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Abstract

A series of metabrganic framework§MOFs) with tcb nettopology and linkers of increasing size (combining
triple bonds and benzene rings) computationally designed usimgolecular mechanics amdensity functional
theory By grand canonical Monte Carlo simulationee identify MOFs with outstanding metharstal uptakes
and working capacitiesatisfyingthe targets of theJS Department of Energfor automobileapplications in cold
weather region$s50 wt%, 263 cni(STP)cn®). For example,lte 5B MOF achievesat 298K working capacities of
52.2wt% at 565barand 61.9n% at 580 bar. The 3B MOF exhibitsat 298K the most balancefjravimetric vs.
volumetric)total uptake and working capacitythe family oftcb-MOFs 28.4wt%, 160.9cn?(STPn1 at 35 bar
and 23.0wt%, 130.3cnm?(STPn? at 5-35bar exceedinghe benchmarks ofht-MOF-7, IRMOFR6, IRMOF9,
PCN-14, Ni-MOF-74, Al-socMOF-1, MOF-205), 38.4wt%, 218.0cm?(STPXn1® at 65bar and 33.0wt%, 1875
cn¥(STPm? at 565bar xceeding the benchmarks BRMOF-6, PCN-14, Ni-MOF-74, HKUST-1, NU-111,
NOTT-1019, 41.6Wt%, 235.9cm?(STPEnT3 at 80barand36.2wt%, 205.3cm*(STPEnT® at 580 bar (exceeding

thebenchmarks of NMOF-74, MOF5, MOFR205, HKUST-1).
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Introduction

Metatorganic framework§MOFs) are crystalline materiai$ with unique propertes exploited in a range of
applicationslight harvesting*, drug delivery, biomedical imaging catalysi$®, andgas separation and stor&ye
%, Ther porositycombinedwith an esy tunability of the pore sizesults inoutstanthg potentialin natural gas
storagefor automobile applicatios Natural gas isuperior tagasoline odieseldue todramaticallyreducedelease
of dangerous pollutantsuch asNO,, SQ, CO, andCO,*. As matural gasconsistsmainly of methanegvaluating
the methanedotal uptakesand working capacitiesf MOFs is d great interestThe latteris usually calculatecs
difference between the totaptakeat a pressureof 35 bar, 65 bar, or 80 bar atithtat a pressureof 5 baf. Both
variants of the totaliptake and working capacjtgravimetric and volumetricare important for characterizing the
effectiveness of the methane stordgé In 2009 he US Department of Energy ([B) has announced targets for
the methane storage automobile applicatias1 A gravimetric working cpacity of 50 wt% and a volumetric
working capacityof 350 cni(STPEnT® at 298 K=, The volumetric targetakes into accourthe density ofthe
adsorbentConsidering &5% reductiordue to the fact that MOErystallitesare pressednto pelletswith lower
densitythana single crystakhe target become&s3 cni(STPXm?®.

Due to advancesn molecular simulationsmodelling nowadaysplays an invaluable role inpredicting MOF
structures and propertieStructureproperty relationshipcan be obtaied with high accuracy and much faséed
cheaper than ireal experimerst*?8, Evaluation ofdifferentbenchmarking materialsasshown thatclassicalforce
fields provide good agreemeant the bulk modulus and tiear thermal expansiotoefficient with precisefirst-
principlescalculation®. The flexibility of MOFs has beerstudiedbased orthe assumption thathe framework
consiss of rigid elementsonnected by hingé&s Controlled release of methane molecules fromg-MOF-74 by
means ofa molecular gatguided by arelectric fieldhas beermredictedin Ref. 31 anda computational screening
approachfor MOF structuredesign from a library of chemical building blocksf known compounds with the
target toenhance the methane working cdapgadas been introduced in Ref..32 computational techniqufor
evaluatingstructurepropety relationships using algorithms fromachine learnindgpas been developed in Re8, 3
demonstratingdst and accurate identification of MOFs for efficient carbiaxide storag€~300,000 hypothetical
MOFs generatedby combining 66 secondary building units and 19 functional glogiseening of more than
20,000 candidatelsas led to the conclusidhat thevolumetric hydrogentotal uptakeis maximalfor MOFs with
surface areas in the range of 314800 ni/g*.

While it is difficult to achieve simultaneoushoththe gravimetric and volumetrit)S DoEtargets for thenethane

working capacity computational methods can point to new veffuEsr examplethe Materials Geome Initiative,
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a computational approach to screen datahas®s been applied twanoporous structusd¢o identify limits for the
methane wiking capacity* and hydrogerotal uptaké®. Hypotheticalframeworks have begroposedn Ref.37
in order to minimize théramework densityand maximizehe void volumefor methanemolecules The highest
volumetric totaluptake 80% of theUS DoE targe) has been found in the case of diamdikd networks The
properties ofAl-socMOFs havebeenanalyzedin Ref. 38by a molecular simulation approadonsising of two
steps framework optimtationon the molecular mechanics level of thedojlowed byevaluation of thevorking
capacity. Theesults reveaa clearcorrelaton betweerpore struture and methanstorage poperties Shortening

thelinker leads tadramatic enhancement of tkelumetricworking capacitybut lowers the gravimetriovorking

capacity In this work, molecular mechanics and fipstnciples approaches are employed to design a novel family

of MOFs withtcb net topology(for which none of the known coordination polymers is interpenetrétatsatisfy
the US DoE targets faubmobileapplications at low temperatuaadprovidebalancednethandotal uptakes and

working capacities

Computational details

We analyze théopologies ofpaddlewheetoordination polymers by the TOPOS 4.0 Professional patkade
tcb nettopology occurs in several coordination polymeavih metatN and metalO bond4®>* but has notbeen
reported incoordination polymers with polynucleaecondary building unitssuch as the paddlewheel clu&ter
Thetcb nethas orthorhombic symmetry with space group Pamdincident edgesorminga n an g | % Aso f
this geometryresembleghe ®ordination figure of the metal atoms the paddlewheel cluster, theb netis
suitable for building new paddlewdel MOFs. There is onlyone type of vertex (uninodal net), j.the number of
building units requied to construcstructures witticb netis low, which is favorabldothfor designandsynthesis.
We build MOFs usihg the paddlewheel cluster aditopic dicarboxylate linkershown inFigure 1.All the linkers
considered have beelemonstratedb result in stable MOE%®, Theyaregiven names according tbe number of

triple bonds T) and benzene ring8J in the linker Figure 2 shows th&b netandthe schematic structure of a

MOF based on the paddlewheélisterandthe B linker. A paddlewheel cluster consists of two metal atoms linked
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by four bridging carboxylate®Vhile paddlewheel clusters can be formed with various metals, resulting in different

binding affinities, Cu is the most common choice and, at the same time, is available at |¢wrcibss. reason, we

consider Cu paddlewheel clusters.
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Figure 1. Organic linkers used to obtain a serigslmMOFs.

Figure 2. (a) Topologyt¢b net) andb) schematic structure of a MOF basedtwpaddlewheetlusterandthe B
linker.
The MOF structures are built by estimating the three lattice vectors, placingattdiewheel clusteronto the
vertices of thenet andconnecting them by the linkerThe paddlewheel clusters are orientedconnecwith the
four nearesheighbor linkers.The atomic coordinateshen are optimizedat constant unit cell parameters
employing molecular mechanics. We use the Fdiciteftware withthe universal forcefield®? for describing the
strong covalent interactions. The Smart algorithm of f®isiemployed witltonvergenceriteria of 104 kcal/mol
for the energy  33Akcal@nol/Afor the force 5% /&Rafor the stress  a n & A fBrAhg &omic displacments
We verify the unit cell parameterby first-principles calculation$SIESTA® software), usindinite-range pseudo
atomic orbitalgdoublea  wipolartzatior) in the basis anthe generalized gradient approximatforA fine reat
space gridis employed,defined by an energy cutofif 600 Ry The atomic positions are optimizdyy the
conjugategradient algorithm until the Hellmaffeynman forces areonverged t00.01 eV/A. A series of
calculations iperformedfor the B MOF with different unit cell parameters, changitig unit cell volume by up to
5%. The obtained energieare fittedto the BirchMurnaghan equation of st&ten order to find thevolumethat
minimizes the totaknergy. The equilibrium volume determined by optimizinghe b/a and /a ratios.We find
excellentagreement of the resulgth those from molecular mechanics. For this reawunit cell parameters of
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the other elevepredictedMOFs are optimized by molecular mechanics ofdgoptinga convergence criterion of
0.01 A for the maximal chrye in the unit cell parameters)

Grand canonical Monte Carfdmulations are used for investigatitige methanéotal uptake and working capacity
(gravimetric and volumetric) at different temperatures R4@58K, 273K, and 29&) and pressures (up to 90
bar). The nethane molecule is treated as united ateith parametersaken from the TRAPPE force fiéfdand
LennardJones parameters & = 3.73 A andUks = 148 K (no chargesonsidere}l The MOF is assumed to be
rigid andagaindescribed by theniversal force fieldFor the van der Waals interactiencutoff distance of 12.&

is usedand periodic boundary conditions are applididhe MUSIC softwaré’ is employed fothe grand canonical
Monte Carlosimulations with2.5-10 steps as equilibration periahd 2.5-10 steps agroductionperiod The
fugacity coeffcients are calculated by the PeRgbinson equation of st&ePrevious studies have demonstrated

excellent agreement between experiments and simulations using the methodology of the pre¥éht work

Results and Discussion

The Poreblazer prograthis employed forcalculatingthe geometric surface area (using N as probe), pore volume
(using Heas probg ard framework densityThe results givenin Table 1together with the lattice parameters,
showa strict trend: The longer the linker thlargerarethe geometricsurface area and pore voluimat the smaller

is the framework density.

Table 1: $ructural properties of the designiet-MOFs.

geometric| pore | framework _
surface | volume| density unit cellparameters:

area (/g) | (cm®g) | (glcn?) abc®
69 0.170 1.690 13.805.83 17.16
B 321 0.441 1.219 16.07, 7.48 20.64
TT 1759 0.621 0.914 16.09 8.36 21.55
B 183 0.721 0.826 16.1610.3Q0 24.31
BB 3040 1.094 0.641 20.64 10.82 28.20
2BT 4445 1.808 0.444 22.0313.6], 32.71
3B 5109 1.996 0.406 22.2515.67 35.61
4T 6531 2.256 0.378 24.5311.09 32.00
2B2T 1247 2.719 0.320 26.2514.81, 37.51
4B 7612 3.667 0.246 32.93 16.81 44.38
2T3B 8249 4.204 0.217 31.87,17.96 45.68
5B 7973 5.102 0.182 37.26 20.25 52.31
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Figure3. (a,c,e,g)Gravimdric and(b,d,f,h) volumetricsorption isotherms dtb-MOFs.



—_~~
Q

S

—
=)

)

Sorption @ 35Bar and 298K Working Capacity @ 5-35Bar and 298K
70 = O T

3

= 60+ . 601 _

: 3

2 50+ E -3 50+ q

8 o

S 40 - £ a0- _
S

2 58 4 Al-soc-MOF-1 5

2 30+ T3 omame & 38 rht-MOF-9 1 £ 304 5 4B Al-soc-MOF-1 PCN-14 1

2 59 MOF-205  2BT® NOTT-10{a/ JTSA76 E 2T3B®262Te,  o3B

5 e ors1s 2B° 8 eHKuST-A 2 201 MOF-205," 28T ' NOTT-101a ]

3 MOF é\! < % FONa4, s Mors 2B o oUTSATE

Z 104 - e TBT Ni-MOF-74 | £ 40 RmoF-s % % * & HKUST-1 ]

To "B MtMOF-7 IRMOF-& Q, T MMORT e P e rht-MOF-9 MOF-519

N o Ni-MOF-74
© 0

T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240 260 280
CH, Volumetric Working Capacity (cm3 (STP) cm's)

0 R e
40 60 80 100 120 140 160 180 200 220 240 260 280
CH, Volumetric Uptake (cm® (STP) cm™)

—_——
o
S

Sorption @ 65Bar and 298K Working Capacity @ 5-65Bar and 298K

70 T T T T T T T T T T T s 70 . . - . , . . , . , .
- H
a;;- 60 - 58, 1 > 60 E
2 2T3B s 58
¢ 50 - v 1 2 50 ¢ .
-E_ ZBZT. ‘Al-snc-MOF-1 ‘; 2TSB. 048
2404 o2t «3B 1 £ 404 2B2T, _Al-soc-MOF-1
£ F; %87 5 2BT, *38
G 30 - | 1 .
E at NOTT-t01, UTPAT 3 30 4Te 7 CeNya11
H 2Be pontd 5 . YTSA-TE
& 20+ IRMOF-B.T.B .NL H;US.T-T g 204 o 142§ NOTT 1012 WOF 519 i
“d 02T MOF-519 .| x > e o x
E 104 B Ni-MOF. 7{ 8 104 ZI’TB IRMOE-6 HKUST-1 ]
oT & T 8 Ni-MOF-74
o O 0y
40 60 80 100 120 140 160 180 200 220 240 260 280 40 60 80 100 120 140 160 180 200 220 240 260 280

. : : 3 -3
CHA Volumetric Uptake (cm3 (STP) cm'3) CH, Volumetric Working Capacity (cm™ (STP) cm™)

—
—n
o

(e)

T
- MOF-519 | z?. oNi-MOF-74 g

-
o
L
-
(=]
1

T
L] T -B
.

Sorption @ 80Bar and 298K Working Capacity @ 5-80Bar and 298K
70 e e e T S A m e ~ 70 T T T T T . T . T
® =
58 ¥
= 60+ . B < 60+ 5B J
g ELE Z anss
= (] »
2 504 MOF-205. Al-soc-MOF-1 2 50+ g
8 * e o 2B2T  Al-soc-MOF-1
S 40 gzt *%B 2 a0 e . _
2 . *2BT K MOF-205, 3B
3 304 4T 2 304 ar® | 28T 1
£ HKUST-1 | o
H MOF-5, 2B A £
& 20 e o £ 20+ o SMOFS MOF-519 1
~ 2T %B  Ni-MOF-74¢ S . .
T * ] HKUST-1
o o
«
I
]

0

T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240 260 280
CH,4 Volumetric Working Capacity (cm3 (STP) crn'a)

0 T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240 260 280

CH,4 Volumetric Uptake (em® (STP) cm™)

Figure 4.(a,c,e)Total uptakeand(b,d,f) working capacityof tcb-MOFs and benchmarking materifdlem the
literature.

Methane sorption isotherms for the family tob-MOFs obtainedat temperatures 0240K, 258K, 273K, and
298K by grand canonical Monte Carlo simulations fwessure up to 90 bar are shown in Figurét2BT and
3B MOFs exhibit the highestvolumetrictotal uptakes at high pressure faall temperatres (Figure 3b,d,f,h) and,
more importantly, thdighestvolumetricworking capacities at 298 K for all pressure randegure 4b,d,f). The
pore diameteis slightly larger thanl0A (Figure S2) and thsameworkdensityturns out to b&.444 gcm?® and
0.406g cnm®, respectively which agreesvith the finding ofRef. 22 thatthe highestvolumetricworking capacityis
achieved fopore diameter11 A andframeworkdensity 0.40.6 g cm®. Themethane sorption isotherms of thg
B, TT, TB, and BB MOFs exhibit saturationat comparably low pressuréBigure 3, becauseof small pore

volumes (Table 1), such thato high pressurés requiredo fill the pores completelyrhevolumetrictotal uptakeas
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smaller at moderate pressure than expected thetmigh frameworkdensity.High gravimetric and volumetritotal
uptakesat 5bar (Figure 3, zoomed view in igure S1) lead to moderate working capacitesall tenperatures
studied The 4T, 2B2T, 4B, 2T3B, and5B MOFs exhibit very high gravimetri¢otal uptakes, due to larggore
volumesand lowframeworkdensity(Figure 3. Also, because of the low framewodensity,the volumetrictotal
uptakes are slightly smaller than for thBT and3B MOFs It turns out thathe volumetric isotherms athe 2BT,
3B, 4T, 2B2T, 4B, 2T3B, and5B MOFs approach each othéwr growing pressurgespecially at v temperature
(240K and 258), whenthe methane sorption is enhancat 298 K the 5B MOF shows the highest gravimetric

total uptake, reachin@3 wt%, butmoderate volumetritotal uptakedue to the lowedrameworkdensity

Figure 5.(a,c) Total uptake andb,d)working capacity ofcb-MOFs andbenchmarking materiafsom the
literature

The total uptakes and working capacities of the desigrie®lOFs are compared to outstanding existiM@Fs
with different topologiesrht -MOF-752, IRMOF-6%, IRMOF-9%, PCN-14%55 Ni-MOF-74%4%657 HKUST-154678
Al-socMOF®, UTSA-76"%, MOF-5%, MOF-1778, MOF-205%, MOF-210%, NU-111"%, andNOTT-1014?) for a
variety ofthermodynamic conditions Figures 4 and to evaluate theisuitability for automobileapplicatiors.
The 4B, 2T3B, and5B MOFs exceed thgravimetrictotal uptakes (at 35 bar, 6%ar, and 80 barand working
capacities(at 5-35 bar,5-65 bar, and 80 bar)of the benchmarking material#\t 298K the 5B MOF reaches

impressivevalues 0f33.1 wt% at 35bar, 28.2wt% at 535 bar, 57.1wt% at 65bar, 52.2wt% at 565 bar,66.9 wt%
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