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Abstract: A novel, three-dimensional,
noninterpenetrating microporous
metal-organic  framework (MOF),
[Zn;0,(pda)s(H,0),]-5 DMF-4 EtOH-

6H,0 (1) (H,PDA =p-phenylenedi-
acrylic acid, DMF = N,N-dimethylform-
amide, EtOH =ethanol), was synthe-
sized by constructing heptanuclear zinc
carboxylate secondary building units
(SBUs) and by using rigid and linear
aromatic carboxylate ligands, PDA.
The X-ray crystallographic data reveals
that the seven zinc centers of 1 are

water molecules to form a heptametal-
lic SBU, Zn;04CO,),;, with dimen-
sions of 9.8x9.8 x13.8 A>. Furthermore,
the heptametallic SBUs are intercon-
nected by PDA acting as linkers, there-
by generating an extended network
with a three-dimensional, noninterpe-
netrating, intersecting large-channel
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system with spacing of about 17.3 A.
As a microporous framework, polymer
1 shows adsorption behavior that is fa-
vorable towards H,O and CH;OH, and
substantial H, uptake. In terms of the
heptanuclear zinc carboxylate SBUSs,
polymer 1 exhibits interesting photo-
electronic properties, which would fa-
cilitate the exploration of new types of
semiconducting materials, especially
among MOFs containing multinuclear
metal carboxylate SBUs.

held together with ten carboxylate
groups of the PDA ligands and four

units

Introduction

The synthesis and characterization of porous metal-organic
frameworks (MOFs) have attracted much attention, owing
to their enormous variety of interesting structural topologies
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and potential applications as functional materials.""'? These
porous MOFs are produced by utilizing polyatomic organic
ligands as linkers and the well-defined coordination geome-
tries of metal centers as nodes.'>'* Recently, Kitagawa et al.
examined the adsorption behavior of these porous MOFs to-
wards some small molecules, such as oxygen and methane.!'”
In addition, the study by Yaghi et al. suggested that such
porous MOFs are able to store hydrogen at a capacity un-
matched by other materials."®! However, successful synthetic
strategies are still a formidable challenge for the preparation
of large, porous MOFs with promising applications, owing to
a strong tendency of interpenetration in these very open ar-
chitectures and the collapse of the host framework, which
is caused by the evacuation of guest molecules from the
pores.

As an effective and powerful synthetic strategy, the con-
struction of clustered metal carboxylate entities as secon-
dary building units (SBUs) has been shown to provide a
new generation of highly porous MOFs.'" To date, many
MOFs constructed from zinc carboxylate SBUs have been
synthesized, and usually comprise of two, three, or four zinc
centers."™? Interestingly, Zheng et al. described a novel
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MOF, [Zng(Si0,)(CgH4O,)6), (CsH,O,=isophthalate), with a
diamondoid framework structure constructed from hexahe-
dron-like Zng(SiO,) cores and CgH,O, linkers.”!! With the
expansion of such zinc carboxylate SBUJ, it is believed that
new MOFs with extra-large pores can be synthesized. Fur-
thermore, if the dimensions of these SBUs are expanded fur-
ther, such MOFs might exhibit characteristics (such as the
optoelectronic property) similar to those of nanosized metal
oxide semiconducting materials.??! To address this issue, we
present here a novel, three-dimensional, noninterpenetrat-
ing MOF with an intersecting channel system, [Zn,O,(pda)s-
(H,0),]-5SDMF-4EtOH-6H,0 (1) (H,PDA =p-phenylene-
diacrylic acid, DMF = N,N-dimethylformamide, EtOH=
ethanol) with spacing of about 17.3 A, by constructing hep-
tanuclear zinc carboxylate SBUs and by using a rigid and
linear aromatic carboxylate, PDA. The formulations of 1
were established by the results of IR spectroscopy, micro-
analysis, and thermogravimetric analysis (TGA). The liquid
adsorption, H, storage, and photoelectronic properties of 1
were examined. To the best of our knowledge, this is the
first study of the optoelectronic properties of a heptanuclear
zinc-organic framework.

Results and Discussion

Polymer 1 was synthesized under mild conditions by using
hexamethylenetetramine (HMT) as the structure-directing
agent, DMF/EtOH/H,O as the solvent, and triethylamine
(TEA) as the deprotonating agent (Scheme 1). Though not

Zn(NO3),

HOOC \ / COOH
DMF/EtOH/H,O/HMT/TEA

H,PDA

Scheme 1. The synthesis of 1.

observed in the crystalline structure, HMT apparently plays
some structure-directing role, as the control reactions in the
absence of HMT did not result in the network of 1.*! This
complex was found to be insoluble in common organic sol-
vents, such as acetone, methanol, ethanol, dichloromethane,
acetonitrile, chloroform, and DMF. The crystals were char-
acterized by IR spectroscopy, elemental analysis, and single-
crystal X-ray structural analysis.

Results of the X-ray crystallography reveal that 1 crystal-
lizes in the tetragonal group I4cm (No. 108). As shown in
Figure 1, the fundamental building unit of 1 contains seven
zinc ions, ten crystallographically equivalent PDA ligands,
and four water molecules. The seven zinc centers with three
octahedral and four tetrahedral coordination geometries are
held together with ten carboxylate groups of the PDA li-
gands through bidentate or chelating/bridging bidentate co-
ordination forms and four water molecules (two p,-O atoms
and two terminal oxygen atoms), to build up a seven-nuclear
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Figure 1. A view of the fundamental building unit for 1. Color code: Zn=
green; O =red; C=gray.

zinc carboxylate cluster, Zn,0,(CO,),, (Figure 2a,b). The di-
mensions of the cluster are about 9.8x9.8x13.8 A’ (meas-
ured between opposite atoms), and such multinuclear metal
carboxylate clusters are very unusual in MOFs. In addition,
the heptametallic clusters, which behave as SBUs, are inter-
connected by PDA acting as linkers, thereby generating an
extended network with a three-dimensional, noninterpene-
trating, intersecting large-channel system with spacing of
about 17.3 A between the cen-
ters of adjacent clusters, as
shown in Figure 2c. The inter-
esting structural features of 1
are a single PDA molecule in-
terconnecting adjacent SBUs
along the [001] direction, and
two PDA molecules linking ad-
jacent SBUs along the [100]
and [010] directions, respectively (Figure 3). In addition, the
void space in 1 is filled with five DMF, four EtOH, and six
H,O guest molecules, as established by elemental analysis
and TGA.Y

To study the adsorption properties, the water and metha-
nol adsorption isotherms for 1 were measured at room tem-
perature (ca. 20°C). Before recording the measurements,
the sample of 1 was soaked in CH,Cl, for 48 h and then
heated at 80°C for 6 h to remove the included solvent mole-
cules. As shown in Figure 4, the methanol adsorption iso-
therm of 1 exhibits two uptakes. Little adsorption at the
outset is followed by a larger uptake that terminates in a
plateau near the saturation region. This is similar to the re-
sults for some reported MOFs.®! At saturation, the amount
of methanol adsorbed by 1 is 164.9 mgg . This is equivalent
to the adsorption of about 66 CH;0OH molecules per formu-
la unit. However, type I behavior is observed for the water
adsorption isotherm of 1, which is characteristic of solids
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Figure 2. a) A ball and stick model of the Zn,0,(CO,),, SBU for 1 with
dimensions of about 9.8x9.8x13.8 A3. Color code: Zn= green; O =red;
C=gray. b) The same as (a), but with the ZnO, tetrahedra indicated in
green polyhedra and the ZnOg octahedra indicated in blue or yellow poly-
hedra for clarity. c) A view of the cubic cavity constructed from eight
SBUs interconnected by PDA acting as linkers in 1.

with micropores. At saturation, the amount of water adsor-
bed by 1 is 166.8 mgg~!, which is equivalent to the adsorp-
tion of about 119 H,O molecules per formula unit. There-
fore, the pore volume for 1 is estimated from the water ad-
sorption isotherm to be approximately 0.17 mLg .

We also examined the gas-storage behavior of 1 at room
temperature. The hydrogen adsorption isotherm was record-
ed with the sample of 1 under different hydrogen pressures
by using a conventional volumetric method (Figure ).
Polymer 1 shows substantial H, uptake that increased linear-
ly as hydrogen pressure increased, giving 1.01 wt% at
71.43 bar, which corresponds to a H, storage capacity of
112.4 mLg . The H, uptake of 1 is reversible for at least
eight cycles. Even though the hydrogen uptake measured
for 1 is not very high, it is comparable to H, storage capaci-
ties of “active” carbon (CECA, France) and purified single-
walled carbon nanotubes.’” In addition, the fact that the H,
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Figure 3. View along the [001] direction of 1 showing large channels with
diameters of about 17.3 A. Color code: Zn=green (ball); O=red;
C=gray.
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Figure 4. Water and methanol adsorption isotherms for 1 at room temper-
ature.

storage capacity of 1 does not reach saturation at 71.43 bar
indicates that this complex has yet more potential in the
storage of H,. Further research on the H, storage is under-
way.

Photovoltage (PV) transients for 1 were observed under
atmospheric pressure and at ambient temperature.” It is
known that a PV signal arises upon the separation in space
of light-induced excess-charge carriers, and that transient
PV can be used for characterization of semiconductor mate-
rials.””! Figure 6a shows PV transients for 1 at different in-
tensities of the exciting laser pulse (355 nm). Clearly, the
transient PV signals of 1 exhibit retardation in time, which
is caused by slow and independent diffusion of excess elec-
trons and holes. Although the intensities of the exciting
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Figure 5. Hydrogen adsorption isotherm of 1 under different hydrogen
pressures at room temperature.
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Figure 6. a) The transient photovoltage (PV) response of the ITO/poly-
mer 1/ITO sandwich cell under illumination of 355 nm pulse laser at vari-
ous intensities. From curves a to d, the corresponding light intensities are
0.19, 0.15, 0.12, and 0.90 mJ. b) The dependence of the absolute value of
the PV amplitude on the excitation intensity for the polymer 1.

laser pulses are different (0.19, 0.15, 0.12, and 0.90 mJ), the
times at which their maxima arise are similar, appearing at
about 7x10~*s. The maxima are related to the separation of
charge at the polymer l/indium-tin oxide(ITO) interface,
and the gradient of excess electron and hole concentrations
is caused by nonhomogeneous absorption of light with pho-
tons of hv > Eg. Eg represents the optical band gap, and the
diffuse reflectance UV-visible spectra for 1 gives a value of
E; close to 3.26 eV, which is similar to the reported band
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gap of anatase.” In addition, the signals of the PV transi-
ents are negative, which suggests that the photoexcited elec-
trons move slower than the holes towards the polymer 1/
ITO interface. The dependence of the PV signal upon the
intensity of the exciting laser pulse in the maximum of the
transients (U'Y.) is given in Figure 6b and is linear up to
0.2 mJ. The linear dependence of U'Y. on intensity implies
that 1 possesses the characteristic of the diffusion PV transi-
ent, but not of the Dember PV transient, which is similar to
the case of nanosized metal oxide semiconductors (e.g.,
ZnO and TiO,).BY

Conclusion

By constructing heptanuclear zinc carboxylate SBUs and by
using PDA ligands we have successfully synthesized a novel,
three-dimensional, noninterpenetrating MOF, [Zn,;0,(pda)s-
(H,0),]-5DMF-4EtOH-6 H,O (1), with spaced, intersecting
channel systems. For a microporous framework, polymer 1
shows adsorption behavior that is favorable towards H,O
and CH;O0H, and substantial H, uptake. More advanced re-
search on H, storage is currently underway. In terms of hep-
tanuclear zinc carboxylate SBUs, polymer 1 exhibits inter-
esting photoelectronic properties, which would facilitate the
exploration of new types of semiconducting materials, espe-
cially among MOFs containing multinuclear metal carboxy-
late SBU.

Experimental Section

Materials and physical techniques: All reagents and solvents were com-
mercially available and were used as received without further purifica-
tion. A Perkin—Elmer TGA 7 thermogravimetric analyzer was used to
obtain TGA curves in air with a heating rate of 5°C min~'. Powder X-ray
diffraction (XRD) data were collected by using a Siemens D5005 diffrac-
tometer with Cuy, radiation (1=1.5418 A). Analyses for C, H, and N
were carried out by using a Perkin-Elmer analyzer. The IR spectra were
recorded (400-4000 cm™' region) by using a Nicolet Impact 410 FTIR
spectrometer with KBr pellets. Liquid adsorption measurements were
conducted by using a CAHN 2000 analyzer at RT. Hydrogen storage was
measured with the sample under different hydrogen pressures by using a
conventional volumetric method. Analyses of PV transients were con-
ducted by having the sample in a sandwich cell (ITO/polymer 1/ITO)
and by using the light-source-monochromator-lock-in detection techni-
que.

Synthesis of 1: Zn(NO;),6H,0 (0.15g, 0.50 mmol), PDA (0.04 g,
0.2 mmol), HMT (0.01 g, 0.1 mmol), DMF (10.0 mL), ethanol (2.0 mL),
and H,0 (2.0 mL) were placed in a 25 mL vial to form a solution under
stirring. After stirring in air for 1 h, the vial was set in a beaker (100 mL)
containing an ethanol solution (5mL) of triethylamine (0.05mL), and
then sealed and left undisturbed for two weeks at RT. The resulting buff
block-shaped crystals of 1 were collected in 62% yield, based on zinc
content. This complex was unstable in air and insoluble in common or-
ganic solvents, such as acetone, methanol, ethanol, dichloromethane, ace-
tonitrile, chloroform, and DMF. FTIR (KBr): #=3425 (m), 2924 (m),
2854 (w), 1643 (s), 1558 (s), 1388 (s), 1296 (w), 1257 (m), 1103 (m), 1065
(W), 980 (m), 879 (w), 841 (m), 717 (m), 663 (W), 555 (W), 509 cm ™" (w);
elemental analysis calcd (%): C 44.02, H 5.12, N 3.09; found: C 43.91, H
5.33,N 3.67.
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X-ray crystallography: A buff block-shaped crystal of [Zn;O,(pda)s-
(H,0),] (1) with approximate dimensions of 0.42x0.42x0.48 mm was
sealed in a glass capillary with a mother liquor and mounted on a Bruker
SMART CCD diffractometer for X-ray structural analysis at 293 K. The
structure was solved and refined by using full-matrix least-squares on F*
values (SHELXTL, Sheldrick).®” In this structure, C27, C28, C29, C30,
C31, C32, C33, and C34 (C27', C28', C29', C30’, C31’, C32', C33, and
C34') of the PDA ligand are disordered and split up into two atoms.
Non-hydrogen atoms (excluding C29 and C33) were refined anisotropi-
cally. Hydrogen atoms were fixed at calculated positions and refined by
using a riding mode. Further crystallographic details are given in Table 1
and Table S1 (Supporting Information). CCDC-260571 contains the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystallographic data for 1.

formula CsoH4O024Zn,
M, 1602.51
crystal system tetragonal
space group I4cm

a[A] 34.6957(5)
c[A] 41.0328(12)
vV [A7] 49394.9(18)
zZ 8

T [K] 293

2 [A] 0.71073
Pealed [gCIIliS] 0.431

u [mm™) 0.689

F [000] 6416
measured data 149079
unique data 28397
observed data [1>20(1)] 9264
goodness-of-fit on F* 1.069

R 0.1100
wR,! 0.2981

[a] Ry =X||F,| = | F|[/S|F,|. [b] wR, = [Sw(Fo—F) Iuw(Fo)*]™™.
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