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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

H2 Adsorption/Desorption isotherms at 77 K for FMOF-1 
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FLUORINATED METAL-ORGANIC 
FRAMEWORKS FOR GAS STORAGE 

This application claims priority to International Applica 
tion No. PCT/US2008/010664, ?led Sep. 12, 2008, entitled 
“FLUORINATED METAL-ORGANIC FRAMEWORKS 
FOR GAS STORAGE” which claims priority to US. Provi 
sional Patent Application Ser. No. 60/993,844, entitled 
“FLUORINATED METAL-ORGANIC FRAMEWORKS 
FOR GAS STORAGE” ?led on Sep. 14, 2007, the entire 
content of each of which is hereby incorporated by reference. 

BACKGROUND 

This invention pertains to ?uorinated metal-organic frame 
works having internal channels and cavities in a variety of 
con?gurations that are capable of adsorbing and desorbing 
gases and molecules. This invention also pertains to gas stor 
age in ?uorinated metal organic frameworks, and more par 
ticularly to hydrogen storage. 

Crystalline porous materials, either with an inorganic or a 
metal-organic framework (“MOF”), can be used in a range of 
applications. These include siZe- and shape-selective cataly 
sis, separations, gas storage, ion-exchange, sensors, and opto 
electronics. In particular, stable MOFs with permanent 
highly-porous channels or cavities have been explored as 
effective, economic, and safe on-board vehicular gas (hydro 
gen or methane) storage materials for fuel-cell-driven auto 
mobiles. Extensive efforts have been devoted to the rational 
design and construction of new MOFs with Zeolite-like, well 
de?ned, stable and extra large micro or meso pore siZe chan 
nels exhibiting higher or selective gas af?nity properties. 
Pioneered by Yaghi et al., a vast number of organic ligands 
with a variety of donor groups and over 40 metal cations have 
been explored in MOF construction (Yaghi, et al. 1995). A 
few reports on MOFs utiliZing non-?uorinated metal triaZ 
olates have appeared recently. (Yang, et al. 2004; Zhang, et al. 
2004, 2005; Ouellette 2006). 

High volumetric capacity is a very signi?cant property for 
gas storage applications. The US. Department of Energy 
(“DOE”) has established a multi-stage target for hydrogen 
storage capacity in materials, including those materials 
intended for fuel cell applications. The DOE’s 2010 targets 
for a hydrogen-storage system are an energy density of 7.2 
MJ/kg and 5.4 MJ/L. Energy density refers to the amount of 
usable energy that can be derived from the fuel system. The 
?gures include the weight and siZe of the container and other 
fuel-delivery components not just the fuel. The 2010 values 
work out to be 6 wt % of hydrogen and 45 kg of hydrogen per 
cubic meter. For 2015, the DOE is calling for fuel systems 
with 9 wt % of hydrogen and 81 kg of hydrogen per cubic 
meter, which is greater than the density of liquid hydrogen 
(approximately 70 kg/m3 at 20 K and 1 atm). Particularly for 
H2 storage in automobiles, the volumetric capacity is argu 
ably more important than the gravimetric capacity because 
smaller heavy cylinders are easier to accommodate in 
vehicles than larger cylinders even if the latter were lighter 
than the former. Due to their high porosity, the best metal 
organic frameworks known to date have very low densities 
(e.g., 0.43, 0.51, and 0.62) (Yaghi, et al. 2006; Long, et al. 
2006). Therefore, their volumetric densities are always lower 
than the gravimetric densities. 

In attempts to meet the DOE targets, nanostructured carbon 
materials (eg carbon nanotubes, graphite nano?bers, acti 
vated carbon, and graphite) and porous metal-organic frame 
works have become of interest to researchers as potential 
hydrogen adsorbents. However, it has been shown that nano 
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2 
structured carbons have slow uptake, exhibit irreversible 
adsorption, and contain reduced transition metals as impuri 
ties. Meanwhile, the known MOFs have low volumetric H2 
uptake due to their low densities and weak a?inity to hydro 
gen molecules. In addition, the porous nature and high surface 
areas of metal-organic frameworks give rise to rather weak H2 
adsorption energies (~5 kJ/mol). This is why cryogenic tem 
peratures are usually required to observe signi?cant H2 
uptake. 
What is needed, therefore, is a MOF that is stable and 

capable of adsorbing a high volume of gases at higher tem 
perature. 

SUMMARY 

The present invention relates generally to ?uorinated 
metal-organic frameworks (“FMOFs”) having enhanced gas 
adsorption and desorption capacities. All ligands in the 
FMOFs contain ?uorine atoms instead of some or all of the 

hydrogen atoms in each ligand. In a preferred embodiment, 
the present invention pertains to ?uorous (i.e., per?uorinated) 
metal-organic frameworks, wherein all hydrogen atoms are 
substituted by ?uorine atoms. Compared to their non-?uori 
nated counterparts, FMOFs with ?uoro-lined or ?uoro 
coated channels or cavities are expected to possess enhanced 
thermal stability, higher catalytic activity, higher gas a?inity 
and selectivity, and higher stability to oxidation and light. 

In addition, ?uorination may impart a variety of new func 
tional properties to MOFs, such as superacidity, enhanced 
hydrophobicity, low surface energy and surface tension, low 
refractive index, exceptional chemical and biological inert 
ness, and excellent optical and electrical properties. Many 
nano-scale ?uorous environments have been created mainly 
via self-assembly processes, including nanoballs, channels, 
micelles, vesicles, microbubbles, tubules, and hollow ?bers. 
However, porous FMOFs providing a ?uorinatedpore surface 
are yet unknown among the wide variety of MOFs. 
Embodiments of the FMOFs of the present invention have 

both large channels and small cavities, both of which are 
capable of gas adsorption. The channels in representative 
embodiments of these FMOFs are open in direction of both 
the a- andb-crystallographic axes such that the gas adsorption 
sites are interpenetrating. Forming frameworks with narrow 
pores or cavities helps increase the binding energy of gases to 
the optimum range (about 15 kcal/mole) and thus facilitate H2 
adsorption at higher temperatures. Because the FMOFs, in 
certain embodiments, have multiple interacting channels and/ 
or cavities whose walls can potentially interact with the same 
H2 molecules, the sorption processes work cooperatively. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows the potential building blocks of silver(I) 
triaZolate clusters. 

FIG. 2 shows a general synthetic scheme for selected 
embodiments of the ?uorinated metal-organic frameworks 
(“FMOFs”). 

FIG. 3 shows the crystal structure of one embodiment, 
FMOF-l, at 100 K, with the top ?gures showing thermal 
ellipsoidal plots of the building blocks and the bottom ?gures 
showing space-?lling representations of ?uoro-lined 3D 
channels (left) and a view down one channel (right) of FMOF 
1. 

FIG. 4 shows a space-?lling representation of one embodi 
ment, FMOF-2, at 100 K. 
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FIG. 5 shows a close-up view of a packing diagram of the 
solvent-containing structure of one embodiment, FMOF-2, at 
100 K. 

FIG. 6 shows a packing diagram for crystals of one 
embodiment, FMOF-3, at 100 K. 

FIG. 7 shows the low-pressure H2, N2, and O2 adsorption 
isotherms for the embodiment FMOF-l at 77 K. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Generally, the present invention relates to a class of neutral, 
extended nanotubular porous called “?uorinated metal-or 
ganic frameworks” (“FMOFs”), in which all the organic 
ligands are per?uorinated or partially ?uorinated. The ?uoro 
lined cylindrical channels of the tubular frameworks possess 
hydrophobic internal cavities as a result of ?uorination of all 
organic ligands. 
One embodiment of the present invention pertains to rigid, 

porous ?uorous (i.e., per?uorinated) FMOFs with ?uoro 
lined channels that are capable of gas adsorption and desorp 
tion. All hydrogen atoms in the ?uorous FMOFs have been 
substituted with ?uorine atoms. One possible strategy for 
achieving these ?uorous FMOFs uses robust, per?uorinated 
metal-triaZolate clusters as building blocks, which consist of 
4-coordinate tetranuclear clusters [Ag4L6] connected by 
3-coordinate Ag(I) centers. Potential candidates for these 
building blocks include polynuclear silver(I)-triaZolate clus 
ters such as those shown in FIG. 1, which bear unsaturated 
metal sites or exo-N donor atoms; thus, they can readily 
assemble into coordination polymers with 1D chain, 2D 
sheet, or 3D framework structures. 

Synthesis of particular embodiments of the FMOFs utiliZes 
the per?uorinated ligand 3,5-bis(tri?uoromethyl)-1,2,4-tria 
Zole (“HL”). HL is synthesiZed from 2,5-dichloro-l,l,l,6,6, 
6-hexa?uoro-3,4-diaZahexa-2,4-diene (Abdul-Ghani, et al. 
1995). HL then reacts with silver nitrate in methanol to afford 
colorless crystals upon evaporation and recrystalliZation 
from acetonitrile/toluene. A general synthetic scheme is illus 
trated in FIG. 2. In FIG. 2, the reagents used in different steps 
include: a. MeOH, H2SO4; b. NHZNHZ; c. RFiCOCl; d. 
POCl3; e. NH3; f. P2O5; g. NaH; h. metal precursor (AgNO3 
for FMOF-l). RF represents ?uorinated alkyl groups, eg 
CF3, CF2CF3, C3137, C4139, CSFU, C6Fl3, CSFU, and such. 
Synthesis of speci?c compounds are described in the 
examples below. These examples and the general synthetic 
scheme can be used in the synthesis of other ?uorinated 
triaZole ligands and related ?uorinated metal organic frame 
works. For example, RF in FIG. 2 can have longer ?uorinated 
alkyl groups or ?uorinated aromatic groups. 

Analysis by X-ray crystallography revealed one embodi 
ment, a neutral FMOF with the formula {Ag2[Ag4L6]}n, 
referred to as FMOF-l. The crystal structure of FMOF-l, 
shown in FIG. 3, shows extended 3D nanotubular open frame 
works consisting of 6-connected tetranuclear [Ag4L6] clus 
ters linked by 3-coordinate Ag(I) atoms. The crystal data for 
FMOF-l are as follows: C24Ag6F36Nl8, FW:l87l.64, Tet 

ragonal, I —42d, a:l3.3753(7) A, c:39.28l(4) A, V:7027.2 
(9) A3, Z:4, T:l00 K, Dc:l.769 g/cm3; Rl:0.0473, 
wR2:0.l420, GOF:l.l66. 

FIG. 3 shows the structure of FMOF-l at 100 K. The top 
?gures show 50% thermal ellipsoidal plots of the building 
blocks, wherein six exo-N atoms of [Ag4L6] coordinate to six 
3-coordinate Ag(I) centers. The lower ?gures show space 
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4 
?lling representations of the ?uoro-lined 3D channels (left) 
and a view down one channel (right). 

In FMOF-l, the six triaZolate ligands utiliZe their l- and 
2-positioned N-atoms to link four 4-coordinate Ag(I) centers 
(Avg. AgiN:2.20(l) A and 2.64(l) A for equatorial and 
axial bonds, respectively) into tetranuclear [Ag4L6] clusters 
(Ag . . . Ag:3.470(l) A), which utiliZe their 4-positioned 
N-atoms to connect to one another via 3-coordinate Ag(I) 
centers (Avg. AgiN:2.27(2) A), generating a 3D frame 
work of (42.6)(44.62.88.l0) topology. The framework can be 
viewed as consisting of open-ended, hollow tubes extending 
along the direction of both the a- and b-crystallographic axes 
with a crystallographically-imposed S4 axis lying at the cen 
ter of each channel. The cylindrical channels of the tubular 
framework possess hydrophobic internal cavities, as the CF3 
groups of the per?uorinated ligands point into the channels.A 
cross-section of each ?uoro-lined channel in the space-?lling 
representation also shown in FIG. 3 entails a semi-rectangular 
shape with l2><7.3 A dimensions. These ?uoro-lined chan 
nels account for 40.6% of the unit cell volume as calculated 
by PLATON (Spek, 2003), which is typical for high-porosity 
MOFs. Residual electron densities were too low (max:0.82e 
A_3) to locate possible solvent molecules in the cavities, so it 
is believed that the best structural re?nement entails solvent 
free channels. The channels entail hexagonal openings with 
anAg . . . Ag distance of 18.7 A for the longest diagonal of the 
non-planar 32-membered rings. 
As shown in FIG. 3, in the embodiment referred to as 

FMOF-l, the silver atoms appear to be well protected under 
the ?uorinated walls, imparting unusual air- and photo-sta 
bility despite the notoriety of Ag(I) species for being light 
sensitive. Indeed, FMOF-l did not change when subjected to 
UV illumination in air for over 24 hours. 

Packing diagrams for FMOF-l crystals at 100 K show the 
hexagonal coordination geometry of the non-planar 32-mem 
bered rings. The structure can be obtained at room tempera 
ture after pretreatment of FMOF-l to remove any solvent or 
gas molecules in the channels by heating the crystals at 100° 
C. in vacuum. 

In addition, the structure of a pretreated single crystal of 
FMOF-l was studied at 100 K. The resulting structure shows 
nitrogen molecules adsorbed in the open channels even 
though the only source of N2 was the liquid nitrogen from the 
cryostream used for cooling the exposed crystal on the dif 
fractometer (i.e., there was no high pressure of N2 applied to 
a sealed sample). The adsorption of N2 gas also appeared to 
occur not only in the large open channels but also in the small 
cavities. The structure shows 5.67 N2 molecules per repeat 
unit. 
A packing diagram for FMOF-l ~toluene crystals at 100 K 

shows that crystals of FMOF-l grown from toluene show a 
structure in which toluene molecules are adsorbed in the large 
open channels. 
A further preferred embodiment of the present invention is 

referred to as FMOF-2. The FMOF-2 framework is a poly 
morphic form of the FMOF-l framework with the same 
chemical composition of the metal and ligand but with a 
different packing arrangement of the 3-D supramolecular 
structure. FIG. 4 shows a space-?lling representation of the 
FMOF-2 framework at 100 K while FIG. 5 shows a close-up 
view of the packing diagram for the solvent-containing struc 
ture at 100 K, which contains both open channels and cavities. 
The toluene molecules are lined in a well-organiZed facial 
arrangement with respect to the ?uorinated walls of both the 
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large channels and smaller cavities, underscoring the supera 
cidity of these ?uoro-lined channels and cavities. 
An additional preferred embodiment of the present inven 

tion is referred to as FMOF-3. The FMOF-3 framework is a 
polymorphic form of FMOF-l and FMOF-2 frameworks but 
With a 2-D instead of 3-D supramolecular structure. FIG. 6 
shoWs the packing diagram for FMOF-3 crystals at 100 K. 
An additional preferred embodiment of the present inven 

tion is referred to as FMOF-4. The FMOF-4 frameWork is a 

polymorphic form of FMOF-l, FMOF-2, and FMOF-3. The 
packing diagram for FMOF-4 crystals at 100K shoWs that the 
structure of FMOF-4 is similar to FMOF-l and FMOF-2 in 
that it is a 3-D frameWork While it is similar to FMOF-3 in that 
it contains only small cavities as opposed to large channels. 
Despite the latter, both FMOF-3 and FMOF-4 are useful for 
gas adsorption because gas molecules can indeed adsorb in 
small cavities. 
The FMOFs exhibit many common properties, including 

solubility in many organic solvents, high thermal-, air-, and 
light-stability. The stability is likely imparted by the ?uorous 
protection because of the knoWn strength of the CiF bonds 
that line the channels and cavities as shoWn above for pre 
ferred ?uorous embodiments. All FMOF materials can be 
considered as coated frameWorks Where the ?uorous protec 
tion is an inherent part of the structure as opposed to being due 
to adding an external material. Another noteWorthy property 
for FMOF materials is their high density (in the 1.6-2.2 g/mL 
range for select embodiments). This is extremely important 
for gas storage applications because it endoWs high volumet 
ric capacity. 

The FMOF materials contain open channels or cavities 
Which can accommodate gas molecules at relatively high 
pressure and/or loW temperatures to maximiZe their storage 
capacity. The gas molecules can then be released by decreas 
ing the pressure and/or increasing the temperatures. The 
adsorption/desorption processes are usually reversible and 
can be fully controlled by pressure, temperature, or both. The 
quantity of H2 Will be very similar in adsorption and desorp 
tion points at similar pressures due to the reversibility of the 
process. 

The FMOF materials of the current invention are not lim 
ited to the Ag(l) -triaZolate embodiments shoWn above. Other 
porous Ag(l)-triaZolates, as Well as other metal-ligand com 
binations, are possible. Other metal components Within the 
frameWork material can be used according to the present 
invention, including metal atoms of the main group, transition 
metal series, and lanthanide series of the periodic system of 
the elements. Among those metal components, particular 
examples include Li", Na", K", Rb", Be“, Mg“, Ca“, Sr“, 
Ba2+, SC3+, Y3+’ Ti4+’ Zr4+, Hf4+’ V4+’ V3+’ V2+’ N<b3+’ Ta3+, 
Cr3+’ M03: W3+, Mn3+, Mn2+, Re3+, Re2+, Fe3+, Fe2+’ Ru3+’ 
Ru“, Os“, Os“, Co“, Co“, Rh“, Rh", Ir“, Ir", Ni“, Pd“, 
Pdo, Pt“, Pto, Cu“, Cu", Ag", Au", Zn“, Cd“, Hg“, Al“, 
Ga3+’ 1113+’ T13: Si4+, Si2+, Ge4+’ Ge2+’ 8114+’ 8112+’ Pb4+’ 
Pb“, As“, As“, As", Sb“, Sb“, Sb", Bi“, Bi“, Bi", and 
combinations thereof. 

The ligands used for construction of the ?uorinated MOFs 
are also not limited to ?uorinated triaZolates. Besides triaZ 
olates, any ligands With tWo or more donor atoms and tWo or 
more ?uorine atoms can be used as bridging ligands for 
construction of ?uorinated MOFs. With regard to construc 
tion of FMOFs, several other ?uorinated organic ligands, 
such as ?uorinated carboxylates, ?uorinated polypyridines, 
?uorinated phosphines, ?uorinated thiolates, and others, for 
coordination to various soft and hard metal centers, can also 
be used. 
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6 
An important property of FMOFs is their large breathing 

capacity due to guest adsorption and/or temperature varia 
tion. FMOF embodiments have demonstrated gigantic nega 
tive thermal coe?icient in presence or absence of guest mol 
ecules such as N2. 

Potential applications of the current FMOFs are Wide 
ranging and not limited to H2 storage. Other examples include 
storage or transport of other gases, such as CH4, O2, N2, CO, 
CO2, NOX, and vapors of haZardous organic solvents. These 
materials include fuel, greenhouse gases, and vapors of envi 
ronmental pollutants and health haZards. The superior acidity 
and other structural factors discussed above regarding H2 
storage are also valid for these applications. Another example 
is gas separation, Which is facilitated by the anticipated high 
selectivity of our ?uorous materials. A further example is 
storage or separation of aromatic organic molecules, such as 
benZene, toluene, or xylenes. These are common carcinogens 
contained in gasoline, Which are responsible for the Warning 
signs usually posted on gas pumps. The af?nity of the FMOF 
materials to these aromatic molecules is clearly illustrated by 
the toluene structures already discussed, particularly FIG. 5 
for FMOF-2. An additional example is use in catalysis. The 
superior acidity, stability, open structures, and solubility of 
the FMOF materials are excellent features for use in multiple 
heterogeneous and homogeneous catalytic processes. 
Another application of the FMOFs is thermal expansion, 
including positive, negative, and Zero thermal expansion 
materials. 

Example 1 

Gas Adsorption and Storage Capabilities 

The high-pressure H2 adsorption and desorption isotherms 
for the embodiment FMOF-l Were obtained at 77 K. These 
high-pressure data Were obtained by VTI Corporation (Hi 
aleah, Fla.) for the H2 adsorption onto FMOF-l up to ~100 bar 
and are shoWn in FIG. 7. MeanWhile, the loW-pressure H2, N2, 
and O2 adsorption isotherms for the embodiment FMOF-l 
Were also obtained at 77 K. These hydrogen, nitrogen, and 
oxygen adsorption data at pressures loWer than 0.1 MPa (1 
atm) Were obtained by Micromeritics (Norcross, Ga.) mea 
sured With a standard static volumetric technique (Micromer 
itics® ASAP 2010). A sample holder con?gured to alloW 
in-situ pretreatment in a ?oWing gas stream Was used. 
Approximately 50-100 mg of sample Was used for loW-pres 
sure isotherm measurements. The apparatus Was calibrated 
for hydrogen measurements at 298 K using palladium poW 
der. Hydrogen adsorption at pressures greater than 0.1 MPa 
and up to 10 MPa Was also measured using a static volumetric 
technique. The non-ideality of hydrogen Was accounted for 
by computing the compressibility factor using second and 
third virial coe?icient correlations. Approximately 300 mg of 
sample Was used for high-pressure isotherm measurements. 
All samples Were pretreated in-situ to the measurement appa 
ratus prior to isotherm measurements. The pretreatment con 
ditions included degassing in vacuum at about 60° C. for a 
minimum of 1 hour. Ultra-high purity gases (99.999%) Were 
used for all pretreatments and measurements. Molecular 
Sieve 3A puri?ers Were used on each gas stream to ensure 
purity Was maintained throughout the experiments. 

Table 1 beloW summarizes the gravimetric and volumetric 
storage capacity of FMOF-l for hydrogen adsorption in com 
parison to representatives of the best metal-organic frame 
Works knoWn to date and described in the indicated publica 
tions. 
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TABLE 1 

Sample Gravimetric Volumetric 
(saturation capacity capacity 
pressure) (mg HZ/g) (g HZ/L) Notes 

FMOF-l 23.4 41.3 Pretreatment activation not optimized. 

(73.4 bar) 
MOP-177 75.2 32.1 Yaghi et al., J. Am. Chem. Soc. 2006, 
(68.5 bar) 128, 3494. 
IRMOF20 66.7 34.1 Yaghi et al., J. Am. Chem. Soc. 2006, 
(77.6 bar) 128, 3494. 
Mn-BTTflm' 69.0 43.0 Long et al., J. Am. Chem. Soc. 2006, 
(90 bar) 128,16876. 

It is clear from Table 1 that the best metal-organic frame 
works known previously have very low densities. Thus, their 
volumetric capacities are always lower than their gravimetric 
capacities. The opposite is true for the current FMOF mate 
rials. The high density of the FMOF materials (about 1.6-2.2 
g/mL) is a noteworthy property. FMOF-l shows a density of 
1.77 g/mL, which gives rise to a higher volumetric capacity 
than its gravimetric capacity. Therefore, even without opti 
mizing the pretreatment, FMOF-l exhibits a very high volu 
metric capacity that is very similar to that of the best-perform 
ing reported MOFs in this particular parameter. 
FMOF-l also has both large and small cavities, both of 

which are capable of gas adsorption. Direct evidence of the 
in?uence of these on the H2 adsorption process is shown in the 
data in FIG. 7, which clearly illustrate rises to multiple pla 
teaus during the adsorption process. This unique and unusual 
behavior was reproduced by VTI for FMOF-l to verify that 
the multiple curvatures are genuine. The four FMOF materi 
als above illustrate a signi?cant structural diversity in terms of 
channel size and interaction of adsorption sites. These aspects 
complement the high acidity and hydrophobicity of the open 
channels so as to increase the binding energy of H2 and other 
gases to desired values for different applications. 

In addition, FIG. 7 shows that the adsorbed gas molecules 
can be released by decreasing the pressure. The quantity of H2 
was very similar in adsorption and desorption points at simi 
lar pressures due to the reversibility of the process. 

In general, FMOF-l has large channels which accommo 
date gas molecules at low temperatures or/and at high pres 
sure, and release the gas molecules at room temperature 
or/and under low pressure. Framework of FMOF-l is stable 
and the gas adsorption process can be reproduced (recycled). 

Other gases are also adsorbed effectively by the FMOF 
materials with various selectivity and sensitivity. Therefore, 
the invention is not limited to hydrogen adsorption by the 
FMOF materials. FIG. 7 shows that adsorption of nitrogen 
and oxygen is very high (higher than H2 adsorption, which is 
a typical behavior of MOFs). The particularly high af?nity to 
02 by the FMOFs in this invention is due to the ?uorination 
because molecular materials are known to exhibit increased 
a?inity to oxygen upon ?uorination. 

Example 2 

Preparation of 1,2-bis(tri?uoroacetyl)hydrazine 

C113 

3 

T“ O H 

O 

Tri?uoroacetic acid (7.6 mL, 0.1 mol) was added to a 
stirred solution of tri?uoroacethydrazide (12.8 g, 0.1 mol) in 
benzene (100 mL) and the mixture was heated under re?ux 
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for 2 h. A Dean and Stark trap was ?tted, and re?ux was 
continued for 3 h. Re?ux was continued in the absence of the 
Dean and Stark trap (3 h) and then with the trap re?tted (20 h). 
The resulting white solid was collected by ?ltration, dried in 
vacuum and identi?ed as 1,2-bis(tri?uoroacetyl)hydrazine 
(16.5 g, 73%). M.p. 173-1750 C. 

Example 3 

Preparation of 2,5-dichloro-1,1,1,6,6,6-hexa?uoro-3, 
4-diazahexa-2,4-diene 

Cl 

N c1:3 A,“ Y 
Cl 

A mixture of N,N-diethylaniline hydrochloride (18.5 g, 0.1 
mol), 1,2-bis(tri?uoroacetyl)hydrazine (10.3 g, 0.46 mol) and 
phosphoryl chloride (160 mL) was stirred for 30 minutes 
under nitrogen in a ?ask ?tted with a condenser leading to a 
cold trap (—780 C.). The mixture was heated under re?ux for 
5 h and then allowed to cool and stored overnight. The ?ask 
contents and the small amount of material which had con 
densed in the cold trap were combined and the two layers 
which had formed were separated. The layer was added to ice 
water (85 mL) and the mixture vigorously stirred for 1 h in a 
?ask ?tted with a condenser. Separation of the lower organic 
layer gave the main batch of the crude product (6.4 g). The 
original dark upper layer was treated similarly with ice water 
(75 mL) and the organic layer subjected to preliminary puri 
?cation by trap-to-trap distillation in vacuum to afford a sec 
ond batch of crude product (1.6 g). Distillation of the com 
bined product through a vacuum-jacketed V1greux column 
gave 2,5-dichloro-1,1,1,6,6,6-hexa?uoro-3,4-diazahexa-2,4 
diene (6.3 g, 53%) as an oil. 

Example 4 

Preparation of (ZZ)-1-amino-5-chloro-1,1,1,6,6,6 
hexa?uoro -3 ,4-diazahexa-2,4-diene 

NH2 

F3C N \ 

Cl 

A solution containing aqueous ammonia (0.78 g, 45.9 
mmol) in diethyl ether (30 mL) was added slowly over 1 h to 
a stirred solution of 2,5-dichloro-1,1,1,6,6,6-hexa?uoro-3,4 



US 8,343,260 B2 
9 

diaZahexa-2,4-diene (6.0 g, 23.0 mmol) in diethyl ether (60 
mL) and Water (30 mL) at 0° C., and stirring Was continued 
for 3 h. The ether layer Was separated, dried over Na2SO4 and 
the ether removed in vacuo to give (ZZ)-1-amino-5-chloro 
1,1,1,6,6,6-hexa?uoro-3,4-diaZahexa-2,4-diene. Yield: 3.6 g 
(64%). 

Example 5 

Preparation of 
3 ,5 -bis(tri?uoromethyl)-1H-1,2,4-triaZole 

A solution of (ZZ)-1-amino-5-chloro-1,1,1,6,6,6 
hexa?uoro-3,4-diaZahexa-2,4-diene (5.0 g, 20.7 mmol) in 
THF (20 mL) Was heated under re?ux for 3 days and the 
solvent Was removed under reduced pressure to give a Waxy 

solid. Puri?cation by column (eluant: CHCl3) affords 3,5-bis 
(tri?uoromethyl)-1H-1,2,4-triaZole as a colorless crystal. 
Yield: 1.0 g, 25%. M.p. 74-750 C. 

Example 6 

Preparation of sodium 
3, 5-bis(tri?uoromethyl)-1 ,2,4-triazolate 

NaJr 

Sodium hydride (0.24 g, 0.01 mol) Was added to 10 mL of 
anhydrous acetonitrile contained in a three-necked ?ask ?tted 
With a nitrogen inlet, a dropping funnel and a condenser 
surmounted With a drying tube (CaCl2). An equivalent 
amount of 3,5-bis(tri?uoromethyl)-1H-1,2,4-triaZole (2.0 g, 
0.01 mmol) in 5.0 mL of anhydrous acetonitrile Was added 
from the dropping funnel and the mixture stirred at room 
temperature for 24 h under a nitrogen atmosphere. Solvent 
Was then removed in vacuo and the White residue of the 
sodium triaZolide Was used in the folloWing reaction Without 
separation. 

Example 7 

Preparation of FMOF-l (FIG. 3) 

AgClO4.H2O (225 mg, 1.0 mmol) and the above sodium 
triaZolide (250 mg, 1.1 mmol) in 30 mL of MeOH Was stirred 
for 6 h and ?nally concentrated under reduced pressure to a 
small volume. Water Was added to the residue and the pre 
cipitated colorless solid Was ?ltered, Washed With Water and 
dried at 60° C. in vacuum to afford colorless crystalline solid. 
Recrystallization from acetonitrile-toluene afford colorless 
crystals of FMOF-l, yield: 153 mg (49%). 

The procedures above can be generally used in the synthe 
sis of other ?ourinated triaZole ligands and related ?uorous 
metal organic frameworks. For example, the RF in FIG. 2 can 
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10 
be replaced by longer ?ourinated alkyl groups or ?ourinated 
aromatic groups instead of CF3. 
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What is claimed is: 
1. Fluorinated metal-organic frameworks, comprising 
a plurality of metal clusters, Wherein the metal clusters 

comprise Ag(l); and 
a plurality of linking ligands, Wherein the linking ligands 

comprise triaZolates, 
Wherein the linking ligands connect adjacent metal clusters 

to form a coordination polymer, Wherein hydrogen 
atoms are substituted completely by ?uorine atoms in 
each ligand, and Wherein the ?uorinated metal-organic 
frameWorks have 3-D, 2-D, or 1-D structures. 

2. The ?uorinated metal-organic frameWorks of claim 1, 
Wherein the clusters are assembled into coordination poly 
mers having a plurality of open-ended, holloW channels and 
internal cavities With hydrophobic internal areas. 

3. The ?uorinated metal-organic frameWorks of claim 2, 
Wherein the open-ended, holloW channels and internal cavi 
ties are free of solvent molecules. 

4. The ?uorinated metal-organic frameWorks of claim 2, 
Wherein the open-ended, holloW channels and internal cavi 
ties are capable of adsorbing and desorbing gases. 

5. The ?uorinated metal-organic frameWorks of claim 1, 
Wherein the ?uorinated metal-organic frameWorks are 
capable of adsorbing gases. 

6. The ?uorinated metal-organic frameWorks of claim 5, 
Wherein the gases are hydrogen, methane, oxygen, nitrogen, 
carbon monoxide, carbon dioxide, nitric oxide, nitrous oxide, 
or vapors of haZardous organic solvents. 

7. The ?uorinated metal-organic frameWorks of claim 5, 
Wherein the gases are adsorbed by increasing pressure and/or 
decreasing temperature. 

8. The ?uorinated metal-organic frameWorks of claim 1, 
Wherein the ?uorinated metal-organic frameWorks are 
capable of adsorbing aromatic organic molecules. 

9. The ?uorinated metal-organic frameWorks of claim 8, 
Wherein the aromatic organic molecules are benZene, toluene, 
or xylenes. 

10. The ?uorinated metal-organic frameWorks of claim 1, 
Wherein the ?uorinated metal-organic frameWorks are 
capable of desorbing gases. 
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11. The ?uorinated metal-organic frameworks of claim 10, 
wherein the gases are desorbed by decreasing pressure and/or 
increasing temperature. 

12. The ?uorinated metal-organic frameworks of claim 1, 
wherein the ?uorinated metal-organic frameworks have den 
sities in the range of about 1.6 g/mL to about 2.2 g/mL. 

13. The ?uorinated metal-organic frameworks of claim 1, 
wherein the ?uorinated metal-organic frameworks have Volu 
metric storage capacities for gases that exceeds their gravi 
metric storage capacities for gases. 

14. The ?uorinated metal-organic frameworks of claim 1, 
wherein the ?uorinated metal-organic frameworks have nega 
tiVe, positive, or Zero thermal expansion in presence or 
absence of gas molecules. 

12 
15. A method for the adsorption and storage of gases or 

aromatic organic molecules, comprising exposure of the 
gases or aromatic organic molecules to the ?uorinated metal 
organic frameworks of claim 1. 

16. A storage device for gases or aromatic organic mol 
ecules, comprising the ?uorinated metal-organic frameworks 
of claim 1. 

17. The ?uorous metal-organic frameworks of claim 1, 
wherein the coordination polymer comprises per?uorinated 
polynuclear Ag(l)-triaZolate clusters. 


