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Rarely Decorated Rutile Frameworks Built from Triangular Organic Spacers
and Distorted Octahedral Co3 Building Blocks
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Under mild temperatures, the self-assembly of CoCl2 and
H3BTC in a solution of dmso generates a guest-free metal–
organic polymer, namely Co3(BTC)2(µ1-dmso)2(µ2-dmso)2(1:
dmso = dimethylsulfoxide, H3BTC = 1,3,5-benzenetricarbox-
ylic acid). In 1, the CoII ions show the six-coordinate octahe-
dral geometry completed by the BTC3– ions and the dmso
oxygen atoms; remarkably, the coordinated dmso ligands not
only act as terminal ligands to complete the octahedral ge-
ometry of the CoII ions, but also play an important role in
bridging CoII ions together to give the Co3 secondary build-
ing units (SBUs). From a topological viewpoint, this novel

Introduction

The design and synthesis of metal-organic frameworks
(MOFs) is now of great interest owing to the potential ap-
plications and unusual topologies of these new materials.[1]

Although this relatively new field of chemistry is aimed at
the discovery and synthesis of new materials for practical
applications with an emphasis on their functional aspects,
it would be difficult to achieve true advancements without
an understanding of the structural aspects of these materi-
als at the molecular or atomic levels; however, recent re-
markable research results and reviews on framework top-
ologies and other geometrical characteristics of network so-
lids reflect this importance.[2] It seems that for the majority
of 3D metal–organic framework topologies, we can find the
well-known prototypes in metallic or binary inorganic sol-
ids. For example, diamond or diamond-related nets that are
composed of tetrahedral nodes are the most common, and
they allow the highest interpenetration. A primitive cubic
(pcu) net/or α-Po net, based on octahedral nodes is also
frequently observed and shows the relatively lower two- or
threefold interpenetration.[2a,3] Other 3D structures have re-
cently been reported to have the following topologies: bora-
cite, CdSO4, CaB6, feldspar, NbO, perovskite, Pt3O4, PtS,
pyrite, quartz, rutile (rtl), sodalite, SrSi2, and tungsten
bronze.[4] Among the most important and frequently en-
countered mixed connectivity types, the rutile form of TiO2

is an important (3,6)-connected net structure. To construct
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polymer is classified to be the decorated (3,6)-connected ru-
tile net with the (4.62)2(42.610.83) topology, where BTC3– li-
gands and Co3 SBUs are viewed to be the 3- and 6-connected
nodes, respectively. In addition, the magnetic properties of 1
are explored by using a linear trinuclear cobalt mode, thus
leading to g = 2.41, J = –34.92 cm–1, TIP = 340�10–6 cm3 mol–1,
θ = –6 K (a θ parameter was included to take into account
intertrinuclear interactions).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

such a net, it appears that assembling triangular building
blocks with octahedral building blocks will realize it. In this
regard, several compounds with expanded (increased spac-
ing between vertices in a network) rtl nets were constructed,
most of which are interpenetrating structures constructed
with cyano ligands.[5] By contrast, the decorated (replace-
ment of a vertex in a net by a group of vertices) rtl nets are
less developed. To the best of our knowledge, there are only
four interpenetrating decorated and one noninterpenetrat-
ing such species.[3b,6] Hence, further investigation into the
self-assembly of MOFs characterized by the noninterpen-
etrating decorated rtl nets is needed.

Very recently, most of the significant MOFs were pre-
pared by solvothermal syntheses in CH3OH, C2H5OH, and
CH3CN solutions, but especially in DMF solution.[7] How-
ever, the solvothermal synthesis of MOFs in dmso solution
is unexplored. Herein, we report such a reaction, and the
resulting elegant MOF presents as the second noninterpen-
etrating decorated rtl net.

Results and Discussion
The as-synthesized samples are air-stable and insoluble

in water and common organic solvents, such as CH3OH,
C2H5OH, CH3CN, and DMF. Incidentally, dmso decom-
poses at high temperature and emits a terrible odor; hence,
we must be careful to obtain crystal samples from the reac-
tion vessel.

Crystal Structure and Network Topology

Single-crystal X-ray structural analysis revealed that 1
crystallizes in the monoclinic system, space group P2(1)/c.
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There are two crystallographically independent cobalt ions
in this structure. The local coordination geometry for the
six-coordinate Co1 center is close to an octahedron coordi-
nated by four BTC3– oxygen atoms and two dmso oxygen
atoms. Co2 located at an inverse center is also surrounded
by four BTC3– oxygen atoms and two dmso oxygen atoms
to give the CoO6 octahedral geometry. The Co–Odmso bond
lengths vary from 2.097 to 2.243 Å, which are comparable
to the Co–Ocarboxylate bond lengths in the range of 2.034–
2.228 Å, and both of them are comparable with those ob-
served in other Co–BTC compounds;[13] thus, the distortion
parameter of the CoO6 octahedra is 8.8�10–4 for Co1 and
2.2�10–3 for Co2.[8] As for each BTC3– ligand, it shows
a pentadentate-coordinated mode with one carboxyl group
chelated to the Co1 ion and two carboxyl groups bridging
Co1 with Co2.

The Co1, Co2, and symmetry-related Co1� ions are com-
bined together by the syn-syn carboxyl groups of the BTC3–

ligands and µ2-dmso bridges thus leading to the linear Co3

SBU of corner-sharing octahedra (Figure 1). The intratrin-
uclear Co1–Co2 distance is 3.562 Å, and the Co1–Odmso–
Co2 angle is 109.04°. Furthermore, each SBU connects six
BTC3– ligands in six directions (Figure 2), whereas each
BTC3– ligand ligates three SBUs (Figure 3); consequentially,
such a connectivity pattern is repeated infinitely to con-
struct the infinite (3, 6)-connected net (Figure 4). For per-
spicuous representation, the Co3 SBUs are represented by
distorted octahedral nodes, as each carboxyl group is more-
or-less offset from the phenyl plane and not all the vertices
of each octahedral Co3 SBU are symmetrically equivalent,
whereas the BTC3– ligands are described as triangular units.

Figure 1. Schematic description of the Co3 SBU and its coordi-
nated environment: C is light grey, S is black, and O is dark grey.
The atoms are drawn at the 50% probability level.

Figure 2. a) Ball-and-stick mode of the six-connected Co3 SBU; b)
polyhedral illustration of the Co3 core; c) the simplified node-to-
node fashion of the six-connected SBU; d) polyhedral illustration
of the distorted octahedral SBU.
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Hence, the framework should be viewed as a noninterpen-
etrating decorated rtl net with the (4.62)2(42.610.83) top-
ology, where six-connected Co3 SBUs and three-connected
BTC3– units correspond to the Ti atoms and the O atoms
in the rtl net structure, respectively.

Figure 3. a) Ball-and-stick mode of the three-connected BTC3–

unit; b) polyhedral illustration of the Co3 core; c) the simplified
node-to-node fashion of the triangle BTC3– node.

Figure 4. View of the noninterpenetrating decorated rutile net with
the (4.62)2(42.610.83) topology and constructed from distorted octa-
hedral Co3 SBUs and triangle BTC3– units.

Carefully checking the reported decorated rtl nets, we
find that most of them are built from octahedral M2 (M =
metal ion) SBUs and triangular organic units. Obviously,
the present one contains the biggest octahedral SBUs (Co3).

Magnetic Properties

The χMT product of crystal samples of 1 was measured
in the temperature range 2–300 K with applied magnetic
fields of 500 Oe (Figure 5). At room temp., the χMT value
of 6.37 cm3 Kmol–1 is slightly higher than that of three
high-spin CoII ion (5.63 cm3 mol–1 K, S = 3/2, g = 2.0) as a
magnetically noninteracting center owing to orbital contri-
bution from the octahedral high-spin CoII ions. Upon cool-
ing from room temp., the χMT product linearly decreases
to 2.30 cm3 Kmol–1 at 10 K, which is due to the spin-orbit
coupling effects of the high-spin octahedral CoII ions with
an orbital degenerate 4T1 ground term and the antiferro-
magnetic exchange coupling between CoII ions. The χMT
values then sharply decrease to 1.19 cm3 Kmol–1 at 2 K as
a result of the ZFS (zero field splitting) and/or other fac-
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tors, such as intertrinuclear interactions. In the 1/χM versus
T plot, above 75 K, the plot is exactly a straight line well-
fitted by the Curie–Weiss law [χM = C/(T – θ)], with C =
8.3 cm3 mol–1 K and θ = –83.0 K. This is consistent with
three S = 3/2 CoII ions with moderate antiferromagnetic
coupling to yield an average g value of 2.4. This large Weiss
constant indicates a dominated antiferromagnetic coupling
between the CoII ions.

Figure 5. The plot of χMT vs. T: open triangle is the experimental
curve and the crossed circle is the simulated curve.

As mentioned above, in this linear Co3 unit, Co1 and
Co1� are symmetrical, and the closest distance of Co1–Co1�
is 7.124 Å; hence, we chose a “one J” mode to analyze the
experimental magnetic data.[9] A least-squares fit to the
data leads to g = 2.41, J = –34.92 cm–1, TIP =
340�10–6 cm3 mol–1, ρ = 0.09 cm3 mol–1 K, and θ = –6 K: J
is the magnetic coupling parameter between Co1–Co2 and
Co1�–Co2, g is the Zeeman factor, TIP is the temperature-
independent paramagnetism, ρ is the paramagnetic impu-
rity, and θ is the intertrinuclear interactions. It is not sur-
prising to find important TIP contributions and such a
strong Zeeman factor. Indeed, the combined influences of
the local distortion of the coordination sphere around the
CoII ion and the spin-orbit coupling are known to produce
this set of local parameters.[10]

Relative to the pyridazine-bridging Co3 compounds,[11]

the preset compound bridged by µ2-O atoms displays the
obviously bigger antiferromagnetic interactions, but com-
parable with the cobalt(II)–hydroxy compounds.[12]

TGA Research of 1

The TG research (30–800 °C) of 1 shows that at 30–
300 °C, there is no weight loss, which is consist with the
structure of 1, and polymer 1 then starts to perform the
process of chemical decomposition (Figure 6). The remains
may be Co2O3 (calcd. 28%; found 30%).
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Figure 6. The TG plot of 1 (to our surprise, we found that the TG
plot is straight until 300 °C; maybe, the former treatment such as
heating to avoid the absorbed water molecules and N2 protection
are the main reason.

Conclusions

Through this original research, we initiated the solvo-
thermal synthesis of MOFs in dmso solution. The resulting
MOF, defined as a noninterpenetrating decorated rutile net
with the (4.62)2(42.610.83) topology, is built from distorted
octahedral Co3 SBUs and triangular BTC3– units. To the
best of knowledge, this distorted octahedral Co3 SBU is the
biggest relative to those (M2 SBU) observed in other similar
instances. In addition, it should be highlighted that the
dmso molecules in polymer 1 display two different ligand
coordination modes: terminal and µ2-bridging; however,
this phenomenon has never been observed in the literature.
Thus, this study will largely enrich the field of MOFs and
further understand the coordinated behavior of H3BTC li-
gands, especially the dmso molecules.

Experimental Section
Materials and Instrumentation: All reagents were bought from com-
mercial sources and used without further purification. Elemental
analysis was carried out with an Elementar Vario ELIII microana-
lyzer. Magnetic measurements were carried out with a Quantum

Table 1. Crystal and structure refinement data for 1.

Complex 1

Formula C26H30Co3O16S4

Fw 903.53
Crystal system monoclinic
Space group P21/c
a / Å 10.107(2)
b / Å 10.258(2)
c / Å 16.276(3)
β / ° 95.38(3)
V / Å3 1680.0(6)
Z 2
Dcalcd. / g cm–3 1.786
S 1.032
R1

[a] 0.0625
ωR2

[b] 0.1406

[a] R1 = ∑|Fo – Fc|/∑|Fo|. [b] ωR2 = ∑[ω(Fo
2 – Fc

2)2]/∑[ω(Fo
2)2]1/2.
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Table 2. Selected bond lengths [Å] and angles [°] for 1.[a]

Co1–O1 2.034(4) O4#2-Co1–O6#3 86.34(16)
Co1–O4#2 2.054(4) O7–Co1–O6#3 90.48(17)
Co1–O7 2.096(4) O1–Co1–O8#4 97.16(15)
Co1–O6#3 2.113(4) O4#2-Co1–O8#4 90.22(16)
Co1–O8#4 2.131(4) O7–Co1–O8#4 89.97(15)
Co1–O5#3 2.228(4) O6#3-Co1–O8#4 102.19(15)
Co2–O3#5 2.042(3) O1–Co1–O5#3 99.97(15)
Co2–O3#2 2.042(3) O4#2-Co1–O5#3 86.38(16)
Co2–O8#4 2.243(4) O7–Co1–O5#3 92.49(16)
Co2–O8 2.243(4) O6#3-Co1–O5#3 60.64(14)
O3–Co2#6 2.042(3) O8#4-Co1–O5#3 162.66(14)
O4–Co1#6 2.054(4) O2#4-Co2–O2 180.0(3)
O5–Co1#1 2.228(4) O2#4-Co2–O3#5 89.76(16)
O1–Co1–O(4)#2 92.37(16) O2–Co2–O3#5 90.24(16)
O1–Co1–O7 90.79(18) O2#4-Co2–O8#4 88.48(15)
O4#2-Co1–O7 176.78(18) O2–Co2–O8#4 91.52(15)
O1–Co1–O6#3 160.61(15) O3#5-Co2–O8#4 84.18(14)

O3#2-Co2–O8#4 95.82(14)

[a] Symmetry transformations used to generate equivalent atoms: #1: x – 1, y, z; #2: –x + 2, y – 1/2, –z + 1/2; #3: x + 1, y, z; #4: –x +
2, –y, –z; #5: x, –y + 1/2, z – 1/2; #6: –x + 2, y + 1/2, –z + 1/2.

Design (SQUID) magnetometer MPMS-XL-5. Thermal gravimet-
ric analysis was completed with a NETZSCH TG 209 instrument.

Preparation of 1: A mixture of CoCl2·6H2O/H3BTC (1:0.8) in a
solution of dmso (10 mL) was placed in a Teflon reactor (23 mL)
and heated at 160 °C for 3 d. The mixture was then cooled to room
temp. at 5 °Ch–1. Purple crystals were obtained in 75% yield based
on Co. C26H30Co3O16S4 (903.53): calcd. C 34.56, H 3.35; found C
34.52, H 3.26.

X-ray Crystallographic Studies: Intensity data were collected with
a rigaku r-axis rapid IP area detector with Mo-Kα monochromated
radiation (λ = 0.71073 Å) at room temp. Empirical absorption cor-
rection was applied. The structures of these polymers were solved
by direct method and refined by full-matrix least-squares on F2 by
using the SHELXL-97 software. All of the non-hydrogen atoms
were refined anisotropically. The organic hydrogen atoms were gen-
erated geometrically and refined with isotropic temperature factors.
Crystal data and structure refinement for these polymers are sum-
marized in Table 1. Selected bond lengths and angels are listed in
Table 2. CCDC-638904 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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