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ABSTRACT: Porous molecular solids are promising materi-

als for gas storage and gas separation applications. Howg 1601 . "
given the relative dearth of structural information concergig 51401 s’

these materials, additional studies are vital for fu 51201 ° L oa o
understanding their properties and developing de §‘°°' oot
parameters for their optimization. Here, we examine a sgfi i

of isostructural cuboctahedral, paddlewheel-based cooflinz R

tion cages, M('Bu-bdc), (M = Cr, Mo, Ru;'Bu-bd& = 5- 3 :Z.

tertbutylisophthalate), for high-pressure methane storage.
the decrease in crystallinity upon activation of these porous
molecular materials precludesadition studies, we turn to a
related class of pillared coordination cage-base® metal
organic frameworks}Me-bdc)(dabco) (M = Fe, Co; Me-bd¢ = 5-methylisophthalate; dabco = 1,4-diazabicyclo[2.2.2]-

octane) for neutron diaction studies. Theve porous materials display BET surface areas frédi9®B7/g and total

methane uptake capacities of up to 146sdm)/cn?®. Both the porous cages and cage-based frameworks display methane
adsorption enthalpies $15 to S22 kJ/mol. Also supported by molecular modeling, neutraotitin studies indicate that

the triangular windows of the cage are favorable methane adsorption sitgSaviéheCibteractions between 3.7 and 4.1 A.

At both low and high loadings, two additional methane adsorption sites on the exterior surface of the cage are apparent for a
total of 56 adsorption sites per cage. These results show,lthatages are competent gas storage materials and further
adsorption sites may be optimized by judicious ligand functionalization to control extracage pore space.

10 20 30 40 50 60 70

INTRODUCTION means to elevate deliverable capacities of these magdrials,

Three-dimensional porous materials have been wide| xible frameworks also &u from a large 'dlscrepan.(.;y
investigated for gas storage applications. Although these hdgiveen bulk and crystallographic density and (i) a
included carbon dioxidepxygeri, ammonid, acetylend, compllqated tank.deS|gn is required to'ar.:commodate their
sulfur dioxidé ethylene oxideethylené,and nitrogefithey ~ dramatic expansmn/colIaﬂ)éeHowever, it is clear that
have most commonly been studied for the high-pressufédnicantly altered strategies must be employed to meet
storage of small molecules of consequence togeirrmi@yd, stprag.e an_d delivery targets. Molecular adsprbents may show
the storage of hydrog€i2 and metharé®’® in meta$ utility in t_hls regard, as theyeo novel strategies fo_r precise
organic frameworks (MOFs) has been the topic of recerOre de5|gn9 and enhanced control over crystallite size and
review articles. In the case of the former, manySorethic morphology: . _ _
frameworks have displayed high stbrage capacities at Porous moIe_cuIar sohd_s haye shown c_onS|dera_bIe3prom|se
cryogenic temperatures, although these are greatly diminisfi@dgas separatiGhcatalysis, chiral separatiofissensing;

near 298 K. Methane storage capacities approaching L28d as soluble designer pores for porous fiduidaddition
Department of Energy (DOE) targets have been recentfp the benets of three-dimensionally connected porous
reported for a number of m&atganic frameworksWhen materials, molecular solids have the additional advantage of
considering the deliverable capacities of these materials, algalybility and sigrgantly increased molecular-level control.
with their actual densities (as opposed to crystallographidhese can aid in the design, synthesis, characterization, and
densities, which are often utilized for total adsorption
calculations), MOF capacities fall siamtly short of  Received: June 1, 2019
targets.” Although exible MOFs have been touted as aPublished: July 4, 2019
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utilization of these adsorbents. However, understanding afrdmeworkd’ For porous coordination cages, paddlewheel
optimizing porosity in these solids can be challenging, as it damilding units often assemble into cuboctahedral and
exist as a result of surface area intrinsic to the individuattahedral structures. These have been reported for a variety
molecule or can arise from void space present froomeine  of transition metal cations and ligand functional groups.
packing of molecules that need not display poTosity. Cuboctahedral cages are an intriguing set of compounds, as
Regardless, molecular materials have displayed BET surthey have been isolated for Cr, Ni, Cu, Mo, Ru, and&h.
areas in excess of 350%gm° All-organic porous molecules Although some of these materials have been reported to
encompass various molecular species; the organic moleculpdesess high surface areas, splyiCy,('‘Bu-bdc), (‘Bu-

rst display porosity was Diasiompound (4-hydrox-  bd@ = 5tertbutylisophthalate) with a BET surface area of
yphenyl—2,2,4—trimeth3/Ichromé?1)SimiIarly, calixarerds, 1135 nd/g,*® porosity is often overlooked in coordination
cucurbituril$? Noria®® phthalocyanin€s, boronic ester  cages. Relatedly, there is a lack of structural studies on porous
cages? alkyne-based cagésnd imine-based cages have allcages upon activation or gas adsorption.

shown considerable porosftydybrid metal organic cages, Adsorption properties of porous cages can be partially
also known as mefalrganic polyhedfdhave been shown to inferred from analogous m8taganic frameworks, as the
adopt analogous structures, such as octahedral and cuboctahbectahedral cage serves as the building block for many well-
dral cagesHigure }, but have displayed relatively limited known MOFs. For example, one of three pore types in the
canonical MOF, HKUST-1, is a cuboctahedraftagewing

the versatility of paddlewheel building units, HKUST-1
analogues have been prepared using a wide variety of transition
metal cations including Cr, Fe, Co, Ni, Cu, Zn, Mo, afid Ru.
Many of the members of the PCN and NOTT/MFM families

of frameworks similarly contain copper paddlewheel-based
cuboctahedral pores, including PCKE1127° and -61° as

well as NOTT/MFM-113} -115°2 -122° (also known as
NU-125)?* and -132° The high surface areas and
crystallinities displayed by these materials have spurred
numerous adsorption and rdiction studie€>° Although

some of these have shown the importance of the triangular
windows of the cuboctahedral pores in the MOFs as gas
storage sites, the presence of additional smaller pores and
ligand-based binding sites complicates structural studies. We
have recently shown that a family of MOFs based on
coordination cages and dabco pillars can be used to glean
insight into gas adsorption sites in porous tadémse
frameworks feature cuboctahedral cages connected in three
dimensions via dabco molecules. Frameworks of this type,
which have been reported for Fe, Co, Cu, and Zn, display BET
surface areas in excess of 264§ Further, the arrangement

of cuboctahedral cages in the MOFs is nearly identical to those
found in M,('Bu-bdc), cages.

Figure 1. M,,(R-bdc), cuboctahedral cage featuring bimetallic Herein, we report the synthesis and characterization of two

paddlewheel units. This pore structure, which is isolable as a molect}§ el dabco'-plllared melaiganic frameworks'based on
species, is also pervasive in isophthalic acid-based MOFs. Black, §§@lt and iron cuboctahedral cages. Detailed structural
and red spheres represent metal (M), carbon, and oxygen atorAdlalysis of these solids suggest 5-functionalization of
respectively. The blue spheres represent functional groups (R) tig@phthalic acid is sterically limited to methyl substituents.
can include hydroxy, alkyl, amino, and others. The structures of these MOFs are analogous to a faenity of
butyl-functionalized cuboctahedral molecules. We assess the
porosity°t5é37 We aim to both expand the scope of porousCr. Mo, and Ru analogues of these cages, in addition to the
metaSorganic molecular materials and utilize spectroscopiéabco-pillared MOFs, for high-pressure methane storage.
computational, and daction methods to better understand Given the high surface areas and crystallinities of the
adsorption phenomena in them. In addition to the teae ~ frameworks, we investigated neutroraclion as a means
porous molecules mentioned above, the cation sites in hyb infer the adsorption sites in the molecular solids, which
metaSorganic porous molecules could serve as sites féfsplay high volumetric methane uptakes and deliverable
selective gas adsorption, gas storage, small-molecule activatRipacities. Additionally, we conducted molecular simulations
or redox chemistry. of methane adsorption to cam the analogous nature of
Some coordination cages have shown moderate levelsnigthane binding sites in the materials.
porosity, but the most widely studied have been based on
bimetallic paddlewheel building blocks. This is likely a result of EXPERIMENTAL SECTION
the relative ease with Whi(‘fh pa_ddlewh_eel-ba_sed m"’.‘terialﬁllaterials and Methods. With the exception of RDAC),CI>®
assemble and their compatibility with a wide variety of ligangeta| saits and organic ligands were obtained from commercial
functional groups. Indeed, in the vast area ofSmefahic  sources and used without further gation. For the syntheses of
frameworks, a very large number of paddlewheel-based MQ@og(Me-bdc),(dabco) and Ry,(‘Bu-bdc),Cl;, N,N-dimethylfor-
have been reported, from one- to two- to three-dimensionalamide (DMF), methanol (MeOH), and chloroform were obtained
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from commercial sources and used without furthercation. CCD di ractometer with graphite-monochromated Maoadiation
Where syntheses and/or solvent exchanges are performed in( a= 0.71073 A) for Cg(Me-bdc)(dabco) and with Cu K
glovebox, solvents were obtained from a solvent drying system aadiation ( = 1.541 78 A) focused with Goebel mirrors for, (8-
stored in a glovebox on the appropriately sized molecular sieves. bdc),>° Unit cell parameters were obtained from 36 data frames,
Synthesis of Cg,(Me-bdcy,(dabco). In a 100 mL media 0.5 , from three dierent sections of the Ewald sphere. The
bottle, CoGI6H,0 (2.365 g, 9.941 mmol) andMe-bdc (1.801 g, polarized optical properties of the crystal, unit cell parameters,
9.999 mmol) were dissolved in DMF (100 mL) and left to sit at roomsystematic absences, and equival@timns in the draction data
temperature for 5 days. In a separate 100 mL media bottle, dabae consistent witfd32 (209),F43m (216), andFnBm (225) for
(1.116 g, 9.949 mmol) was dissolved in DMF (100 mL). TheCo,sMe-bdc),(dabco) and, uniquely, witP2,/n (14) for
resulting cobalt/ligand stock solution (10 mL) was pipettedvieto ~ Mo,,('Bu-bdc),, The centrosymmetric space group option for
20 mL glass scintillation vials. The dabco solution (10 mL) wa€o,,(Me-bdc),(dabco}) yielded chemically reasonable and computa-
layered onto the cobalt/ligand solution. The resulting solution watsonally stable results of nement. The data were treated with
capped and heated at 365 K for 12 h. The sample was allowed to coulltiscan absorption corrections. The structures were solved using
to room temperature before removing excess solvent. Resulting diatkinsic phasing meth88snd rened with full-matrix, least-squares
purple cubic crystals were removed from the bottle with fresh DMprocedures of?.°*
and a Pasteur pipet. Solvent exchange was completed by soaking tHéne cage in GgMe-bdc),(dabco), is located at the intersection
product in fresh DMF at 383 K for 3 days with the solvent replacedf two orthogonal mirror planes and a 3-fold rotoinversion axis. The
every 12 h. The DMF-washed solid was isolated by removing excdabco ligand in GgMe-bdc).(dabco) was treated as an idealized
solvent with a Pasteur pipet and then soaked in chloroform at 333rigid group with rigid bond anisotropic restraints and equal atomic
for 3 days with the solvent replaced every 12 h. Activated material vdisplacement parameters for chemically equivalent atoms. The cage in
obtained by evacuation at 348 K. Mo, 4'Bu-bdc), is located at an inversion center. Although initial
Synthesis of Fg,(Me-bdc),(dabco). In a N, glovebox, Fegl solutions for Mg('Bu-bdc), suggested disordered DMPU molecules
(0.100 g, 0.789 mmol) andMie-bdc (0.142 g, 0.788 mmol) were at the central void as well as between polyhedra, only some of the
dissolved in DMF (12 mL) in a capped 20 mL scintillation vial andDMPU molecules coordinated on the outer surface of the cage could
heated at 393 K for 2 h. Dabco (0.177 g, 1.578 mmol) was thebe modeled satisfactorily. Tieetbutyl groups in Mg(‘Bu-bdc),
dissolved in acetonitrile (4 mL) and layered on top of the DMFwere restrained such that the quaternary carbon to methyl carbon
solution. The reaction was allowed to stand for 1 week, after whidistance is 1.534(5) A, and the methyl carbon to methyl carbon
the reaction mixture was gently swirled and decanted to remodéstance is not allowed to be shorter that 2.451(5) A. fEnebatyl
suspended product from larger, higher-density impurities. The lightoups in Mg('Bu-bdc), were given additional idealized geometry
yellow solid was then isolated by centrifugation and soaked in DMFwith the aromatic carbon tertbutyl carbon distance restrained to
room temperature for 3 days, replacing the solvent with fresh DME527(16) A. The atoms in b@Bu-bdc), were treated with global
every 8 h. After DMF washing the solid was washed with benzene bjheee-dimensional anisotropic displacement rigid bond constraints.
similar procedure. Over the course of benzene washes, the solidhe protons on the water molecule at the center of the cage in
turned a lime-green color. Activated material was obtained I§o,(Me-bdc)(dabco) could neither be geometrically calculated
evacuation of frozen benzene at 273 K for 2 days followed by heatmgy located and were ignored. All other hydrogen atoms were treated
under vacuum at 323 K for 2 days. The resulting light green solid as idealized contributions with geometrically calculated positions and
incredibly air sensitive, turning dark brown upon exposuse to O  with Uig, equal to 1.2 (or 1.5 for methyl), of the attached atom.
Synthesis of My,(‘Bu-bdc),, Compounds. These compounds Remaining electron density that cannot be localized as atoms was
were prepared as previously repdffed> However, as surface areas treated as a dised contributiof?. The structures have been
of the R&" and M&* analogues were not previously reported or weredeposited at the Cambridge Structural Database as CCDC 1881620
low, respectively, modd solvent exchange and activation and 1891146.
procedures were followed. For these, the solR0 (mg) were Neutron Di raction. Experiments were performed on 0.4495 g of
soaked in 20 mL of anhydrous, air-free methanol for 48 h, with th@éo,,(Me-bdc),(dabco) and 0.7061 g of FEMe-bdc),(dabcoy at
solvent replaced by fresh methanol every 8 h. The solids were isolatesl National Institute of Standards and Technology Center for
by vacuumltration and placed in gas adsorption tubes. The materialeutron Research (NCNR). Data were collected at the high-
were activated under dynamic vacuum with a turbomolecular pumgsolution neutron powder dictometer, BT1, utilizing a Ge(311)
and a heating ramp rate of 0.1 K/min up to theal activation monochromator with an in-pile G®llimator, corresponding to a
temperatures (Mo = 298 K, Ru = 398 K). neutron wavelength of 2.0775 A. Activated samples were loaded into
Optimized Synthesis of Mo,,('Bu-bdc),,. In an N, glovebox, vanadium sample cans in a He environment glovebox and sealed with
Mo,(OAc), (0.10 g, 0.234 mmol) angrtbutylisophthalic acid an indium O-ring onto a copper heating block containing a valved
(0.052 g, 0.234 mmol) were dissolved in 10 mLN,bf- outlet for gas loading. After mounting samples onto a bottom-loaded
dimethylpropyleneurea (DMPU) with 5 drops of pyridine and heatedlosed cycle refrigerator, samples were cooled to base temperature for
at 383 K for 1 day to yield large red crystals. The material was solvemtasurement. For ¢@as doses, the sample was connected to a
exchanged and activated as reported above. xed-volume gas manifold, heatel #0120 K, and cooled back to
Gas Adsorption Measurements.Gas adsorption measurements base temperature for measurement. Each of the two samples was
up to 1.1 bar were recorded on a Micromeritics 3Flex gas adsorptidosed with 0.5 and 1.5 CDO per M, per formula unit. Adsorption
analyzer. Surface area measurements were recorded in a liquéts veried barometrically prior to cooling to avoid condensation of
nitrogen bath; 298, 308, and 318 K isotherms were recorded in &éme vapor phase for each gas dosage, with each sample dosed twice
isothermal bath. Ultra-high-purity gas was used for both the free-spagth CD;.
measurements (He) and analysesiNCH,). Prior to measure- Neutron powder draction data were analyzed using Topas
ments, samples were considered activated when their outgas ratademié® The space gro m was chosen based on analogous
under static vacuum wa® mbar/min. High-pressure isotherms were previously reported structut€¥. Initial Pawley renements were
collected on a Sievérgpparatus (PCT-Pro-2000 from Hy-Energy rst conducted to determine a background function, lattice
Scientic Instruments) using ultra-high-purity gases. Total adsorptioparameters, and peak shipéhe position and orientation of
was calculated using the National Institute of Standards andolecules were then solved using rigid bodies with the global
Technology Thermochemical Properties qfa®id the pore volume  optimization method of simulated annealing (SA) in realSpace.
of each material, as determined via 7% &dsorption experiments. Rigid bodies were mged similarly to our previous work, using a
Single-Crystal X-ray Di raction. Crystals were mounted using full methyl-isophthalic acid (Me-bdc) centered anttdeon a 96
viscous oil onto a plastic mesh and cooled to the data collectid®, x, 2 position (with two orientations of the methyl group) and a
temperature. Data were collected on a Bruker-AXS APEX |l DU@ill dabco molecule allowed to rotate along & A85Sx) position.

12130 DOI:10.1021/jacs.9b05872
J. Am. Chem. So2019, 141, 1212812138


http://dx.doi.org/10.1021/jacs.9b05872

Journal of the American Chemical Society

Using trigonometric constraints, both only required one variable f@otentials at a cutadistance of 14 A and apply periodic boundary
rotational movement. As before, activated materials required aanditions to the simulation box consisting of a supercell of the crystal
additional Me-bdc molecule, as well as a DMF molecnéd om a (box inFigure .
96k (X, X, 2 and a 32(X, x, ¥ site, respectively, with the additional  Level Surfaces of the Potential Energyp generate the
Me-bdc allowed to freely move and the DMF molecule to rotateisualizations iRigure €of the level surfaces of the potential energy
around a xed axis using one degree of freedom. Tinedrpositions V =V(x) of an isolated methane molecule at positiorthe crystal,
of these two molecules represent their disordered, occupied spame, rst suEerimpose on the supercell a regular grid of points with less
rather than absolute positions. Once a reasonable solution was fouhdn 0.1 A grid spacing. Then, we compute the potential energy of a
the number of atoms and their Wyckwsitions were corrected, methane molecule at each grid point and store it in a 3D array. We
followed by rening occupancies and thermal parameters separateljisualize the level surface¥(o, represented as a .culte using
Additionally, occupancies thate within error of unity wereed the Vislt visualization todl.
and thermal parameters wexed across each rigid body. Molecular Simulations of Methane Adsorptidile obtained the

Once activated structures were determined, Bénrents were  simulated methane adsorption isotherms at 298 igure S8®&y
conducted on Cpgas loaded data. Initial positions were determinedconducting a set of Markov chain Monte Carlo_simulations of the
using Fourier derence maps in both Topas Academic andgrand-canonical {T) statistical mechanical ensefie di erent
GSAS35" This involved the addition of four CBolecules: one  chemical potentials. The simulation volvnie a supercell of the
at the open metal site on a 48ix, 0.5) position, one in the corners crystal. We relate the bulk gas pressure to a corresponding chemical
of triangular windows on ak9®, x, z) site, one in the corners of potential using the Pesigobinson equation of state for methane. As
square windows on g 98, y, 2) site, and one between four triangular Markov chain transitions, we propose particle insertions, deletions,
windows on a 32x, x, X) site. Initially the orientation of each translations, and reinsertions with probability 0.35, 0.35, 0.25, and
molecule wasxed according to known methane interactidis,  0.05, respectively. A proposal to transition to a new microstate is
which additionally mapped each,Gfiolecule onto itself. Each accepted with probabilities governed by the Metfidabsings
molecule was then allowed to freely rotate, while keeping as mdies so as to sample the grand-canonical statistical ensemble.
variablesxed as possible, then additionally allowedne e each Initiating the system with zero adsorbed molecules, we conducted
Wyko position, all while adjusting occupancies as needed. Rinal CB00 000 Monte Carlo burn-in cycles, then 100000 Monte Carlo
positions/orientations were chosen based on how each additionzoduction cycles during which we collected statistics to compute, for
freedom of movement improved theneznent. Where possible, the example, the average number of adsorbed gas molecules in the system.

activated structure wased throughout this process. Onua CD, A Monte Carlo cycle is deed as max(29,Markov chain transition
positions were obtained, occupancies, thermal parameters, and lapiggposals, where is the number of molecules in the system
parameters were ned. immediately before a new cycle befigsres S88 and S&@mpare

The resulting reements from this process are showfigares the simulated and experimental methane adsorption isotherms and
SISS6 Despite numerous attempts at deuteration on thes&eats of adsorption; the simulations overestimate adsorption, but
compounds, dabco molecules containé&P5E6 hydrogen and — agreement with the heats of adsorption is good.

Me-bdc molecules containe§85% hydrogen. Given that complete ~ Methane Spatial Probability Densitje characterized the spatial
removal of excess DMF and Me-bdc was not possible withogrobability density of methane molecules in the material during our
structural degradation, there is considerable incoherent scattering @@nd-canonical Monte Carlo simulations as follows. First, we
to hydrogen. However, Weller ef®[ as well as our previous MOF  partition the simulation box (the supercell of the crystal) into a
work/? have shown that neutron powderatition is quite possible  regular grid of voxels whose centers are less than 0.5 A apart. Then,
with various amounts of hydrogen in crystalline materials, wituring the simulation, at the end of each Monte Carlo production
hydrogen positions readily accessible due to their negative contraseygle, we ectively count the number of methane molecules that
is understandable that due to the amount of hydrogen, as well as #flong to each voxélgke a snapshptAt the end of the simulation,

large unit cell, the patterns do not contain much information beyonde have a 3D histogram (normalized by the number of snapshots) of
Q = 2 A%, despite containing sharp crystalline peaks. The Rietvetie positions of the methane molecules observed during the
analysis indicates that there is a good agreement between the datasifilation. This gives an approximation to the integral of the spatial
the modelsRigures S1 and S@ith the resulting activated materials Probability density of methane over the voxel. We visualize the spatial
being commensurate with previously reported analogous materi@@bability density, represented as a .cléheusing the Vislt

The model CRdosed structures are additionally in exceptionayisualization tool. We use the same scale to determine color for each
agreement with the neutron dafig(res S356. pressure so the visualized densities can be readily compared across

Computational Methodology. We used our open-source Pressures. We used 100000 burn-in cycles and 200 000 production
software for classical molecular modeling in nanoporous crystdl¥cles thus, taking 200000 snapshots of methane moletles
PorousMaterials.jl. The Julia code and irlpstto reproduce our ~ generate the probability density plots for methane adsorption
calculations are available on Gitfiub. simulations at 1, 5, 35, and 65 bar of pressure.

Molecular ModelWe approximate the material as crystalline and
rigid, using the experimentally determined crystal structures (withn RESULTS AND DISCUSSION

disorder repaired to arrive at chemically valid structures) as input}§1th h 1 ic f K surf f b
our molecular simulations. We model the potential energy of AN0Ugh metaiorganic framework surface areas can often be

microstate of gas molecules in the material as pairwise additQBtimized regardless of the exact nature of the synthesis,
interatomic interactions described 61Pennard-Jones potentials. Solvent exchange, and activation procedures, we have recently
We model a methane molecule as a stogleed-atorhinteraction shown that these factors are vitally important for realizing
site with parameters taken from the Transferable Potentials for Phasaximal surface area in coordination Gagés lack of
Equilibria (TraPPE) forceeld;* molecular simulations using these three-dimensional connectivity in molecular systems often
parameters accurately reproduce the normal boiling point and critigglsults in signéant structural rearrangement upon solvent
properties of methane. For the atoms composing the materials, Wﬁchange and evacuation. Cages can also disptayg di

take Lennard-Jones parameters for C, H, N, and O from the Dreid"ﬂ)%rosity depending on the space group into which they

force eld”® and for Co and Mo from the Universal Force field ) S . . .
since they are missing from DREIDING. The nonbondedcystallize. For one of the coordination cages displaying high

DREIDING force eld parameters were tuned to reproduce crystafurface area, ABu-bdc), the solid undergoes two phase
structures and sublimation energies of a large set of compoun@§anges upon activation, fré/mnmto C2 to C2/c In
Parameters for cross-atomic-species interactions follow from tpgite of this, the solid displays both high surface area and
Lorent&Berthelot mixing rules. We truncate the Lennard-Jonethermal stability. Encouraged by this, we sought to
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reinvestigate the reported,Bu-bdc), (M = Cu?*, M&*, reported structure but displays a sigmitly increased surface

R family of cages. For these adsorbents, surface areasamea. Here, after room-temperature methanol exchanges and

either entirely lacking (Ru) or reported to be signily activation, Mg('Bu-bdc), is shown to have a BET

lower than the chromium(ll)-based material (Cl225 n?/ (Langmuir) surface area of 1321 (210&pgniThis value is

g, Cr = 1135 Aig, Mo = 437 Mig)."° signi cantly higher than the value predicted based on the
Regardless of synthesis, solvent exchange, or activaiimreased formula mass of the cage as compargg'BucCr

conditions, we were unable to improve upon the surface areebalt),, (BET = 977 mig) and, to the best of our knowledge,

Cu,('Bu-bdc), This was similarly the case foedc),, represents a new record value for porous coordination cages.

(cdc® = carbazoledicarboxylate), an octahedral coordination Close investigation of the crystal structures of all three

cage that displayed sigaintly diminished surface areas asporous M/'Bu-bdc), materials reveals multiple possible

compared to its chromium(ll) and molybdenum(ll) counter- structural factors contributing to their high porosityu(es

parts.® Ru,,('Bu-bdc),Cl;, displayed a comparable surface S25S4(). The structures contain soh&sulvent interactions

area to Gi('Bu-bdc), by utilizing speat solvent exchange between metal-bound solvent molecules on adjacent cages.

and activation methods. To achieve this, as-synthesized s@igen the ease at which solvent is removed froMer”,

was thoroughly exchanged with anhydrous, air-free metharmid R&7%* paddlewheels, and as comed via infrared

Upon activation at 348 K, the solid displays a BET (Langmuigpectroscopy, these interactions are likely no longer present in

surface area of 1057 (154@)gr( Figure ¥ This value is in  the activated phases of these solids. It has been previously

posited that paddlewh®phddlewheel interactions account

for their high surface areas and stabifitiesese types of
5 *********:Ii interactions are relatively common with acetic acid-based
o 01 * e el . ****** paddlewheels. Here, the axial site of the paddlewheel cation
9 f ***************** coordinates to a carboxylate oxygen on an adjacent
E 154 % % ******* X * * * paddlewheel. This interaction is propagated throughout the
> Aok * X * structure to essentially form one-dimensional chains. However,
2 10 Fe,.(Me-bdo),,(daboo) examples of this are relatively rare fét &nd Md*
2 N CO“(Me_b dc)24( dabcof paddlewheef§. Further, the necessity of a charge-balancing
z * Moy (Bubdc), ° anion in R&”®* structures prevents this interaction. The
= 54 N Cr:ztBu_de):‘ cag&cage interactions that are most likely predominantly
*  Ruy,(Bu-bdc),,Cl., involved are the van der Waals contacts betestbatyl
0- groups on adjacent molecules. Here, tathutyl group
00 02 04 06 08 10 interacts with two groups from neighboring cages. The body-
PP centered cubic packing arrangement of cuboctahedra facilitates
° this interaction. As a result, allt@#butyl groups on each

Figure 2.N, adsorption isotherms collected at 77 K for the threeC@ge feature these interactions. In all three structures, the
M., cages and two analogous pillared cage-baseétbrgatit average distance between adjacent methyl graepsbatyl
frameworks. functionalities is4.0 A. This value is consistent with the van
der Waals radius of a methyl group of 2.0 A. Ultimately, rather
relatively good agreement with the value expected basedtban solvesisolvent interactions or paddlewBpatidle-
change in formula unit mass as compared to thedge wheel interactions, it is the large number of kiigacd
(962 nf/g BET, 1522 rfig Langmuir). The infrared spectrum interactions that endow the solids with csent thermal
of the activated material indicates the absence of metal- siabilities to survive solvent removal/activation.
pore-bound DMF or methanol, coming complete desolva- In order to better understand surface areasridfutyl-
tion of the cageFjgure S1P Despite demonstrating good functionalized cuboctahedral cages, it is useful to compare
porosity, powder X-ray diction reveals major structural them to the previously reported dabco-pillared MOFs, the
rearrangement to the point of amorphization upon solvergtructures of which are highly similar. For these, cuboctahedral
evacuationHigure S2)) suggesting the cuboctahedra cagesages are similarly arranged in a body-centered-cubic arrange-
are rotationally disordered relative to one another. ment (Figure 3. Dabco molecules coordinated to the exterior

In order to optimize the surface area of{Bu-bdc), a sites of the cages connect them in three dimensions. Analogous
signi cantly altered strategy was employed. Solvent excharigghe structures of the molecular materials, the 5-position of
and activation of a sample that was prepared via the previoulg ligands of three cages are pointed to the same position.
reported route (1,2-dichlorobenzne/pyridine mixture) afHowever, in the MOF the ligands are in much closer
forded surface areas consistently below 8@p"°mFor proximity. This is a result of the dabco pillar bringing the
Mo, (cdc),, we previously showed that surface area isages in closer contact as compared to the molecular case. The
signicantly aected by synthetic conditions, with higher paddlewhe8paddlewheel distance in the pillared MOF is
symmetrg space groupsomling higher surface area approximately 6.75 A, whereas this is expanded to 7.42 A for
material§? Although varying synthetic conditions, includingthe cages. This again points to the importance of ligand
solvent, cosolvent, acid addition, and reaction temperatuitgnctionalization in designing and synthesizing thes8 metal
typically aorded a cage that crystallized in the same spaagganic cages. Close inspection Lfolic),,(dabco) (M =
group as the previously reported sbditin, utilization of a  Fe, Co, Cu, Zn) suggests the structure will be incompatible
pyridine/DMPU mixtee for the synthesis @ded an with large functional groups. In order to interrogate this, we
optimally porous material that crystallizejhn. Interest-  turned to the synthesis of new members of thgRM
ingly, the cage synthesized via this route adopts the sabwdc),(dabco) family with various metal cations and ligand
cuboctahedral structure arranged in the same orientation as fhactional groups.
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(Langmuir) surface areas of 1937 (2264) and 1727 (2252)
m?/g for the iron and cobalt analogues, respectively. These
numbers essentially represent the upper limits of surface areas
for analogous cage materials, as in the pillared MOFs both the
interior and exterior surfaces of the cages are potentially
accessible to probe molecules. Porous or potentially porous
cages that lack directional ligand functional groups that can
interact tend to close pack, exeraglby the low surface area

of Cupy(bdc),,>° When all of the pore windows are blocked

o , the solids are inaccessible to nitrogen or carbon dioxide.
Often these materials display low levels of porosity, as only the
interior surface of the cages are nitrogen accessible. However,
this should be highly tunable based on judicious ligand
functionalization.

Given the nearly isostructural nature ofdhdutyl-based
porous cages and the dabco-pillared MGgsIré 3 the
latter oer a unique and powerful opportunity to further
understand the former in terms of the storage of small
molecules. At 298 K, alle materials display similar methane
uptake up to one bar, ranging from 0.4 to 0.7 mnfaligies
S65S7). At low pressures and correspondingly low uptake
values, the one bar gravimetric capacities do not trend with
BET or Langmuir surface areas. Temperature dependence of
adsorption indicates adsorption enthalpies ranging#m
to S21 kJ/mol and following the trend Ru < Mo < Cr < Fe <
Co. This range of adsorption enthalpies is well within the range
of values typically seen for porous stliddethane
adsorption enthalpies in the two MOFs are lower, as their
metal cations, which have been shown to be highly polarizing
adsorption sites, are blocked on the exterior surface with
pillaring dabco and on the interior surface with DMF. This
e ectively lowers the average adsorption enthalpy of the
materials.

To further evaluate the methane storage propertiesvef all
materials, high-pressure adsorption isotherms were collected at
298 K Figures SBIS8Y. At both 35 and 65 bar, the total
Fiqure 3. Structures of Bu-bde), (top) and CoMe- gravimetric capacities generally qorrelate with BET surface
boh{dabco) (bottom) fiueaing the. simiarities bemeen the ar€as with the uptake values following the trendZis Mo
cage and MOF structures, respectively. In the former, van der wagi§€ < C0. The gravimetric capacities, which range from 138
contacts betweetertbutyl groups give rise to three-dimensional to 216 cn¥g, are generally comparable to many MOFs with
pseudoconnectivity, whereas in the latter, metal-coordinated daigionilar surface aréasGiven the greatly varying crystallo-
ligands pillar the cages into three dimensions. Black, purple, red, gggaphic densities of the solids, the volumetric uptakes of the
and blue atoms represent’McCd”, O, C, and N, respectively. solids are sigriantly altered with Cr (88 &S8TP)/cnt) <
Solvent molecules and hydrogen atoms have been omitted. Ru Mo < Fe < Co (144 cASTP)/cn?) (Figure ¥ In
terms of the porous cages, the gravimetric uptakes of these

Although Cu(OH-bdc),(dabco) can be isolated via the three materials at 35 and 65 bar are actually lower than
addition of dabco to a solution of presynthesized cage, thezxpected based on their surface areas and as compared to our
materials are typically prepared via a one-pot solvotherngkviously reported Mcdc),, cages (M = Ct, Ci#*, Mo
reaction, as the cages that comprise them are neither solutli€> = carbazoledicarboxylate). This is accentuated when
nor synthetically accessible. The typically solubilea@d comparing their volumetric capacities. For example,
Mo?*-based cages lack the metal acidity to strongly coordinadi#o,,(cdc),, displays 298 K volumetric capacities of 111.5
dabco, a result of the presence $fMyuadruple bonds for and 150.0 cXSTP)/cn® at 35 and 65 bar, respectively.
these cations. To prepare new pillared cages, we screeneddhder these same conditionsyJBu-bdc), shows uptakes
reaction of various Mn, Fe, Co, Ni, Cu, Zn, and Mo salts withf 97 and 120 ci{8TP)/cnT, despite having a BET surface
R-bdc (R = methyl, alkoxiddsstbutyl, hydroxy, amino, area that is 20% higher than the carbazole-based cage. This
cyano, nitro, and bromo) in the presence of dabco in varioutiscrepancy is likely a result of the absence of highly favorable
amide-based solvent systems. Consistent with the lack of péid, binding sites in Mg('‘Bu-bdc),.
space for bulky functional groups, we were able to isolateAs methane storage materials, deliverable capacity, cyclabil-
crystalline product only for,jfMe-bdc),(dabco} (M = Fe, ity, and adsorption/desorption kinetics are important consid-
Co, Cu) and Fg(OH-bdc),,(dabco}, as conrmed by erations. As shown fingure 5two representative adsorbents,
powder X-ray and neutron diction. Of these, only Cr,('Bu-bdc), and Co(Me-bdc),(dabco), display no loss
M, Me-bdc)(dabco} (M = Fe, Co) displayed high levels in capacity at 298 K over 10 adsorption/desorption cycles.
of porosity, even after precise activation conditions, with BEInder these conditions, the kinetics of both ad/desorption are
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247, the best performing m&arganic frameworks (up to 200
22 ] cn(STP)/cnt),*” they are nearly on par when taking actual
20.] bulk density (rather than crystallographic density) into
consideration. With this in mind, both M®u-bdc), and
= 187 Co,,(Me-bdc),(dabco) have 655.8 bar working capacities
E 164 TTmmemmmmeme o of 72 cm(STP)/cn® as compared to 83 ¥&/TP)/cn for
X qq] TTTIRO009%e MMM M HKUST-1%" The molecular nature of the cages reported here
I 12- ® Ruy,(‘Bu-bdc),,Cly, may oer an advantage in this regard, as their solubility may
& Moy,('Bu-bdc),, a ord a means to tune phase and thus bulk density.
101 @ Cr,,(Bu-bdc),, We next conducted molecular simulations of methane
8- @ Co,,(Me-bdc),,(dabco)g adsorption in both GgMe-bdc)(dabco)} and Mg,('Bu-
6 Fe,,(Me-bdc),,(dabco)g bdc),,. Our aims were to (i) elucidate the methane adsorption
00 o1 02 03 o4 sites i_n the structures and the sequence in which thgay are
' : : ' ’ occupied as pressure increases and (ii) juxtapose the hierarchy
Methane Adsorbed (mmol/g) of adsorption sites in these two structures that harbor
"E 1504 isostructural cuboctahedral cages. To characterize the spatial
S o * probability density of methane, west partitioned the
E 1254 o ° simulation box into a regular grid of voxels. Then, we took
23 o e o®® shapshots during grand-canonical Monte Carlo simulations of
E 100 ° o o oo® o °° methane adsorption and counted the methane molecules that
% % ¢ ° ° o ® ® belonged to each voxéligure &Sd visualize the spatial
2 75+ e ° o *® probability density of methane in M®u-bdc), at 298 K
§ o0 o ° and 1, 5, 35, and 65 bar. At low pressures, methane adsorbs
b 501 *, primarily at the center of the triangular window. At higher
= " pressures, the corners of the triangular windows and square
O 251 e windows are populatdegure @ shows level surfaces of the
g 0 computed potential energy of a methane molecule in the cage,
[ s - - - - - - con rming that the strongest binding sites aesed by the

triangular window, followed by the corners of the square
windows. The spatial probability density of methane in
Co,[Me-bdc)(dabco) (Figure S86shows a similar trend,

Figure 4 (Top) Isosteric heats of Gladsorption calculated frots : . ed
to variable-temperature low-pressure uptake experiments. (Botto}were the trlqngular windows rst, then the corners of
the square windows.

High-pressure total methane adsorption,i'Bdi-bdc), (black = ) o .
To conrm the mechanism of Ghbinding in these

Mo, blue = Ru, green = Cr) and.AMe-bdc),(dabco) (orange =
iron, purple = cobalt) at 298 K. materials, we turned to neutron powderadtion. The lack

of long-range order and low crystallinity in porous cages often
preclude the use of daction methods for in-depth character-
ization. Given the structural similarities of the cages and

P (bar)

10" = = = & & 4 4 = &

100 4

o
L

£

o

% 90 frameworks, diaction experiments on the porous frameworks
%z 80 can be used to infer information about adsorption sites, as our
S 701° ° ¢ ¢ e 0 o 0 00 computational modeling coms the similar nature of the

§ 60 adsorption sites between the framework and cage materials.
5 ig: Detailed powder neutron thction experiments performed on

£ 30l Fe,Me-bdc)(dabco} and Cg,Me-bdc),(dabco) al-

T 20 lowed us to precisely determine ,Ciinding sites and

% 10 occupancies. For both frameworks, methane doses 6t 0.5/M
(]

e

s and 1.5 CRM 2" were utilized. In EgMe-bdc)(dabco)
T2 3 4 56 7 8 910 this corresponds to adsorption uptakes (pressures) of 36.8
Cycle cmi/g (4.2 bar) and 110.0 &g (17.9 bar). As Cg(Me-

; P ; bdc),,(dabco) exhibits similar methane uptakes and a similar
Figure 5.Methane cycling in §f'‘Bu-bdc), (green circles) and 4 .
Co,4(Me-bdc),(dabco), (purple squares) at 298 K and mal molar mass, the loadings correspond to 38/§ (316 bar)

adsorption pressure of 35 bar. Between cycles, the samples waig 109.4 cifg (16 bar). _ .
reactivated under dynamic vacuum for 5 min. In both materials at both loadings, fouemint methane

binding sites are appareiiaple ), three of which show

very rapid, with 35 bar adsorption equilibria achieved in und&ading-dependent occupancieégures S¥510). The

2 min. Desorption was carried out by placing the materiatighest occupancy site in both frameworks is the center of
under dynamic vacuum at 298 K for 5 min. For a pressut@e six triangular windows in the cagguie J. Methane

swing from 35 to 5.8 bar, deliverable capacities\a## afilids  adsorbs in the bowl that is formed by three paddlewheel sites
range from 45 (Cr) to 80 (Co) &STP)/cn®. Increasing the  and three Me-bdc ligands. The,S&rene distances for the
adsorption uptake pressure to 65 bar increases the deliverati@ and cobalt frameworks are 4.12(7) and 4.15(4) A,
capacities to up to 102 ¥8TP)/cn? (deliverable capacities respectively. Together with the methyl groups of the ligand,
for these materials and comparable MOFs are liStedl@s this center site forms the basis for additional adsorption sites at
S8 and 99 Although these fall short of the record values othe triangular window that is disordered over three positions.
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Figure 7. Methane binding sites in Ldle-bdc)(dabco) as
determined by powder neutronrdction. At loadings up to 1.5
CD,/M 2*, four binding sites are apparent: the center of the triangular
window, corners of the triangular window, corners of the square
window, and open metal coordination sites on the interior surface of
the cage. Black, red, gray, and blue spheres represent cobalt, oxygen,
carbon, and deuterium, respectively. The pink, yellow, and teal
Figure 6. Binding site elucidation via molecular modeling andspheres represent carbon atoms of adsorbed methane.

simulation. Visualization of the spatial probability density of methane

in Mo,4'Bu-bdc), during grand-canonical Monte Carlo simulations

at 298 K and 1 bar (a), 5 bar (b), 35 bar (c), and 65 bar (d). Methane

primarily adsorbs in the center of the triangular window at lovgtrctures. The metal site on the interior surface of the
pressure. At higher pressures, the corners of the triangular and sA¥@6octahedron is the second highest occupancy site in both
windows become populated. (e) Level surfaces of the potential enefdy. i rials (0.28 and 0.21 for Fe and Co, respectively). The

of a methane molecule in the cagel#t kJ/mol (orange) angl14 T AN i
kJ/mol (white) highlight the triangular window and four comers ofoCCUpancy of this site, with as®ldistance of approximately

the square window as the most favorable binding sites. 2.3 A, is loading independent. This is likely a result of the
presence of metal-coordinated DMF and unreacted ligand on
Table 1. Methane Occupancies inAMe-bdc),,(dabco); the interior surface of the cage, which was also observed in the
(M = Fe, Co) at Various Loadings IR spectra of the material. The corners of the square windows
of the cuboctahedral cages serve am#iiebinding sites at
. 05 gPt/ 15 699/ 0.5 gPJ 15 gPt/ these loadings. At this site methane is interacting with the
site i F F c c carboxylate group of the ligand with,®Ddistances of3.4
center of triangle ~ 0.51(4)  0.62(4) 0.59(2) 062(2) A  These binding sites have also been observed in the
metal 028(2)  0.29(2) 0.21(2) 021(1)  cyboctahedral pore of HKUST-1 with similar li§&mj and
top of triangle 0202)  0.77(2) 0.14(2) 0.92(1)  ¢cp,SCD, distancesHigures S102, S)(8 Between the six
corner of square  0.13(1)  0.66(2) 0.13(1) 0691)  square windows and eight octahedral windows in the
v v cuboctahedron, these account for 56 adsorption sites. Full
These sites involve ¢ECD, distances of3.6 A and CL5 population of these adsorption sites woudddagravimetric

methyl distances of approximately 4 A. It is of interest to noteptake capacities of 192, 165, and 154 dor Cr,,(‘Bu-
that the pillaring dabco ligands are adjacent to this site ardic),,, Mo,,('Bu-bdc), and Ru(‘Bu-bdc),Cl,, respec-
within van der Waals contact of the,@lecule. As a result, tively. On average, the cages achieve 90% of these uptake
dabco displays less rotational disorder as compared to the baakies at 65 bar. Previous studies at higher methane loadings in

12135 DOI:10.1021/jacs.9b05872
J. Am. Chem. So2019, 141, 1212812138


http://dx.doi.org/10.1021/jacs.9b05872

Journal of the American Chemical Society

HKUST-1 indicate additional methar%gabinding sites on the AUTHOR INFORMATION
interior surface of the cuboctahedral €age. ;

The higher-loading powder neutronratition data shed So&rgg@p&ggllré%ﬁuthor
light on the large discrepancy between the gravimetric ang ’
volumetric uptakes of ;M'Bu-bdc), and M(cdc);, RCID .
materials. At a pressure of approximately 30 bar, the entf@ry M. Simomo00-0002-8181-9178
center of the cuboctahedral cage remains essentially emfitfic D. Blochn000-0003-4507-6247
whereas the corresponding octahedral, carbazole-based @a@gor Contributions
displays negligible wasted volume. Further, the 12-met@d R.L. and E.J.G. contributed equally.
carbazole cages display minimal extracage pore Vo'“'EShding

Comparison of pore size distribution plots for both Ca9%ie are grateful to the University of Delaware for start-up

reveals the presence of sicanit pore size greater than 15 A ds. The manuscrit was prepared under cooperative
for the cuboctahedral cage. In terms of volumetric gas Storaggl“ee'men#?ONANBlﬂgsoz frorr:l Np|ST U.S. De artf)nent
this wasted pore space is detrimental to the overall delivera %Commerce We acknowledae the su, <.)rt. of tﬁe National
capacity of an adsorbent. However, the molecular nature U titute of St. dard dT gh I pB S D . ¢ of
these cages can be utilized in this regard by judicious lig (gnl”lumgrc(:)e ina[;]roz\i/ir di?1 (;'?he neéfjtrré)%org)s/éar;:h. facﬁlri)t?ersmuesr:ed?n

functionalization to tune the extracage pore space. Furth lis work. This work utilized facilities supported in part by the
their solubility and propensity to crystallize into a number ional Science Foundation under Agreement No. DMR-

space groups and crystal morphologies render them comple 44772. B.A.T. recognizes the National Academies/National

tunable for small-molecule storage applications. Research Council for his Postdoctoral Fellowship. This
research used resources of the Advanced Photon Source, a
CO_N(_:lfUSIONS _ ~ U.S. Department of Energy (DOE) € of Science User
By optimizing synthesis, solvent exchange, and activatipgcility operated for the DOE @e of Science by Argonne
conditions, surface areas of porous coordination cages @@stional Laboratory under Contract No. DE-AC02-
approach those displayed by three-dimension&ongéalic ~ 06CH11357. We thank the staf 17-BM for help with
frameworks. We have shown this to be the case for a familysghchrotron data collection. A portion of this work was
tertbutyl-functionalized cuboctahedral coordination cagesupported by the National Institutes of Health under award
The CF*, Mo™, and R{"" analogues of these molecules number P20GM104316. The content is solely the responsi-
display high BET surface areas, wit(\o-bdc),havinga  bjlity of the authors and does not necessarily represent the
porous coordination cage record surface area of #820 m o cial views of the National Institutes of Health. We thank the

Additionally, calculations demonstrated molecular gas intg{€S Petroleum Research Fund for support of C.A.R.
actions are analogous in nature to pillared cuboctahe

coordination cages. Although the methane storage proper
of these materials are not remarkable when compared 10
exible or ultrahigh surface area @etghnic frameworks,

the fact that they are molecular renders themczigtly more ACKNOWLEDGMENTS

tunable than their MOF counterparts. Further, in terms ofVe thank Maxwell 1. Martin for assistance with crystal
deliverable capacities based on bulk as opposed to crysta#fgucture data acquisition/evaluation.

graphic densities, MEBu-bdc), boasts 87% the methane

capacity of HKUST-1, despite having a surface area that is REFERENCES

approximately 40% lower. Moving forward, this insight will aid1) Keum, Y.; Park, S. P.; Chen, Y.-P.; Park, J. Titanium-Carboxylate
in the development of future porous reetaanic materials. Metal-Organic Framework based on an Unprecedented Ti-Oxo Chain
In particular, by precisely tuning both the pore size and shap#isterAngew. Chem., Int. HelL§ 57, 1485%14856.

of the cage, in addition to the pore space between cage€) Piscopo, C. G.; Trapani, F.; Polyzoidis, A.; Schwarzer, M.; Pace,

adsorbents with true molecular-level control are attainable. A Loebbecke, S. Positive Effect of the Fluorine Moiety on the
Oxygen Storage Capacity of UiO-66 Metal-Organic Framélearks.

tes
e authors declare no competingncial interest.

J. Chen016 40, 822%8224.
ASSOCIATED CONTENT (3) Rieth, A. J.; Tulchinsky, Y.; Dinca, M. High and Reversible
*  Supporting Information Ammonia Uptake in Mesoporous Azolate Metal-Organic Frameworks
The Supporting Information is available free of charge on théth Open Mn, Co, and Ni SitdsAm. Chem. S2216 138 9408
ACS Publications webs#eDOI: 10.1021/jacs.9b05872 9404.

. . L . (4) Moreau, F.; Silva, I. D.; Smail, N. H.; Easun, T. L.; Savage, M.;
Synthetic details, neutronrdiction ts, gas adsorption Godfrey, H. G. W.; Parker, S. F.; Manuel, P.; Yang, S.; Schroder, M.

plots PDF) Unravelling Exceptional Acetylene and Carbon Dioxide Adsorption
Crystal structure dat&iF) Withig a Teg%-Améde OFéchti%réalized Metal-Organic Framework.
Nat. Commur2017, 8, 14 14094.
Crystal structure date|f) (5) Savage, M.; Cheng, Y.; Easun, T. L.; Eyley, J. E.; Argent, S. P.;
Crystal structure dat&ifF) Warren, M. R.; Lewis, W.; Murray, C.; Tang, C. C.; Frogley, M. D.;
Crystal structure dat&iF) Clinque, G.; Sun, J,; Rudlf:, S.; Murden, R. T.; Benham, M. J.; Fitch,
A. N.; Blake, A. J.; Ramirez-Cuesta, A. J.; Yang, S.; Schroder, M.
Crystal structure dat&iF) Selective Adsorption of Sulfur Dioxide in a Robust Metal-Organic
Crystal structure dat&if) Framework Materighdv. Mater2016 28, 870%58711.

(6) Barea, E.; Montoro, C.; Navarro, J. A. R. Toxic Gas Removal -
Crystal structure dat&IF) Metal-Organic Frameworks for the Capture and Degradation of Toxic
Crystal structure dat&|F) Gases and Vapou&hem. Soc. Re014 43 541%$5430.

12136 DOI:10.1021/jacs.9b05872
J. Am. Chem. So2019, 141, 1212812138


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.9b05872
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_004.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_005.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_006.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_007.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_008.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b05872/suppl_file/ja9b05872_si_009.cif
mailto:edb@udel.edu
http://orcid.org/0000-0002-8181-9178
http://orcid.org/0000-0003-4507-6247
http://dx.doi.org/10.1021/jacs.9b05872

Journal of the American Chemical Society

(7) Liao, Y.; Zhang, L.; Weston, M. H.; Morris, W.; Hupp, J. T.; (24) Giri, N.; Del Popolo, M. G.; Melaugh, G.; Greenaway, R. L.;
Farha, O. K. Tuning Ethylene Gas Adsorption via Metal Nod®atzke, K.; Koschine, T.; Pison, L.; Costa Gomes, M. F.; Cooper, A.
Modulation: Cu-MOF-74 for a High Ethylene Deliverable Capacityl.; James, S. L. Liquids With Permanent Pordaityre2015 527,

Chem. Commu2017, 53 937659379. 2165220.

(8) Britt, D.; Tranchemontagne, D.; Yaghi, O. M. Metal-Organic (25) Cooper, A. I. Porous Molecular Solids and Liqu@is.Cent.
Frameworks with High Capacity and Selectivity for Harmful GaseS¢i.2017, 3, 5445553.

Proc. Natl. Acad. Sci. U. 2048 105 1162%$11627. (26) Mastalerz, M. Porous Shape-Persistent Organic Cage

(9) Zhang, H.; Deria, P.; Farha, O. K.; Hupp, J. T.; Snurr, R. Q. A£ompounds of Different Size, Geometry, and FungtonChem.
Thermodynamic Tank Model for Studying the Effect of HigherRes201§ 51, 24152422.

Hydrocarbons on Natural gas Storage on Metal-Organic Framework&7) Flippen, J. L.; Karle, J.; Karle, I. L. The Crystal Structure of a
Energy Environ. Q€15 8, 15051510. Versatile Organic Clathratep-Kydroxyphenyl-2,2,4-trimethylchro-

(10) Pham, T.; Forrest, K. A.; Furukawa, H.; Eckert, J.; Space, Ban (Dianits Compound)J. Am. Chem. Sb@7Q 92, 374%3754.
Hydrogen Adsorption in a Zeolitic Imidazolate Framework with Ita(28) Koifman, O. I.; Mamardashvili, N. Zh.; Surov, O. V. Porous
TopologyJ. Phys. Chem2(1§ 122 1543515445, Molecular Crystals of Calix[4]arenRsss. Chem. B2017 66,

(11) Zhang, Y.-B.; Furukawa, H.; Ko, N.; Nie, W.; Park, H. J.2415253. _ _

Okajima, S.; Cordova, K. E.; Deng, H.; Kim, J.; Yaghi, O. M.(29)Lim, S.;Kim, H.; Selvapalam, N.; Kim, K.-J.; Cho, S. J.; Seo, G.;
Introduction of Functionality, Selection of Topology, and EnhanceSim, K. Cucurbit[6]uril: Organic Molecular Porous Material With
ment of Gas Adsorption in Multivariate Metal-Organic FrameworkE€rmanent Porosity, Exceptional Stability, and Acetylene Sorption
177.J. Am. Chem. S2@15 137 26452650. Propert!esAngew. Chem., Int. HoD§ 47, 335353355. _

(12) Yan, Y.; Silva, I. D.; Blake, A. J.; Daily, A.; Manuel, P.; Yang, S@O) Tian, J.; Thallapally, P. K.; Dalgarno, S.. J.; MgGrall, P. B,
Schroder, M. High Volumetric Hydrogen Adsorption in a Poroug\twood, J. L. Amorphous Molecular Organic Solids for Gas
Anthracene-Decorated Metal-Organic Framenoy. Chera018 AdsorptionAngew. Chem., Int. ED9 48 54955495,

57 1205612055. (31) Bezzu, C. G.; Hellowell, M.; Warren, J. E.; Allen, D. R,;

(13) Jiang, J.; Furukawa, H.; Zhang, Y.-B.; Yaghi, O. M. HigMcKeown, N. B. Heme-Like_Od'mation Chemistry Within
Methane Storage Working Capacity in Metal-Organic Framewor‘}%anOporoys_ Molecular Crystalsienc201Q 327 16251630.
with Acrylate Linksl. Am. Chem. SP@16 138 1024810251. 32) Christinat, N.} chpellltl, R.; Severin, K. Multicomponent

(14) Yan, Y.; Kolokolov, D. I.; Silva, I. D.; Stepanov, A. G.; Blake, ASSembly of Boronic Acid Based Macrocycles and Sages.

J.; Dailly, A.; Manuel, P.; Tang, C. C.; Yang, S.; Schroder, M. Porogsc " Int. EQOOS a7, 1.84?51852' . .
Metal-Organic Polyhedral Frameworks with Optimal Molecular>S) L€€: S.i Yang, A.; Moneypenny, T. P.; Moore, J. S. Kinetically
Dynamics and Pore Geometry for Methane Stdragen. Chem. rapped Tetrahedral Cages via Alkyne Metathe&is. Chem. Soc.

< 2016 138 218%52185.
So0c2017 139 1334%$13360. . ) . .
(15) Mason, J. A, Oktawiec, J.; Taylor, M. K.; Hudson, M. R"(l?:I)(eloczeZ\;\éalST.’C\I]gvcg:, I\?] Ereﬁj-s’hiaagy’ H%szla_li' _,ljkda(l:nazn D.SJ.’Y'
Rodriguez, J.; Bachman, J. E.; Gonzalez, M. |.; Cervellino, : p N o v o 9, > Vs

Guagliardi, A.; Brown, C. M.; Llewellyn, P. L.; Masciocchi, N.; Lon ang, C.; Thompson, S.; Parker, J.; Trewin, A.; Bacsa, J.; Slawin, A.

J. R. Methane Storage in Flexible Metal-Organic Frameworks wiH Z.; Steiner, A.; Cooper, A. 1. Porous Organic Qugesvater.

o = 09 8, 97%978.
Irgtlrér;s\llt\:/(;r:egn_?/ll MﬁPagenlleINEtuiei?ls%Z?;ﬁo‘/lSJB% Qian, G.: (35) Ni, Z.; Yassar, A.; Antoun, T.; Yaghi, O. M. Porous Metal-

. . . ! rganic Truncated Octahedron Constructed from Paddle-Wheel
Chen, B. A Metal-Organic Framework with Optimized Porosity angquares and Terthiophene LinksAm. Chem. S@Q05 127

Functional Sites for High Gravimetric and Volumetric I\{Iethane1275512753

Storage Working Capacitidsdv. Mater.2018 30, 1704793 (36) FurukaWa, H.; Kim, J.: Ockwig, N. WKe@ffe, M.; Yaghi, O.
1704798. ) . . .~ .. . .M. Control of Vertex Geometry, Structure Dimensionality, Function-
(17) Tian, T.; Zeng, Z.; Vulpe, D.; Casco, M. E.; Dvitini, G.; oty ‘and pore Metrics in the Reticular Synthesis of Crystalline Metal-
Ml(_jgley,_ P. A.; Silvestre-Albero, J _Tan, J.-C,; M_oghadam, P. Grganic Frameworks and Polyhedlradm. Chem. S2608 13Q
Fairen-Jimenez, D. A sol-gel monolithic metal-organic framework Withes&11661.

enhanced methane uptaiat. Mater2018§ 17, 174180. (37) Boer, S. A.; White, K. F.; Slater, B.; Emerson, A. J.; Knowles, G.
(18) Connolly, B. M.; Aragones-Anglada, M.; Gandara-Loe, Js . ponald, W. A.: Thornton, A. W.: Ladewig, B. P.; Bell, T. D. M.;
Danaf, N. A; Lamb, D. C.; Mehta, J. P.; Vulpe, D.; Wuttke, Sy M. R.: Chaee, A. L.; Abrahams, B. F.; Turner, D. R. A
Silvestre-Albero, J.; Moghadam, P. Z.; Wheatley, A. E. H.; Fairqfy|tifunctional, Charge-Neutral, Chiral Octahedsal,MCage.
Jimenez, D. Tuning porosity in macroscopic monolithic metal-organigyem. - Eur. 2019 25, DOI: 10.1002/chem.201901681

frameworks for exceptional natural gas stblageCommur2019 (38) Yan, Y.; Yang, S.; Blake, A. J.; Schroder, M. Studies on Metal-
10 DOI: 10.1038/s41467-019-10185-1 _ Organic Frameworks of Cu(ll) with Isophthalate Linkers for
(19) Tranchemontagne, D. J.; Ni, Z!Kéeffe, M.; Yaghi, O. M. Hydrogen StoragAcc. Chem. R2814 47, 2965307.

Reticular Chemistry of Metal-Organic Polyhédigew. Chem., Int.  (39) Eddaoudi, M.; Kim, J.; Wachter, J. B.; Chae, H.Hepffe,
Ed.2008 47, 51365147. M.; Yaghi, O. M. Porous Metal-Organic Polyhedra: 25 A
(20) Zhao, D.; Yuan, D.; Krishna, R.; Van Baten, J. M.; Zhou, H.-GGuboctahedron Constructed from 12,C®,), Paddle-Wheel
Thermosensitive Gating Effect and Selective gas Adsorption inBgilding Blocksl. Am. Chem. Sp@01, 123 436&4369.

Porous Coordination Nanocaghem. Commu201Q 46, 7353 (40) Ke, Y.; Collins, D. J.; Zhou, H.-C. Synthesis and Structure of
7354, Cuboctahedral and Anticuboctahedral Cages Containing 12 Quad-
(21) Murase, T.; Nishijima, Y.; Fujita, M. Cage-Catalyzeduply Bonded Dimolybdenum Unitsorg. Chen2005 44, 41546
knoevenagel Condensation Under Neutral Conditions in Water. 4156.

Am. Chem. S@Q12 134 1625164. (41) Young, M. D.; Zhang, Q.; Zhou, H.-C. Metal-organic polyhedra
(22) Zhang, J.-H.; Xie, S.-M.; Wang, B.-J.; He, P.-G.; Yuan, L.-Wonstructed from dinuclear ruthenium paddlewHeetg. Chim.
Highly Selective Separation of Enantiomers Using a Chiral poroasta2015 424 2165220.

Organic Cagd. Chromatogr.2015 1426 1745182. (42) Furukawa, S.; Horike, N.; Kondo, M.; Hijikata, Y.; Carne-
(23) Jiao, Y.; Zhang, J.; Zhang, L.; Lin, Z.; He, C.; Duan, C. MetaBanchez, A.; Larpent, P.; Louvain, N.; Diring, S.; Sato, H.; Matsuda,
Organic Polyhedra Containing 36 and 24 Folds of Amide Groups F&.; Kawano, R.; Kitagawa, S. Rhodium-Organic Cuboctahedra as
Selective luminescent Recognition of Natural Disacchahdes. Porous Solids with Strong Binding Sitesrg. Chen016 55
Commur2012 48 60256024. 1084%510846.

12137 DOI:10.1021/jacs.9b05872
J. Am. Chem. So2019, 141, 1212812138


http://dx.doi.org/10.1038/s41467-019-10185-1
http://dx.doi.org/10.1002/chem.201901681
http://dx.doi.org/10.1021/jacs.9b05872

Journal of the American Chemical Society

(43) Park, J.; Perry, Z.; Chen, Y.-P.; Bae, J.; Zhou, H.-C(62) Spek, A. L. PLATON SQUEEZE: a tool for the calculation of
Chromium(ll) Metal-Organic Polyhedra as Highly Porous Materialghe disordered solvent contribution to the calculated structure factors.
ACS Appl. Mater. Interfe2@k7, 9, 28064528068. Acta Crystallogr., Sect. C: Struct. 208nC71, 9518.

(44) Gosselin, E. J.; Rowland, C. A,; Balto, K. P.; Yap, G. P. A(63) Coelho, ATopas Academic;\@elho Software, 2017.

Bloch, E. D. Design and Synthesis of Porous Nickel(ll) and(64) Chun, H.; Jung, H.; Seo, J. Isoreticular Metal-Organic
Cobalt(ll) Cagesinorg. Cher2018 57, 1184%11850. Polyhedral Networks Based on 5-Connecting Paddlewheel Motifs.

(45) Lorzing, G. R.; Trump, B. A,; Brown, C. M.; Bloch, E. D.Inorg. Chen2009 48 204%2047. _ _
Selective Gas Adsorption in Highly Porous Chromium(il)-Based(65) Pawley, G. S. Unit-Cell Refinement from Powder Diffraction
Metal-Organic Polyhedfzhem. MateP017, 29, 858%8587. Scansl. Appl. Crystallog81, 14, 35%5361. N

(46) Chiu, S. S.-Y.; Lo, S. M.-F.; Charmant, J. P. H.; Orpen, A. G.f66) Andreev, Y. G.; MacGlashan, G. S.; Bruce, P. G. Ab Initio
Williams, 1. D. A. Chemically FunctionalizableNanoporous Materigiolution of a Complex Crystal Structure from Powder-Diffraction
[Cus(TMA) 5(H,0)],. Scienck999 283 11481150. Data Using Simulated-Annealing Method and a High Degree of

(47) Wade, C. R.; DingaM. Investigation of the synthesis, Molecular Flexibilithys. Rev. B: Condens. Matter MatefL99fys.
activation, and isosteric heats of @@sorption of the isostructural 55 1201512017. .
series of metal-organic framewor8WC), (M = Cr, Fe, Ni, Cu, (67) Toby, B. H. EXPGUI, a Graphical User Interface for GSAS.
Mo, Ru).Dalton Trang012, 41, 793%57938. Appl. Crystallogi001, 34, 21%5213. y

(48) Wang, X.-S.; Ma, S.; Rauch, K.; Simmons, J. M.; Yuan, D_(,68) Hulvey, Z.; Vlaisavljevich, B.; Mason, J. A.;. Tsivion, E.;
Wang, X.; Yildirim, T.; Cole, W. C.; Lopez, J. J.; de Meijere, A.; Zho ,o.ugherty, T. P.; Bloch, E. D.; Head-Gordon, M.; Smit, B.; Long, J.
H.-C. Metal-Organic Frameworks Based on Double-Bond-Coupled’ Brown, C. M. C_rltlcal Factors Driving the High Volumetric
Di-Isophthalate Linkers with High Hydrogen and Methane Uptake _géilglgézl\élethane in g@tc),. J. Am. Chem. S@015 137
Chem. Mate?008 20, 314%3152. Rowl d A Lorzi R in E.J-T B. A

(49) Wang, X.-S.; Ma, S.; Forster, P. M.; Yuan, D.; Eckert, J.; Lop 69) Rowland, C. A.; Lorzing, G. R.; Gosselin, E. J.; Trump, B.
J.J.: Murphy, B. J.; Parise, J. B. Zhou, H.-C. Enhanicioigké by agale.hP. IA Br((j)wn, C. M; Bldo_ch,_E. D. Methanhe Storage in
“Close-PackifigAlignment of Open Copper Sites in Metal-Organic Paddlewheel-Based Porous Coordination (ags1. Chem. Soc.

F KA Ch Int. £ADG 47, 72657266 2018 140 1115511157.
rameworksangéw. Lhem., Int. § 47, : (70) Weller, M. T.; Henry, P. F.; Ting, V. P.; Wilson, C. C.

(50) Yuan, D.; Zhao, D.; Sun, D.; Zhou, H.-C. An Isoreticular Seri ) L . s
o_f Metal-Organic Frgmewc_)rks with Dendritic He>_<acarb0xy|afgggtna}[!ggL?pmilitoiydgggvzgrCOD?ftf?g::IH%EeOnT pg%r:grsﬁuggggzmg the
Ligands and Exceptionallyighl Gas-Uptake Capacitngew. 7345 2973.

Chem., Int. EA01Q 49, 535B5361. _ (71) Wilson, C. C.; Henry, P. F.; Schmidtmann, M.; Ting, V. P.;

(51) Yan, Y.; Lin, X,; Yang, S.; Blake, A. J.; Dailly, A.; ChampnessNilliams, E.; Weller, M. T. Neutron Powder Diffraction-New
R.; Hubberstey, P.; Sctieo, M. Exceptionally high btorage by a  gpportunities in Hydrogen Location in Molecular and Materials
metal-organic polyhedral framewGH#em. Commu2009 102% StructureCrystallogr. R&014 20, 165206.

1027. _ _ (72) Kapelewski, M. T.; Geier, S. J.; Hudson, M. Rek, Siu;

(52) Yan, Y.; Blake, A. J.; Lewis, W.; Barnett, S. A.; Dailly, Aylason, J. A.; Nelson, J. N.; Xiao, D. J.; Hulvey, Z.; Gilmour, E.;
Champness, N. R.; Sateg M. Modifying Cage Structures in Metal- FitzGerald, S. A.; Head-Gordon, M.; Brown, C. M.; Long, s{rR. M
Organic Polyhedral Frameworks fpStdrageChem. - Eur.201], dobdc) (M = Mg, Mn, Fe, Co, Ni) Metal-Organic Frameworks
17,1116311170. Exhibiting Increased Charge Density and Enhap@&#adihg at the

(53) Yan, Y.; Suyetin, M.; Bichoutskaia, E.; Blake, A. J.; Allan, D. Rpen Metal Sited. Am. Chem. S2@14 136 1211$12129.

Barnett, S. A.; Scider, M. Modulating the packing of (73) https://github.com/SimonEnsemble/BlochCages
[Cuxisophthalatg)] cuboctahedra in a triazole-containing metal- (74) Martin, M. G.; Siepmann, J. I. Transferable Potentials for Phase
organic polyhedral framewdkem. S&013 4, 17351736. Equilibria. 1. United-Atom Descriptiom@lkanes]. Phys. Chem. B

(54) Wilmer, C. E.; Farha, O. K.; Yildirim, T.; Eryazici, I.; 1998 102 256%2577.

Krungleviciute, V.; Sarjeant, A. A.; Snurr, R. Q.; Hupp, J. T. Gram(75) Mayo, S. L.; Olafson, B. D.; Goddard, W. A. DREIDING: A
scale, high-yield synthesis of a robust metal-organic framework @eneric Force Field for Molecular Simulatibridhys. Chei®9Q
storing methane and other gaBasrgy Environ. 6113 6, 1158 94, 88968909.

1163. (76) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.;

(55) Yan, Y.; Telepeni, |.; Yang, S.; Lin, X.; Kockelmann, W.; Daillgkiff, W. M. UFF, a full periodic table force field for molecular
A.; Blake, A. J.; Lewis, M.; Walker, G. S.; Allan, D. R.; Barnett, S. mechanics and _molecular dynamics simulalioAsn. Chem. Soc.
Champness, N. R.; Sateg M. Metal-Organic Polyhedral Frame- 1992 114 1002£10035. ' .
works: H|gh H Adsorption Capam and Neutron Powder (77) _ChIIdS, H, Brugger, E, WhlthCk, B, Meredlth, J.; Ahern, S.;
Diffraction Studies. Am. Chem. S2@1Q 132 40954094, Pugmire, D.; Biagas, K.; Miller, M.; Harrison, C.; Weber, G. H.;

(56) Yan, Y.; Kolokolov, D. I.; Silva, I. D.; Stepanov, A. G.; Blake, Krishnan, H.; Fogal, T.; Sanderson, A.; Garth, C.; Bethel, E. W.;
J.; Dailly, A.;; Manuel, P.; Tang, C. C.; Yang, S.; Schroder, M. Pordg8Mp, D.; Rubel, O.; Durant, M.; Favre, J. M.; Navratil, P. Visit: An
Metal-Organic Polyhedral Frameworks with Optimal Moleculafnd-User Tool for Visualizing and Analyzing Very LargeHidfita. _
Dynamics and Pore Geometry for Methane Statagen. Chem. Performance Visualization-Enabling Extreme-Scale Scientific Insight
S0c2017, 139 1334$13360. 2012 20124456355372. . —

(57) Gosselin, E. J.; Lorzing, G. R.; Trump, B. A.; Brown, C. M_.(78)_Frenkel, D.; S_mlt', Bl.nderst_andlng Molecular Simulation: From
Bloch, E. D. Gas adsorption in an isostructural series of pillar&jg0rthms to Applicatiohsademic Press: Harcourt, 1996. -
coordination cageBhem. Commu2018 54, 63956395. 9) Li, J-R.; Yakovenko, A. A.; Lu, W.; Timmons, D. J.; Zhuang,

. . . - W.; Yuan, D.; Zhou, H.-C. Ligand Bridging-Angle-Driven Assembly of

(58) Wang, C.-H.; Das, A.; Gao, W.-Y.; Powers, D. C. Probln@(I lar Architect Based drunlv Bonded  Mo-M

Substrate Diffusion in Interstitial MOF Chemistry with Kinetic olecular Architectures Based on Quadruply Bonde 0-Mo

Isotope Effectéingew. Chem., Int. Fll§ 57, 36763681. D(gairégﬁOA:W'Fczgnr_i”iml%liz, %Zu‘r’rﬁ%l?f'_ Zhou. H.-C. After
(59) Apex3Bruker AXS Inc.: Madison, WI, 2015. L R P 3

(60) Sheldrick, G. M. SHELXT - Integrated space-group and cryst 55 Years, A Crystalline Chromium Carboxylate with a Supershort

> r-Cr BondJ. Am. Chem. Sp@0Q 122 4165417,
structure determinatioActa Crystallogr., Sect. A: Found2@ly. (81) Mason, J. A.; Veenstra, MQ Lor?g, J. R. Evaluating metal-organic

AT71 338. =
(61) Sheldrick, G. M. Crystal structure refinement with SHELXL.frameworks for natural gas storagem. S@014 5, 35551.

Acta Crystallogr., Sect. C: Struct. 2hEnC71, 358.

12138 DOI:10.1021/jacs.9b05872
J. Am. Chem. So2019, 141, 1212812138


https://github.com/SimonEnsemble/BlochCages
http://dx.doi.org/10.1021/jacs.9b05872

