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A microporous metal organic framework structure, Zn2(bpdc)2(bpee) 3 2DMF (DMF: N,N-dimethylformamide), has
been synthesized via solvothermal reactions. The compound is a new member of the RPM series (RPM=Rutgers
Recyclable Porous Material) that possesses a flexible and recyclable three-dimensional framework containing one-
dimensional channels. It exhibits interesting and multifold functionality, including porosity, commensurate adsorption
for hydrocarbons, high hydrogen binding energy (determined by isosteric heats of hydrogen adsorption and confirmed
by van der Waals density functional calculations) as a result of multifold binding to aromatic ligands (determined by IR
spectroscopy), strong photoluminescence emission, and reversible fluorescence quenching properties.

Introduction

Wehave recently reported a unique family of microporous
metal organic framework structures that possess an interesting
and useful structural property.1,2 The RPMs (Rutgers Recy-
clable PorousMaterials) have shown a complete reversibility
of crystal-to-crystal structural transformation between a one-
dimensional (1D) coordination polymer3 and a porous three-
dimensional (3D) network under very mild conditions. One
very important application of thesematerials is their effective
use as hosts in ship-in-bottle synthesis.4 In such a process,
reaction occurs inside the pore space (bottle) of the host and
the product (ship) is difficult to be recovered (removed) from
the host’s internal surface. To “break the bottle”, typically a
concentrated acid or base has to be used to dissolve/rupture
the host framework which would inevitably cause severe
damage to the products.5,6 We have demonstrated that when

used as host in the photolysis of o-MeDBK (ship-in-bottle
synthesis), theRPM-1-Co3D frameworkbreaks down readily
and converts to 1D structure simply by immersing in water.
This allows a full recovery of the products with a record
breaking mass balance of 100%.1

In a continuing effort to develop new RPMmaterials with
multifold functionality for other possible applications such as
gas storage and separation, catalysis, and sensing,7 we have
successfully synthesized and characterized [Zn2(bpdc)2(bpee)] 32-
DMF (DMF:N,N-dimethylformamide) (1) or RPM-3-Zn, a
new member of the RPM family. Similar to RPM-1 and
RPM-2, the framework of RPM-3 is highly flexible, and can
be readily ruptured and rebuilt under very mild conditions.
Employing three different methods, we have estimated the
isosteric heats of hydrogen adsorption as a function of
coverage. The high values obtained at low coverage suggest
strong framework-hydrogen interactions in this compound,
which is confirmed by van der Waals density functional
calculations and IR absorption spectroscopic measurements.
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The compound also takes up a large amount of hydrocarbons
and exhibits commensurate adsorption of benzene, o- and
p-xylene, and potential for separation of the two xylenes.
Strong photoluminescence is found in RPM-3-Zn and its
solvent impregnated samples including anisole, toluene,
benzene and chlorobenzene. Fast and reversible fluorescence
quenching is observed when exposed to nitromethane,
nitrobenzene, benzoquinone, dinitrotoluene (DNT), and

dimethyl-dinitrobutane (DMNB, plastic explosive taggant)
in the vapor phase. Such property may be useful in detection
of trace vapor of explosives.

Results and Discussion

Crystal Structure. Single crystal X-ray diffraction per-
formed on a selected crystal of 1 or RPM-3-Zn revealed
that it is a microporous structure possessing a 3D net-
work. As shown in Figure 1a, the network contains
parallelogram-shaped 1D open channels running along
the b-axis (window size:∼5�7 Å, excluding van derWaals
radius of the carbon atom, 1.7 Å). All Zn atoms in the
structureare tetrahedrally coordinated.The twocarboxylate
groups of each bpdc coordinate to Zn(II) centers in two
differentmodes: one in μ2 bidentatemode and the other in
monodentate mode. Two such μ2 bidentate carboxylate
groups from two bpdc ligands that are opposite to each

Figure 1. Crystal structureof10. (a)Theoverall 3D framework. (b)Thebuildingunit in10. TheZnIIO3Ntetrahedraare indicated in aqua. (c)A singlebrick-
like net (Zn: aqua; C: gray; O: red; N: blue).

Scheme 1. Removal and Reintroduction of Guest DMF, and the
Reversible Structural Transformation between 1 (3D) and 2 (1D)
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other coordinate to two Zn(II) to form a eight-member
ring Zn2(COO)2

2þ building unit (Figure 1b), and two
monodentate carboxylates from another two bpdc bond
to the two Zn (II) centers. Each Zn2(COO)2

2þ unit is
further connected to four neighboring units to form a 2D
brick-like net (Figure 1c). Two such (identical) nets
interpenetrate to generate a layer. The adjacent layers
are connected through bpee ligands to Zn (II) centers,
completing the tetrahedral geometry for each Zn(II)
(Figure 1b) and giving rise to the overall 3D structure.
After removal ofDMF solventmolecules filled in the pore
space, the solvent accessible volume in 10 or RPM-30 was
calculated to be 1171.9 Å3 (27.6%of the unit cell volume).

Thermal Properties. Thermogravimetric analysis
(TGA) of 1 showed 15.6%weight loss in the temperature
range of 80-140 �C, in excellent agreement with the
weight of guest DMF (calc 15.6%). The guest-free frame-
work 10 was found to be stable up to 400 �C (see Figure S1,
Supporting Information). The guest DMF of a bulk
sample (e.g., ∼100 mg) can be completely removed by
heating the as-made sample at 135 �C under vacuum for
10-12 h, or by pumping under vacuum at room tempera-
ture following solvent exchange reactions with methanol
(3 days) and dichloromethane (4 days) subsequentially.
Structure integrity was examined following each treat-
ment by powder X-ray diffraction. As shown in Figure S2
(Supporting Information), 10 remains highly crystalline
and retains main structural features but with shift of
several peaks and appearance of a few new peaks. This
is due to the distortion of the crystal lattice in response to
the removal of guest molecules, commonly observed in
manyMOFstructures. ThePXRDanalysis also confirmed
that the structure of 1 was easily resumed by simply
heating the guest-free sample of 10 in DMF at 80 �C for
6 h. This conversion was much milder compared with the
original reactions (165 �C, 3 days).

Reversible Structural Transformation. Structural trans-
formation between 1 and a 1D structure [Zn(bpdc)-
(H2O)2] 3H2O

3 or 2 was observed, in a very similar way
as in the cases of RPM-1 and RPM-2.1,2 When immersed
into distilled water for 2 h, 1 was converted completely
into 2, as indicated by PXRD patterns (see Figure S3,
Supporting Information). The conversion from 2 back to
1 was achieved by heating the former with excess bpee in
DMF solution at 165 �C for 3 days (Scheme 1).

Solvent Molecule Impregnations. Both 1 and 10 were
insoluble in common organic solvents. However, a num-
ber of solvent molecules, including anisole, toluene, benz-
ene, and chlorobenzene can be impregnated into the 1D
open channels within the framework, when samples of
guest-free 10 were immersed into these solvents undermild
conditions (e.g., room temperature, 10 days). For nitro-
benzene, slightly elevated temperature (at 80 �C, 30 h)was
needed for impregnation to take place. All treatments
were confirmed by TGA and PXRD. The weight-loss for
anisole, toluene, benzene, chlorobenzene, and nitroben-
zene impregnated samples (3, 4, 5, 6, 7) were 15.3%,
11.8%, 16.0%, 21.2%, and 12.7%, respectively, corre-
sponding to ∼5.3, 4.6, 7.6, 7.6, and 3.8 anisole, toluene,
benzene, chlorobenzene, and nitrobenzene molecules per
unit cell, respectively (Figures S4-S8, Supporting Infor-
mation). For benzene impregnation, the number of guest
benzene molecules (7.6 per unit cell) is very close to the

results of benzene adsorptionmeasurement and simulation
(8.0 per unit cell). For nitrobenzene impregnation, the
number (3.8 per unit cell) is equal or very close to the
resultsobtained fromp- ando-xyleneadsorptionexperiments
(3.8 and 3.9 molecules per unit cell). The discernible
inflection points (temperature at which the guest molecules
are lost completely) are 160 �C, 120 �C, 110 �C, 135 �C,
and210 �Cforanisole, toluene, benzene, chlorobenzene, and
nitrobenzene impregnated samples, respectively, in good
agreement with the boiling points (BP) of these molecules
(156, 111, 80, 131, and 211 �C for anisole, toluene,
benzene, chlorobenzene, and nitrobenzene, respectively).

Pore Characterization, Hydrogen Adsorption, and Bind-
ing Energy.Theargonandnitrogenadsorption-desorption
isotherms were measured at 87 and 77 K, respectively. A
strong hysteresis accompaniedwith a “plateau” in the low
pressure region of the adsorption branch was observed in
both cases, but more severe for N2 (see Figure S10,
Supporting Information). Such observations can be exp-
lained well by pressure-dependent pore/gate-opening and
pore/gate-closing phenomenon, reported in a number of
other MOFs with similar structure features,8 and are
consistent with the fact that 1 is highly flexible, and can
be readily regenerated from 10 by heating inDMFat 80 �C
for a few hours (Figure S2, Supporting Information). The
surface area was estimated to be 328 m2/g (BET) and
483 m2/g (Langmuir), respectively. The total micropore
volume was calculated to be 0.171 cc/g, indicating 10 is a
porous MOF with relatively small surface area and pore
volume.
The hydrogen adsorption-desorption isotherms were

measured at 77 and 87 K. As shown in Figure 2a, hyster-
esis was observed at both temperatures (pressure in the
range of 0.001-1 atm), and is more severe at 77 K. This is
usually attributed to insufficient equilibration time be-
cause of limited diffusion of adsorbate molecules in small
pore materials, or quantum diffusion effect.9 Longer
equilibration time indeed led to reduced hysteresis at both
temperatures, thus providing strong evidence for such
effect. Consequently, the isosteric heats of hydrogen
adsorption obtained from the adsorption branch will be
underestimated, while those obtained from the desorp-
tion branch will be overestimated.9 These data are plotted
in Figure 2b as a function of H2 coverage. For both
adsorption and desorption branch, virial10 and polyno-
mial11 methods were used for data fitting. Qst values
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calculated directly from experimental data by interpolat-
ion using Quantachrome’s software package (AS1Win
2.01) are also included. No fitting was involved in the
latter case. For the desorption branch, all three data sets
show remarkable agreement (Figure 2b, right) with Qst
values reaching ∼14-16 kJ/mol at low loading and
decreasing as the coverage increases. For the adsorption
branch, however, significant deviations are found in the
virial and polynomial sets between 0.02 and 0.08 wt %.
The Qst values range between ∼8-10 kJ/mol at low
loading. While accurate Qst values are not attainable in

this case they certainly fall between the numbers given
above from the two branches, and these values are compar-
able with the highest adsorption enthalpies reported to
date, including 10.1 kJ/mol for Co4O(TATB)8/3 (TATB=
4,40,400-s-triazine-2,4,6-triyltribenzoate),12 9.4-10.4 kJ/
mol for NaNi3(OH)(SIP)2 (SIP= 5-sulfoisophthalate),13

Figure 2. (a) Lowpressurehydrogenadsorption-desorption isotherms at 77and87K. (b) Isosteric heats ofH2 adsorption in 1
0 fromadsorptiondata (left)

and desorption data (right). Color scheme: virial (red squares), polynomial (black circles), and experimental data by interpolation (blue triangles).No fitting
was involved (AS1Win 2.01). (c) High pressure hydrogen adsorption (in black) and desorption (in red) isotherms at 77 K.
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10.1 kJ/mol for [Mn(DMF)6]3[(Mn4Cl)3(BTT)8(H2O)12]2 3
42DMF 3 11H2O 3 20CH3OH,14 8.5-10.5 kJ/mol for me-
tal exchanged Mn3[(Mn4Cl)3(BTT)8(CH3OH)10]2 group
compounds (zero loading),15 12.29 kJ/mol for Zn3-
(BDC)3[Cu(pyen)] 3 (DMF)5(H2O)5 at zero loading,16

and 8.5-12.9 kJ/mol for M2(dhtp) system (M=Zn, Ni).17

It is also interesting to note a relatively high hydrogen
uptake under higher pressures. A rapid increase was
observed between 0 and 10 bar, followed by a nearly
linear increase with significantly smaller slope. An uptake
of 1.82% was achieved at 70 bar (Figure 2c). As a
comparison, Zn(bdc)(ted)0.5 has a Brunauer-Emmett-
Teller (BET) surface area of 1794 m2/g, about 5.5 times
higher than that of 10.11 ItsmaximumH2uptake is 4.1wt%,
roughly 2.2 times that of 10. The uptakes for O2, N2, and
CH4 at room temperature were found to be 7.01, 4.97, and
5.98 wt % at 70 bar, respectively.
To characterize the interaction of hydrogen with the

ligands in 10, infrared spectroscopy measurements were
performed at room temperature and high pressure (10-
60 bar), using a KBr pellet to support ∼10 mg of 10. The
H-H stretch frequency observed for H2 incorporated
in 10 was measured at 4117 cm-1, that is, with a 38 cm-1

red shift from the unperturbed ortho-v(H-H) mode at
4155 cm-1 as shown in Figure 3. This shift is consistent
with the interaction of H2 with aromatic ligands. Inter-
estingly, the intensity of the absorption mode is ∼5-6
times stronger than that measured in other MOFs (e.g.,
Zn(bdc)(ted)0.5),

18 indicating that the interaction may
involve multiple aromatic centers.
To understand the physical origin of the high isosteric

heats of hydrogen adsorption and the vibrational spectra,
we also performed first-principles calculations based
on van der Waals density functional theory.19,20 This

approach has been very useful in locating the binding sites
and understanding the MOF-H2 interaction.

18 We used
the new algorithm21 (adapted from the Siesta code22,23 for
use in the Abinit code24), whose efficiency made a compu-
tation of this size easily manageable. A more detailed
application of this method to the properties of aMOF will
soon be available.25 Here we first optimized the structure
using the experimental structure of 1 (excluding the guest
molecules) as our input. The optimized structure was then
used for calculating the H2 binding energies. Eight binding
channels were discovered per unit cell with interaction
energy of ∼15 kJ/mol, as sketched in Figure 4. These
channels are located approximately midway between the
two bpdc linkers and are alignedwith the bpee linker. Each
end of the channel is within a distance of∼3.4-4.0 Å from
three different linkers. The interactions between all three
linkers (sites) and the hydrogen give rise to a strong binding
energy of ∼12 kJ/mol, after subtraction of the zero-point
energy from the interaction energy of ∼15 kJ/mol. This
is consistent with the low loadingQst values obtained from
experimental hydrogen isotherms. We also calculated the
H2 stretch frequencies associated with these sites, finding
shifts at themost strongly bound sites averaging∼45 cm-1,
which are a bit larger than, but consistent with, the shifts
found experimentally at room temperature (Figure 3).

Figure 3. IR spectrum of H2@10 measured at room temperature and
referenced toactivated 10 in vacuum.The features appearingat the left and
right of the mainH2 peak at 4117 cm

-1 arise from the perturbation of the
MOF structure upon H2 loading.

Figure 4. Highest energy H2 binding regions within the conventional
unit cell. These aremarked in red, and also occur in the analogous regions
in the three other sections of the cell.
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Each channel can accommodate two hydrogen mole-
cules without much interference between them if we put
one H2 on each end of each channel. As such, the system
adsorbs linearly up to 16 H2 per unit cell, corresponding
to about 1 wt %. Further loading leads to strong repul-
sion between the hydrogen molecules. This result agrees
with the adsorption isotherm at 77 K plotted in Figure 2c
which shows a rapid change when the loading is below
1 wt % and a slow increase after that, indicating the
saturation of the eight primary sites at ∼1 wt %. While

there is agreement between experiment and theory for the
maximum binding energy and the high pressure isotherm
data, there is disagreement in the loading dependence of
Qst. Experimentally it was found that Qst decreases more
rapidly, while the theory predicts that the binding energy
will remain at a high value until there are 16 hydrogen
molecules per cell. This discrepancy is possibly related to
the flexibility of the structure, mentioned earlier, but not
taken into account in the theory.

HydrocarbonAdsorption Properties.Adsorption curves
at several temperatures for selected hydrocarbons (benz-
ene, o-xylene, and p-xylene) are shown in Figure 5. These
data reveal relatively high adsorption capacities of 10, for
example, 192 mg/g for benzene which corresponds to a
pore volume of 0.22 cc/g and is in reasonable agreement
with the data obtained from argon sorption analysis. This
pore volume is similar to the value 0.18 cc/g reported for
the commercially important, medium pore size zeolite,
ZSM-5.26 The large pore zeolite, Y, has a pore volume of
0.29 cc/g.27 All three hydrocarbons exhibit commensu-
rate adsorption.28,29 The room temperature experimental
data suggest 8, 4, and 4 molecules per unit cell for
benzene, o- and p-xylene, respectively. The benzene and
o-xylene curves show classical type I behavior over the
entire range of temperatures. p-Xylene has type I adsorp-
tion curves only for 70 �C and below. Above this tem-
perature the curves convert to type IV and type V with a
new, lower adsorption plateau at about 1/3 the value of
the low temperature curves. This change may be due to a
structural phase change although there is currently no
supporting data for this phenomenon. Simple inspection
of the o- and p-xylene adsorption curves suggest that
conditions could be selected to achieve an adsorption
preference of o-xylene over p-xylene. Competitive adsorp-
tion data are needed to determine the effectiveness of 10
for gas separation.

Optical Emission and Fluorescence Quenching Effect.
Optical emission properties of 1, 10, and solvent-impreg-
nated sampleswere investigated. The guest-free 10 showed
strong fluorescence emission (420 nm) in solid-state when
it was excited at 320 nm (Figure 6). The photolumines-
cence experiments were also carried out on solvent-sub-
stituted samples under the same conditions. In most
cases, strong emissions with a red-shift with respect to
the emission wavelength of 10 were observed, as shown in
Figure 6. The magnitude of such red shifts is in the
following order: 3 (62 nm)> 4 (23 nm)> 5 (9 nm)> 6
(6 nm), in accordance with the trend of the electron
richness of the impregnation solvents.
The nitrobenzene-impregnated sample (7) was an ex-

ception. Nearly 100% fluorescence quench was observed
upon excitation at 320 nm. Encouraged by this finding we
conducted a systematic study to investigate the quenching
effect of several selected chemical species, including ex-
plosives. Our investigation shows that 10 exhibits very fast
and highly sensitive fluorescence quench toward DMF,

Figure 5. Adsorption isotherms of (a) benzene, (b) o-xylene and (c) p-
xylene for a guest-free sample 10 at several temperatures.
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nitromethane, benzene, nitrobenzene, benzoquinone,
DNT, and DMNB vapor. Depicted in Figure 7 are
quenching effects of nitrobenzene (NB) and benzoqui-
none (BQ) at room temperature. In both cases, about 94-
95% quench was achieved within 10 s of exposure to
the vapor. For DNT and DMNB a 10 s exposure led to
∼84% quench.30 Most of the quench process was found

completely reversible. As an illustrative example, three
consecutive cycles of quench/regeneration process for
nitromethane (NM) are plotted in Figure 8. As shown
in the inset plot, both the quench (exposed in nitro-
methane vapor for 10 s) and regeneration (heated at
100 �C for 1 min) process can be repeated to give almost
identical results. These data suggest that the title com-
pound and related materials may be potentially impor-
tant candidates for use in fast and reversible detection of
trace vapors of high explosives via fluorescence quench-
ing techniques.

Conclusions

In conclusion, a new member of the RPM family has been
synthesized and structurally characterized. [Zn2(bpdc)2(bpee)] 3
2DMF (1) possesses a flexible and porous framework that can
be ruptured and rebuilt under very mild conditions and via a
fully reversible structure transformation to a 1D structure [Zn-
(bpdc)(H2O)2] 3H2O (2). The guest molecules of 1 can be
removed and appropriate organic molecules can be impreg-
nated reversibly into the pore space. The framework interacts
strongly with hydrogen, primarily through three ligand sites at
close proximity, resulting in a relatively high binding energy.
This high binding energy is confirmed by both the IR mea-
surements (∼10 kJ/mol) and first-principles calculations based
on van der Waals density functional theory (∼12.5 kJ/mol).
The compound adsorbs a large amount of hydrocarbons

and commensurate adsorption of benzene, o- and p-xylene is
observed. The hydrocarbon adsorption study also indicates
the possibility for use of 1 in gas separation. Strong emission
is found in 10, and its solvent impregnated samples including
anisole, toluene, benzene, and chlorobenzene. Fast and
reversible fluorescence quenching by selected species, includ-
ing DMF, nitromethane, nitrobenzene, benzoquinone,
DNT, and DMNB (plastic explosive taggant) makes the title
compound promising for applications in trace vapor detec-
tion of explosives and other relevant molecules.

Experimental Section

Materials. All chemicals were purchased from commercial
suppliers (Alfa Aesar, Acros, Fluka, Fisher or TCI America)
and used as received. The purity of benzene, o- and p-xylene used
in adsorption experiments was 99.9%.

Figure 6. Fluorescence emission of as-made sample 1 (black), guest-free
sample 10 (red), and solvent-impregnated samples 3 (dark yellow), 4
(magenta), 5 (cyan), 6 (blue). Nearly 100% fluorescence quench was
observed in nitrobenzene-impregnated sample 7 (navy, straight line).

Figure 7. Fluorescence quenching percentage of nitrobenzene (top) and
benzoquinone (bottom). The insets are fluorescence spectra before and
after exposure to the analyte vapors for 10 s.

Figure 8. Fluorescence quenching percentage of nitromethane (NM).
Inset plots are fluorescence spectra before and after exposure to nitro-
methane vapor for 10 s (left) and three continuous quench/regeneration
cycles (right).

(30) Lan, A. J.; Li, K. H.; Wu, H. H.; Olson, D. H.; Emge, T. J.; Ki, W.;
Hong, M. C.; Li, J. Angew. Chem., Int. Ed. 2009, 48, 2334.
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Synthesis, Solvent Exchange, Guest Removal and Reintroduc-

tion. Transparent block-like crystals of Zn2(bpdc)2(bpee) 3 2-
DMF (1) were synthesized from a solvothermal reaction of Zn-
(NO3)2 3 6H2O (0.0892 g, 0.30 mmol), 4,40-biphenyldicarboxylic
acid (H2bpdc, 0.0727 g, 0.30 mmol) and 1,2-bipyridylethene
(bpee, 0.0547 g, 0.30 mmol) with molar ratio of 1:1:1 in a DMF
(15 mL) solution. The reaction was heated at 165 �C in a Parr
reaction vessel for 3 days under autogenous pressure and
allowed to cool down to room temperature. Colorless crystals
of 1 (0.0817 g, 58% yield) were isolated by filtering and washing
thoroughly with DMF and ethyl ether. Solvent exchange reac-
tions were carried out at room temperature by immersing
a freshly made sample of 1 (0.050 g, 0.053 mmol) in methanol
(10 mL, 3 days) and dichloromethane (10 mL, 4 days) consecu-
tively, followed by pumping under vacuum to afford guest-free
Zn2(bpdc)2(bpee) (10) (0.040 g, 95% yield). A mixture of 10
(0.040 g, 0.050 mmol) and DMF (10 mL) was placed in a vial
and heated at 80 �C for 6 h to afford 1 (0.045 g, 95% yield).

Reversible Structural Transformation.A freshly made sample
of 1 (0.050 g, 0.053 mmol) was immersed into distilled water
(10 mL) in a vial, followed by ultrasonic for 2 min. The sample
was then placed in air for 2 h producing white powder of Zn-
(bpdc)(H2O)2 3H2O (2), the 1D chain structure3 (0.035 g, 91%
yield). The structure was converted back to 1 by heating 2 (the
white powder, 0.018 g, 0.05 mmol) and bpee (0.018 g, 0.10
mmol) in DMF (15 mL) at 165 �C for 3 days which afforded
block-like crystals of 1 with 64% yield (0.015 g).

Guest Molecule Impregnation. Four freshly made guest-free
samples of 10 (0.040 g, 0.050 mmol each) were immersed into
5 mL each of anisole (ANI), toluene (TOL), benzene (BZ), and
chlorobenzene (CBZ) in 4 separate vials. The vials were placed
at room temperature for 10 days, followed by filtering and
washing with ethyl ether to produce Zn2(bpdc)2(bpee) 3 xANI
(3), Zn2(bpdc)2(bpee) 3 xTOL (4), Zn2(bpdc)2(bpee) 3 xBZ (5),
and Zn2(bpdc)2(bpee) 3 xCBZ (6). A freshly made guest-free
sample 10 (0.040 g, 0.050mmol) was immersed into nitrobenzene
(NBZ, 5 mL) in a vial, heated at 80 �C for 30 h, followed
by filtering and washing with ethyl ether to produce
Zn2(bpdc)2(bpee) 3 xNBZ (7).

Crystal Structure Analysis. Powder X-ray diffraction experi-
ment was conducted using a D/M-2200T automated system
(Ultimaþ, Rigaku) with Cu KR radiation (λ=1.5406 Å). The
PXRD patterns were collected between 3� and 50� (2θ) at a scan
rate of 4 deg/min (40 kV, 40 mA). Single crystal X-ray diffrac-
tion analysis was performed on a Bruker-AXS smart APEX I
CCD diffractometer with graphite-monochromated Mo KR
radiation (λ=0.71073 Å). A total number of 18781 reflections
were collected (4349 unique, R(int)=0.0474, θ=2�-26.37�),
The structure was solved by direct methods and refined by full-
matrix least-squares on F2 using the Bruker SHELXTL package.
R1=0.0447 (I>2σ(I)),wR2=0.1047 (all data), GoF=1.007 (all
data). More details are provided in Table 1. Full listings of
crystallographic data can be found in Supporting Information.

Thermogravemetric Analysis. The thermal properties of the
compound were investigated using a TA Instruments Q50 TGA
unit. An as-made sample of 1 (∼8.7 mg) was loaded onto a
sample pan and heated from room temperature to 600 �C at a
rateof 20 �C/minundernitrogen (flowandpurge rate at 40mL/min
and 60 mL/min, respectively).

Fluorescence Quenching Experiments. About 1.0 mL of ni-
tromethane and nitrobenzene and 1.0 g of benzoquinone were
each loaded in a small container. The small containers were then
placed separately in three larger containers and set for 4 days
(with the caps closed) to allow the vapor pressure of each analyte
to reach equilibrium. Quartz slides (1.6�6 cm) were immersed
into a mixture of deionized water and acetone and heated at 80
�C for 20 min, and then dried by nitrogen flow. Double-faced
tapes (∼ 1�2 cm)were stuck to the lower half of the quartz slides.
The tapes were peeled off after a few minutes, leaving only

residual glue on the quartz slides. The ground powder of 10 was
homogeneously sprinkled onto the area where double-faced
tape had been stuck. Thin and relatively uniform layers (∼5-6
μm in thickness) were obtained after tapping downward-facing
quartz slides to remove any powder that was not glued well to
the surface of the slides.

The room temperature fluorescence spectra of each sample on
the quartz slides were collected before quenching occurred (the
peak intensities of which were used to correct the effects of
variations in layer thickness andmorphology). To induce quench-
ing, the slides were placed into the vapor atmosphere of each
analyte for adesignated timeperiod (10 s, 30 s, 60 s, 90 s, 150 s, and
240 s). After the specified exposure time, each slide was taken out
and quickly mounted to the sample holder, and the emission
spectra were collected without delay. To examine the reversibility
of the quenching effect for nitromethane, the fluorescence emis-
sion spectrum of sample 10 was taken first and followed by three
consecutive quenching (exposed in nitromethane vapor for 10 s)
and regeneration (heated at 100 �C for 1 min) cycles.

Gas and Hydrocarbon Adsorption. The high-resolution gas
adsorption-desorption experiments were performed on a volu-
metric gas sorption analyzer (Autosorb-1 MP, Quantachrome
Instruments). The cryogenic temperatures (77 and 87 K) were
obtained using liquid nitrogen and liquid argon as coolant.
Ultra high purity Ar (99.995%) and hydrogen (99.999%) were
used for the experiments. The Ar sorption isotherms were
collected in a relative pressure range from 10-6 to 1 atm at 87
K, and hydrogen sorption isotherms were collected in a relative
pressure range from 10-3 to 1 atm at 77 K and 87 K. The initial
outgassing process for each sample was carried out at 408 K for
overnight (under vacuum). About 85-90 mg of degassed sam-
ples were used for gas sorptionmeasurements, and the weight of
each sample was recorded before and after outgassing to con-
firm the removal of guest molecules. The outgassing procedure
was repeated on the same sample between experiments for 0.5-
1 h. A total analysis time was about 3-4 days for Ar sorption
and 15-20 h for hydrogen sorption. Pore properties (e.g., pore
volume, pore size, and surface area) were analyzed using Auto-
sorb v1.50 software. The high pressure volumetric gas analysis
was performed by HPVA-100 (TA Instruments, FL) using H2,
N2, O2, and CH4 of ultra high purity (99.999%). The same
condition was applied to complete outgassing. Each isotherm
was collected up to 70 bar using a sample of 708 mg.

Hydrocarbon adsorption measurements took place on a
computer-controlled DuPont Model 990 TGA using the Lab-
View program. The hydrocarbon partial pressure was varied by
changing the blending ratios of hydrocarbon-saturated nitrogen
and pure nitrogen gas streams.

Infrared Spectroscopy. The activated powder sample was
pressed lightly onto aKBr pellet and inserted into a high pressure

Table 1. Summary of Crystal Data for 1

empirical formula C46 H40 N4 O10 Zn2
formula weight 939.56
temperature 293(2) K
crystal system monoclinic
space group C2/c
unit cell dimensions
a, Å 26.1377(16)
b, Å 6.7464(4)
c, Å 25.0235(15)
R, deg 90
β, deg 105.916(1)
γ, deg 90
volume 4243.4(4) Å3

Z 4
density (calculated) 1.471 Mg/m3

absorption coefficient 1.195 mm-1

final R indices [I > 2sigma(I)] R1=0.0447, wR2=0.0969
goodness-of-fit on F2 1.007
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cell. The high pressure cell was mounted into a Nicolet FTIR
spectrometer, and measurements were done in transmission
over the pressure range 400-900 psi at room temperature.
The spectral range investigated is 500-5000 cm-1, using a
KBr beam splitter and Indium Antimonide liq. N2 cooled
detectors.

van der Waals Density Functional Calculations. Calculations
were performed within the plane-wave implementation of the
density functional theory in theABINITpackagewhichwe have
adapted to incorporate the van der Waals interaction.18-24 We
used Troullier-Martins pseudopotential with gradient corrected
functional.31 An energy cutoff of 50 Ry and Γ point sampling
were found to be enough to converge the interaction energy
within 0.1 kJ/mol and the frequency shift within 1 cm-1.

The structure used in the calculations was determined by
removal of the guest molecules, followed by relaxing that
structure. The structure obtained is not identical to 10. It is very
close to the as-make structure 1, while the experimental guest-
free structure (10) shows changes. One such change is that the
lowest order Bragg peaks occur at larger θ, suggesting a flatter
cell with larger β. While the theoretical structure was essentially
stress and force free, it possibly represents a different local
minimum from that for the structure 10.

To calculate the vibrational frequency, we first preformed a
series of total energy calculations with different H2 bond lengths

while keeping the center of H2 and the MOF atoms at their
equilibrium positions. The resulting total energies were used in
the Schr

::
odinger equation to obtain the eigenvalues, and the

difference of the two lowest eigen levels gives the vibrational
frequency.

Optical Excitation and Emission Experiments. The excitation
and emission spectra of as-made, evacuated, and solvent ex-
changed samples were measured on a Varian Cary Eclipse
fluorescence spectrophotometer. The excitation spectra were
obtained by varying excitation energy while fixing the emission
wavelengths at the emission maxima of the samples.
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