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Four new coordination complexes, M2(Htmopa)4(H2O)4 (M ) Zn2+ (1), Mn2+ (2), {M(Htmopa)2(H2O)2}n (M ) Ni2+

(3), Co2+ (4)), have been synthesized by the hydrothermal reaction of Htmopa (Htmopa ) 2,3,6,7-
tetramethoxyphenanthrene-9-carboxylic acid) with different transition metals at a suitable temperature. Single-
crystal determinations revealed that 1 and 2 are isostructural and possess a dinuclear subunit, each connected
into 3D networks by hydrogen bonds and C-H · · · π interactions. 3 and 4 are also isostructural: the metal ions are
bridged through water molecules and carboxylate oxygen atoms to form 1D wavelike double chains, and these
double chains are further extended to a 3D network via hydrogen bonds and C-H · · · π interactions. The
photoluminescent properties of the free Htmopa ligand and its complexes have been studied in the solid state at
room temperature. Both Htmopa and 1 exhibit strong blue emissions. Magnetic susceptibility measurements indicate
that 2 and 3 exhibit antiferromagnetic coupling, whereas 4 shows a ferromagnetic coupling and exhibits a single-
ion behavior of the CoII ion at a higher temperature range.

Introduction

Transition-metal coordination compounds have recently
attracted increasing attention because of their novel archi-
tectures1–4 and useful physical properties such as magne-
tism,5–7 photoluminescence,8,9 nonlinear optical properties,10

and catalysis.11 The design of molecular magnetic materials,
such as single molecule magnets and single chain magnets,

has been extensively explored in recent years.12–16 Bridging
ligands can efficiently propagate magnetic superexchange
between metal centers, so the basic strategy to design such
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materials is to organize paramagnetic centers into polynuclear
or polymeric aggregates by the use of bridging ligands.16 It
is well-known that a carboxylate group can act as a bridging
ligand, which leads to various polynuclear complexes ranging
from discrete molecules to 3D networks.17–19 Some short
bridging ligands such as cyanide,20,21 dicyanamide,22 ox-

alate,23 and azide(N3
-)24–26 have also been used to bridge

metal ions to construct molecule-based magnetic materials.
To search for new multifunctional coordination polymers
with interesting magnetic properties, Htmopa was our ligand
of choice. In comparison with the benzene-based,27–30

naphthalene-based and anthracene-based carboxylic ac-
ids,31–33 single crystals containing phenanthrene-based car-
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boxylic acid ligands had not previously been reported. The
Htmopa ligand has three obvious characteristics: (1) it has a
large conjugated π systems and therefore can combine with
d10 metals to construct useful photoluminescence materials;
(2) the π · · ·π stacking and/or C-H · · ·π interactions may
play important roles in the formation of higher-dimensional
supramolecular frameworks; (3) the steric hindrance of the
bulky methoxy phenanthrene ring may not only affect the
coordination abilities and ligating modes of carboxylic groups
but also propagate magnetic superexchange between metal
centers. In the present work, we have synthesized four new
complexes with the Htmopa ligand, and their photolumines-
cent properties and magnetic properties have also been
reported.

Experimental Section

Materials and Methods. All chemicals except Htmopa ligand
were of reagent-grade quality from commercial sources and were
used without further purification. The Htmopa ligand was prepared
according to previous literature.34 The IR absorption spectra of the
complexes were recorded in the range of 400-4000 cm-1 by means
of a Nicolet (Impact 410) spectrometer with KBr pellets (5 mg of
sample in 500 mg of KBr). Carbon and hydrogen analyses were
carried out with a PerkinElmer 240C elemental analyzer. Lumi-
nescent spectra were recorded with a SHIMAZU VF-320 X-ray
fluorescence spectrophotometer at room temperature (25 °C). XRD
measurements were performed on a Bruker D8 Advance X-ray
diffractometer using Cu KR radiation (λ ) 0.15418 nm), in which
the X-ray tube was operated at 40 kV and 40 mA. Temperature-
dependent magnetic susceptibility data for polycrystalline 2, 3, and
4 were obtained on a SQUID XL-7 magnetometer under an applied
field of 100 Oe over the temperature range of 1.8-300 K.

Caution. Perchlorate complexes of metal ions are potentially
explosiVe. Only a small amount of material should be prepared,
and it should be handled with caution.

Synthesis of Zn2(Htmopa)4(H2O)4 (1). Zn(ClO4)2 ·6H2O(74.47
mg, 0.2 mmol) was added to an aqueous solution of Htmopa (17
mg, 0.05 mmol), which was adjusted to pH ≈ 9.0 with triethylamine
(Et3N). The final mixture was sealed in a 15 mL PTFE-lined
stainless-steel acid digestion bomb and heated at 150 °C for three
days. The large quantities of white-block crystals were obtained,
and crystals were filtered off, washed with copious quantities of
distilled water, and dried under ambient conditions. Selected white-
block crystals were detected by X-ray. The pure phase 1 was
obtained by manual separation (yield: 60 mg, ca. 76% based on
Htmopa). Anal. Calcd for C76H76O28Zn2: C, 58.21%, H 4.88%;
found C, 58.18%, H, 4.89%. IR(KBr,cm-1): 3482(s), 1618(m),
1550(w),1508(s),1472(s),1426(s),1252(vs),1198(m),1162(m),1143(m),
1043(w), 993(w), 901(w), 780(w), 618 (w), 546(w).

Synthesis of Mn2(Htmopa)4(H2O)4 (2). 2 was prepared in the
same way as that for 1 but using MnCl2 ·2H2O (24 mg, 0.15mmol)
to replace Zn(ClO4)2 ·6H2O, the pH was adjusted to 9.0 with
triethylamine (Et3N), and yellow block crystals were obtained in a
53% yield based on Htmopa. Anal. Calcd for C76H76O28Mn2: C,
74.38%; H, 6.24%; Found: C, 74.40%; H, 6.22%. IR(KBr,cm-1):

3468(vs), 1618(m), 1545(w), 1508(s), 1471(s), 1426(s), 1252(vs),
1197(m), 1143(m), 1041(w), 993(w), 899(w), 780(w), 665 (w),
550(w).

Synthesis of {Ni(Htmopa)2(H2O)2}n (3). 3 was prepared in the
same way as that for 1 but using NiCl2 ·6H2O (37 mg, 0.15mmol)
to replace Zn(ClO4)2 ·6H2O, the pH was adjusted to 9.0 with dilute
sodiumhydroxide (1 M/L), and green block crystals were obtained
in a 70% yield based on Htmopa. Anal. Calcd for C38H38O14Ni: C,
58.71%; H, 4.93%. Found: C, 58.68%; H, 4.85%. IR(KBr,cm-1):
3604(w), 3506(m), 1616(m), 1570(m), 1508(s), 1471(s), 1429(s),
1253(vs), 1198(m), 1143(m), 1043(w), 1019(w), 891(w), 778(w),
670 (w), 549(w).

Synthesis of {Co(Htmopa)2(H2O)2}n (4). 4 was prepared in the
same way as that for 1 but using CoCl2 ·6H2O(47.58 mg, 0.2mmol)
to replace Zn(ClO4)2 ·6H2O, the pH was adjusted to 9.0 with
triethylamine (Et3N), and red block crystals were obtained in a 75%
yield based on Htmopa. Anal. Calcd for C38H38CoO14: C, 58.69%;
H, 4.93%; Found: C, 58.75%; H, 4.91%. IR(KBr,cm-1): 3610(w),
3502(m), 1616(m), 1568(m), 1508(s), 1471(s), 1428(s), 1252(vs),
1197(m), 1143(m), 1042(w), 1019(w), 892(w), 778(w), 669 (w),
548(w).

X-ray Crystallography. Single crystals of 1-4 were prepared
by the methods described in the synthetic procedure. X-ray
crystallographic data of 1-4 were collected at room temperature
using epoxy-coated crystals mounted on glass fiber. All measure-
ments were made on a Bruker Apex Smart CCD diffractometer
with graphite-monochromated Mo KR radiation (λ ) 0.71073 Å).
The structures were solved by direct methods, and the non-hydrogen
atoms were located from the trial structure and then refined
anisotropically with SHELXTL using full-matrix least-squares
procedures based on F2 values.35 The hydrogen atom positions were
fixed geometrically at calculated distances and allowed to ride on
the parent atoms. The final difference Fourier maps were found to
be featureless. The relevant crystallographic data are presented in
Table 1, whereas the selected bond lengths and angles are given in
Table S1 in the Supporting Information (CCDC 668431-668434).

Results and Discussion

Synthesis. Hydrothermal combination of divalent zinc or
manganese and Htmopa ligand with addition of base afforded
dimeric complexes M2(Htmopa)4(H2O)4 (M ) Zn2+ (1),
Mn2+ (2)) in high yield. However, the combination of a
divalent cobalt or nickel with the same ligand at the same
pH condition afforded 1D chain structure complexes
{M(Htmopa)2(H2O)2}n (M ) Ni2+ (3), Co2+ (4)). Though
crystals of 1 were obtained by the reaction of Htmopa and
Zn(ClO4)2 ·6H2O, we also obtained 1 by using ZnCl2 ·6H2O
to replace Zn(ClO4)2 ·6H2O under the same reaction condi-
tions. We tried to use N3

- to substitute coordinated water
molecules by the addition of NaN3 during the synthesis
process, but no complex consisting of N3

- was obtained. It
confirms that metal ions (zinc, manganese, nickel, and cobalt)
have a tendency to coordinate with water molecules rather
than N3

- in the presence of Htmopa ligand. It should also
be pointed out that these complexes were highly reproducible
for repeated synthesis under the reaction conditions employed
in this work.(33) (a) Liu, C. S.; Wang, J. J.; Yan, L. F.; Chang, Z.; Bu, X. H.; Sañudo,

E. C.; Ribas, J. Inorg. Chem. 2007, 46, 6299–6310. (b) Ma, S. Q.;
Wang, X. S.; Collier, C. D.; Manis, E. S.; Zhou, H. C. Inorg. Chem.
2007, 46, 8499–8501.

(34) Buckley, T. F., III.; Rapoport, H. J. Org. Chem. 1983, 48, 4222–
4232.

(35) Brukek 2000, SMART (Version 5.0), SAINT-plus (Version 6), SHELXTL
(Version 6.1), and SADABS (Version 2.03); Bruker AXS Inc.; Madison,
WI.
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Structures of 1 and 2. Single-crystal X-ray diffraction
analyses reveal that both complexes are isostructural and
crystallize in the triclinic Pj1 space group. Only structure 1
is described here in detail. The molecular structure of 1
contains the centrosymmetric binuclear Zn2(Htmopa)4(H2O)4

unit. The coordination geometries of Zn1 and Zn1A are
shown in part a of Figure 1. Each zinc(II) atom is five-
coordinated by three carboxylate oxygen atoms occupying
the equatorial sites and two water oxygen atoms occupying
the axial positions, with Zn-Oeq and Zn-Oax distances of
1.952(2)-1.976(2) and 2.103(2)-2.119(3) Å, respectively.
The angles of O7-Zn1-O8A, O2-Zn1-O7, and O2-Zn1-
O8A are 135.35(9), 119.11(9), and 105.54(9), respectively,
and the coordination geometry at zinc can be looked at as a
distorted trigonal bipyramidal with an O14-Zn1-O13 angle
of 172.43(10). Two central zinc atoms (Zn1, Zn1A) are
bridged by four oxygen atoms from two Htmopa ligands and
form a dimeric Zn2O10C2 unit with Zn · · ·Zn distances of
3.615 Å. The Htmopa ligand adopts two kinds of coordina-
tion fashions; one acts as monodentate ligand combined with
one zinc atom and the other coordinated to two zinc atoms
by its two carboxylate oxygen atoms as a bridge, acting as
a bidentate bridging ligand.

The dimeric Zn2O10C2 unit is assembled into a 1D chain
through three types of intermolecular hydrogen bonds,
O13-H13B · · ·O1#1, O13-H13C · · ·O1, and O13-H13C · · ·
O8#2 with the distances [d(D · · ·A)] being 2.812(4), 2.907(4),
and 2.975(4) Å respectively (part b of Figure 1, Table S2 in
the Supporting Information). Two types of weak hydrogen
bonds, O14-H14A · · ·O10#3 (green dotted lines) and
O14-H14B · · ·O9#3 (red dotted lines) with the distances
[d(D · · ·A)] being 2.824(3) and 3.052(3) Å, respectively,
connected the parallel chains into 2D layered structure, as
depicted in Figure S1 in the Supporting Information. The

adjacent layers were connected by C-H · · ·π (yellow dotted
lines) interactions into a 3D network, as depicted in part c
of Figure 1.

Structures of 3 and 4. Both complexes have a similar
unit cell and the same space group of Pj1. Taking 3 as an
example, ORTEP plots of 3 are depicted in part a of Figure
2. There exist two kinds of nickel atoms: Ni(1) and Ni(2).
The distance of Ni(1) and Ni(2) is 3.676Å. Both nickel atoms
are six-coordinated and exhibit distorted octahedral geometry.
However, their coordination environment is different, Ni(1)
is coordinated by four water molecules (O7, O7B, O8, O8A)
(O7, O7B acting as bridging atoms), and the other two sites
are completed by bridging oxygen atoms (O9, O9A) from
two bidentate Htmopa ligands. Ni(2) is coordinated by two
bridging oxygen atoms (O10A, O10C) from two bidentate
Htmopa ligands and two other bridging oxygen atoms (O1,
O1B) from two monodentate Htmopa ligands, and the
residual sites are occupied by two bridging water molecules
(O7, O7B). In this complex, the ligand adopts two kinds of
coordination modes: one acts as bidentate ligand to connect
two nickle atoms by its two carboxylic oxygen atoms and
forms a wavelike chain (part b of Figure 2, blue line); the
other acts as a monodentate ligand. There also exist two kinds
of coordinated water molecules: one acts as a bridging ligand
to connect two nickle atoms and form a wavelike chain (part
b of Figure 2, purple line). Another kind of water molecules
acts as a terminal ligand. There are four types of intramo-
lecular hydrogen bonds, O7-H7B · · ·O8, O7-H7B · · ·O9,
O8-H8A · · ·O1#1, and O8-H8B · · ·O2, with the distances
[d(D · · ·A)] being 2.942(3), 2.796(3), 2.707(3), and 3.250(4)
Å, respectively, between water and carboxylic oxygen atoms
(Figure S2 and Table S2 in the Supporting Information)
within the 1D chain. A 2D structure is assembled through
intermolecular hydrogen bonds, O8-H8B · · ·O13#2 with the

Table 1. Crystallographic Data and Structure Refinement Details for Complexes

complex 1 2 3 4

formula C76H76O28Zn2 C76H76Mn2O28 C38H38NiO14 C38H38CoO14

fw 1568 1547.25 777.39 777.61
cryst syst triclinic triclinic triclinic triclinic
space group Pj1 Pj1 Pj1 Pj1
a (Å) 7.3330(16) 7.4383(12) 7.3523(15) 7.4524(12)
b (Å) 13.230(3) 13.330(2) 13.565(3) 13.623(2)
c (Å) 19.042(4) 19.116(3) 18.490(4) 18.469(3)
R (deg) 104.875(4) 104.740(3) 104.140(4) 104.144(3)
� (deg) 92.475(4) 91.435(4) 90.958(4) 90.345(3)
γ (deg) 104.551(4) 105.584(3) 103.544(4) 104.269(3)
V (Å3) 1716.7(7) 1756.7(5) 1733.1(6) 1757.8(5)
Z 1 1 2 2
Dc (g cm-3) 1.517 1.463 1.490 1.469
µ (Mo Ka) (mm-1) 0.789 0.448 0.633 0.560
F(000) 816 806 812 810
cryst size (mm) 0.10 × 0.20 × 0.25 0.15 × 0.20 × 0.25 0.15 × 0.20 × 0.25 0.15 × 0.20 × 0.25
temperature (K) 293 293 293 293
θ min, max (deg) 1.72, 25.00 1.72, 25.00 2.19, 25.00 1.71, 25.00
total, unique data 8649, 5947 8817, 6071 8654, 5985 8824, 6078
R(int) 0.041 0.063 0.046 0.038
observed data 4490 4191 4574 3883
[I > 2 σ(I)]
Nref, Npar 5947, 494 6071, 478 5985, 481 6078, 489
R, wR2 0.0487, 0.0868, 0.0544, 0.0912 0.0494, 0.1216 0.0556, 0.0785
S 1.00 1.00 1.00 0.937
max. and av. 0.00, 0.00 0.00, 0.00 0.00, 0.00 0.000, 0.000
shift/error
min. and max. resd dens (e ·Å-3) -0.414, 0.482 -0.340, 0.500 -0.539, 0.493 -0.572, 0.547
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distance [d(D · · ·A)] being 2.905(3) Å (Figure S3 and Table
S2 in the Supporting Information). The adjacent layers were
connected by C-H · · ·π (yellow dotted lines) interactions
into a 3D network, as depicted in part c of Figure 2.

Photoluminescence. During the past few years, the
photoluminescent properties of many d10 metal coordination
polymers have been studied, and the studies reveal that their
luminescence behaviors are closely associated with the
central metal ions and the ligands coordinated with them.36–38

The photoluminescent properties of the free Htmopa ligand
and 1, 2, 3, and 4 have been investigated in the solid state

at room temperature. The free Htmopa ligand displays strong
luminescence with an emission maximum at 455 nm (λex )
360 nm), which is can be assigned to the π · · ·π* transitions
of the phenanthrene ring, and 1 exhibits a strong blue

(36) Li, M.; Xiang, J. F.; Yuan, L. J.; Wu, S. M.; Chen, S. P.; Sun, J. T.
Cryst. Growth Des. 2006, 6, 2036–2040.

(37) (a) Zang, S. Q.; Su, Y.; Li, Y. Z.; Ni, Z. P.; Meng, Q. J. Inorg. Chem.
2006, 45, 2972–2978. (b) Mahata, P.; Natarajan, S. Eur. J. Inorg.
Chem. 2005, 2156–2163. (c) Zheng, S. L.; Yang, J. H.; Yu, X. L.;
Chen, X. M.; Wong, W. T. Inorg. Chem. 2004, 43, 830–838. (d)
Zheng, S. L.; Zhang, J. P.; Chen, X. M.; Huang, Z. L.; Lin, Z. Y.;
Wong, W. T. Chem.-Eur. J 2003, 9, 3888–3896.

Figure 1. (a) An ORTEP drawing of 1 showing 50% ellipsoid probability
(hydrogen atoms are omitted for clarity). Atoms labeled with the suffixes
A is at the symmetry positions: -x, -y, -z. (b) View of 1D chain structure
of 1 connected by hydrogen bonds depicted by the black dotted lines
[symmetry code: #1 ) 1 - x, -y, -z; #2 ) 1 + x, y, z]. (c) 3D networks
connected by hydrogen bonds (black dotted lines) and C-H · · ·π (orange
dotted lines) interactions of 1.

Figure 2. (a) An ORTEP drawing of 3 showing 50% ellipsoid probability
(hydrogen atoms are omitted for clarity). Atoms labeled with the suffixes
A, B, C, D, and E are at the symmetry positions (A) 1 - x, 1 - y, 1 - z;
(B) -x, 1 - y, 1 - z; (C) -1 + x, y, z; (D) 1 + x, y, z; (E) 2 - x,1 - y,1
- z. (b) Perspective view of the double-strand chain structure of 3 (hydrogen
atoms of aromatic rings have been omitted for clarity). (c) 3D networks
connected by hydrogen bonds (black dotted lines) and C-H · · ·π (yellow
dotted lines) interactions of complex 3.

Pan et al.

5166 Inorganic Chemistry, Vol. 47, No. 12, 2008



emission with λmax ) 409 nm upon excitation at 362 nm,
and its luminescence can be assigned to ligand-to-metal
charge transfer (LMCT).8c,39,40 Compared with the fluores-
cent emission of ligand, the emission of 1 is blue-shifted
and half-reduced (Figure 3) and emissions of 2, 3, and 4 are
not observed in the solid state, which may be attributed to
the effect of the central metal ion and coordinated water
molecules.

Magnetic properties of 2, 3, and 4. The magnetic
measurements were performed on polycrystalline samples
of 2, 3 and 4 using a SQUID magnetometer. The temperature
dependence of magnetic susceptibility of 2 in the forms of
�M and �MT versus T is displayed in Figure 4. As the
temperature cools, �MT continuously decreases from 8.66 cm3

K mol-1 at 300 K to 0.49 cm3 K mol-1 at 1.8 K, indicating
the antiferromagnetic coupling between manganese ions.
From the viewpoint of crystal structure, 2 can be considered
as an isolated spin dimer system, and the magnetic suscep-
tibility in whole temperature range was fitted to eq 1, which
is deduced from spin Hamiltonian Ĥ ) -2JSb1Sb2,

�) 2Ng2�2

kT
×

e2J⁄kT + 5e6J⁄kT + 14e12J⁄kT + 30e20J⁄kT + 55e30J⁄kT

1+ 3e2J⁄kT + 5e6J⁄kT + 7e12J⁄kT + 9e20J⁄kT + 11e30J⁄kT
(1)

where all of the symbols have their normal meanings. The
best fitting gave J ) -0.95(1) cm-1 with a reasonable g
factor (2.023(1)) and R ) 5.6 × 10-4 (R ) ∑[(�MT)calcd -

(�MT)obs]2/∑(�MT)obs
2 ). The calculated g factor is closed to the

measurement result of 2.03 by EPR.
For 3 as shown in Figure 5, the �MT products slowly

decrease from 1.09 cm3 K mol-1 at room temperature until
50 K, then quickly go down to 0.13 cm3 K mol-1 at 1.8 K,
indicating antiferromagnetic coupling between NiII ions in
the system. The single-crystal structure suggests that 3 is a
uniform 1D chain. So, the magnetic model in literature41

can be used here for estimating the coupling interaction
between NiII ions as follows:

�M ) (2Ng2�2 ⁄ 3kT)(�rTr) (2)

�r ) [ATr +BTr +C] ⁄ [Tr +DTr +ETr +F] (3)

where Tr ) kT/|J|, J is the coupling constant between nickel
ions and A-F polynomial expressions of the alternate
parameter can be obtained from X(R) ) x0 + x1R + x2R2 in
the literature. When 0.5 e R e 1:

A ) 1
B ) 0.5
C ) 0.1
D ) 1.136963 + 0.748419R
E ) 1.605652 - 1.462219R + 1.668971R2

F ) 0.4447955 + 1.162769R.

(38) (a) Wang, R. H.; Han, L.; Jiang, F. L.; Zhou, Y. F.; Yuan, D. Q.;
Hong, M. C. Cryst. Growth Des. 2005, 5, 129–135. (b) He, J. H.; Yu,
J. H.; Zhang, Y. T.; Pan, Q. H.; Xu, R. R. Inorg. Chem. 2005, 44,
9279–9282. (c) Tao, J.; Yin, X.; Wei, Z. B.; Huang, R. B.; Zheng,
L. S. Eur. J. Inorg. Chem. 2004, 125–133.

(39) Valeur, B. Molecular Fluorescence: Principles and Applications;
Wiley-VCH: Weinheim, 2002.

(40) (a) Blasse, G.; Bleijenberg, K. C.; Powell, R. C. Structure and Bonding
42: Luminescence and Energy Transfer; Springer-Verlag: Berlin, 1980.
(b) Crosby, G. A.; Highland, R. G.; Truesedell, K. A. Chem. ReV.
1985, 64, 41–52. (c) Kutal, C. Coord. Chem. ReV. 1990, 99, 213–
252. (d) Blasse, G.; König, E.; Padhye, S. B.; Sonawane, P. B.; West,
D. X. Structure and Bonding, 76, Complex Chemistry; Springer-
Verlag, Berlin, 1991.

(41) Borrás-Almenar, J. J.; Coronado, E.; Curely, J.; Georges, R. Inorg.
Chem. 1995, 34, 2699–2704.

Figure 3. Emission spectra of free Htmopa ligand (black dotted lines) and
1 (red dotted lines) in the solid state at room temperature (λex ) 360 and
362 nm, respectively).

Figure 4. Temperature dependence of magnetic susceptibility in the form
of �M and �MT vs T for 2.

Figure 5. Temperature dependence of magnetic properties for 3. The solid
line is the fitting result from 7 to 300 K described in text.
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For the uniform chain, R ) 1, the best fittings gave: g )
2.14(1), J ) -4.13(4), and R ) 1.4 × 10-4. This J value
indicates the weak magnetic coupling exists between NiII

ions within the chain in 3.
3 and 4 are isostructural but the magnetic properties of 4

are very different from that of 3 because of the orbital
contribution of CoII ions as shown in Figure 6. At room
temperature, �MT is equal to 3.05 cm3 ·K ·mol-1, which is
much higher than the spin-only value of 1.875 cm3 ·K ·mol-1

based on a CoII ion (g ) 2 and s ) 3/2) due to the
spin-orbital coupling in 4. Upon lowering the temperature,
�MT continuously decreases and reaches a minimum of 1.50
cm3 ·K ·mol-1 at 5 K, and then abruptly increases to 7.0
cm3 ·K ·mol-1 at 1.8 K. In the higher temperature range above
5 K, the magnetic properties are dominated by single-ion
behavior of the CoII ion due to the depopulation of the excited
levels ascribed to the splitting of 4T2g ground states under
crystal field effects and spin-orbital coupling. Below 5 K,
the increase of �MT obviously implies presence of ferromag-
netic coupling between CoII ions in 4, and it is strong enough
to compensate the decrease of �MT resulting from the effect
of depopulation of the Kramer components of the CoII ion.
Thus, the dominant ferromagnetic properties were observed
in the low-temperature range. In the temperature range of
300 to 30 K, the magnetic properties of 4 obey Curie-Weiss

law (Figure S4 in the Supporting Information) and the fitting
results gave C ) 3.29 cm3 ·K ·mol-1 and θ ) -18.7 K,
respectively. The negative Weiss constant indicates the
single-ion behavior of CoII ion in higher-temperature range.42

XRD Results. To confirm whether the crystal structures
are truly representative of the bulk materials, XRD experi-
ments have been carried out for 1-4. The XRD experimental
and computer-simulated patterns of the corresponding com-
plexes are shown in Figure S5-S8 in the Supporting
Information, which show that the bulk synthesized materials
and the measured single crystals are homogeneous for 1-4.

Conclusion

This contribution has described the synthesis and properties
of the first phenanthrene-based carboxylic acid complexes,
prepared by the hydrothermal reaction of transition metals
with 2,3,6,7-tetramethoxyphenanthrene-9-carboxylic acid
(Htmopa). We have success with introducing the bulky
methoxy phenanthrene ligand into coordination polymers. 1
exhibits strong blue emissions. Magnetic susceptibility
measurements indicate that 2 and 3 exhibit antiferromagnetic
coupling, whereas 4 shows a ferromagnetic coupling and
exhibits a single-ion behavior of the CoII ion in higher
temperature range. Possible applications of these materials
can be foreseen as optical sensors or magnetic materials by
virtue of their thermochromic and magnetic properties.
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(42) Mabbs, F. E.; Machin, D. J. Magnetism and Teansition Metal
Complexes; Chapman and Hall: London, 1973.

Figure 6. Temperature dependence of magnetic properties for 4. Solid lines
are the guide for eyes.
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