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ABSTRACT: Seven cupric halide coordination polymers, namely
[Cus(OH);Br3(ina),] (1), [Cus(OH);Cly(ina),] (2), [Cu,(OH)CI-
(ina),] (3), [Cu;(OH),Cly(ina),]-2H,0 (4), [Cu;(OH),Br;(ina),]-
2H,0 (5), [Cu,Cly(ina),(H,0),] (6), [CuzCI(ma)z(gca)(Hzo)] (7),
cupric complex templated cuprous halide [Cu"(Me-ina),(H,0)]-
[Cu'sBr,] (8), and organic templated cuprous halide Me,-ina[ Cu,Br;]
(9) (Hina = isonicotinic acid), were prepared from the starting
materials of cupric halide and Hina via fine-tuning solvothermal
reactions. According to valence states of copper, 1—7 are copper(Il)
complexes, 8 is a mixed-valent Cu(LII) complex, while 9 is a Cu(I)
compound. According to bonding types of halides, nine complexes can
be classified as three types: complexes 1—3 include only normal X—
Cu bond (X = halide); complexes 4—7 include normal X—Cu bond
and X--Cu weak bond; complexes 8 and 9 include normal X—Cu
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bond and X:--H—C halogen hydrogen bonds. Complexes 1 and 2 are isomorphic three-dimensional (3D) pcu topological metal
organic frameworks (MOFs) with butterfly-like Cu,(u3-OH),X, and steplike Cug(us-OH), cores as nodes, showing strong
ferromagnetic couplings. Complex 3 also is a pcu topological MOF with only butterfly-like Cu,(u;-OH),Cl, clusters as nodes,
presenting spin canting antiferromagnetic behavior. Isostructural 4 and § are Cu;(OH), clusters based two-dimensional (2D) (4,4)
layers, which are extended into 3D eight-connected networks via weak Cu--X bonds, showing ferromagnetic coupling.
Antiferromagnetic 6 is a simple one-dimensional coordination polymer, which is extended via weak Cu--Cl bonds into 3D
(3,4)-connected networks. Paramagnetic 7 is a ladderlike polymer, which is extended into 2D (3,4)-connected layer via weak Cu---Cl
bonds. The syntheses of polymeric cupric complexes 1—7 mainly result from differences in reactant ratio and pH value. Utilization
of reducing methanol generated novel cubane-containing [CuBr,]*~ chain templated by paddlewheel-like [Cu"(Me-ina),]** 8 and
face-shared dimer-containing [Cu,Br;]” chain templated by N-methylated and O-esterificated Me,-ina 9. Complex 9 exhibits a
strong red emission and a weaker green emission upon excitation.

B INTRODUCTION

Crystal engineering of metal—organic materials (MOMs) with
functional secondary building units (SBUs), in a position to be
divided into metal—organic frameworks (MOFs) and supra-
molecular coordination complexes (SCCs) on the most basic
level, may generate diverse structures with tunable properties."
Because of the varied stereochemistry of copper atoms and the
different redox potentials among Cu(II), Cu(LII), and Cu(I)
ions, construction of various MOMs with aesthetically pleasing
structures by polynuclear copper clusters as SBUs continues to
attract considerable interest in molecular nanoscience such as
magnetism, luminescence, and photocatalysis.2 The in situ
modulation of copper clusters and their connectivity proves
more challenging in the rationalization of network topology and
improvement of properties for multifunctional MOM:s.

The d° configuration of Cu(Il) ion is subject to dynamic
Jahn—Teller distortion in all its stereochemistry, especially if
placed in an environment of cubic (regular octahedral or
tetrahedral) symmetry.* Therefore, Cu(II) ions can offer unique
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characteristics (i.e, normal weak, weak bond, coordination
flexibility, polarity, and Lewis acid) as metal centers of functional
MOMs.” The flexible and versatile Cu(II) coordination spheres
play a vital role in creating new tunable frameworks, which can
be realized by the changes in coordination numbers as a result of
an alternative means of lifting the degeneracy of unequally
occupied d orbitals.® The Jahn—Teller distortion at the axial sites
can promote the generation of “4 + 1”or “4 + 2” coordination
geometry for Cu(Il) ions, resulting in weak Cu--X bonds
(X = halide). These Cu--X bonds are weaker than normal
coordination bonds but are stronger than intermolecular
interactions, which take an important part in the formation of
hierarchical supramolecular structure. According to the soft and
hard acids and bases theory, the coordinately flexible Lewis
acid Cu(II) ions in combination with moderate Lewis bases of Cl
and Br ions can be preferentially coordinated by carboxylate and
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hydroxyl Lewis base groups to generate cupric clusters based on
Cu—0/X—Cu connectivity.” The choice and design of different
kinds of SBUs based on cupric clusters, that is, paddlewheel-like
Cu, units,® linear and triangular Cug units,” butterfly and cubane
Cu, units,'’ stepped Cug units,"’ and so on, enables the fine-
tuning of MOMs, especially for magnetism.'> With cupric
clusters as “magnetic bricks,” superexchange interactions are
correlated with Cu--Cu distances, Cu—O/X—Cu angles, and
local geometries of copper atoms."

The Cu(Il) salts are stable at ambient conditions either in
solution or solid state. The tendency of Cu(II)-to-Cu(I)
reduction at room temperature can be promoted by increase of
reaction temperature or incorporation of reducing solvent."*
The relative stabilities of Cu(I) and Cu(Il) states in aqueous
solution also depend very strongly on ligands or the nature of
neighboring atoms in a crystal. Studies have shown that Cu(II)
can be solvothermally converted into Cu(I) in the presence of
different heterocyclic species.'> For example, with the auxiliary
of polydentate N-heterocycle ligands such as pyrazine,
imidazole, pyridine, and 1,4-diazabicyclo[2.2.2]octane
(DABCO), cuprous CuX-based aggregates are accessible from
Cu(II) salts as starting materials, which have been widely used
as luminescent or photocatalytic MOMs in the presence of
intramolecular hydrogen bonding, 7—7 stacking interactions,
van der Waals forces, and other weak interactions. Therefore, in
situ reduction of Cu(II) salts can be an effective method to
access mixed-valent Cu(LII) and cuprous Cu(I) MOMs.'
Different from copper(Il), ranging from four-coordinate square
planar to eight-coordinate distorted dodecahedron, copper(I)
ions usually possess typical coordination geometries from
linearity and triangle to tetrahedron. Nevertheless, structural
diversity of CuX-based coordination polymers can not only
depend on the copper(I) ions but also on the halide anions of
strongly coordinated nature. It is revealed that halide anions
can act as terminal, y,, p5; and even pg mode to connect
copper(I) ions. Most anionic copper(I) halide aggregates exist
as isolated complexes such as clusters and one-dimensional
(1D) chains, nearly all of which are derived from three simple
synthons of linear CuX,, planar triangular CuX;, and
tetrahedral CuX, via corner/edge/face-sharing modes.”® Since
most (Cuny)x_y (x < y) aggregates are anionic, the key factor
to modulate their structures is direct addition of organic amines
with opposite charges.'” However, several cooperative in situ
solvothermal reactions including alkylation, desulfurization, and
cycloaddition occurred in the Cu(Il)-to-Cu(I) reduction
process, which provides an alternative indirect template
approach to design and synthesize novel cuprous or mixed-
valent copper MOMs.'® Otherwise, the anionic (Cu,X,)*”
aggregates can generate crystal packing by electrostatic
interaction and C—H:-X interactions with alkyl/aryl polya-
tomic cationic templates of in situ solvothermal reactions.

Previous reports have shown that pyridyl carboxylates such as
isonicotinic acid (Hina) tend to bind metal centers with both
pyridyl and carboxylate groups to form extended networks, where
carboxylate groups balance the metal charges."” However, recent
studies indicate that the pyridyl nitrogen and the carboxylate
oxygen in ina can be in situ R-alkylated and RR'-esterificated to
form R-ina and RR’-ina templates for novel MOMs.*
Furthermore, singly alkylated R-ina group is a zwitterion, which
could also be utilized as both template and ligand to form MOMs.

In this Report, by carefully varying the ratio of starting
materials and the amount of modulating reagent, nine
complexes, including seven cupric cluster-based MOFs with
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Cu—0/X-Cu connectivity, one mixed-valent Cu(LIl), and one
cuprous SCC, namely [Cug(OH);Brs(ina),] (1), [Cus(OH);-
Cly(ina),] (2), [Cu,(OH)Cl(ina),] (3), [Cuy(OH),Cly(ina),]-
2H,0 (4), [Cu;(OH),Br,(ina),]-2H,0 (5), [Cu,Cl,-
(ina),(H,0),] (6), [CuzCl(ina)z(gca)(Hzo)] (7), [Cu''(Me-
ina),(H,0)][Cu’Br,] (8), and Me,-ina[Cu,Br;] (9), were
prepared from copper halides and isonicotinic acid under
tunable solvothermal conditions. Regular changes of valence
states of copper, bonding types of halides, hierarchical structures,
and physical properties were observed.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All chemicals were
analytically pure from commercial sources and used without further
purification. Elemental analyses were performed on a Vario EL-II
analyzer. Fourier transform infrared (FTIR) spectra were recorded
from KBr pellets in the range of 4000—400 cm™ on a Perkin-Elmer
Spectrum BX FT-IR spectrometer. Powder X-ray diffraction (PXRD)
data were collected in a Rigaku Ultima IV diffractometer. The
magnetic measurements were studied with Quantum Design SQUID
MPMS XL-5 instrument. The diamagnetic correction for each sample
was applied using Pascal’s constants. Photoluminescence analyses were
performed on an Edinburgh FLS920 luminescence spectrometer.

Syntheses. [Cus(OH)sBrs(ina),] (1). A mixture of CuBr, (0.089 g,
0.4 mmol), Hina (0.037 g, 0.30 mmol), NaOH (0.12 g, 0.30 mmol),
MeCN (3 mL), and H,O (2 mL) in the molar ratio of 4:3:3:571:1111
was stirred, then sealed in a 12 mL Teflon-lined stainless autoclave and
heated to 130 °C for S d. After it was cooled to room temperature and
subjected to filtration, green block crystals of 1 were recovered in
71.5% yield. Anal. Caled (%) for C,,H;¢Br;CusN,O;;: C, 26.28; H,
1.73; N, 5.11. Found: C, 25.94; H, 1.52; N, 4.87. IR data (KBr, cm™):
3406(s), 1645(s), 1609(s), 1538(s), 688(m), 1241(w), 1050(w),
950(w), 785(w), 609(w), S06(w).

[Cus(OH);Cls(ina) ] (2). The synthetic procedure is similar to that of
1, except that the metal source is CuCl,. Light green block crystals of 2
in yield of 50.9% were recovered. Anal. Caled (%) for C,,H;,Cls-
CuN,O,;: C, 29.92; H, 1.97,; N, 5.81. Found: C, 2891; H, 1.72; N,
5.66. IR data (KBr, cm™): 3412(s), 1650(s), 1611(s), 1535(s),
695(m), 1231(w), 1038(w), 939(w), 780(w), 613(w), S01(w).

[Cu,(OH)Cl(ina),] (3). A mixture of CuCl, (0.119 g, 0.7 mmol), ina
(0.064 g, 0.50 mmol), ox (0.018 g, 0.20 mmol) (ox = oxalic acid),
NaOH (0.020 g, 0.50 mmol), MeCN (5 mL), and H,O (3 mL) in the
molar ratio of 7:5:2:951:1667 was stirred, then sealed in a 25 mL
Teflon-lined stainless autoclave and heated to 130 °C for 5 d. After it
was cooled to room temperature and subjected to filtration, green
block crystals of 3 were recovered in 63.5% yield. Anal. Calcd (%) for
C,H;CICu,N,Oq: C, 34.06; H, 1.89; N, 6.62. Found: C, 33.84; H,
1.65; N, 6.43. IR data (KBr, cm™): 3437(s), 1609(s), 1546(s), 1370(s),
688(m), 697(m), 3085(w), 1210(w), 905(w), 785(w), 544(w), 445(w).

[Cus3Cl,(OH),(ina),]-2H,0 (4). The synthetic procedure is similar to
that of 2, except that the amount of NaOH is 0.20 mmol. Blue sheet
crystals of 4 in yield of 70.2% were recovered. Anal. Calcd (%) for
CpH,CLCu;N,Oy: C, 25.01; H, 2.43; N, 4.87. Found: C, 24.79; H,
2.52; N, 4.51. IR data (KBr, cm™): 3429(s), 1650(s), 1603(s), 1415(s),
1361(s), 1546(m), 2916(w), 1043(w), 952(w), 754(w), 697(w).

[Cu3Br,(OH),(ina),]-2H,0 (5). The synthetic procedure is similar to
that of 4, except that the metal source is CuBr,. Green sheet crystals of
S in yield of 65.2% were recovered. Anal. Caled (%) for
C,H,,Br,Cu;N,O4: C, 21.73; H, 2.12; N, 4.23. Found: C, 21.48; H,
2.43; N, 3.89. IR data (KBr, cm™"): 3388(s), 1659(s), 1608(s), 1413
(s), 1358(s), 1546(m), 2908(w), 1032(w), 948(w), 759(w), 692(w).

[Cu,(Cly(ina),(H,0),] (6). The synthetic procedure is similar to that
of 2 except for using [N(Me),]Cl (0.033 g 0.2 mmol) instead of
NaOH; blue sheet crystals of 6 in yield of 86% were recovered. Anal.
Calcd (%) for C;,CL,Cu,N,O¢H,,: C, 30.11; H, 2.51; N, 5.86. Found:
C, 30.02; H, 2.42; N, 5.77. IR data (KBr, cm™"): 3378(s), 1607(s),
1556(s), 1472(s), 688(s), 776(m), 1235(w), 1153(w), 1041(w),
950(w), 873(w), 465(w).
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Table 1. Crystal Data and Structure Refinement for Complexes 1—3

complex 1
empirical formula C,H,9Br;CusN,O
formula weight 1096.86
temperature 298(2) K
crystal system triclinic
space group PT
a (A) 6.1549(12)

b (A) 10.678(2)

¢ (A) 25.259(5)

a (deg) 91.801(4)

B (deg) 90.600(4)

7 (deg) 102.554(4)

v (A% 1619.4(6)

VA 2

Peo (g cm™) 2.249

u, (mm™") 6.993

F(000) 1058

size (mm) 0.22 X 0.18 X 0.16
0 (deg) 1.61 to 24.87
reflections/unique 6595/5283
T/ T 0.4008/0.3084
data/parameters 5283/0/424

S 1.044

R, wR,Y [I > 20(1)]

R, wR,” (all data) 0.0664, 0.1728

Apmax/Apmin (e A™%) 1.15/-1.10
aRl = Fo - Fc/Fo' bWRZ = [W(F02 - FCZ)Z/W(FOZ)Z:]I/Z

0.0491, 0.1387

2 3
C,H,yCL,CusN,0; C,,HCICu,N, 05
963.48 42273

298(2) K 298(2) K
triclinic monoclinic
PT P2,/n
5.951(7) 6.1018(2)
10.706(11) 21.6019(6)
25.35(3) 11.0266(3)
90.92(2) 90

90.37(2) 105.0430(10)
101.89(2) 90

1580(3) 1403.61(7)

2 4

2.025 2.000

3.626 3244

950 836

020 X 0.16 X 0.14 0.26 X 0.24 X 0.22
1.61 to 25.00 2.13 to 27.00
6608/5262 8656/3039
0.6307/0.5308 0.5355/0.4859
5262/0/424 3039/0/199
1.027 1.069

0.0683, 0.1384
0.1996, 0.1535
0.92/-0.96

0.0211, 0.0557
0.0225, 0.0566
0.748/—0.408

[Cu,Cl(ina)(gca)(H,0)] (7). The synthetic procedure is similar to
that of 3 except for using Hgca (0.023 g 020 mmol) (Hgca =
hydroxyacetic acid) instead of ox (0.018 g, 0.20 mmol); dark blue
block crystals of 7 were recovered in 75% yield. Anal. Calcd (%) for
C10:N,CICu,H,5: C, 33.61; H, 2.60. N, 5.60. Found: C, 33.50; H,
248; N, 5.49. IR data (KBr, cm™): 3268(s), 1659(s), 1562(s),
1470(s), 1323(s), 688(s), 1226(m), 1090(m), 2916(w), 1018(w),
875(w), 785(w), 562(w).

[Cu”(/\/le-ina)2(HQO)][CUI5Br7](8). A mixture of CuBr, (0223 g
1.0 mmol), ina (0.025 g, 0.20 mmol), 2,2-dimethylolpropionic acid
(0.067 g, 0.50 mmol), NaOH (0.018 g, 0.45 mmol), MeOH (4 mL),
and H,O (2.5 mL) in the molar ratio of 100:20:50:45:9888:13889 was
stirred, then sealed in a 12 mL Teflon-lined stainless autoclave and
heated to 130 °C for S d. After it was cooled to room temperature and
subjected to filtration, black block crystals of 8 were recovered in
71.5% yield. Anal. Caled (%) for C,4H;¢Br,Cus N,Oq: C,13.65; H,
1.31; N, 2.27. Found: C, 13.53; H, 1.07; N, 2.18. IR data (KBr, cm™):
3453(s), 1659(s), 1571(s), 1411(s), 1282(m), 770(m), 3045(w),
2925(m), 2844(w), 873(w), 641(w), 465(w).

Mey-ina[Cu,Br;] (9). The synthetic procedure of 9 is similar to that
of 8, except the solvent is pure MeOH (6 mL). Red block crystals of 9
in yield of 87% were recovered. Anal. Calcd (%) for C,H,Bry;Cu,NO,:
C, 16.19; H, 1.35; N, 2.70. Found: C, 15.53; H, 1.15; N, 2.18. IR data
(KBr, cm™): 3453(s), 1731(s), 1298(s), 1417(m), 1125(m),
3061(w), 2932(s), 1571 (s), 946(w), 873(w), 761(w), 673(w).

X-ray Data Collection and Structure Determination. Data
collection was performed with Mo Ka radiation (4 = 0.71073 A) on a
Bruker Apex CCD diffractometer at 298(2) K for complexes 1—9. The
SAINT program was used for integration of the diffraction profiles,
and the SADABS program was used for X absorption correction. All
the structures were solved by direct methods using the SHELXS
program and refined by full-matrix least-squares methods with
SHELXL. All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms of organic ligands were
generated theoretically onto the specific carbon and nitrogen atoms
and were refined isotropically with fixed thermal factors. The hydrogen
atoms of the water molecules were calculated by Platon software.
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Further details for structural analysis are summarized in Tables 1-3,
and selected bond lengths and bond angles are shown in Supporting
Information, Table S1.

B RESULTS AND DISCUSSION

Synthesis Chemistry. The reaction of cupric halides
(CuCl, and CuBr,) and Hina under solvothermal conditions
gave seven magnetic cupric complexes 1—7, one mixed-valent
Cu(LII) complex 8, and one luminescent cuprous complex 9.
By systematically mediating pH value by adding NaOH and by
introducing oxalic acid as auxiliary ligand, hydroxyl-containing
SBUs such as butterfly-like Cu,(OH),X,(CO,),, steplike
Cus(OH),(CO,),, and linear Cu;(OH),(CO,), clusters were
formed and assembled in complexes 1—S5. The variation of
systemic pH can make a new complex 6, which is found by
using [N(Me),]Cl instead of NaOH. The introduction of
auxiliary hydroxyacetic acid can not only change the reac-
tion pH value but also take part in the construction of 7.
Some related known complexes such as [Cu,Br(ina),] and
[Cu,Cl(ina)] have been obtained during the syntheses of 1—7
via change of pH values,”! which means that our synthesis
method is general. Introduction of reducing solvent is very
important in the process of in situ reduction of Cu(Il) ions.
Experimental results of complexes 8 and 9 revealed that the
increase of temperature from 130 to 140 °C and the use of
MeOH solvent in starting materials help to form mixed-valent
Cu(LII) and cuprous MOMs. In addtion to reducing reactant,
methanol also has an important impact in the methylation
and esterification of ina group in the formation of 8 and 9
under higher temperature and alkaline conditions. In situ
N-methylation and O-esterification of ina group to form Me-ina
and Me,-ina in 8 and 9 was also proved by featured C—H
stretching vibrations of the methyl groups (2932 cm™, 2925 cm™)
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Table 2. Crystal Data and Structure Refinement for Complexes 4—7

complex 4 S 6 7
empirical formula C,H,,CLCu;3N, 04 C,H},Br,Cu;N,Oq C,H,,CLCu,N,O4 C,4H;3CICu,N,O4
formula weight 575.77 662.68 478.22 499.79
temperature 298(2) K 298(2) K 298(2) K 298(15) K
crystal system monoclinic monoclinic triclinic monoclinic
space group P2,/c P2,/c PT P2,/a
a (&) 9.7398(5) 9.693(9) 7.5825(3) 11.3747(4)

b (A) 13.0223(6) 13.192(13) 10.5201(5) 12.1459(4)

¢ (A) 7.1713(3) 7.432(7) 11.2163(5) 12.6348(5)

a (deg) 90 90 108.0190(10) 90.00

B (deg) 105.4930(10) 105.632(16) 100.5900(10) 92.6352(7)

7 (deg) 90 90 105.6750(10) 90.00

Vv (4%) 876.52(7) 915.2(15) 783.48(6) 1743.73(11)
VA 2 2 2 4

Petor (g cm™) 1.946 2405 2.027 1.904

u, (mm™) 3.944 7.864 3.088 2.639

F(000) 506 638 476 1000

size (mm) 0.22 X 0.16 X 0.12 0.22 X 0.16 X 0.12 0.16 X 0.12 X 0.08 0.48 X 0.36 x 0.20
0 (deg) 2.17 to 28.72 2.18 to 26.37 2.00 to 25.02 1.61 to 28.56
reflections/unique 3508/1520 4165/1861 4299/2742 6149/2933

T T 0.6332/0.3954 0.4589/0.2819 0.7903/0.6379 0.6203/0.3639
data/parameters 1520/0/124 1861/0/124 2742/0/219 2933/2/248

S 1.085 1.051 0.823 1. 065

R,% wR,Y [I > 26(1)]
R,%, wR,? (all data)
Apmax/Apmin (e A™3)

0.0268, 0.0777
0.0296, 0.0803
0.64/—0.61

0.0239, 0.0636
0.0281, 0.0660
0.68/—-0.75

0.0334, 0.1014
0.0385, 0.1086
0.58/—0.314

0.0263, 0.0750
0.0292, 0.0768
0.53/—0.48

aRl = Fo - Fc/Fo' bWRZ = [W(F02 - FCZ)Z/W(FOZ)Z:]I/Z

Table 3. Crystal Data and Structure Refinement for

Complexes 8 and 9

complex

empirical formula

formula weight

8
C14H,;6Br;CugN, O
1232.88

9
CgH,(Br,Cu,NO,
518.97

temperature 298(2) K 298(2) K
crystal system monoclinic triclinic

space group P2,/c PT

a (A) 11.007(3) 7.9345(6)

b (A) 22.483(5) 8.6669(7)

c (A) 12.325(3) 10.4946(8)

a (deg) 90 88.037(2)

B (deg) 98.604(5) 72.8260(10)

y (deg) 90 77.7960(10)
vV (A%) 3015.8(12) 673.62(9)

Z 4 1

Peo (g cm™) 2711 2.559

u, (mm™) 13.456 12.037
F(000) 2284 488

size (mm) 022 X 0.17 X 0.12 0.18 X 0.14 X 0.12
0 (deg) 1.81 to 27 241 to 2325
reflections/unique 14575/6463 2400/1856
Ty Toin 0.4124/0.1558 0.5355/0.2389
data/parameters 6463/0/317 1856/0/154

N 1.027 1.080

R, wR,Y [I > 26(I)]
R,% wR,? (all data)
Apmax/Apmin (e A7)

aRl = FO—FC/FOI bWRZ = [W(FOZ'FCZ)Z/W(FOZ)Z]I/Z

0.0704, 0.2067
0.1378, 0.2494
2.97/-2.10

0.0747, 0.2257
0.0883, 0.2452
1.69/-1.51

in IR spectra (Figure S1 in the Supporting Information). The
purity of complexes 1—9 was confirmed by comparison of
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experimental PXRD patterns with the simulated pattern derived
from the X-ray single-crystal data (Supporting Information,
Figure S2).

Descritptions of Crystal Structures. Single-crystal X-ray
diffraction analyses reveal that complex 1 crystallizes in the
triclinic space group PI, and the asymmetric unit consists of
five crystallographically independent Cu(Il) atoms, four ina
groups, three y3-OH groups and three bromides (Figure 1a).
All five Cu(Il) atoms occupy general position and show
Jahn—Teller distorted coordination geometries. The Cu(l),
Cu(3), and Cu(4) sites have similar distorted square pyramidal
geometries, the Cu(2) site possesses a distorted octahedral
geometry, and the Cu(S) site adopts a slightly distorted
square geometry. The Cu(1) ion is coordinated by one y,-Br
atom, two fi3-Olygrox,1 atoms, one bis(monodentate) carboxylate
oxygen atom, and one pyridine nitrogen atom from two ina
groups. The configuration of the Cu(2) site is formed by one
Hy-Br atom, one p3-Oyygron atom, two chelate carboxylate
oxygen atoms, one bis(monodentate) carboxylate oxygen atom,
and one pyridine nitrogen atom. The geometry of Cu(3) site is
completed by one bromine atom, one 3-Oyygon atom, two
bis(monodentate) carboxylate oxygen atoms, and one pyridine
nitrogen atom. The Cu(4) ion is ligated by one bromine atom,
three 43-Oyydrony atoms, and one bis(monodentate) carboxylate
oxygen atom. The coordination model of the Cu(S) site is
constructed from two fi3-Opygrox, atoms, one bis(monodentate)
carboxylate atom, and one pyridine nitrogen atom. The Cu—0O,
Cu—N, and Cu—Br distances are in the range of 1.941(6)—
2.252(6)A, 1.988(8)—2.020(7)A, and 2.4122(14)—2.7703(14) A,
respectively. The cis and trans angles of L—Cu(1)-L (L = O, N,
and Br) are in the range of 78.34(17)—116.9(2)° and 140.4(3)—
178.3(3)°. The Cu—O—Cu angles are in the range of 95.8(2)—
126.7(3)°, and the Cu(2)—Br(1)—Cu(l) angle is 73.36(4)°.
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(e

Figure 1. The coordination environment of Cu(II) ions (a), the connection modes of butterfly-like Cu,(OH),Br,(CO,), clusters (b), and steplike
Cu4(OH),(CO,), clusters (c), 3D hexagon framework with two types of pores at hkl = 2,9,0 (d, e) and pcu toplogical net (f) in complex 1.

The two edge-shared Cu(1) and Cu(2) dimers, via y,-Br atom
and syn—syn carboxylate group, are bridged by i3-Opydrony atoms
with Cu(1)--Cu(la) distance of 2.990(2) A to generate a
butterfly-like tetranuclear Cu,(OH),Br,(CO,), cluster, in which
Cu(1) and Cu(2) can function as body and wing, respectively
(Supporting Information, Figure S3a). The edge-shared Cu(4)
and Cu(5) dimer with Cu(4)--Cu(5) distance of 2.9739(19) A is
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linked to the Cu(3) site through y;-OH group via vertex-sharing
mode to form a triangle trimer, two of which connect with each
other by edge-sharing mode; the result is a steplike hexanuclear
Cug(OH),(CO,), core (Supporting Information, Figure S3b). In
1, both Cu,(OH),Br,(CO,), and Cus(OH),(CO,), clusters can
be viewed as six-connected SBUs. Each Cu,(OH),Br,(CO,),
cluster is linked to four Cuz(OH),(CO,), clusters and two
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Inorganic Chemistry

Cu,(OH),Br,(CO,), clusters, while each Cuz(OH),(CO,),
cluster is connected to four Cu,(OH),Br,(CO,), clusters and
two Cug(OH),(CO,), clusters (Figure 1b,c). Notably, the linkers
are single u3- and double p,-ina groups (Scheme lab). The

Scheme 1. The Coordination Modes of Ina Group in the
Complexes 1-9
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overall structure of 1 features a three-dimensional (3D) hexagonal
MOF constructed by butterfly-like Cu,(¢;-OH),Br, and steplike
Cug(u3-OH),, two different SBUs with the ratio of 1:1, possessing
two different channels (Figure 1d,e). The topology analysis via
Topos40 program suggests an a-Po net of double nodes with the
(4'*6”) topology symbol (Figure 1f). Isostructural 2 has cell
volume slightly smaller than that of 1 due to chlorides in place of
bromides (Supporting Information, Figure S4).

Compared to complex 2, the generation of 3 with only
butterfly-like Cu,(OH),Cl,(CO,), units as six-connected
nodes can mainly be ascribed to the systematic variation of
pH value by introducing auxiliary oxalate acid and changing the
amount of reactants. Complex 3 crystallizes in the symmetri-
cally higher monoclinic space group P2,/n. There are only two
crystallographically independent Cu(II) atoms, two ina ligands,
one y;-OH group, and one chloride in the asymmetric unit
(Figure 2a). However, the Cu(1) and Cu(2) sites are also
located in the general position and separately show Jahn—Teller
distorted octahedral and square pyramidal coordination geo-
metries. The Cu—0O, Cu—N, and Cu—Cl distances are in the
ranges of 1.9389(13)—2.1854(14) A, 1.9922(16)—1.9955(15)
A, and 2.3454(5)—2.6518(S) A, respectively. The cis and trans
angles of L—Cu(1)-L (L = O, N, and Cl) are in the range of
78.45(4)—113.50(5)° and 151.44(4)—177.88(6)°. The Cu—
O—Cu angles are in the range of 96.59(5)—124.13(6)°, and the
Cu(2)—CI(1)—Cu(1) angle is 75.431(14)°, respectively.
Therefore, two edge-shared dimers from Cu(1l) and Cu(2)
are also bridged by #3-Oyygroxy and p,-Br atoms to generate a
butterfly-like tetranuclear Cu,(OH),CL(CO,), cluster with
Cu(2)--Cu(2b) distance of 2.9729(4)A, in which the inversion
center is situated in the body center (Supporting Information,
Figure SS). Each butterfly-like Cu,(OH),CL(CO,), unit is
bridged to six neighbors via eight ina groups to form a 3D
hexagonal MOF with pcu topology (Figure 2b,c).

A similar reaction to 2 with the decrease of NaOH amount in
starting materials can generate the linear Cu;(OH),(CO,),

©)

Figure 2. The coordination environment of Cu(II) ions (a), the connection modes of butterfly-like Cu,(OH),Br,(CO,), clusters (b), and 3D

tetranuclear copper SBUs based hexagon MOF (c) in complex 3.
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Figure 3. The coordination environment of Cu(Il) ions (a), 2D wavelike (4,4) topological layer (b), 3D network based on 2D layer and Cu(1)-
CI(1b) weak interaction (c), the connection modes of Cuy(OH),(CO,), core (d), and 3D eight-connected topological net(e) in complex 4. The

dashed lines represent weak Cu---Cl bonds.

cluster-based complex 4. In contrast to the triclinic space group
PT in 2, complex 4 crystallizes in symmetrically higher monoclinic
P2,/c space group, and the asymmetric unit contains two
crystallographically independent Cu(II) ions, one ina group, one
U,-OH group, and one chloride (Figure 3a). Considering weaker
and longer bond with Cu(1)--Cl(1a) distance of 2.6744(9) A,
Cu(1) atom has a distorted square pyramidal geometry of 4 + 1
constructed by two chlorine atoms, one )-Opygioy atom, one
pyridine nitrogen atom, and one bis(monodentate) carboxylate
oxygen atom. The Cu(2) site lies on the inversion center with the
position occupancy of 0.5 and shows a square geometry formed
by two f,-Opydroxyt atoms and two bis(monodentate) carboxylate
oxygen atoms. The Cu—O distances are in the range of 1.918(2)—
1.996(2) A; the Cu—N and Cu—Cl distances are separately
2.066(3) A and 2.3106(9) A. The cis and trans angles of L—Cu(1)—
L (L = O, N, and Cl) are in the ranges of 86.37(10)—101.86(8)°
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and 163.12(8)—180.00(15)°, respectively. The Cu(1) and Cu(2)
atoms are bridged by /4,-Oyyg,05y1 atom and syn—syn carboxylate
group to form a linear vertex-sharing Cuy(OH),(CO,),trimer
with Cu—Cu distance of 3.159 A and Cu(1)—0(3)—Cu(2) angle
of 110.31(10)° (Supporting Information, Figure S6). The
bridged yi5-ina groups link trinuclear Cuy(OH),(CO,), cluster
SBUs into a two-dimensional (2D) wavelike (4,4) topological
layer (Scheme 1b and Figure 3b). Note that adjacent layers are
further connected via weak Cu(1)--Cl(1a) bonds to yield 3D
network in which each linear Cu;(OH),(CO,), cluster is linked
to its eight equivalents via four chlorides and four y;-ina groups
(Figure 3c,d). The topology analysis suggests that the whole
structure features an eight-connected net with topology symbol
of (4**6%) by possessing linear Cuy(OH),(CO,), core as
node (Figure 3e). Isostructural S has cell volume slightly
larger than that of 4 due to bromides in place of chlorides
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Figure 4. The coordination environment of Cu(II) ions (a), metal—organic Cu(II)-ina chain (b), and 3D supramolecular network constructed by
weak Cu--Cl bonds (c) in complex 6. The dashed lines in (c) represent weak Cu---Cl bonds. For clarity, the water molecules in (c) are omitted.

(Supporting Information, Figure S7). Different from the normal
coordination bonds in 1—3, the occurrence of weak Cu--X
bonds may indicate that complexes 4—7 are the transition from
MOF to SCC.

With the replacement of NaOH by [N(Me),]Cl in the
synthesis of 4, hydroxyl-absent metal—organic coordination
chain-based complex 6 was produced. The asymmetric unit
consists of two crystallographically independent Cu(II) atoms,
two ina groups, two chlorides, and two coordinated water
molecules (Figure 4a). Both Cu(II) atoms lie on the general
position and show slightly distorted square geometry. The
Cu(1) site is coordinated by two monodentate carboxylate
oxygen atoms and two terminal water molecules, while
the Cu(2) site is ligated by two chlorine atoms and two pyridine
nitrogen atoms. The Cu—0O, Cu—N, and Cu—ClI distances are
separately in the ranges of 1.941(2)—1.950(3) A, 2.013(3)—
2.017(3) A, and 2.3051(10)—2.3233(9)A, while the cis and
trans angles of L—Cu—L (L = N, O, and Cl) are in the ranges
of 85.69(9)—103.87(9)° and 132.88(4)—178.10(12)°, respec-
tively. Two monodentate carboxylate oxygen atoms in p,-ina
groups are coordinated to the Cu(1) site in head-to-head mode,
and two pyridine nitrogen atoms are coordinated to the Cu(2)
site in end-to-end mode, yielding an infinite metal—organic
coordination chain (Scheme 1lc and Figure 4b). In fact, Cu(1)
and Cu(2) atoms are additionally bonded to one and two Cl
atoms via weak Cu---Cl bonds with distance of 2.69—2.86 A,
respectively, and thus they can be viewed as distorted square
pyramid geometry of 4 + 1 and elongated octahedral geometry
of 4 + 2. Then, infinite metal—organic chains are extended into
(3,4)-connected supramolecular network via Cu—Cl weak
interactions (Figure 4c).
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With hydroxyacetic acid (Hgca) instead of the oxalate acid
additive in the synthesis of 3, metal—organic coordination
ladder-based complex 7 was formed, in which the gca group
serves not only as the mediator of pH value but also as auxiliary
ligand coordinated to Cu(Il) ions. There are two crystallo-
graphically independent Cu(Il) ions, two ina groups, one gca
group, one chloride, and one coordinated water molecule in the
asymmetric unit of 7 (Figure Sa). The square pyramidal
geometry of the Cu(l) site is generated from one hydroxyl
oxygen atom and one bis(monodentate) carboxylate atom from
the same one gca group, two monodentate carboxylate oxygen
atoms from two ina groups, and one water molecule. The
Cu(2) site adopts a slightly distorted square pyramidal
configuration of 4 + 1 mode formed by one chlorine atom,
one bis(monodentate) carboxylate oxygen atom from the gca
group, and two pyridine nitrogen atoms. The Cu—Cl bond
distance is 2.2666(7) A, the Cu—O and Cu—N distances are in
the ranges of 1.9498(17)—2.2424(18) A and 2.0127(17)—
2.0167(18) A, while the cis and trans angles of L—Cu(2)—L
(L =N, Cl, and O) are in the ranges of 79.23(6)—99.00(7)° and
169.46(8)—178.29(8)°, respectively. The bridged ina group in 7
shows the same coordinated mode as in 6. However, the Cu(1)
and Cu(2) sites are bridged via yy-ina and p,-gca groups to
produce a ladder-shaped metal organic ribbon (Figure Sb).
Adjacent ribbons are further extended via Cu(2)--Cl(1a) weak
interactions of 2.835 A into a supramolecular layer (Figure Sc).

In situ reduction of Cu(Il)-to-Cu(I) could be realized by
tuning reaction conditions. The formation of mixed-valent
copper complex 8 can be promoted by increasing reaction
temperature from 130 to 140 °C and using reducing MeOH
instead of MeCN. One of the most outstanding features of 8 is
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Figure S. The coordination environment of Cu(Il) ions (a), ladder (b), and 2D supramolecular layer (c) of complex 7. The dashed lines in (c)

represent weak Cu---Cl bonds.

the coexistence of two discrete units with opposite charges in 3D
supramolecular network. 8 crystallizes in the monoclinic group
P2,/c, and the asymmetric unit consists of six crystallographically
independent Cu atoms, seven bromine atoms, two N-methylated
ina groups and one water molecule (Figure 6a). The Me-ina
group came from in situ N-methylation reaction of ina and
MeOH under higher temperature and alkaline condition. The
Cu(1) atom is divalent, adopting a slightly distorted square
pyramidal geometry coordinated by one water oxygen atom at
the apical position and four bis(monodentate) carboxylate
oxygen atoms in the equatorial plane. The Cu(1)—O distances
are in the range of 1.935(8)—2.149(10) A, while the cis
O—Cu(1)—O angles are in the range of 88.6(4)—102.7(4)° and
the trans O(2)—Cu(1)—O(lc) angle is 167.1(4)°. The
monovalent Cu(2) to Cu(6) atoms exhibit similar distorted
CuBr, tetrahedral coordination geometry. The Cu(I)—Br
distances are in the range of 2.383(3)—2.831(19) A and the
angles of Br—Cu(I)—Br are in the range of 95.07(10)—
129.32(13)°. The weak interactions between Cu(I) atoms vary
from 2.729(3) to 2.954(13) A, while the cis and trans angles of
Cu-Cu-Cu are in the ranges of 60.27(16)—102.52(11)° and
139.97(12)—147.66(12)°, respectively.
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Two divalent Cu(1) atoms with Cu(II)---Cu(II) distance of
2.673(3) A are linked via four syn—syn carboxylates from
Me-ina groups to give a paddlewheel-like [Cu(Me-ina),]*" unit
(Supporting Information, Figure S8a). Five monovalent Cu
atoms are bridged via y,, y3, and p, bromides to generate a
cubane-based [Cu;Br,]*~ chain in which the cubane structure is
constructed by Cu(2), Cu(3), Cu(4), Cu(6), Br(1), Br(2),
Br(3), and Br(7) atoms (Figure 6b). Two adjacent cubanes are
held together by shared Cu(S) atom and bridged u, Br(6)
atoms to form a double chairlike unit (Supporting Information,
Figure S8b). The [CugBr,]*” chains are templated by paddlewheel-
like [Cu(Me-ina),]** cationic complexes and extend into 3D supra-
molecular array via C—H-O,, and C—H--Br hydrogen bonds
(Figure 6c). The cubane-based double chairlike unit in 8 is
unique and unprecedented in the reported [CusX,]*~ aggregate-
based complexes.*”

Zigzag [Cu,Br;]” chain-based cuprous SCC 9 was
synthesized via replacement of mixed MeOH and water
solvents in mixed valent 8 by pure MeOH. There are two
crystallographically independent copper atoms, three bromine
atoms, and one O-esterificated and N-methylated Me,-ina
group in the asymmetric unit (Figure 7a). Both Cu(1) and
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Figure 6. The coordination environment of Cu ions (a), cubane-based [CuBr,]*~ chain (b), and 3D supramolecular array (c) in complex 8. The

C—H:--O and C—H--Br hydrogen bonds are shown in dashed lines in (c).

Cu(2) atoms are monovalent and show distorted CuBr,
tetrahedral geometry. The Cu—Br distances are in the range
of 2.312(3)—2.798(4) A, and the angles of Br—Cu—Br and
Cu—Br—Cu are in the ranges of 53.05(9)—126.60(14)° and
52.77(9)—93.08(11)°, respectively. The edge- and face-shared
connection of CuBr, tetrahedra generated a zigzag [Cu,Br;]”
chain in which adjacent Cu(1)Br, or Cu(2)Br, tetrahedra are
edge-shared, while Cu(1)Br, and Cu(2)Br, tetrahedra are face-
shared (Figure 7b). The face-shared connection gave rise to
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very short Cu(I)—Cu(I) distance of 2.448(4) A, which is
shorter than the sum of the van der Waals radii of Cu' atoms
(2.80 A).">9** What’s more, the Cu(I)—Cu(I) distance of
2.448(4) A is shorter than 2.556 A in the open-shell metallic
copper, indicating strong ligand-supported Cu---Cu interac-
tion.”* According to Pauling’s rule, the sharing of edges and
particularly faces by two anion polyhedra decreases the stability of
an ionic structure. Thus, the edge- and face-shared [Cu,Br;]”
chain is energetically unfavorable, which is stabilized by
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Figure 7. The coordination environment of Cu(I) ions (a), alternate face- and edge-shared [Cu,Br;]~ chain (b), and supramolecular array (c) in

complex 9.

O-esterificated and N-methylated [Me,-ina]* templates via
C—H:--Br interactions to generate a ribbonlike supramolecular
array (Figure 7c). The presence of organic [Me,-ina]*
templates rather than [Cu(Me-ina),]** complex makes complex
9 quite different from 8. The generation of cuprous bromide
aggregates promotes the occurrence of C—H---Br hydrogen
bonds. It indicates the structures of 8 and 9 turned into
supramolecular array.

Magnetic Properties. Magnetic susceptibility measure-
ments for 1, 3, 4, 6, and 7 were performed with direct current
(dc) field of 1000 Oe between 1.8 and 300 K on a Quantum
Design SQUID MPMS XL-S. The magnetic behavior of 1 is
shown in Figure 8. At room temperature, the jy,, T product per
Cus unit of 2.795 cm® K mol™" is already higher than 1.875 cm®
K mol™" for five uncoupled Cu" ions (S = 1/2). As the
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temperature decreases, the y,,T product climbs steadily up to
20 K and then rapidly reaches maxima of ca. 135.35 cm® K
mol™" at 7 K, indicating dominant intracluster ferromagnetic
(FO) interactions, while the final decline at low temperature
suggests the presence of intercluster antiferromagnetic (AFM)
interactions. To have a qualitative view of the dominant
interactions present in the system, a Curie—Weiss analysis of
magnetic susceptibility data by y,, = C/(T — ) in the high-
temperature (30—300 K) region gave a Curie constant of C =
2,604 cm® K mol ™" and Weiss constant of § = +19.88 K (Figure 8,
inset). The magnetization of 1 at 2 K rapidly increases, reaching
saturation value of 5.2485 Nf at 50 KOe, which is close to the
theoretical value of 5 Np expected for five ferromagnetically
coupled Cu(Il) centers. Field-cooled (FC) and zero-field-cooled
(ZFC) magnetizations were performed under an applied field of
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Figure 8. y,, T vs T plot for complex 1. (inset) Curie—Weiss fitting of
Jm ' vs T plot of 1, experimental (black) and calculated (red).

10 Oe, and the bifurcation at 8 K indicates the onset of long-range
magnetic ordering (Supporting Information, Figure S10). Because
of the Cu—O—Cu angles in the range of 95.9(2)—126.8(3)°,
the principal magnetic interactions in 1 between metal centers can
be easily rationalized according to the geometry around the copper
atoms and the superexchange Iz)athways via pz-hydroxyl,
Hy-bromide, and carboxylate bridges. S

For 3, the y,,T product at 300 K per Cu, unit is 0.86 cm® K
mol ™!, which is close to the expected value 0.75 cm® K mol ™" of
two spin-only Cu(Il) ions, corresponding to an average g factor
of 2.14. Upon cooling, the y,,T product decreases gradually to a
minimum of 0.0504 cm® K mol™" at 20 K, then rises abruptly to
a maximum of 0.4405 cm® K mol™" at 6 K, and finally drops to
0.0325 cm® K mol™" at 2 K. The minimum at 20 K indicates a
spin canting antiferromagnetic behavior, which is supported by
the fact that the maximum y,,T at low temperature is lower
than that at room temperature (Figure 9). The magnetization
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Figure 9. T vs T plot for complex 3.

of 3 at 2 K slowly increases with the applied field, and no
saturation is reached at 50 000 Oe, which is also a characteristic
of an antiferromagnet. The bifurcation at 8 K in FC—ZFC
magnetizations under an applied field of 10 Oe indicates the
onset of long-range magnetic ordering (Supporting Informa-
tion, Figure S11). The magnetic interactions in 1 and 3 are not
limited to intracopper clusters, and weak interactions between
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clusters can propagat via ina groups. We could not get a suitable
model to fit measured data.

At room temperature, the y, T product per Cu; unit for 4 is
1.542 cm® K mol ™", which is already larger than the expected
spin-only value of 1.125 cm® K mol™" for three Cu(II) atoms
taking ¢ = 2 and S = 1/2. As the temperature decreases, the y,, T
product climbs steadily up to 20 K and then rapidly reaching
maxima of ca. 32.39 cm® K mol™! at 6.5 K, indicating dominant
intracluster FO interactions.”® The final decline of the y,,T
product at low temperature suggests the presence of
intercluster AFM interactions (Figure 10). The magnetization

35-
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Figure 10. Experimental (black) and simulated (red) y,,T vs T and
Jm ' vs T plots for complex 4.

of complex 4 at 2 K rapidly increases and reaches saturation
value of 3.0585 NJ at 50 KOe, which is close to the theoretical
value of 3Np for a ferromagnetic Cu; unit. FC—ZFC
magnetizations performed under an applied field of 10 Oe
show a bifurcation at 8 K (Supporting Information, Figure S12).
From the relatively simple structure of 4, the magnetic data was
fitted by a linear trinuclear system. The detailed Heisenberg
Hamiltonian and the derivation of theoretical equations of
magnetic susceptibility are listed in Scheme 2. As the two terminal

Scheme 2. The Detailed Heisenberg Hamiltonian and the
Derivation of Theoretical Equations of Magnetic
Susceptibility of Complex 4

H = —J(Scuzcu1 + Scuzcuic)

360.75]/kT + Se—l.ZSI/kT + 30e1.75]/kT NBZgZ
Xtrimer — 45075I/KT J 4¢-1251/KT 4 gl 7SI/KT 3k(T — 0)
_ Kiri
Ay = . T + TIP
- ﬁng trimer

copper atoms are symmetry-related, only one coupling constant, J,
is involved. The best fitting at 2—300 K upon the Cul-J-Cu2-J-
Cul mode with the consideration of other factors gives | = 1.8079
cm™!, g = 225, TIP = 3.899 X 10~ cm’ mol, 6 = +37.4963 K,
z]' = —10.858 93, where ] is a coupling constant, 8 is other factors,
g is the Zeeman factor, and TIP is the temperature-independent
paramagnetism. This indicates that the Cl bridges in Cu(1)--Cl(1b)
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weak bonds also played an indispensable role in the magnetic
superexchange. According to the linear correlation of J (cm™) =
—74 a (degrees of Cu—O—Cu) + 7270, a Cu—O—Cu angle larger
than 97° often shows antiferromagnetic interaction between the
metal jons.”” Complex 3 still shows ferromagnetic behavior in spite
of Cu(1)—O(3)—Cu(2) angle of 110.31(10)°. This can be easily
explained by the environment around the Cu(Il) ion in the
hydroxyl-bridged dimeric unit. Eliminating weak Cu--Cl interaction
in 4, the Cu; trimer unit comprises one square and two tetrahedral
Cu(I0) ions. Their single magnetic orbitals are a,(d,,), a,(d,,) and
b,(d.,), and the final magnetic interactions are J = J, 1, Joopy, and
Joawy, where all the Jip1, Jopy and Jy, terms are strictly positive,
then ferromagnetic interactions are expected. It is well-consistent
with the experimental results.”

For 6, the y,, T value at 300 K is 0.9878 cm® K mol™, which
is close to the expected value (0.75 cm® K mol ™, taking g = 2)
for the Cu, unit (S = 1/2). When complex 6 is cooled, the y,, T
product continuously decreases and reaches the value of 0.0436
cm® K mol™" at 2 K, characteristic of strong AFM interactions
between Cu" spin carriers (Figure 11). The field-dependent
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Figure 11. Plot of y,,T versus T for complex 6.

magnetization at 2 K increases slowly and linearly with the
applied field, and no saturation is observed. The magnetization
value at the highest field, 50 KOe, is 0.2853 NJ, far below the
saturation value of 2 Nf§ expected for two spin-only Cu(II)
species (Supporting Information, Figure S13a).

For 7, the y,, T product per Cu, unit at room temperature is
1.0273 em® K mol ™}, which is higher than the expected spin-
only value of 0.75 cm® K mol™!, taking g = 2 and S = 1/2
(Figure 12). As the temperature decreases, the y,,T product
remains constant up to 20 K and then rapidly decreases to the
value of 0.3903 cm® K mol™ at 2 K, demonstrating
paramagnetic interactions between Cu" spin carriers. The
magnetization value of complex 7 at 2 K increases linearly with
the applied field (Supporting Information, Figure S13b).

Photoluminescent Properties. The photoluminescent
properties of 8 and 9 with novel cuprous bromide motifs
were studied in the solid state at room temperature. Complex 8
shows a blue emission at 438 nm (Figure 13a). In general,
possible assignments for the excited states that are responsible
for emissions of Cu(I) complexes are ligand-centered
transitions (LC), ligand-to-ligand (LLCT), ligand-to-metal
(LMCT), metal-to-ligand (MLCT) charge transfer transitions,
or metal-center d'°—d’! (MC) transitions.”® From the survey
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Figure 12. Temperature dependence of y,, T per Cu, unit for complex 7.
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Figure 13. Photoluminescent emissions of (a) complex 8 upon
excitation at 374 and 394 nm and (b) complex 9 upon excitation at
220 nm.

of lots of literature, the emission band centered at 438 nm may
be assigned as originating from a bromine-to-copper transition
(XMCT). Different from 8, complex 9 exhibits a stronger red
emission at 613 nm and a weaker green emission at 544 nm upon
excitation (Figure 13b). According to the photoluminescent
properties of known Cu--Cu interacted complexes of cuprous
halides, the stronger orange photoluminescence is possibly
assigned to the charge transfer from metal-center transition in
copper cluster (MC), and the weaker green emission is possibly

assigned as originating from a ligand-to-copper transition
(LMCT)."*

B CONCLUSIONS

In summary, nine novel Cu(Il), Cu(LI), and Cu(I)
compounds were solvothermally produced from starting
materials of copper halides by changing reaction conditions
such as temperature, pH value, solvent, reactant ratio, and
additives. Nine complexes can be classified as three types
according to bonding types of halides: cupric complexes 1—3
include only the normal X—Cu bond; cupric complexes 4—7
include the normal X—Cu bond and a weak X:-Cu bond;
mixed-valent complex 8 and cuprous complex 9 include the
normal X—Cu bond and C—H:--X halogen hydrogen bonds. A
series of SBUs including linear Cuy(OH), timer, butterfly-like
Cu,(u3-OH),X,, and steplike Cug(p;-OH), were revealed, and
ferromagnetic, spin canting antiferromagnetic, and paramagnetic
interactions have been observed. A variety of topological nets
such as six-connected pcu, four-connected (4,4) net, eight-connected
net, and (3,4)-connected layer were observed. Novel cubane-
containing [CugBr,]*” chain and face-sharing tetrahedra-based
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[Cu,Br;] chain was discovered. N-methylation and O-esterification
of ina group occurred in situ. Nine complexes show gradual
transitions of valence (Cu! — Cu"" — Cu'), bonding types
(X—Cu bond — X--Cu weak bond — C—H:Br halogen
bond), hierarchical structures (typical coordination polymer —
weak X--Cu bond contained coordination polymer — SCC), and
physical properties (magnetism — luminescence).

B ASSOCIATED CONTENT
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Additional figures in CIF format, tables of selected bonds, IR
spectra, PXRD patterns, and magnetism curves for complexes
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