH,sN,O9Zn (%). C, 54.04; H,
4.81; N, 4.81. Found: C, 54.03; H, 4.88; N, 4.84. IR (KBr, cm ") v: 3312(b), 1585(s), 1499
(w), 1466(m), 1435(s), 1389(s), 1331(w), 1279(m), 1223(w), 1180(w), 1163(w), 1084(w),
1065(m), 1040(m), 1003(w), 991(w), 951(w), 870(w), 777(m), 700(m), 657(w), 570(w),
497(w), 455(w).

2.2.5. Synthesis of [Zn(Hmand)(bpe)(H,0)],[(C104)],-nH,0 (5). Compound 5 was syn-
thesized in a procedure similar to that for 4, except that bpe was used instead of 2,4'-bipy.
The colorless rod-shaped transparent crystals of 5, suitable for X-ray analysis, were
obtained by filtration, washed with deionized water, and dried in air. Yield: ~50% (based on
Zn). Anal. Calcd for C,oH»,CIN,O9Zn (%): C, 45.27; H, 4.23; N, 5.22. Found: C, 45.25;
H, 4.25; N, 5.28. IR (KBr, cm™ ") v: 3421(b), 1616(s), 1583(s), 1506(w), 1429(m), 1383(w),
1338(w), 1271(w), 1226(w), 1143(m), 1119(m), 1090(m), 1053(m), 1030(w), 837(w), 825
(w), 786(w), 752(w), 698(m), 626(w), 594(m), 545(w).

2.2.6. Synthesis of [Zn(Hmand)(4,4'-bipy)(H,0)].[(C104)], (6). This compound was
synthesized in a procedure analogous to that of 4 except that 4,4’-bipy was used instead of
2,4'-bipy. The colorless flake-shaped crystals of 6, suitable for X-ray analysis, were
obtained by filtration. Yield: ~56% (based on Zn). Anal. Calcd for C,3H;CIN,OgZn (%):
C, 44.59; H, 3.53; N, 5.77. Found: C, 44.10; H, 3.48; N, 5.71. IR (KBr, cmfl) v: 3308(b),
1579(s), 1491(w), 1452(w), 1412(m), 1373(w), 1346(w), 1273(w), 1223(m), 1198(w), 1115
(s), 1047(s), 1026(m), 963(w), 926(w), 814(m), 767(m), 729(w), 710(m), 635(m), 550(w),
473(w).

2.3. X-ray crystal structure determination

Suitable single crystals for 1-6 were selected for single-crystal X-ray diffraction analyses.
Crystallographic data were collected at 173 K on a Bruker SMART-CCD diffractometer
with graphite-monochromated Mo-Ka radiation (1 = 0.71073 A). All structures were solved
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Table 2. Selected bond lengths (A) and angles (°) for 1-6.
1
Co(1)-0(2) 2.088(5) 0(2)-Co(1)-0(3) 76.56(19) O(3)-Co(1)-N(1)#1 93.6(4)
Co(1-0(2)#1 2.088(5) O(2)#1-Co(1)-0(3) 93.8(2) OB3)#1-Co(1)-N(1)#1  161.1(3)
Co(1)-0(3) 2.110(6) 0(2)-Co(1)-O(3)#1 93.8(2) O(2)—Co(1)-N(1) 89.1(3)
Co(1)-0(3)#1 2.110(6) O@)#1-Co(1)-O(3)#1  76.6(2) O(2)#1-Co(1)-N(1) 102.6(3)
Co(1)-N(D)#1 2.110(9) O(3)-Co(1)-0(3)#1 99.5(4) O(3)-Co(1)-N(1) 161.1(3)
Co(1)-N(1) 2.11009) O(2)-Co(1)-N(1)#1 102.6(3) O(3)#1-Co(1)-N(1) 93.6(4)
O(2)-Co(1)-O(2)#1  165.2(3) O@)#1-Co(1)-N(1)#1  89.1(3) N(1)#1-Co(1)-N(1) 77.4(7)
2
N(1)-Ni(1) 2.060(5) O(2)#1-Ni(1)-N(1) 90.85(14) N(1)-Ni(1)-O(1) 92.57(18)
Ni(1)-O(2)#1 2.050(3) O(2)-Ni(1)-N(1) 99.55(14) N(D#1-Ni(1)-O(1) 164.77(15)
Ni(1)-0(2) 2.050(3) OQ)#1-Ni(1-N(1)#1  99.55(14) O@2)#1-Ni(1)-O(1)#1  77.49(11)
Ni(1)-N(D)#1 2.060(5) O(2)-Ni(1)-N(1)#1 90.85(14) O(2)-Ni(1)-O(1)#1 93.56(12)
Ni(1)-O(1) 2.072(3) N(1)-Ni(1)-N(1)#1 79.6(3) N(1)-Ni(1)-O(1)#1 164.77(15)
Ni(1)-O(1)#1 2.072(3) O(2)#1-Ni(1)-O(1) 93.56(12) N(D#I-Ni(1)-O(1)#1  92.57(18)
OQ)#1-Ni(1)-0(2)  166.48(18)  O(2)-Ni(1)-O(1) 77.49(11) O(1)-Ni(1)-O(1)#1 97.84(18)
3
N(1)-Ni(1) 2.1343(13)  O(1)-Ni(1)-O(3)#2 99.43(4) OG)#2-Ni(1)-N(1)#2  89.24(5)
Ni(1)-O(1) 2.0103(10)  O(1)#2-Ni(1)-O(3)#2  80.57(4) O(3)-Ni(1)-N(1)#2 90.76(5)
Ni(1)-O(1)#2 2.0103(10)  O(1)-Ni(1)-O(3) 80.57(4) O(1)-Ni(1)-N(1) 90.33(5)
Ni(1)-0(3)#2 2.0624(10)  O(1)#2-Ni(1)-0(3) 99.43(4) O(1)#2-Ni(1)-N(1) 89.67(5)
Ni(1)-0(3) 2.0624(10)  O(3)#2-Ni(1)-O(3) 180.0 O(3)#2-Ni(1)-N(1) 90.76(5)
Ni(1)-N(1)#2 2.1343(13)  O(1)-Ni(1)-N(1)#2 89.67(5) O(3)-Ni(1)-N(1) 89.24(5)
O(1)-Ni(1)-O(1)#2  180.0 O(D)#2-Ni(1)-N(1)#2  90.33(5) N(D#2-Ni(1)-N(1) 180.0
4
N(1)-Zn(1) 2.119(2) 0O(2)-Zn(1)-0(6) 162.02(7) O(6)—Zn(1)-N(1) 93.92(8)
O(2)-Zn(1) 2.0184(18)  O(7)-Zn(1)-0O(6) 92.43(6) O(4)—Zn(1)-N(1) 91.16(8)
0O(3)-Zn(1) 2.1248(17)  O(2)-Zn(1)-0O(4) 92.83(7) 0O(2)-Zn(1)-0(3) 78.41(7)
O(4)-Zn(1) 2.1158(15)  O(7)-Zn(1)-0O(4) 168.09(6) O(7)-Zn(1)-0(3) 89.61(8)
0O(6)—Zn(1) 2.1087(18)  O(6)-Zn(1)-O(4) 75.67(6) O(6)-Zn(1)-0(3) 87.72(7)
O(7)-Zn(1) 2.0649(14)  O(2)-Zn(1)-N(1) 100.19(8) O(4)-Zn(1)-0(3) 90.28(8)
O(2)-Zn(1)-0O(7) 98.81(7) O(7)—Zn(1)-N(1) 89.2509) N(1)-Zn(1)-0(3) 178.04(8)
5
N(1)-Zn(1) 2.099(4) N(1)-Zn(1)-0(2) 91.80(18) 0O(2)-Zn(1)-0(3)#4 77.7(2)
O(1)-Zn(1) 2.274(4) NQ)#3-Zn(1)-0(2) 89.50(18) O(4)—Zn(1)-0(3)#4 125.6(2)
0(2)-Zn(1) 2.124(5) N(1)-Zn(1)-O(4) 88.52(17) N(1)-Zn(1)-O(1) 86.78(15)
O(4)-Zn(1) 2.151(4) N@2)#3-Zn(1)-0(4) 88.84(17) N(2)#3-Zn(1)-0(1) 90.13(16)
Zn(1)-N(2)#3 2.113(4) 0O(2)—Zn(1)-0(4) 156.75(15)  O(2)-Zn(1)-0O(1) 72.05(15)
Zn(1)-0(3)#4 2.164(3) N(1)-Zn(1)-O3)#4 90.61(14) O(4)-Zn(1)-O(1) 84.76(16)
N(D)-Zn(1)-N@Q#3  176.11(17)  NQ)#3-Zn(1)-O3)#4  93.26(14) O(3)#4—Zn(1)-0O(1) 149.5(2)
6
N(1)-Zn(1) 2.131(3) O(2)-Zn(1)-N(2)#3 94.59(14) N@#3-Zn(1)-O(1)#4  90.98(11)
N(2)-Zn(1)#1 2.135(3) N(1)-Zn(1)-NQ2)#3 175.11(19)  O(8)-Zn(1)-O(1)#4 126.16(13)
O(1)y-Zn(1)#2 2.169(3) O(2)-Zn(1)-0O(8) 157.41(11)  O(2)-Zn(1)-O(3) 73.02(11)
0(2)-Zn(1) 2.098(3) N(1)-Zn(1)-O(8) 89.11(14) N(1)-Zn(1)-0(3) 95.08(13)
O(3)-Zn(1) 2.228(3) NQ)#3-Zn(1)-0(8) 86.35(14) NQ2)#3-Zn(1)-0(3) 86.30(12)
Zn(1)-NQ2)#3 2.135(3) O(2)-Zn(1)-O(1)#4 76.42(13) O(8)-Zn(1)-0(3) 84.54(13)
Zn(1)-0O(1)#4 2.169(3) N(1)-Zn(1)-O(1)#4 90.23(11) O(1)#4—Zn(1)-0(3) 148.98(12)
O(2)-Zn(1)-N(1) 90.30(15)

Notes: Symmetry codes for 1: #1 x, x —y, =z + 1/6; for 2: #1 x, x —y +2, —z+ 1/6; for 3: #1 —x+ 1, =y, =z +2; #2 —x + 1/2,
—y+ 12, —z+2; for 5: #l x+ 1, y, z+ 5 #2 —x, y+ 12, —z; #3 x— 1, y, z— I; #4 —x, y — 1/2, —z; for 6: #1 x, y, z + 1; #2
X+2,y—12,—z;#3x,y,z— ;#4 —x+2,y+ 172, —z.

through direct methods using the program SHELXTL-97 and refined using SHELXL-97.
All non-hydrogen atoms were refined anisotropically by full-matrix least-squares on F~
using SHELXL-97. The hydrogens were included at their calculated positions. Carbons
from bpe ligands were disordered in 3. Further crystallographic data and experimental
details for structural analyses of 1-6 are summarized in table 1. The selected bond lengths
and angles of 1-6 are given in table 2.
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3. Results and discussion
3.1. Structural descriptions of 1-6

3.1.1. Structure of Co(Hmand),(2,2'-bipy)-H,O (1). Single-crystal X-ray diffraction
analysis indicates that 1 and 2 are isomorphic and crystallize in the same hexagonal space
group P6,22, as 0-D structures. Therefore, 1 is employed as a representative structure to be
described. Co®", two Hmand~ anions, one 2,2'-bipyridine, and one lattice water are in the
asymmetric unit. As shown in figure 1(a), each Co”" is six-coordinate by four oxygens (02,
03, 02", 03"") from two Hmand™ anions and two nitrogens (N1, N1*1) from one 2,2'-
bipyridine ligand. The 03, 03"!, N1, and N1*! atoms constitute the equatorial plane and
02, 02"! occupy apical positions. The Co—O bond lengths range from 2.088(5) to 2.110(6)
A and the Co—N bond length is 2.110(9) A.

Hmand~ is a monoanionic O,0’-bidentate ligand that chelates Co®" through the
carboxylic and hydroxyl oxygens to form a five-membered chelate ring (scheme 1(a)). 2,2'-
Bipyridine adopts a chelating bidentate mode (scheme 1(c)). There are two kinds of
hydrogen-bonding motifs (listed in table 3). In the first motif, water molecules and uncoor-
dinated carboxylic oxygens of Hmand™ (O4-H4---01"? = 2.880(9)) are involved in forming
a pair of supramolecular helical chains. In the second motif, two supramolecular helical
chains are connected via hydrogen bonding between an uncoordinated carboxylato oxygen
of Hmand™ in one chain and the coordinated hydroxyl oxygen of Hmand~ (O3-H3:--01%)

Figure 1. X-ray crystal structure of 1. (a) X-ray crystal structure of 1. The coordination environment of Co(II).
Hydrogens have been omitted for clarity. (b) Two kinds of hydrogen-bonding motifs of 1. (Benzene rings of
mand-anions and hydrogens have been omitted for clarity.). (¢) Representation of the 1-D supramolecular network
connected through hydrogen bonds of 1.
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Scheme 1. (a) The observed coordination modes of Homand for 1, 2, 3 and 4. (b) The observed coordination
modes of Hymand for 5 and 6. (c) The observed coordination modes of 2,2-bipy for 1 and 2. (d) The observed
coordination modes of 2,4'-bipy for 4. (¢) The observed coordination modes of bpe for 3 and 5. (f) The observed
coordination modes of 4,4'-bipy for 6.

Table 3. Hydrogen bond lengths (A) and angles (°) for 1.

D-H-A d(D-H) d(H-A) d(D-+A) <(DHA)
O(4)-H(4A)O(1#2 0.85 2.08 2.880(9) 157.8
0B3)-H(3)-O(1)#3 0.81 1.73 2.543(8) 1715

Notes: Symmetry transformations used to generate equivalent atoms: #1 x, x —y, —z+1/6; #2 x —y +1,
—-y+1,—z;#3x—y,x,z+ 1/6.

in an adjacent chain with O3...01 distances 2.543(8) A, as shown in figure 1(b). These
units are connected by hydrogen bond interactions among Hmand™ and H,O, giving a 1-D
supramolecular arrangement.

The single-crystal X-ray diffraction studies reveal that 2 adopts a structure very similar to
that of 1 (figure S1(a)—(b)), as shown by the detailed structural data listed in the Supple-
mentary material. Moreover, the Ni-O bond lengths range from 2.050(3) to 2.072(3) A and
the Ni-N bond length is 2.060(5) A. The intermolecular hydrogen bonding data listed in
table 4.

3.1.2. Structure of [Ni(Hmand),(bpe)], (3). The single-crystal X-ray diffraction analysis
reveals that 3 crystallizes in the monoclinic space group C2/c and features a 1-D infinite
chain. The asymmetric unit of 3 contains one Ni**, two Hmand™ anions, and one bpe
ligand, as shown in figure 2(a). The geometry around Ni*" is octahedral. In the equatorial
plane, each Ni*" is surrounded by two Hmand™ ligands, each chelating the metal through
one oxygen of the carboxylate group (O1) and the hydroxyl oxygen (O3). Two nitrogens
(N1, N1%) from two different bpe molecules occupy the axial positions. Surprisingly, the

Table 4. Hydrogen bond lengths (A) and angles (°) for 2.

D-H-A d(D-H) d(H-A) d(D--A) <(DHA)
O(4)-H(4A)-O(3)#2 0.91 2.16 2.941(6) 143.3
O(1)-H(1A)-O(3)#3 0.91 1.64 2.547(4) 173.7

Notes: Symmetry transformations used to generate equivalent atoms: #1 x, x —y +2, —z+ 1/6; #2 y, —x +y,
z=16;#3y—1,—x+y,z—1/6.
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Figure 2. X-ray crystal structure of 3. (a) The coordination environment of the Ni center for 3 (hydrogens have
been omitted for clarity). (b) The 1-D chain structure for 3 (hydrogens have been omitted for clarity). (c) A view of
the supramolecular 3-D network of 3.

bond angles of N1”>-Nil-N1, O1-Nil-O1** and 03-Ni1-03"* are 180.0°, respectively. In
this complex, the coordination polyhedra are distorted octahedral with the main deviations
from regularity affecting the chelating angles OpydroxyNi—Ocarboxy (O1-Nil-O3 = 80.57
(4)°). The Ni-O bond lengths are 2.0103(10)-2.0624(10) A and the Ni-N bond length is
2.1343(13) A.

Each Hmand™ is a bidentate chelate ligand (scheme 1(a)). Each bpe is a bidentate bridg-
ing ligand to connect two Ni(I) cations to form a 1-D infinite chain (scheme 1(e)), as
shown in figure 2(b). Adjacent chains are connected via hydrogen bonding between uncoor-
dinated carboxylato oxygen (02) and hydroxyl oxygen (O3) of Hmand (O3-
H3A-+02" =2.5777(14) A) (listed in table 5). Four discrete nickel units are involved in
forming a puckered 18-membered ring. Every puckered 18-membered ring consolidates
four 1-D chains by hydrogen bonding and further extends it into a 3-D supramolecular
structure, as shown in figure 2(c).

Table 5. Hydrogen bond lengths (A) and angles (°) for 3.

D-H-A d(D-H) d(H-+A) d(D--A) <(DHA)

O(3)-HBA)-OQ)#3 0.9 1.68 2.577(14) 173.1

Notes: Symmetry transformations used to generate equivalent atoms: #1 —x + 1, =y, =z + 2; #2 —x + 1/2, =y + 1/
2, z+2;#3 —x+1/2,y—1/2, —z +3/2.
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3.1.3. Structure of [Zn(Hmand),(2,4'-bipy)(H,0)]:2H,O (4). Single-crystal X-ray
diffraction analysis reveals that 4 comprises discrete molecular units which crystallize in the
monoclinic space group P2;. In 4, the asymmetric unit is composed of one Zn*', two
Hmand™ ligands, one 2,4-bipy group, one coordinated water, and two lattice waters, as
shown in figure 3(a). The Zn>" of 4 is six-coordinate in a distorted octahedral coordination
sphere by N1 that is derived from one 2,4'-bipy group, O7 originating from the coordinated
water, and O2, O3, O4, and O6 from the carboxyl and hydroxyl groups of two different
Hmand ™ ligands, respectively. The 02, O4, 06, and O7 form the equatorial plane, while
N1 and O3 are located in the axial positions. The Zn—O bond lengths are 2.0649(14)—
2.1248(17) A. The Zn-N bond length is 2.119(2) A.

The Hmand™ is a monoanionic O,0'-bidentate ligand that chelates Zn>" through car-
boxylic and hydroxyl oxygens to form a five-membered chelate ring (scheme 1(a)). More-
over, 2,4'-bipy is only a monodentate ligand (scheme 1(d)). Many strong intermolecular
hydrogen bonds can be found in this coordination compound. The nine intermolecular
hydrogen bonds (listed in table 6) between two lattice water molecules, a coordinated water
molecule, carboxylic and the hydroxyl oxygens lead to the assembly of these monomeric
units forming a 2-D supramolecular structure, as shown in figure 3(b). In addition, the 2-D
sheets in 4 are linked by the offset 7z stacking interaction (3.4887 A) between the
Hmand ™ and 2,4'-bipy linkers to form a supramolecular 3-D network, as shown in figure

3(c).

3.1.4. Structure of [Zn(Hmand)(bpe)(H,0)],[(ClO4)],'nH,O (5). Single-crystal X-ray
diffraction analysis reveals that 5 presents a 2-D structure which crystallizes in the mono-
clinic space group P2,. In 5, the asymmetric unit is composed of [Zn(Hmand)(bpe)(H,0)]"

Figure 3. X-ray crystal structure of 4. (a) The coordination environment of the Zn center for 4 (hydrogens have
been omitted for clarity). (b) The 2-D supramolecular architecture through hydrogen-bonding interactions for 4. (c)
The 77 interactions linking 4 into a 3-D supramolecular structure.



Downloaded by [Mizoram University] at 14:45 28 December 2015

4234 W.-Y. Guo et al.

Table 6. Hydrogen bond lengths (A) and angles (°) for 4.

D-H-A d(D-H) d(H-A) d(D-A) <(DHA)
0(9)-H(9B)-O(5)#1 0.85 1.95 2.773(3) 162.5
0(9)-H(9A)-0O(2)#2 0.85 2.50 3.048(2) 1233
0(9)-H(9A)--O(1)#2 0.85 1.90 2.731(3) 163.8
O(8)-H(8B)--O(9)#3 0.85 1.89 2.732(3) 170.9
O(8)-H(8A)--O(1#2 0.85 2.03 2.808(3) 151.5
O(7)-H(7B)--O(9)#4 0.85 1.90 2.742(3) 170.6
O(7)-H(TA)—-O(@)#5 0.85 1.94 2.724(2) 152.5
0(6)-H(6)-O(5)#5 0.81 1.85 2.659(2) 172.2
0B3)-H(BA)O(8)#6 091 1.67 2.576(3) 173.8

Notes: Symmetry transformations used to generate equivalent atoms: #1 —x+ 1, y+ 1/2, —z+1; #2 —x + 1,
v+ 12, —z;#3x— L, y,z;#4 —x+ 2,y — 12, —z; #5x+ Ly, z; #6 —x + 1,y — 1/2, =z + 1.

and, in the outer coordination sphere, ClO,, and one lattice water, as depicted in
figure 4(a). Each zinc ion is six-coordinate, with a slightly distorted octahedral geometry.
The coordination sphere consists of four oxygens (O1, 02, O3) from two Hmand and one
water (O4), and N1 and N2 from two different bpe ligands. Two nitrogens are in axial
positions and four oxygens are in equatorial positions. The Zn—O bond lengths are 2.124
(5)-2.274(4) A. The Zn-N bond lengths are 2.099(4) A and 2.113(4) A.
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Figure 4. X-ray crystal structure of 5. (a) The coordination environment of the Zn center for 5 (hydrogens have
been omitted for clarity). (b) View of 2-D structure of 5. (c) Representation of the 3-D supramolecular network
connected through hydrogen bonds of 5 and supramolecular left-handed helical chain.
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Table 7. Hydrogen bond lengths (A) and angles (°) for 5.

D-H-A d(D-H) d(H--A) d(D+A) <(DHA)
O(4)-H(4A)-O(3)45 0.82 2.01 2.816(8) 169.0
O(4)-H(4A)-O(2)#4 0.82 2.47 2.924(5) 116.0
O(4)-H(4B)---0(9)#6 0.91 1.91 2.790(6) 161.2
0(9)-H(9A)--O(5)#7 0.97 2.01 2.956(7) 164.9
0(9)-H(9B)--O(6)#8 0.98 2.06 3.036(6) 170.4

Notes: Symmetry transformations used to generate equivalent atoms: #1 x + 1, y, z+ 1; #2 —x, y + 1/2, —z; #3
x—Lyz—1,#4 —x,y— 12, —z; #5x, y — 1, z; #6 —x, y — 12, —z+ I; #7 —x + 1, y + 1/2, =z + 1; #8 x, y,
z+ 1.

In 5, Hmand™ are chelating-bridging tridentate ligands through their hydroxyl and car-
boxylate groups toward the two Zn*" cations (scheme 1(b)), involving three oxygens (that
is, a pair of carboxylic oxygens from the carboxyl group and one oxygen from the hydroxyl
group). Extension of the structure through the bridging Hmand™ ligand generates a zigzag
chain with a Zn—Zn distance of 4.6951(10) A inside the chain. Adjacent chains are intercon-
nected via the tethering bpe ligands to generate a chiral layer (scheme 1(e)), as shown in
figure 4(b). The cationic [Zn(Hmand)(bpe)(H,0)]," layers require additional counter anions
to maintain the overall charge balance. The required uncoordinated ClO, anions are readily
accommodated between the double-layer motifs.

Significantly, the uncoordinated CIO, anions are involved in hydrogen bonding with the
lattice water molecules (09-H9A--05"7 = 2.956(7) A, 09—-HI9B---06"® = 3.036(6) A). The
propagation of these hydrogen bonds leads to the construction of a 1-D hydrogen-bonded
supramolecular left-handed helical chain. The adjacent layers are linked to each other via
O—H:---O (listed in table 7) interactions between the supramolecular left-handed helical chain
and adjacent coordinated oxygens to lead to a 3-D supramolecular structure viewed along
the b axis, as shown in figure 4(c).

3.1.5. Structure of [Zn(Hmand)(4,4'-bipy)(H,0)],[(ClO04)], (6). Single-crystal X-ray
diffraction indicates that 6 crystallizes in the monoclinic space group P2;. Each crystallo-
graphic unit consists of one Zn2+, one Hmand , one 4,4'-bipy molecule, one coordinated
water, and one perchlorate. The coordination sphere is similar to that for 5 except that bpe
was replaced by 4,4'-bipy, as shown in figure 5(a); each Zn>" has octahedral coordination
geometry, surrounded by two nitrogens (N1 and N2) and four oxygens (O1, 02, O3, and
08). 01, 02, 03, and O8 form the equatorial plane, while N1 and N2 are in axial positions.
The Zn-O and Zn-N bond lengths are 2.098(3)-2.228(3) A and 2.131(3)-2.135(3) A,
respectively.

Hmand™ uses a chelating-bridging tridentate mode to connect two Zn>" cations with a
pair of carboxylic oxygens and hydroxyl oxygen (scheme 1(b)). All of the Zn centers are
bridged by Hmand ligands to form a 1-D zigzag chain that extends along the b-direction.
These 1-D chains are further connected by the 4,4'-bipy ligands to form a 2-D layer parallel
to the bc plane (scheme 1(f)), with shortest Zn---Zn separations between adjacent chains of
11.35 A, as shown in figure 5(b). The 2-D layers are further connected and stabilized by
hydrogen-bonding interactions (O8-H8A---O7" =2.882(4), 03-H3A---05" =2.729(4),
08-H8B---01% = 2.764(5)) (listed in table 8), as shown in figure 5(c).
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Figure 5. X-ray crystal structure of 6. (a) The coordination environment of the Zn center for 6 (hydrogens have
been omitted for clarity). (b) View of 2-D structure of 6. (c) The 2-D supramolecular architecture through hydro-
gen-bonding interactions of 6.

Table 8. Hydrogen bond lengths (A) and angles (°) for 6.

D-H-A d(D-H) d(H-A) d(D-+A) <(DHA)
O(8)-H(8A)-O(T)#3 0.85 2.03 2.882(4) 175.0
O(3)-HBA)O(5)#3 0.84 1.90 2.729(4) 167.8
O(8)-H(8B)-~O(1)#5 0.85 1.93 2.764(5) 166.0

Notes: Symmetry transformations used to generate equivalent atoms: #1 x, y, z+ 1; #2 —x + 2, y — 1/2, —z; #3
Xy yz— Li#4 —x+2,y+ 12, —z;#5x,y+ 1, z.

3.2. Comparative analysis of the structures of these compounds

From the structure descriptions above, the coordination mode of the auxiliary ligands affects
the structural features of 1-6. In this work, we select four N-donor ligands (2,2"-bipy, 2,4'-
bipy, 4,4'-bipy, and bpe) to observe their effect on the assembly of the coordination com-
pounds. In 3, 5, and 6, bpe and 4,4’-bipy are bidentate bridging, promoting the formation of
higher dimensional complexes. The introduction of the chelating ligands 2,2"-bipy and 2,4'-
bipy generally result in drastic change of the structures. For instance, in 5, the bpe ligands
bridge Zn>" cations in a 1-D chain. However, when 2,4'-bipy is introduced into the reaction
system of 5, a 0-D structure 4 is obtained. The formation of the low dimensional structure
of 1(2) may be attributable to the steric hindrance of the chelating 2,2'-bipy ligand. From
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the results above, we can see that the N-donor ligands play an important role in the
formation of the final complex structures.

Compounds 4, 5, and 6 with the same metal ion have the same coordination numbers and
reaction conditions. However, significant differences are found in the final frameworks.
Mandelic acid displays two different coordination modes in 4, 5, and 6. In 4, Hmand  links
one M(II) in bidentate-chelate coordination. In 5 and 6, each Hmand connects two metal
cations in a chelating-bridging tridentate coordination mode and form a 1-D infinite chain.
X-ray analyses reveal that the versatility of this ligand upon coordination to a zinc(I) may
be influenced by the counter anions. Additionally, hydrogen-bonding interactions and 7—x
stacking interactions contribute to the formation of the diverse supramolecular architectures.
Further comparative analysis of some reported chiral structures which utilize chiral ligands
and N-donor ligands in different conditions [32—-34] show intriguing 1-D, 2-D, and 3-D
structures, and the chiral ligands act as diverse linkers connecting metal cations. Then the N-
donor ligand with different lengths are employed to enrich the versatility of the structures
and gain a deeper insight into the influence of ligand length on the compounds’ structures.
Comparing complexes we observe that ligand and N-donor ligand play a crucial role in the
structural diversity.

3.3. Infrared spectra and thermogravimetric analysis

The strong and broad absorptions at 3308-3524 cm™ ! indicate the presence of v,(O—H) of
H,mand. The v,s(COO-) and v{(COO-) vibrations can be observed at 15781585 and 1373—
1450 cm™ ", respectively. The characteristic IR band of 2,2'-bipy at 1475 cm™" is due to vy
vibrations for 1 and 2. The IR band of bpe at 1378-1429 and 1612-1616 cm” ! is due to ve_c
and vc_y vibrations for 3 and 5. 2,4-bipy shows stretches at 1419 and 777 cm™" for 4. Com-
pound 6 shows vce—c and ve_y stretches of 4,4"-bipy at 1611 and 1412 cm ™', respectively.

Thermogravimetric experiments were performed on solid samples consisting of numerous
single crystals from 20 to 800 °C under N,. According to the TGA curves, 1 and 2 display
similar thermal decomposition behavior. The first weight loss from 30 to 181 °C corresponds
to release of one lattice water per formula unit (Obsd, 2.74%, 3.69%; Calcd, 3.36%, 3.36%,
respectively). Further weight losses from 181 to 600 °C could be attributed to decomposition
of the framework to form CoO/NiO as the final product (Obsd, 14.74%, 12.86%,; Calcd,
13.99%, 13.95%, respectively). Compound 3 has no obvious weight loss before 297 °C,
which is consistent with the absence of solvent in the crystal structure. Then the framework
collapses with an abrupt weight loss as a result of ligand decomposition. The remaining
weight corresponds to NiO as the residue (Obsd 14.01%, Calcd 13.70%). For 4, the prelimi-
nary weight loss from 105 to 153 °C is consistent with removal of three lattice waters (Obsd
9.84%, Calcd 9.34%). The second weight loss corresponds to expulsion of bipy from 153 to
269 °C (Obsd, 27.38% and Calcd, 27.03%). The TGA curve of 5 exhibits an initial weight
loss from room temperature to 114 °C, with the observed weight loss of 3.77% (Calcd
3.36%) corresponding to the escape of one lattice water molecule. Compound 5 continues to
lose weight up to 800 °C, indicating the continuous expulsion of organic moieties even at
the upper limit of the measurement range. The TGA curve of 6 shows a weight loss at 102—
168 °C attributed to the loss of a half-coordinated water (Obsd 1.84%, Calcd 1.85%). Two
weight-loss processes from 168 to 258 °C and 258 to 785 °C indicate that the complex com-
pletely decomposes. The final mass remnant is roughly consistent with a deposition of ZnO
(Obsd 16.61%, Calcd 19.58%) (Supporting information, figure S3).
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Figure 6. The solid-state CD spectra of bulk samples of Hymand and 1, 4, 5 and 6.

3.4. PXRD and solid-state CD spectra

To check the phase purity of the products, PXRD experiments were recorded for 1-6 at
room temperature. The main peaks of simulated spectra of 1-6 are basically consistent with
their experimental spectra, demonstrating that the bulk synthesized materials and the mea-
sured single crystals are the same. The differences in intensity may be attributed to the pre-
ferred orientation of the crystal samples (Supporting information, figure S4).

To further examine the chiroptical activities, the solid-state CD spectra of Hymand and 1,
4, 5, and 6 were measured in KCI pellet, as shown in figure 6. Chiral Hymand exhibits one
positive peak around 225 nm. Bulk samples of 1, 4, 5, and 6 displayed approximate curves
in the region of 204-250 nm, showing that they all have the chiral conformation. The for-
mation of the chiral structures of 1, 4, 5, and 6 have influence on the direction (+ or —) of
the CD signals except for a slight shift of the absorption peaks position compared with
H,mand. This indicates the CD chromophore mostly comes from the ligand H,mand and
confirms that the entire crystal products of 1, 4, 5, and 6 are homochiral.

3.5. Photoluminescent property

Coordination compounds, especially those with d'® metal centers, are investigated for their
fluorescent properties and potential applications. Therefore, the photoluminescence proper-
ties of 4-6 and free ligands were measured in the solid state, as shown in figure 7.

The free ligands emit strong fluorescence centered at 572 nm (Ao, = 240 nm) for Homand,
444 nm (Aex = 370 nm) for 4,4’-bipy, and 364 nm (1, = 300 nm) for bpe; there is no obvi-
ous emission observed for free 2,4'-bipy under the same experimental conditions. The fluo-
rescence of these ligands may be assigned to 7 — n and 7 — « transitions of the
intraligands [35-37]. Maximum emissions are observed at ca. 532 nm for 4 (4.x = 348 nm),
698 nm for 5 (Aex = 285 nm), and 371 nm for 6 (1., = 328 nm), respectively. In comparison
with those of free 4,4'-bipy, the emission peak for 6 may originate from intraligand emis-
sion of 4,4'-bipy because the fluorescent emission bands are similar to that of the ligands.
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Figure 7. Emission spectra of 4, 5, 6, Hymand, 4,4"-bipy and bpe.

Similar to 6, compound 4 can be tentatively assigned to intraligand fluorescence since the
free ligand exhibited a similar emission under the same condition [38, 39]. However, the
emission of 5 occurs at quite a low energy of 698 nm with large Stokes shift, which can be
assigned to a ligand-to-metal charge transfer transition [40, 41]. The blue or red shifts of
emission occurring in 4-6 are assigned to different coordination environments around the
metal ions, a phenomenon which also appears in other compounds [42—44].

4. Conclusion

Seven compounds using (S)-(+)-mandelic acid have been synthesized and structurally char-
acterized. Compounds 1-6 show 0-D, 1-D, and 2-D structures. Compounds 1, 2, and 4 have
0-D structures, 3 exhibits 1-D chain structure, 5 and 6 have 2-D undulated networks. Many
strong intermolecular hydrogen bonds are found in 1-6, which contribute to the formation
of the diverse supramolecular architectures. The structural diversities of the complexes
demonstrate that Hymand creates many possibilities to synthesize coordination compounds
with intriguing structures and shows that N-donor ligands play roles in the formation of the
complexes. Compounds 1, 2, 4, 5, and 6 crystallize in chiral space groups and their CD
spectra exhibit positive cotton effects. Compound 3 possesses the centrosymmetric space
group of C2/c as a result of racemization of the Hymand due to the severe reaction condi-
tions [17, 22]. The luminescent properties of 4-6 were examined in solid states at room
temperature. The emission discrepancy of these compounds is closely associated to the dif-
ferences of the N-donor ligands and the Hymand coordinated around the Zn ions.
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