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ABSTRACT: High methane storage capacity in porous
materials is important for the design and manufacture of
vehicles powered by natural gas. Here, we report the synthesis,
crystal structures and methane adsorption properties of five
new zinc metal—organic frameworks (MOFs), MOF-905,
MOF-905-Me,, MOF-905-Naph, MOF-905-NO,, and MOF-
950. All these MOFs consist of the Zn,O(—CO,), secondary
building units (SBUs) and benzene-1,3,5-tri-fB-acrylate, BTAC.
The permanent porosity of all five materials was confirmed, and
their methane adsorption measured up to 80 bar to reveal that
MOF-905 is among the best performing methane storage
materials with a volumetric working capacity (desorption at S
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bar) of 203 cm® cm™ at 80 bar and 298 K, a value rivaling that of HKUST-1 (200 cm® cm™), the benchmark compound for
methane storage in MOFs. This study expands the scope of MOF materials with ultrahigh working capacity to include linkers

having the common acrylate connectivity.

B INTRODUCTION

Methane, the lightest of hydrocarbons, draws a lot of attention
because it has a very high research octane number (RON =
107), yet low CO, emissions. It is predicted that the demand of
energy from natural gas will exceed 200 exajoules per year in
2040, as the second largest energy source.' Although natural
gas represents over 60% of the fossil fuels on earth, it remains
the least utilized compared to oil and coal. Currently, natural
gas is employed mainly as a fuel for electric power plants
(31%), industry (28%), and in homes (19%).”

Growing interest is focused on expanding the use of methane
for fueling automobiles. However, one main challenge for this
expansion lies in the low energy density of methane gas under
ambient conditions (0.04 MJ L™", compared to 32.4 MJ L™ for
gasoline).” Three strategies are being developed to overcome
this challenge. First, the use of liquefied natural gas. Here,
methane is stored under cryogenic conditions, which leads to
an impressive compression to 0.16 vol % compared to gaseous
methane, resulting in a high volumetric energy density of 20—
23 MJ L™". However, the main drawback of this strategy is the
high-cost of running a cryogenic system necessary to cool down
the whole storage tank to —162 °C. To date, this technique is
mainly for long distance natural gas transportation.” Second,
the use of compressed natural gas (CNG), where methane is
stored under high pressure (200 to 250 bar) in fuel tanks
attached to vehicles. Under this pressure, the volume of
methane is compressed to 1 vol %, thus increasing its energy
density to approximately 10 MJ L™'. Vehicles using this
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technology have been designed, and manufactured mainly in
Europe, South America, and Asia. However, safety concerns
have been raised about carrying a highly pressurized methane
tank in an automobile, in case of ignition.S Third, the use of
adsorbed natural gas (ANG), in which methane is stored in a
porous sorbent material under less extreme pressure regimes
compared to CNG (below 100 bar). The superior adsorption of
methane in such porous materials is expected to compensate
for the loss in capacity due to operating at lower pressures.
Porous carbon and newly developed MOFs are promising
candidates as sorbent materials.” ANG is also combined with
CNG to give high pressure ANG, where a high pressure CNG
tank is filled by sorbent materials. This technique aims to
increase the capacity of natural gas storage and reduce the
overall space occupied by the fuel tank. The presence of
sorbent materials in high pressure tanks has the added benefit
of making CNG a safer strategy as the desorption of methane
gas from the sorbent materials takes up a significant amount of
heat, cooling down the whole tank, slowing down the methane
release and preventing the tank from spontaneously ignition.
Vehicle models using this high pressure ANG technique have
already been realized by BASF.”

The fast pace of development of ANG and high-pressure
ANG techniques heightened the expectations for sorbent
materials. In 2012, U.S. Department of Energy (DOE) updated
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Scheme 1. Zn,0(—CO,) Secondary Building Units (SBUs) Are Connected with Organic Linkers to Form MOF-950, MOF-905

and Functionalized MOF-905

SBU Linker MOF, topology
. Zn,0(BTAC),
o} 7 MOF-950, pyr
o
Zn
— HOOCOCOOH —> Zn,0(BDC)(BTAC),/4
MOF-905, ith-d
n COOH H,BDC
X H,C
+ P —1 ———  Hooc COOH ——> Zn,0(BDC-Me,)(BTAC), s
| COOoH MOF-905-Me,, ith-d
HoOC Hs
Zn,0(-CO,), H,BTAC H,BDC-Me,
S HOOCCOOH —3  Zn,O(NDC)(BTAC),
MOF-905-Naph, ith-d
H,NDC
O,N
HOOC—@—COOH s Zn,0(BDC-NO,)(BTAC),
MOF-905-NO,, ith-d
H,BDC-NO,

the target for methane storage materials for ANG applications
to a gravimetric capacity of 50 wt % and a volumetric capacity
of 250 g L™.° The most important parameter is the volumetric
capacity, considering the limited size of an automobile fuel tank.
Accordingly, new porous adsorbents are required to meet these
challenging storage targets. MOFs are known to be useful in the
storage of gases, including methane. Among the many MOFs
studied for methane storage are HKUST-1, Ni-MOF-74, PCN-
14, NOTT-101, NOTT-109, UTSA-20, UTSA-76a, Al-soc-
MOF-1, and [Co(BDP), BDP = 1,4-benzenedipyrazolate], at
35 to 80 bar’ and MOF-5, MOF-177, MOF-205, MOF-210 at
250 bar (extrapolated data)'”'" have been outstanding sorbent
materials, having some of the highest reported total volumetric
storage capacities. Since the automobile industry requires that §
bar of engine inlet pressure, working capacity is the key
parameter to evaluate the performance of methane storage
materials.”* At present, the highest working capacities reported
for a MOF are 155 cm® cm™ (111 g L"), 153 cm® cm™ (109
L"), and 151 cm® cm™ (108 g L) at 35 bar for Co(BDP),”™
HKUST-1,”* and USTA-76a," respectively, and 200 cm® em™3
(1943 g L™") at 80 bar shared by HKUST-1"* and Al-soc-MOF-
1.7¢

Here, we report the synthesis, crystal structure, porosity, and
methane adsorption properties for five zinc based MOFs made
using organic linkers containing acrylate links [termed MOF-
950: Zn,O(BTAC),, H;BTAC = benzene-1,3,5-tri-f-acrylic
acid, MOF-905: Zn,O(BDC)(BTAC),,;, H,BDC = 14-
benzenedicarboxylic acid, and functionalized MOF-905:
MOF-905-Me,, MOF-905-Naph, and MOF-905-NO,]
(Scheme 1). One member of this series (MOF-90S) has
working capacity (desorption at S bar) of 203 cm® cm™ (145 g
L™") at 80 bar and 298 K, a value rivaling that of HKUST-1
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(200 cm® cm™ or 143 g L"), the benchmark compound for
methane storage in MOFs.

B EXPERIMENTAL SECTION

Chemicals. Pyridine (>99%), piperidine (99%), malonic acid
(99%), acetic acid (>99%), sulfuric acid (95.0—98.0%), ethanol
(anhydrous, >99.5%), zinc nitrate hexahydrate [Zn(NO;),-6H,0],
H,BDC (98%), and Sigmacote siliconizing reagent were purchased
from Sigma-Aldrich. 1,3,5-Triformylbenzene (98%) was obtained from
Acros Organics. Anhydrous N,N-dimethylformamide (DMF) was
obtained from EMD Millipore Chemicals. Chloroform (HPLC grade
with SO ppm pentene as a preservative) was obtained from Fisher
Scientific. 2-Nitro-1,4-benzenedicarboxylic acid (H,BDC-NO,) and
2,5-dimethyl-1,4-benzenedicarboxylic acid (H,BDC-Me,) were pur-
chased from TCI America. 1,4-Naphthalenedicarboxlic acid (H,NDC)
was obtained from Alfa Aesar. H;BTAC was prepared according to a
slightly modified published procedure.”® All starting materials and
solvents, unless otherwise specified, were used without further
purification.

Analytical Techniques. Single-crystal X-ray diffraction (SXRD)
data were collected on a Bruker D8-Venture diffractometer equipped
with Mo- (4 = 0.71073 A) and Cu-target (1 = 1.54184 A) microfocus
X-ray tubes and a PHOTON 100 CMOS detector. Powder X-ray
diffraction patterns (PXRD) were recorded using either a Bruker D8
Advance diffractometer (Gobel-mirror monochromated Cu Ka
radiation 4 = 1.54056 A) or a Rigaku Miniflex 600 diffractometer
(Bragg—Brentano geometry, Cu Ka radiation 4 = 1.54056 A).
Elemental microanalyses (EA) were performed in the Microanalytical
Laboratory of the College of Chemistry at UC Berkeley, using a
PerkinElmer 2400 Series II CHNS elemental analyzer. Attenuated
total reflectance (ATR) FTIR spectra of neat samples were performed
in-house on a Bruker ALPHA Platinum ATR-FTIR Spectrometer
equipped with a single reflection diamond ATR module. Thermal
gravimetric analysis (TGA) curves were recorded in-house on a TA
Q500 thermal analysis system under N, and air flow. Low-pressure N,
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and CH, adsorption isotherms were recorded in-house on
Quantachrome Quadrasorb SI and Autosorb-1 volumetric gas
adsorption analyzer, respectively. High-pressure methane adsorption
isotherms were measured using the static volumetric method on an
HPVA-100 from the VTI Corporation (currently Particulate Systems).
A liquid nitrogen bath was used for adsorption measurements at 77 K.
A water circulator was used for the measurements at 273, 283, and 298
K. The framework density of MOF samples was measured using a
pycnometer (Ultrapyc 1200e, Quantachrome). Ultrahigh-purity grade
N,, CH,, and He (99.999% purity) gases were used throughout the gas
adsorption and density measurements.

Synthesis and Characterization of MOFs. General Procedure
for Sample Preparation. To reduce nucleation in the growth of MOF
single crystals, the inner surface of glass containers were rinsed with
Sigmacote siliconizing reagent, washed three times with acetone, and
dried in oven before use. Solvent exchange of the MOFs is performed
by immersing the sample in the given solvent for 3 days, during which
the solvent was decanted and freshly replenished three times per day.

Zn,O(BTAC),, MOF-950. A solvent mixture of H;BTAC (0.033 g
0.11 mmol) and Zn(NO,),-6H,0 (0.25 g, 0.84 mmol) in 20 mL DMF
was placed in a 20 mL screw-capped scintillation vial, which was
heated at 85 °C for 3 d. Light yellow crystals were collected and
quickly washed three times with 5 mL of fresh DMF. As-synthesized
MOF-950 was rinsed 3 times per day with 4 mL of DMF for 3 d and
immersed in 4 mL of chloroform for 3 d, during which time the
solvent was replaced 3 times per day. The solid was then evacuated
under dynamic vacuum, first at room temperature for 12 h and then 80
°C for 4 h to yield the activated sample (Yield: 0.029 g; 62% based on
H,BTAC). 'H digested solution NMR of the activated sample (400
MHz, DMSO-dg, ppm): 8.05 (s, 3H, 1 X BTAC), 7.60 (d, ] = 16.1 Hz,
3H, 1 X BTAC), 6.77 (d, ] = 16.1 Hz, 3H, 1 X BTAC). EA of activated
sample: Caled for Zn,C;H;30,3 = Zn,O(C,HyO4),: C, 42.49; H,
2.14%. Found: C, 41.47; H, 2.09%. ATR-FTIR (4000—400 cm™):
1647 (m), 1588 (m), 1560 (sh), 1542 (sh), 1527 (m), 1444 (m), 1399
(s), 1299 (w), 1236 (w), 1166 (w), 972 (m), 895 (w), 858 (m), 753
(w), 726 (w), 670 (w), 593 (m), 524 (m), 413 (m).

Zn,0(BDC)(BTAC),;5, MOF-905. A solvent mixture of H;BTAC
(0.045 g, 0.16 mmol), H,BDC (0.048 g, 0.29 mmol) and Zn(NO;),-
6H,0 (0.26 g, 0.87 mmol) in 18 mL DMF and 1.8 mL ethanol was
placed in a 20 mL screw-capped scintillation vial, which was heated at
85 °C for 1 d. Collected light yellow crystals were washed and dried in
the same way as MOF-950 to yield the activated sample (Yield: 0.048
g; 49% based on H;BTAC). 'H digested solution NMR of activated
sample (400 MHz, DMSO-d, ppm): 8.05 (s, 4H, 1.33 X BTAC), 8.03
(s, 4H, 1 x BDC), 7.60 (d, ] = 16.1 Hz, 4H, 1.33 X BTAC), 6.77 (d, ]
= 16.1 Hz, 4H, 1.33 X BTAC). EA of activated sample: Calcd for
Zn,CysH O3 = Zn,0(CgH,0,)(C sHoOg)4/3: C, 40.89; H, 1.96%.
Found: C, 39.87; H, 1.82%. ATR-FTIR (4000—400 cm™): 1644 (m),
1595 (m), 1535 (m), 1397 (s), 1301 (w), 1275 (w), 1236 (w), 1160
(w), 1020 (w), 983 (m), 861 (m), 825 (w), 746 (m), 666 (w), 604
(m), 576 (m), 517 (m).

Zn,O(BDC-Me,)(BTAC),;3, MOF-905-Me,. A solvent mixture of
H;BTAC (0.045 g, 0.16 mmol), H,BDC-Me, (0.067 g, 0.34 mmol)
and Zn(NO;),-6H,0 (0.26 g, 0.87 mmol) in 18 mL DMF and 1.8 mL
ethanol was placed in a 20 mL screw-capped scintillation vial, which
was heated at 85 °C for 1 d. Obtained light yellow crystals were
washed and dried in the same way as MOF-905 to yield the activated
sample (Yield: 0.044 g; 43% based on H;BTAC). 'H digested solution
NMR of activated sample (400 MHz, DMSO-d,, ppm): 8.07 (s, 4H,
1.33 X BTAC), 7.67 (s, 2H, 1 X BDC-Me,), 7.59 (d, J = 16.0 Hz, 4H,
1.33 X BTAC), 6.76 (d, ] = 16.0 Hz, 4H, 1.33 X BTAC), 2.46 (s, 6H, 1
X BDC-Me,). EA of activated sample: Calcd for Zn,CyH,,0,3 =
7n,0(C1oHg0,)(C1sHyOg)y 5 C, 42.39; H, 2.37%. Found: C, 42.09;
H, 2.02%. ATR-FTIR (4000—400 cm™): 1645 (m), 1594 (m), 1534
(m), 1400 (s), 1360 (m), 1301 (w), 1236 (w), 1194 (w), 1159 (w),
982 (m), 861 (m), 796 (w), 748 (w), 666 (w), 604 (m), 570 (w), 517
(m), 427 (w).

Zn,O(NDC)(BTAC),;;, MOF-905-Naph. A solvent mixture of
H;BTAC (0.045 g, 0.16 mmol), H,NDC (0.074 g, 0.34 mmol) and
Zn(NO;),-6H,0 (0.26 g, 0.87 mmol) in 18 mL DMF and 1.8 mL

ethanol was placed in a 20 mL screw-capped scintillation vial, which
was heated at 85 °C for 1 d. Obtained light yellow crystals were
washed and dried in the same way as MOF-905 to yield the activated
sample (Yield: 0.047 g; 45% based on H;BTAC). 'H digested solution
NMR of activated sample (400 MHz, DMSO-d,, ppm): 8.75 (dd, J =
6.7 Hz, 3.4 Hz, 2H, 1 X NDC), 8.09 (s, 2H, 1 X NDC), 8.07 (s, 4H,
1.33 X BTAC), 7.69 (dd, J = 6.7 Hz, 3.4 Hz, 2H, 1 X NDC), 7.60 (d, ]
= 16.0 Hz, 4H, 1.33 X BTAC), 6.76 (d, ] = 16.0 Hz, 4H, 1.33 X
BTAC). EA of activated sample: Caled for Zn,C;,HsO,; =
Zn,0(C,H¢0,)(C1sHyOg)4/3: C, 44.05; H, 2.08%. Found: C, 43.70;
H, 1.98%. ATR-FTIR (4000—400 cm™): 1644 (m), 1593 (m), 1532
(m), 1400 (s), 1371 (s), 1264 (w), 1237 (w), 1165 (w), 982 (m), 860
(m), 827 (w), 789 (m), 740 (w), 666 (w), 604 (m), 587 (m), 522
(m), 472 (m).

Zn,O(BDC-NO,)(BTAC),;, MOF-905-NO,. A solvent mixture of
H,BTAC (0.045 g, 0.16 mmol), H,BDC-NO, (0.062 g, 0.29 mmol)
and Zn(NO;),-6H,0 (0.26 g, 0.87 mmol) in 18 mL DMF and 1.8 mL
ethanol was placed in a 20 mL screw-capped scintillation vial, which
was heated at 85 °C for 36 h. Obtained light yellow crystals were
washed and dried in the same way as MOF-905 to yield the activated
sample (Yield: 0.043 g; 41% based on H;BTAC). 'H digested solution
NMR of activated sample (400 MHz, DMSO-d,, ppm): 8.24 (d, J =
14 Hz, 1H, 1 X BDC-NO,), 8.20 (dd, J = 7.9 Hz, 1.4 Hz, 1H, 1 X
BDC-NO,), 8.03 (s, 4H, 1.33 X BTAC), 7.85 (d, ] = 7.9 Hz, 1H, 1 X
BDC-NO2), 7.59 (d, ] = 16.0 Hz, 4H, 1.33 X BTAC), 6.76 (d, ] = 16.0
Hz, 4H, 1.33 X BTAC). EA of activated sample: Calcd for
Zn,CogH,NO,s = Zn,O(CgH,00N)(C,sHyOg)s/s: C, 38.76; H,
1.74; N, 1.62%. Found: C, 38.98; H, 1.46; N, 1.65%. ATR-FTIR
(4000—400 cm™): 1643 (m), 1615 (m), 1591 (m), 1532 (m), 1398
(s), 1302 (w), 1276 (w), 1237 (w), 1167 (w), 1133 (w), 1067 (w),
983 (m), 860 (m), 840 (w), 826 (w), 778 (w), 750 (w), 738 (w), 728
(w), 666 (w), 604 (m), 589 (m), 525 (m), S09 (m).

B RESULTS AND DISCUSSION

Although several classes of adsorbent materials have been used
for methane storage, it remains a challenge to find materials of
high performance, especially with high volumetric working
capacity.” Activated carbons have the ability to store methane
at 80 bar and 298 K, however, the highest reported volumetric
methane working capacities for activated carbons are in the
range of 100—170 cm® cm™, well below the energy density of
CNG (263 cm® cm™ at 250 bar and 298 K).”*

High volumetric uptake capacity can be achieved by MOFs
replete with open metal sites, as in MOF-74,'* HKUST-1,"
and PCN-14."° These MOFs typically have high isosteric
enthalpies of adsorption (Q,,) at zero coverage (17 to 21 kJ
mol™") which is indicative of the significantly stronger methane-
adsorbent interactions compared to those in MOFs without
open metal sites (typically 10 to 15 kJ mol™).”* However, as a
consequence of the strong interaction with the framework, 25—
40% of methane is unusable since it cannot be desorbed at 5
bar and 298 K. Furthermore, each open metal site commonly
shows strong interaction with only a single methane molecule,
limiting the increase in storage capacity without increasing the
density of open metal sites. Thus, to achieve a high volumetric
working capacity of methane under moderate storage
conditions (typically between S and 80 bar), materials with
moderate adsorption enthalpies throughout the pressure range
are required.

It is generally known that inorganic secondary building units
(SBUs) are the primary adsorption sites of guest molecules
rather than organic linkers, even if these SBUs have no open
metal sites.'” In the case of the Zn,O(—CO,), unit, there are
two type of strong binding sites on the SBU that can confine up
to 8 guest molecules (i.e.,, & and f sites can capture 4 methane
molecules respectively). However, considering the occupancy
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of Ar and/or N, at the a and f sites of MOF-5, it is unlikely
that these sites are fully occupied by methane due to the steric
repulsion of adsorbed methane molecules. In contrast, highly
porous Zn-based MOFs such as MOF-177 (11 x 17 A),"
MOF-205 (DUT-6, 25 X 30 A),"”*" and MOF-210 (27 X 48 A
and 20 X 20 A)"" demonstrate high gravimetric methane
uptake capacities. However, in this case, these MOFs do not
exhibit saturated excess methane uptake because the average
pore diameter is too large to confine methane molecules in the
pore. In other words, it is important to create enough space for
methane adsorption around the Zn,0(—CO,)s unit with
minimal dead space, leading to the high volumetric storage
capacity.20

With the above considerations in mind, we decided to
replace the peripheral phenylene ring of the benzene-1,3,5-
tribenzoate (BTB) linker (used in MOF-177 and MOF-205)
with a double-bond/triple-bond spacer. We reasoned that
shrinking the individual pore sizes of these large pore MOFs, by
using shorter organic linkers, will minimize the dead space
without sacrificing space for adsorbed methane molecules.
Given the poor thermal stabilit?f presented by carboxylates
directly linking to triple-bonds,2 we chose to focus on the
double-bond spacer version of organic linker (i.e., BTAC).

This new tricarboxylate organic linker, BTAC (Scheme 1),
was synthesized by a single-step condensation of 1,3,5-
triformylbenzene and malonic acid followed by in situ
decarboxylation. All three double bonds generated adopt the
trans- configuration, greatly increasing the symmetry of the
H;BTAC molecule. Reaction of the acid form of this linker with
Zn(NO;),-6H,0 in DMF at 85 °C for 3 d gave block crystals
of MOF-950. SXRD analysis revealed that MOF-950
crystallizes in the cubic P2,3 space group with the lattice
constant of 21.2832(4) A. In this structure, octahedral
Zn,0(—CO,) units are linked by tritopic BTAC linkers into
a three-dimensional framework with a pyr topology (Figure 1),
isoreticular to MOF-150 [Zn,O(TCA),; TCA = 4,4'4"-
tricarboxy‘criphenzylamine]22 and MOF-15S, [Zn,O(BTB-X),;
X = F,, mNH,].”> However, unlike MOF-150 and MOF-155,
where both consist of 2-fold interpenetrating frameworks,
MOF-950 is noninterpenetrated, which leads to a bicontinuous
channel with an internal pore diameter of 8.5 A, larger than that
of MOF-150 (4.5 A) and similar to that of MOF-155 (8.5 A)
despite the shorter linker.

The use of the acid forms of ditopic (BDC) and tritopic
linkers (BTAC) together with Zn(NO,),-6H,0 in DMF/
ethanol mixture leads to light yellow crystals of MOF-905 with
truncated octahedral shape. Despite extensive trials to
determine the structure from SXRD experiments, this MOF
always grows in polycrystalline form, and displays weak
diffraction peaks and readily degrades when exposed to
ambient air. Its structure was determined by comparison of
the experimental PXRD pattern with the one calculated from a
structural model based on the ith-d net (Figure 2), with refined
unit cell parameter a = 24.624 A in the space group Pm3. Like
other Zn based MOFs with ith-d net,' in this structure, each
Zn,0(—CO,); unit is linked to six carboxylates, four equatorial
from BTAC and two axial from BDC. This results in two type
of micropores present in the framework: a dodecahedral pore of
18 A in diameter, built from four BDC and eight BTAC linkers
interconnecting 12 zinc-based SBUs, and a tetrahedral pore of 6
A in diameter, built from four zinc-based SBUs connected by
two BDC and four BTAC linkers (Figure 2). Although the
BTAC linker can be flexible, the ratio of the length (ie,

Figure 1. Combination of octahedral units with tritopic units produces
the pyr network (a) exhibited by MOF-950 (b). Atom color scheme:
C, black; O, red; Zn, blue polyhedra. H atoms are omitted for clarity.
Yellow balls indicate the space in the framework.

distance between two neighboring carboxylate carbons within a
single linker) between ditopic and tritopic linkers for MOF-905
(0.63) is similar to MOF-205 (0.64).” As expected, the size of
the larger cages in MOF-90S (18.0 A) is smaller than that of
MOF-205 (25.0 A), while the size of the smaller cages for
MOF-905 (6.0 A) is even larger than that of MOF-205 (5.0 A)
(Table 1). This indicates that the shorter BTAC linker is able
to effectively reduce the dead space, making it a good candidate
to achieve high volumetric storage capacity at 80 bar.

We were interested in the role of functional groups in these
MOFs and their methane storage capacities, which motivated
us to construct a series of highly porous MOFs that have well-
separated functionalized linkers. Three functionalized MOF-
905 (MOF-905-Me,, MOF-905-Naph, and MOF-905-NO,)
were obtained with the same synthetic method, using the acid
forms of ditopic BDC-Me,, NDC, and BDC-NO, linkers
instead of BDC (Scheme 1). Similar to MOF-905, structural
determination of these functionalized MOFs by single crystal
diffraction techniques was not successful. Instead, their
structure and phase purity were confirmed by comparing
their experimental PXRD patterns with simulated ones from
structural models (SI, Sections S2 and S3). It should be noted
that the diameter of larger cages for a series of functionalized
MOF-905 ranges from 15.3 to 17.6 A (for MOF-905-Naph and
-Me,, respectively), while the diameter of smaller cages is still
greater than that of expanded version, MOF-205 (Table 1).
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Figure 2. Combination of octahedral units with ditopic and tritopic
units produces the ith-d network (a) with tetrahedral (b) and
octahedral cages (c) exhibited in MOF-905 (d). Atom color scheme:
C, black; O, red; Zn, blue polyhedra. H atoms are omitted for clarity.
Yellow and green balls indicate the space in the framework.

Porosity of MOFs. Prior to the methane adsorption tests,
N, adsorption isotherms for all five MOFs were recorded at 77
K to confirm the presence of permanent porosity and to
calculate their pore volume (Table 1). The guest-free
(activated) materials were obtained by solvent exchange with

chloroform followed by direct evacuation of pores under
dynamic vacuum (4 X 107° bar). Successful removal of guest
molecules from the pore was also confirmed by thermogravi-
metric analysis (SI, Section $4). All examined MOFs displayed
significant N, uptake in the low pressure region (P/P, < 0.05)
and were saturated around P/P, = 0.2 (SI, Figures S12 to S16).
The profiles of the isotherms are all classified as Type I and the
adsorption of N, was fully reversible, which is characteristic of
permanent microporosity. Compared to MOF-90S, the
functionalized MOF-905 materials show slightly lower N,
uptake because the presence of extra functional groups reduces
the pore volume. All of these materials exhibit high BET surface
areas (>3000 m* g™') and large pore volumes (ca. 1.3 cm® g™'),
which are in good agreement with those calculated from their
structural models. The BET (Langmuir) surface area, pore
volume, crystal density, and pore diameter are summarized
along with other benchmark MOFs with the Zn,0(—CO,),
SBU in Table 1.

Low-Pressure Methane Isotherms and Adsorption
Enthalpies. Low-pressure methane uptake isotherms for
MOF-950, MOF-905, and functionalized MOF-905 were
measured up to 1.1 bar at 273, 283, and 298 K (SI, Figures
$17—S21). Methane uptake in these MOFs increases linearly
with pressure, with no saturation in uptake observed in the
pressure region studied. Methane uptake for these new MOFs
at 298 K and 1.1 bar ranges from 8.1 cm® g~ (MOF-905-NO,)
to 11.0 cm® g7 (MOF-905-Me,), and these are comparable to
the methane uptake in MOF-177 (9.1 cm® g™') under the same
conditions (Table 1). Such moderate methane uptake capacity
below 1.1 bar should be advantageous in achieving a larger
working capacity for practical natural gas storage processes. It is
known that low-pressure methane adsorption capacity
correlates to the adsorption enthalpy rather than porosity of
sorbent materials. Accordingly, the isosteric enthalpy of
adsorption (Q,) for methane was calculated based on methane
isotherms collected at 273, 283, and 298 K.

Figure S22 demonstrates the coverage dependencies of Q
calculated from fitting these data. MOF-950 shows slightly
higher near-zero coverage Q, value than MOF-905 (11.9 and
11.7 kJ mol™!, respectively); however, the profile of these Q,
curves is nearly flat in the low coverage region. We note that
these Q,; values are comparable to those in MOF-S (12.3 kJ
mol™), MOF-177 (9.9 k] mol™'), and MOF-205 (10.6 kJ
mol™!), MOFs with Zn,0(—CO,)s SBUs; but less than those
of Ni-MOF-74 (21.4 k] mol™"), PCN-14 (18.7 k] mol™), and
HKUST-1 (17.0 kJ mol™), MOFs with open metal sites.”
Considering that the Q,, values of MOFs with Zn,0(—CO,);

Table 1. Summary of the Low-Pressure Sorption, Physical and Pore-Structure Properties of the Studied Zinc MOFs

surface area, m* g_1

material BET Langmuir V' cm’® g™ dc,ystal,h g cm™
MOEF-905 3490 3770 1.34 0.549
MOEF-905-Me, 3640 3920 1.39 0.568
MOEF-905-Naph 3310 3540 125 0.585
MOE-905-NO, 3380 3600 1.29 0.580
MOE-950 3440 3650 1.30 0.517
MOE-20S 4080 5700 1.96 0.380
MOE-177 4700 5060 1.83 0.427
MOE-§ 3480 3860 1.39 0.605

dpyeney” g cm™ DA CH, uptake,” cm® g™* Q. kJ mol™

0.537 6.0, 18.0 7.7 11.7
0.518 5.5, 17.6 11.0 10.3
0.553 6.8, 15.3 10.2 11.3
0.551 §.1,17.3 8.1 10.7
0.540 8.5 8.6 11.9
0.402 5.0, 25.0 8.0 10.6
0411 10.8 9.1 99

0.533 12.8 7.3 10.0

“Calculated from uptake at P/P, = 0.9. “From crystal structure and model structure data. “From pycnometer density data, averaged from 10
measurements on multiple batches of samples. “Pore diameter calculated with Platon.”* “Data at 1.1 bar and 298 K.

10248

DOI: 10.1021/jacs.6b05261
J. Am. Chem. Soc. 2016, 138, 10244—-10251


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05261/suppl_file/ja6b05261_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05261/suppl_file/ja6b05261_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05261/suppl_file/ja6b05261_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05261/suppl_file/ja6b05261_si_002.pdf
http://dx.doi.org/10.1021/jacs.6b05261

Journal of the American Chemical Society

SBUs are not substantially influenced by the surface coverage of
methane, it is presumed that primary methane adsorption sites
should be located near the SBU.

Compared to MOF-90S, three functionalized MOF-905
materials show lower Q,, values of 10.3 (—Me,), 11.3 (—Naph),
and 10.7 (=NO,) kJ mol ™", although it is proposed that methyl
functionalities can have a positive impact on the methane
adsorption.”> Assuming that the primary methane adsorption
sites are nearby the Zn,0(—CO,)s SBUs at ambient pressure, it
is likely that the introduced methyl functionalities can block
access of methane to the primary adsorption site rather than
enhance the adsorbate—adsorbent interactions based on the
functionalization of the benzene with electron donating groups.
This is in contrast to the trend that Me and Cl functionalized
Zn-based MOFs show higher Q..”® However, these MOFs have
relatively small pore diameter (ca. 7 A) such that the increased
Q¢ values can be attributed to the pore size effect.

High-Pressure Methane Storage. High-pressure excess
methane isotherms (up to 80 bar) for MOF-950, MOF-905,
and functionalized MOF-905 were recorded at 298 K on a
volumetric adsorption analyzer to evaluate the storage perform-
ance of methane (Figure 3a). Methane uptake in these MOFs
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Figure 3. Excess (a) and total (b) CH, isotherms for MOFs measured
at 298 K.

gradually increases with increasing pressure. Methane uptake
below 20 bar is similar, while MOF-950 with the smallest pore
diameter among Zn-based MOF showed the highest methane
uptake in the medium pressure range (20—SO bar). By
increasing pressure further, excess uptake in each case is
approaching saturation. The excess uptake at 80 bar and 298 K
is nearly proportional to the surface area (pore volume) of
MOFs. MOF-905 showed the highest methane uptake of 310
cm® g7! and this is followed by MOF-950 (297 cm® g™'), MOE-
905-Me (294 cm® g7'), MOF-905-Naph (289 cm® g™'), and

MOF-905-NO, (261 cm® g™'). Volumetric excess methane
uptake can be calculated by multiplying the bulk density of
materials. However, experimental bulk density cannot be the
same as the theoretical one calculated from the crystal structure
when the MOF sample is poorly activated or contains defect
sites in its structure. Therefore, prior to unit conversion, we
sought to estimate the bulk density of these MOFs using
skeletal density (dgq = 1/Vyy) and pore volume (V,), because
these are experimentally determined using He pycnometry and
N, adsorption, respectively:

experimental bulk density = 1/(1/dy, + Vp) (1)

As demonstrated in Table 1, the experimental bulk density
for these MOFs was 5—10% lower compared to the theoretical
crystal density, which is indicative of the presence of defects in
the MOF crystals. The maximum excess methane uptake for
MOF-905 in volumetric units is 167 cm® cm™ at 80 bar and
298 K, which outperforms MOF-950 (153 cm® cm™) and
functionalized MOF-905 (160, 151, and 144 cm® cm™ for
—Naph, —Me,, and —NO,, respectively).

To explore the potential as sorbent materials in their
practical application, the total methane uptake in volumetric
units is commonly used. Accordingly, the total uptake was
calculated from the excess methane uptake using the following
equation:

Ntotal = l\Texcess + pCH4 X ‘/p (2)

As shown in Figure 3b, calculated total methane uptake
monotonously increases with pressure, with no saturation
behavior observed. The total volumetric methane uptake for
MOEF-950, MOF-90S, and functionalized MOF-905 at 80 bar
and 298 K are ranging from 203 (MOF-905-NO,) to 228 cm’®
cm™ (MOF-905). Remarkably, methane uptake in MOF-905
at 80 bar is 2.7 times larger than bulk methane density at the
same temperature and pressure. This value is also 10% greater
than MOF-177 (205 cm® cm™) and larger-pore MOF-205
(205 cm® cm™), and is approaching the best performing
MOFs, such as HKUST-1 (272 cm® ecm™ at 80 bar)'® and
UTSA-76a (257 cm® cm™ at 65 bar)."”

Effect of Pore Size and Functionality. To validate our
hypothesis that methane storage capacity is enhanced by
reducing the diameter of the large cages in low density MOFs,
such as MOF-177 and MOEF-205, the total volumetric methane
uptakes for Zn-MOFs at 298 K were also compared. In the case
of single linker MOFs, as shown in Table 2, the total volumetric
uptake in MOF-950 outperforms MOF-177 in the entire range
of 35 to 80 bar.”® Similar trend was observed for the mixed
linker system: in the entire range of 35 to 80 bar, the smaller
pore MOF-905 showed 11 to 21% enhancement on total
volumetric methane uptake over larger-pore MOF-205. These
results combined clearly indicate a significant benefit of proper
pore size on total methane storage capacity at these pressures.

The addition of organic functional groups may have an extra
influence on total volumetric methane uptake at high pressure.
At 35 bar, MOF-905-Naph exhibits the highest total volumetric
methane uptake among four MOF-905 materials, followed by
MOF-905, MOF-905-Me,, and MOF-905-NO,. However, the
benefits from introducing organic functionality disappear with
increasing pressure from 3S to 80 bar (Table 2). At 35 bar, the
total volumetric methane uptake of MOF-905-Naph (146 cm?®
cm™) is comparable to that of MOF-905 (145 cm® cm™),
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Table 2. Summary of MOF Net, Pore Size, And Total Methane Uptake and Working Capacity (Desorption at 5 bar) at 35 and

80 bar and 298 K’

total uptake at 35 bar,

total uptake at 80 bar,

working capacity at 35 bar,  working capacity at 80 bar,

material net DA cm® cm™3 cm® cm™3 cm® ecm™3 cm® ecm™
MOEF-905 ith-d 6.0, 18.0 145 228 120 203
MOF-905-Me, ith-d 5.5,17.6 138 211 111 184
MOF-905-Naph  ith-d 6.8, 15.3 146 217 117 188
MOF-905-NO, ith-d 51,173 132 203 107 177
MOF-950 pyr 8.5 145 209 109 174
MOEF-5” peu 12.8 126 198 104 176
MOF-177" qom 10.8 122 205 102 185
MOF-205" ith-d 5.0, 25.0 120 205 101 186
MOE-210" toz 20, 27 X 40 82 166 70 154
Ni-MOF-74¢ etb 13.6 230 267 115 152
HKUST-1° tho 4,10, 11 225 272 153 200
Al-soc-MOF-17  edq/ 14.3 127 221 106 201
SOC
PCN-14° fof/nbo  14.3 200 250 128 178
UTSA-762° fof/nbo 102, 211 257 151 197
9.6 X 22.3

Co(BDP)? oab 2.6-8.0 161 203" 155 197
MOF-519" sum 7.6 200" 279" 151" 230"
AX-21¢ n/a n/a 153 222 103 172
Bulk CH, n/a n/a 33 83 29 79

“Calculated with Platon.** *Data from ref 10. “Data from ref 9a. “Data from ref 9¢. “Data from ref 12./Data measured at 298 K and 65 bar. *Data
from ref 9d. "We note that the difficulty in controlling the composition of synthesized MOF-519 has led to poor reproducibility and likely

overestimation of these reported values.

while at 80 bar, the total volumetric methane uptake of MOF-
905-Naph is 5% lower than that of MOF-90S.

Methane Storage Working Capacity. Considering the
practical application of methane storage in automobiles, the
volumetric working capacity of methane (desorption pressure is
at § bar) was also obtained, as shown in Table 2. Due to MOF-
905’s moderate Q,, for methane, only 25 cm® cm™ of adsorbed
methane is unusable at desorption pressure of S bar. This value
is slightly greater than those for larger pore MOF-205 and
MOF-177 (19 and 20 cm® cm™>, respectively), but significantly
lower compared to HKUST-1 (72 cm® cm™). This allows
MOF-905 to extend its advantage over larger pore MOFs from
total volumetric methane uptake to volumetric methane storage
working capacity; at the same time to compete with MOFs with
open metal sites. Indeed, the working capacity of MOF-905 at
35 bar is 120 cm® cm™3, while at 80 bar this MOF is able to
deliver 203 cm® cm™, which surpasses all other zinc-based
MOFs, including the larger-pore MOF-205 (101 cm® em™ at
35 bar and 186 cm® cm™ at 80 bar) and MOF-177 (102 ¢m?®
cm™ at 35 bar and 185 cm® cm™ at 80 bar). More significantly,
this value is comparable to the benchmark compound HKUST-
1 (200 cm® cm™) at 80 bar. We note that at 80 bar, a tank filled
with MOF-905 would deliver 2.5 times more methane than a
tank containing no sorbent material.
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