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Abstract During the past decades, extensive investigations on metal-organic frameworks (MOFs) with ultrahigh surface
area for gas adsorption and separation have been reported. With the increasing number of possible MOFs, it has been a great
challenge to discover high-performing MOFs of interest from numerous structures. High-throughput computational screening
(HTCS) is a powerful tool to accelerate the development of MOFs for application of interest and explores the quantitative
structure-property relationship (QSPR) to facilitate the rational design of top-performing MOFs. In this review, we summa-
rize the MOF databases used for HTCS, mainly including MOFs collected from experimentally synthesized MOFs (i.e.
eMOFs), and the hypothetical MOFs constructed by computer-aided tools (i.e. hMOFs). Moreover, there are currently two
important screening strategies, molecular simulation and machine learning-based HTCS. A vast majority of HTCS have been
performed by molecular simulations including grand canonical Monte Carlo (GCMC) and molecular dynamics (MD) simula-
tions, in which the accuracy of force field parameters play a criticl role in the reliability of HTCS. GCMC is able to predict
the adsorption performance of MOFs such as adsorption capacity, selectivity and heat of adsorption, whereas MD is com-
monly used to estimate the dynamic property of adsorbates, e.g. diffusion coefficient and permeability. Additionally, lattice
GCMC and classical density functional theory (cDFT) are also highlighted for computational screening of MOFs in this re-
view. Machine learning consisting of various algorithms is a recently developed strategy with high efficiency and low com-
putational cost, which is a more powerful and promising technique in future. At last, the investigations on the utilization of
HTCS in CH, storage, H, storage, CO, capture and gas separation were outlined. By reviewing the recent research progress
in HTCS, we pointed out the current challenges and opportunities for the furture development of HTCS for MOFs, which will
be the major engine for the commercialization of MOFs in various applications of interests.

Keywords metal-organic framework; computational screening; molecular simulation; machine learning; adsorption and

separation

(=1 Bl BTN IT(EEE T BIREEE) 5E L
4 # WL B % (Metal-Organic Frameworks, BCRCRER E . WEER IS B 2 S0 O A 550 i 1 i A 11 o 30 1k
MOFs)!! 45 B3 42 AR A I — 3 T b oK 2 FL s VA b PR EE . HSEgZ LM EIAHLE, MOFs BB T KR

il

* E-mail: songli@hust.edu.cn
1 These authors contributed equally to this work.
Received December 12, 2018; published January 8, 2019.
Project supported by the National Natural Science Foundation of China (No. 51606081) and Double first-class research funding of China-EU Institute for
Clean and Renewable Energy (No. ICARE-RP-2018-HYDRO-001).
i H % [ 5 B AR 245 (No. 5160608 1) FTHF R it 55 AT 25 REIR 2 8 X0 — i 9 2 Be2z-F- & B 7 2 42(No. ICARE-RP-2018-HYDRO-001) % B

Acta Chim. Sinica 2019, 77, 323—339 © 2019 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 323



¥ F R

LKA LR AR TSI, P
VI N T AR A 4 g O Ak U 2 pk
B SRR SR A1 2R A

B8 & - BB 1) gk Ak e, S0 i) 45 1) MOFs
(experimental MOFs, eMOFs)£ & AW hn. 5k FE R,
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227 T ) CoRE MOF (Computation-Ready, Experi-
mental MOFs)E# i, )R 2238, hit&EHLE T
() ] B 4% 5 B hMOFs U4 P2, in Wilmer 255478 2011
TEFESTI hMOFs e 2. 1y it &5 11 50 128 (1) 34l
MOFs ()& Pl e ) 2 B TSR Wbt . 759
Fifig A7 AR,

2.1 eMOFs %

eMOFs HiH8 [ 3= B2 I\ 060 10 435 ) SI2 96 5090 12 (o
Cambridge Structure Database, CSD)H #2HL . #4%— R 41
PRI 5310 v LASL I T2 7 B0l s TR 1) MOFs
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AR R H N B m B R IR TR . 2012 4F, 3£
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FEEUHIZ) 30000 A MOFs, JEid 5 E T, MR
Mgs G BRRIEFIAE R F535R1E T 1163 4
MOFs 4544, 4 HHT CO./N, 4B ) m il & i 1 i
Ft. 2013 4F, 3¢ E B ER K2 Siegel M4 CSD 1
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Figure 1 Schematic illustration of CORE MOF database construction
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Table 1 Experimental MOF (eMOF) databases for high-throughput
computational screening

Style Year Database Literature
2012 1163 eMOFs from CSD [39]
2013 4026 eMOFs from CSD [43]
eMOF 2012 105 eMOFs from literatures [33]
Databases 2014 151 eMOFs from literatures [44]
2014  CoRE MOF Database [27]
2016  CoRE MOF V2.0 Database [45]
2011  hMOF database from NU [34]
2012  ZIF database [46]
18383 hMOFs and PAFs
2014 from Colon 23]
2014  Zr-hMOFs database [26]
hMOF
Databases 2014 324500 hMOFs from Fer- [47]
nandez
2015 416 hMOFs from McDaniel [48]
13512 hMOFs from
2016 Gomez-Gualdron [49]
2017  MTV-MOF database [32]
i?g&gh;OF 2017 hMOF database from NU-+ [50]
CoRE MOF database
Databases

¥ % (CoRE MOF V2.0)*'ff] eMOFs % FF+% 6013
A, T RIS MOFs 573, Fiiit 2019 4
CoRE MOF #t4fE £ 41 (1) eMOFs 3545 S 58HY 15000 Fi.
AR T mnd S LR L Y eMOFs 25048 2 L3R 1.
2.2 hMOFs $iiRE

Bk T eMOF i 2 4b, i & vk 505 70 ik S A8
MR E R hMOFs #85E. FIH MOFs )45 14910
PuURet, SR K &= IR 945 14 5. 0 (Secondary  Building
Units, SBUs)(&:J& A& RA HLECAAR) FIAS [F] &£ 7 5K,
REBETETH ML B AR RS A S FE 1) MOFs @ik Zhf. ©fF
W B2 IRIE T “ QT A JE” (from top to bot-
tom)(&l 2)F1 “ HIKZ T (from bottom to top)(K] 3) i F

B2 “AMZER” JnEnBE Bl Zn,0 E5WHRN K PRI
PG SIS 255 SR peu WEE T2 b, JE R MOF-5. K EAHRIE T,
TERART, AERERT, Sl iR 7r

Figure 2 Schematic of the top-down approach, where a Zn,O complex
and a terephthalic acid linker are respectively mapped onto the node and
the edge of a pcu net, forming MOF-5. C=gray, O=red, H=white, Zn
=light blue®®”
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Figure 3 Schematic of the bottom-up approach. Crystal structures of
existing MOFs were obtained from X-ray diffraction data (left) and sub-
sequently divided into building blocks (middle) that then could be recom-
bined to form new, hypothetical MOFs (right). Gray, red, blue and tur-
quoise spheres represent carbon, oxygen, nitrogen and zinc atoms, respec-
tively®¥

P % hMOFs HI 7 ik, “ FTRZJE 1 53 & #56 SBUS
T TE 4 52 IR NS R BB BT 05 B LR MOF &5
F. “CAJRZETN PO 53024 SBUS P& H 2
TE BT 7T BE ()5 37 MOF 4544, 76 hMOF 4 i
FEep, AT LAE 2 R0 SBUS, [AI, hMOFs FT HLAT [k
PR FE R 7 S Z FEVE R eI LA R E
AT RE IS5 44,

hMOF #¥5 Fe a8 &5 B A 5 B B A, AT AT BA
MH SR AT B A TH IR KOG 2R, RN TG HA 1 B A e e
BEM hMOFs BEATsR5e %07 2011 4, EEPEILKS
Snurr PP 5648 A 102 4 SBUSs, SRA“ HEETH”
KI5, B T AE 137953 A~ hMOFs f %4 & (hMOFs
from the Northwestern University, hMOFs form NU). H
H RS hMOF AL 2 1 Fhde @ AR 1~2 Fiog HLRCAA,
PAK 1 FprEfeldl. ik i) hMOFs Y CH, S5 I W it ith
2 5srib g AV A, 3UE T hMOFs $4 E F T
B RS IR IR M AT SN, 2012 4E, SEEINM KA T
FIAS R A Smit PR EZH 5 F4 30 TR SN R
A SRR RS R B AR B A b R SR
F 38 18 Bk e i (imidazolate) it A SR E B AR T, K18 T
ZIF (Zeolitic Imidazolate Framework) (4%, It4b, HF
FEN ROR @A R W 7 & 7 & T s R o A
oy B 3 A 25 B hMOF % 4 i 220
Gomez-Gualdron ZEWVRHF 7815 B EARIR 44 T & & i
17 Hy bRk, Jld “HMER” K754 41 4 SBUSs
HEREAFH] 13512 > hMOFs £5#). AT S @E e 5
JRET” J7A T i 1 A gJE. 3 A pLEC AR 3 Fh
‘B B8 H 4 % 1) £ JC (multivariate, MTV) MOF, 4% T
10995 # MTV-MOFs, F44 3 FH T COo/N, 153 15 J Hit)
WK B HT. B4 hMOFs $dfs 2 3% 1.
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FEAL, A% eMOFs A1 hMOFs $¥5 2 [ i F
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T ERREERE, (AAFAEIR 2 0 R R . 1 ST
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— LB U YEFR” S5 eMOF 5 K55 St i) £ 1
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THEMLBET ) hMOFs (S50 v 47 Mg & BRI A7
FESEN CHRIER hMOFs HBENS Bl S26-& B 78 52
B 2 A B B 7 LIRS e M . AR e R A AR e
PEM hMOF HE AN WA i, X L6 77 T #0 A £t — B it

g
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WP R 2 T 40— BAOL Y e I8 T B R IE T v A A ok
H 25 52 3 G731 2 T-HL 4% %% °J (Machine Learning, ML)
(RT3, T 40 AR %) el v AR 12 1) — M
RO K 4 s, B5%, KA Zeo+ +11. Poreblazer®!,
MOFomics 8 ZEOMICS'*/fil TOPOS!*"4% 11 F 44 P v
MOFs 15 K H H B 1% (Largest Cavity Diameter, LCD)+
% [RfLE & (Pore Limiting Diameter, PLD). B fL%&
(Available Pore Volume). 1] il Lt 3% H] #(Accessible
Surface Area, ASA) LA K i Fh &5 i 2615 2, HERR LLERTHIAN
AR /N MOFs, FEGTHHEARE. 25, 8
I ATV MOFs R B Bl B g b AT 1540,
g B SEBRI FH 264, ARYE MOFs 1 fg (1) 45 Il = 48 bs 2t
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(training set); Z J& K AL &8 5% ) VR SRAF I R 5 vk
MOFs M RE RECA AL, e, RIS R0
FAER T B (test set) R K 2 b Hx MOFs (14
e, FE LA 5 >0 1 el B AR 1k FL AT O PR
BORm AR, PRI R H af 2 B EA. AR LA
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Figure 4 Schematic diagram of (A) the rapid increase in the number of
synthesized metal organic frameworks, (B) high-throughput computation-
al screening methodology!®!
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AR VERE. MD B E A0 ) 2 5, i AH B
TEHAMRE RSN 1% 28, RS20 Tiashiik, Pl
KRG B R BEE BN ) R, X T ASESNT RS, 7
TR AT R AN [R] R R ZR R S

e TR, SR E&E R 1R A BAE 2
FOLRE HER B e H 45 TP R PR R 4R S5 A8 08700 i aE ke,
e I R R SR FH AR 7V 5 i a ssre sk 2 . B,
X T MOFs 7748 He W B 40 if i 26, BL GCMC 4315540
A MAEMS B4R, 7% GCMC Fl MD 43 T4
LS AR TN 4r S RE. 24 GCMC F1 MD M 45 &1, —
fi R R AARIR 773, £ GCMC #1 MD 43 F B,
I EAEF AT LA MOF-MOF Z IRl {4 B4 Fl . MOF-
AR A DA RS- SAR A BAE A AR — AR i
HfiEH, MOFs K H B € I HESE S5 44, b AN &
MOFs 2 [W A EAE . WSR-S EAE B A
oy ¥ I1miksE, R, amdEmiig MOFs 541447
FZ A BAE ] 2 o0 E 2L MOF-U4R A A A4
Lennard-Jones 1F F #(Lennard-Jones Interaction, LJ)FlJ%
41 F %5 (Coulombic Interaction) s #4731,

T MOF i FErh 45t B 2, AR ARG KT R
TR, R, 2EF GCMC R MD [ iR 2 i
F 3K Universal (Universal Force Field, UFF)"" Al
Dreiding (Dreiding Force Field, DFF)"ix 23 ] LI 1137.
Grajciar 251115 7 5F UFF /137 1) HKUST-1 #1 CO,
ZIAFIAHEAE R, 5% 72 R B8 (Density Functional
Theory, DFT) U425 FAH LCEL, A 30 I i 22 76 W 452
TG A . MOF-"S44 73 1 1 PEAR A FH 35— Mid ik o F A
ITAEIE3RAS, MOFs HAARR A I s sy oH B 77—k
& AR PRI e X T RO 21 55 1 Sk

#£2 MOFs Kl s it S Im e 7 a4
Table 2

WA AR CHy, —BCZI% MOFs (AR AEH]. xS
TR R T Hyy COpv Npy LI AT ZIREE,
BT H AR M TE O FL AT P47 (Charge  Equilibration,
QEq) /7 ¥:"™ . 4™ Ji& Fi 4 - # (Extended Charge Equili-
bration, EQeq) J5 ¥ "V Fl 3 F 3 B Mk 19 IR 1 51wk
(Connectivity-Based Atom Contribution Method, CBAC)
JiiEVOE SRk O L AR, Qeq VAR WI RS E
il i 5 TG 2R B LA, DRI S EON-F L -Cl 45 e BB I 1)
MOFs 5544512 T (kB AR F it iR 2207, R
AIREAATE LA L, M T Qeq VA EA T A, X}
THR IR T SRR S, PRI =l v Sk A5
EI PR s N o A E Y RS N e 1) i
BZ, MOF sirifa VERIAR R BOCE 2. — R T
DFT FIF& J5i%. E R AU VASP(Vienna Ab initio
Software Package)™ *)ff) DFT i+ 4 #4353 MOFs f H2
TanAifs B, )Gl REPEAT ®)(Repeating Elec-
trostatic Potential Extracted Atomic)&, DDEC (Density
Derived Electrostatic and Chemical)®™J5 20 & Y # HR,
fif. Nazarian Z™EE T DDEC Al EQeq J7i2:it5 1)
CoRE MOF ¥l 2 (1 s A7, &I EQeq J7 it il T
ik 4 o A 4 J8 oG 3 00 L, TG A L 42 1Y) P
fiif. 5 —MH TR R M Gaussian 1 ChelpG 77
VR4 v S e B S AR Y A e, PRI A &
MOFs éitgHIGN. X PP T A5 i B0 AR 2540 i v 5
T T B PR o A g e, AR PR £
FME. BBAh, WEREIE IR T AL (MOFs Elec-
trostatic Potential Optimized, MEPO)f{] QEq J5 %l 7E 4
46 MOFs 15, HAE LIS DFT tH& %A
RN T HAR ) MOF, X 77 3 (RS A AT 10 45 s

Summary of high-throughput computational screening of MOFs for varying applications

Year  Application Database/number of MOFs Screening method MOF/gas force field Literature
2012 Xe/Kr separation hMOF database from NU/137953 GCMC UFF/Xe®”, Kr!* [34]
. . Hydbrid Dreiding & UFF/TraPPE

2012  CH4/H;separation eMOFs from literatures/105 GCMC for CH, and H,™ [33]

2012 CO;capture hMOF database from NU/137953 GCMC UFF/TraPPE [90]

2013 CO;capture hMOF database from NU/137953 GCMC UFF/in-house FF [31]

hMOF database from NU/137953 ML

2013 CHstorage (training set: 10000, test set: 127953) (SVM/MLR/DT) o1
UFF/ LJ from Mi-

2014 H, storage hMOFs and PAFs from Colén/18383 GCMC chels-Degraaff-Tenseldam [23]
model"~; charges from
Darkrim-Levesque model®

. . Hydbrid Dreiding & UFF/TraPPE

2014  CH4/CO, separation ~ eMOFs from literatures/151 GCMC for CH,, EPM2 for CO, [44]

2014  CH, storage Zr-hMOFs database/204 GCMC UFF/TraPPE [26]

2014  CH, storage CoRE MOF Database/5019 GCMC UFF/TraPPE [27]
Hybrid Dreiding & DFT-derived

2014  H, storage hMOF database from NU/137953 GCMC parameters/Darkrim-Levesque [94]
model®

hMOFs from Fernandez/324500 (train- o

2014 CO; capture ing set: 32450, test set: 292050) ML (SVM) [47]

2015  CH, storage hMOF database from NU/1200 cDFT UFF/TraPPE [28]

2015  CH, storage hMOF database from NU/1200 c¢DFT vs. GCMC UFF/TraPPE [95]

2015 Dibenzothiophene i 4oabase from NU/1200 cDFT UFF/in-house [96]

adsorption
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Year  Application Database/number of MOFs Screening method MOF/gas force field Literature
2015  H,storage hMOF database from NU/1200 ¢DFT vs. GCMC UFF/Buch model"®” [30]
CO; capture, CHy . Lattice GCMC vs. UFF/EPM2 for CO,, TraPPE for
2015 storage hMOFs from McDaniel/416 GCMC CH, [48]
2016  CH4/H, separation hMOF database from NU/1200 cDFT UFF & Dreiding/in-house [98]
2016  H, storage hMOF database from NU/137953 GCMC UFF/Darkrim-Levesque model! [29]
UFF/LJ from Mi-
2016  H, storage hMOFs from Gémez-Gualdron/13512 GCMC chels-Degraaff-Tenscldam [49]
model"~; charges from
Darkrim-Levesque model®”
2016 CONTHOsepara- b e \OF Database/5019 Ku-+GCMC UFF/TraPPE for CO; and N, [99]
tion Tip4p for H,O
2016 HO/CHINHs sep- ok database from NU/137953 Ku+GCMC UFF/ TraPPE for CH, and NH;, [100]
aration Tip4p for H,O
2016 ZZ?/I/ CHasepara- ¢ \RE MOF Database/4519 GCMC UFF/TraPPE [101]
2016 Sg:mz/ CHasepara- \IOF database from NU/137953 GCMC+MD UFF/TraPPE [102]
2016 NH/CH/HO eMOFs from CSD/1163 Kiu+GCMC UFF/TraPPE for NHy/CH,, Tip4p [39]
sepraration for H,O
C,H¢/C,H, separa-
2016  tion, C,Hy/CH, CoRE MOF database/233+eMOFs from 5y vy Hybrid Dreiding & UFF/TraPPE [103]
. literatures/45
separation
2016  CH4/H,separation CoRE MOF database/250 GCMC+MD Hybrid Dreiding & UFF/TraPPE [104]
CH./CO; purifica- hMOFs from Fernandez/324500 (train- .
2016 tion ing set: 32450, test set: 292050) ML (DT/SVM) [105]
ML
2016  CO,/N; separation hMOF database from NU/137953 (MLR/DT/KNN/SV — [106]
M/ANN/RF)
2016  CO, capture hMOF database from NU/55163 ML (GA) — [107]
2017  CO, capture MTV-MOF database/10995 GCMC UFF/TraPPE [32]
2017 Hexane./heptane CoRE MOF database/5109+1ZA data- GCMC UFF/TraPPE-UA [108]
separation base/402
2017 Xe/Kr Xe/Ar, CoRE MOF database/117 GCMC+MD UFF/Xe, Kr, Ar, Rnl!®: 1% [35]
Xe/Rn separation
. hMOF database from NU/137953+
2017  Thiol capture CoRE MOF database/4764 GCMC UFF/TraPPE [50]
hMOF database from NU/130398
2017 CH storage (training set: 10433, test set: 119965) ML (DT/SVM/RF) (1]
2017 Hestorage, CO; eMOFs from literatures/100 ML (JustAddData [112]
capture V0.6 tool)
2018  He/CH,4 separation CoRE MOF database/139 GCMC+MD Hybrid Dreiding & UFF/TraPPE [113]
2018  CH4/H, separation eMOFs from CSD/69666 GCMC UFE/CH,"™, 1, [116]
. hMOF database from NU/110871+
2018  COy/N, separation CoRE MOF database/2017 Ky+MD UFF/TraPPE [117]
2018 ggsmﬂ CHa separa- (R E MOF database/4764 GCMC+MD UFF/TraPPE [118]
DFT+GCMC+ML
2018  CO, capture hMOFs/400 (MLR/SVM/DT/RF) UFF/TraPPE [119]
2018 rHaanO/ SOZ/ CHasepa ¢ RE MOF V2.0 Database/6013 Ku+GCMC UFF/TraPPE [51]

XA T8 /18, CHay COb Npv Oy S 753808
J& I8 % K A TraPPE (Transferable Potentials for Phase
Equilibria) /73%"%, 4542 77 ) TraPPE-EH FUHLRI{k
(Coarse-grained)f¥] TraPPE-UA. th75 22 7E CO, f ALl FF
¥ F EPM2 (Elementary Physical Model) /Ji7!"" K4
BT DU I MR CO, AL FR M S 802 k. /K51
B rR, Tipdp!' 2 A Tip4p-Ew!' 2 A i % F. H, 1135
Pk £, £ ZE A H TraPPE . Michels-Degraaff-
Tenseldam model®, Darkrim-Levesque model A1 Buch

model®%, — S MR T EE AT R B a4 A
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47 AR B GCMC ATMD J53, bRt 5
B, TS M R cDFT (classical DFT)F13E T
GCMC ff] lattice GCMC £ MOFs [l & i ik h th 4
NFH. PR ITVEAE MOF W% B2 (BRI 5 AR 2 /N 7,
X RVFEARS FAEM S LB 3. W e HIR1E M
MOF 75 & s A A 3P T S A4 23+ 1 Bt
2. [FIsE, cDFT 1 lattice GCMC #5357 FH LRI (1) S 4453
TR, JET cDFT 1 lattice GCMC () il & ik 75
TR T 2R R ey AL PI Ll & o, I CH, TR
PRV AR 3R, 0T AR SRR R s I S AR o 7
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K o0 AU 7 BRI T BN R) A R 2 2 R B 11
Al Bl A EH SR GCMC B, T2 & Sl i
Widom insertion 5323843 A [A] F1 25 MOFs X 7K 73 (1)
F| Z 4 (Henry’s constant, Ky), TRIEHERR XS 7K SE AN 70 5%
B 551 MOFs 2544, P45 6 GCMC FE4BLx it t i /b
T MOFs 47 W% B 1 i T

32 HHFEF

k% MOFs # H (AN &, 2T GCMC =i &
A A 52 BT BRI MOFs £ 22 A BR (19 1155 5%
PR, FHET LA 5 2] (ML) B 1 i 38 & v 597 32 ) mT DA
ff R DL b m) . HLES 2 ) AR F /b F MOFs 45 1
E S FVERe BB AR N “ N ZREe 7, it &ML RAS “ 0
WEE” | BIAT DA 24k MOFs 25 FRRIE 5 HAPERE 2 (1]
MBCFAERL, MITE— 0 F R T “IteR” k&
MOFs AR FIVERE. X Fh 70T LA 8008/ 1 S [A],
Pemimik R, B RlE L2 2] ke 2 sk
P4 7] 9 (Multilinear Regression, MLR). 3 (Decision
Tree, DT). K 4BiT 5% (K-Nearest Neighbor, KNN). 37
5 [7] s AL (Support Vector Machines, SVMs). A T #£
#%(Artificial Neural Networks, ANN). FHALAR M (Random
Forest, RF)F1%: [ 153 % 551 (Genetic Algorithm, GA)%%.

% 02 A 9 S0 (MLR )P i 3 24 41 (] )
LGSR B AS DL AR 5 5 R AR 2 [A) 305 o0
AW —MAEE, X B & 3 B4R MOFs 145 /) RHE
P AR  FLAR AN LA AR, o AR B 2 i P

(a)

HIEE
Gini = Gini = Gin‘i=/ Gini = Gini = Gini=
[ 0.10 ] [ 0.07 ] [ 0.19 ] 0.11 0.11 0.14

©
Input  Hidden Hidden Output
layer layer layer layer
Input #1
Input #2 Output
Input #3

HEREVE SRR, el B IR s
P AT 22 JU LR MR A5 AT LAVEE B fifiid MOF's 45 HR5AiE
SR A BCERRL, 2 RN “IEREE” kS
FAETUN R ENPERE. 5 MLR ANE, skt (DT)5
FANE S (@)FR) & —FipLas % 2] Bk, ARYE <l
WA A EHE (K 1, R FH AR A IR 45 ) 2 3 e S AR A
HLLE W4 H MOFs 5 HFRAE S PEREZ I C R, f#
THLMR, SR P S SIEANE A AL HE AR A g 4
s, BENLAR#R(Random Forest, RF)HE & —FIBCAE
B SRk, B “IGE” WS A R
HHG I A 3 i, M 3R A3 50 o Al A0 e 11 T &5
. 5 DT FiEZL, K AR R (KNN) W& —Fi /- 285
2, MR YRS T AN [RIRFAE (R 2 R 1 P gt
APy KIS, E G T UL D A0 ) R, S ON TR, R
KNN i S04 847 ok, Sk EHL(SVMs)PY
S FER R IE, REWE 5 (b)), B
I Ik B 2 AR 6 K B B P I G A — s I X 4
I, EERIEH AR MR, tk MLR, DT M
KNN S50 5 R, A4 BE 08 3115 58 HE A 1) T 45
BN THZ M 4 (ANN) BN 74 H % T 45 1)
FRIE S PEREZ M HIBER, MBI S (c)F FTR I #Z
&, AW ER MRS, B8 EE
HBE RS SRR O AR R FIvERE. ANE TR
B, B/ 5 (PR BRI IR GA) T — L
SRR I FIEREAMRI T, 2500 H AR A 3 A A%

Input space Feature space

Create initial
population

Evaluate fitness of each
individual

l

| Apply selection |

l

| Crossover/Mutation |

B 5 (a)iRSEM(DT), (b) XA EBHLSVMS), (c) N\ THZ R L8 (ANN)LL R (d)IE K3 1% Bk (GA) R & Bl

Figure 5 Schematic diagram of (a) DT, (b) SVMs, (c) ANN and (d) GA
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M FLARE, B4k i b — X 1k e A Rk e ik R 383 A% T
K, E2ALLE, et T B AR PEREY MOFs 45
M. 25 b, FET MRS S B s s T S e R
TRADIRECR) “INZRER” B¥m, DINLERS I 5k Lo
TR B RE T DASRAS A 8000 SRS B LA Ti0i
RE” 1 MOFs ftERE.

4 SRETHENNH

Z45 Rk, sl ERER AR CATE MOFs 1)
CHy 17 Hy fififE CO, HAR AN A 43 B 55 AIas A
M. cikiErEE R EIE A Z R GCMC 4+
B, 753, M MOFs $ifs 2 b i 8 H 7EAS [F) B o P R
e MOF ZEtt); [FIS, SR B I290 77 200 A5 1
AR AT RO R0, #E—248 S MOFs ikit. it
A, AR FH ML S 2 2] S se BT MOFs [ 9 5 /4 2%
KAZWOF LA D ERIE. A FERESRET 5T
R R 88 2 ) S92 @ v S0 e /£ MOFs ] CHy
EAE Ho (47 CO AR AN AR S 43 53 A0 P 9L FH s
T4,

41 CH, %

ARk, LA CHy N B IR AR SN 9 2 AT B

B AR (0 — PR L S 4 R BRI 128 (B

T AT, CHy MR RE =2 B OCHTRIMTY 1%,
TR AF ) 2 RAR BN JIIR AT DA 2 B 26
B MOFs |-k v ) b SR T A T e A R i A7
PSR R IIM R —. s 5 ik T DU
M MOF's 45 2 g IRAE R € 264 T HA 7 CHL fifi 71
REM) MOFs, SRIFHMBOC R, HIa T mitkae MOFs (1
wit.

2011 4E, Wilmer ZPURA “HEKET” ) MOF 4
RO E(E 3% T 137953 4~ hMOFs, Jf7F 298 K/35
bar 56 1F T (35 E REJR S ALE K1 CH, 17 5% 1F) K H
GCMC 47 CH, BIWR AL, 7 14 45 SR 2 B 300 4
hMOFs R AR B & v T 24 5 1) CH, fiff 47 B 35 e 1)
MOF PCN-14 (230 volg,/vol), izt 3% [ fi I 50 (1) 25K
(180 volyy/vol). [AIHf, FRIFHICT MOFs Al CH, fifi {71
RERIAE RO 3% B CHL fifi 471 BB AL 57 (1) MOFs 1) 2% i %
2104 0.8 LR N 2500~3000 m*/g HAL#E N 4~8 A
IR 1~2 A CHy 40 F). WFICIE R I P & v T
205 volgy/vol il MOFs 1 75%UL L&A H3E, 23k
EEReH], I HAREM BRI NOTT-107 1)
CH, /7 51515 267 volgy/vol. X &3 MOFs [
T O R R AU B R IE. 2014 4R, BFFTN AR
204 /™ Zr 3 hMOFs 7Tl | i HifEl, 48—
FasE HRA % CH, $1iz 6E /) (Deliverable Capacity) ]
MOF #1851k H 1) NU-800 £ 298 K. 65-5.8 bar 2 []
HA 167 voly/vol I fiiie CH, 255, T HAh Zr 2
MOFs.
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7E%+ CoRE MOF %4 £ 1) CH, it f7- 25 B (Mt 72 o,
Chung 25P1%f 5109 ' CoRE MOFs 7E 298 K/65-5.8
bar("W I 77: 65 bar; BiFHES: 5.8 bar)Zk 4 FiltfT T
CH, " ) GCMC L. i 45 SRR W] MIL-53(A) R A
e HE) CH, 7768 /1(65 bar I, i B 557K 267 volgy/vol).
HHK RS hMOFS Hdi e (1 i ide 45 A — 5, W
K 6 . J4h, BHFE R CoRE MOF i Fl
hMOFs ¥ e 1) i i 07 i 45 SR AR R LA i3 CH,
fifi & 1) MOFs (18 M #4R 10~15 kI/mol.
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Bl 6 298 K/65 bar 2T CoRE MOF %4 % (i 1) F1 hMOF $(¥78 2
(RE)IZAERT CH, B i 5 (o) BT L RTIAR, ()RR, oA
TR, (DR ILER MR ERT

Figure 6 Absolute methane storage capacity at 298 K and 65 bar for the
CoRE MOF structures (blue) and the hMOF structures (gray) plotted as a
function of (a) gravimetric accessible surface area, (b) volumetric acces-
sible surface area, (c) helium void fraction, and (d) largest cavity
diameter?”

TR, 3T oDFT M mil s i S imiE e
MOFs ] CH, i /7 PEBERIBE 7T, 2015 4F, Fu 2%} 1200
A~ hMOFs 7£ 298 K/35-5 bar(We [ & /J: 35 bar; b E
73: 5 bar) A T 7 BR T DU AAS [ 34 R 50 ¢DFT
Al GCMC FiEHHE T CH, HIfgIZRE 11, FEXTEL T DUFh
KA GCMC THE g5 . B s SRR TP
il fl(Mean-field Approximation, MFA) R %4 [¥] cDFT 5
GCMC ) CH, VR 45 F B2 (F o< 2% R*=0.99), &
AR T CHy 647 FI90K 2 LA R & il = i e 1)
R FET MFA 1) cDFT 52 /A F e g B A 40
FISF R4S DA 2 min 2245, EEAE S5 GCMC ARfb B
— N, DRI S A R RE H 1) MOFs $id:
FE ) Rl R Ik SR Ak, 45 A I F A 2 AR T (Excess-
entropy Scaling Method), cDFT & AJ F-F-Fiull 2 fL#4 Al
ISR Y BUREL, X T sEbR N A B R
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Tk, B SRR 4 B A2 B8 1 I ML 2% )
(ML) 5 A0 O ISR T =201 MOFs =y 18 2 i g i
Ft. 2013 4E, Fernandez 20z FI R ML 88 2 ) S A48
% JLRPERNA(MLR) PSR (DT)FI S H5 1] S AL(SVMs)
%t hMOFs i )% /) 137953 Ff MOFs #1714 2% CH,
i 17 P B8 1 2 & M 34 9% &R (Quantitative  Structure-
Property Relationship, QSPR)Z;#7. 7 298 K/1 bar £ 298
K/35 bar £l 298 K/100 bar 25T, 43 A FH A5 10000
A~ MOFs ] “YIGEE” AT RS2, JERARE
IBCEF AR 127953 4> MOFs ) “ IR 4E " #E47
T, J£5 GCMC [PREHILES FEXT G SRVP Al Tt i vf ff
PE. S5 RRW, SVMs FIELETN CH, i £ PERE 7 TR
F DT #1 MLR. SVMs 7£ 35 bar F1 100 bar 5 1F F (75
T3 3N 85%F1 93%. HFFTI4 K I MOFs 7% [ 2 Al
FEILRRE S CH, AR S VA ME I, e 7
Bz, M S AT 57 CH i A7 PE RE I MOFs(B i
Sk BT B I FLARTE RN 16~20 A, {EHAR KA
(A2, FHO 25 H 3% B AT BEAEAE CH, A7 PR RE S B HI R B
EEHHRE T MOFs (B4t fisk®oR). 2017 4F,
Pardakhti Z5!'"7E 298 K/35 bar 444 F K DT. JH#A[H
I (Poisson Regression, PR). SVMs Al RF JUFHA/1#% %% >]
JTERHL T 130398 4 hMOFs FIEHE FE R 4T 1 il 20
JERBIFFT. W FE A% 1220 E Y 8% (10433 4> MOFs)fE N
CYNZAEE”, P4 92% (119965 4> MOFs)IE g Ml 4 7.
Y Fernandez Z5C° W S AN [A, ABATEBIN T =2 RS
SERAR B b 2R B RN G5 R AL 2 VR A AR EOR VA AN R ML
A LT GE 7). S5 RRWY, SR EARE
HA 7 AR T IUAD ML S0k 0 0 v Al 1, 1 PO
BRI, RF BA SAERITIGRE ). SR 28 SCRHIE 77 1%,
RF S50 CH, B0 S0 TR 4 R 3 RPN
0.98, “FIJ4EXF % % | 77 . (Mean Absolute Percentage
Error, MAPE){Y_} 7.18%; RF S0t CH, A4 AR M it & 7
IAERTE R B R2 A1 MAPE 435108 0.94 1 7.54%, HAT
FH 2 B TOOAS B . E B L, BE T RFOEVEX
hMOFs Ztdf 2 AT VI SR AR I FRANAE % T2 2 h,
U T PR il R SRR R = T LA R

H AT, %FT MOFs ) CH, fiif7 P Re i 9t F E A P 7E
FAE CH, IiBAE. Misehr b, B KRR ESE D
B LA L), 1E2 RN/ ER ), X
B 9 @ W] BETE MOFs AR, SECSEhRATFIH CHy 25
BREK. N TIRIED B LEEAA REIAELEXT MOFs 1K
SRS (Adsorbed Nature Gas, ANG)fif##E rl 4% CH, & &
(KI5, Zhang Z5HF R T — R T GCMC 43T BEUURT
WO F A (ANG BRI il B ik 7%, o] LA IR
ANG fEHETE 7L CH, X2 A 1 44 o S Ao I it 2 1) 5
M. ZHF 5T LA GCMC 3R1F I 2E2H 50 1) CHy ZBERTA
5 0k B o 228 R AR R 5 K B 8 (Ideal  Adsorption
Solution Theory, TAST) U5 i1V & AR B il 28 i A
ZH, Wik ANG #AZE 298 K/65-1 bar (W [} 65 bar, i
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B 7 (A)298 K/35 bar £1(B) 298 K/100 bar &4~ SVMs KR T30 )
CH, W P 5 2 B B R = LA 1) — e 7 i T, 3% 2 25 7R GCMIC
R B & (8 IS RoR CHy WM B IMEE AR RRIR, 4
R R ;L E AT € B S AR s e R KA

Figure 7 Two-dimensional response surfaces of the SVM models for
methane storage at 298 K and (A) 35 bar and (B) 100 bar using void
fraction and dominant pore size. The blue dots represent the GCMC sim-
ulated uptake values. The color of the surface represents the methane
storage value, with blue representing the lowest value and red represent-
ing the highest value. Blue and red arrows indicate maxima on the re-
sponse surface!!)

Bf$ 1 bar)2k 44 T %} CoRE MOF %z /% 41 120 4> MOFs it
TTHEARR, i 200 AR G 5 R ILFTE MOFs
1) ANG g Ve e 7R IR IR R LA N B, JRE b
LB PRI, AR R EE(96%) ZKE(3.3%)
AR FE.7%) I, JEAYIHEA 5 CH,y WF 1 R 1)
MOFs 1E 2 MR G 5 PR A BT T R, s ik &
MRS B & A CH 17 YERER) MOFs 2 MOF-143,
HF MOF-143 [f1Fa4s ANG figGERI AT R CH, BE &% 2
AL 5.43 MI/L. R, 454 GCMC 43 4R ANG %
SRR (1) 3 R R T VAN K — R T MOFs 7 CH,
i G T 1) LS B2 i 0 R S
42 H, g%

Y5 CHy AR, Hy B A 5 5 R S A7 o = R e s A B v
RS-, Ak R R R B it A AR A AR
BEE R MAEBCR A EELS, 4 MOFs

http://sioc-journal.cn 331



¥ F R

MRHR LR MR, R v LPSER R H, %
e R T AR L TSR B A AR RN 2015 48, 6 H
AEYEIR(U.S. Department of Energy, DOE)$2 i LR & N
233~358 K [X[AJFl1 & /754 1~100 bar X[ T, A&
H, (AR R R H AR N 5.5 wit%, FALARE & H Az
50 g/LMY,

&4, i v B T K g AR R
MOFs #RHEHTE 7 AT K EIRIE. 2014 4E, Gomez 2P
7E 77 K 44F F X 137953 4~ hMOFs Fltdr 1411 N EA
H e (Paddle Wheel, PW)45#4 ] MOFs (PW-MOFs)i AT
T GCMC #ftl, DA %I & F T &1 MOFs. 91k
YA 4 B MOFs (1) Hy Ji & i A7 5 VARt A7 5 0 s
F2.4%F117.3 g/L (77 K/1 bar 444 F), #id 7 ERIER
F &40 Mt A B e IRMOF-62 (JREMEEN
1.7%). WFFEiE KB PW-MOFs &1, HKUST-1 (J H[F45
¥ Zn BIRTAY) BA AR Hy W, 7E 77 K/1 bar
A1 77 K/10 bar 2644 T Hy i £7 550 5 v] LAk 2] 1.8%AH
4%. Bobbitt 22715 F] GCMC #48,% hMOF's 345 & v
A1) MOFs 7E 77 K/100-2 bar (W[} 100 bar, Btk 2 bar)
AT H, fis se e T . w TR IR S 26000
A~ MOFs K H, iz fig S 7.5 wt%, &N 24.6 wt%.
H 49 1~ MOFs [ RI2 58 it 48 g/L, Hii KA
50 g/L (i EHISHE SN 12 wt%, 100 bar | £ 50K &
N 56.9 g/L), TRk R 8 Fias. HRAEFTSRAGHRE
RRIEANST Hy ¥I2 6871 MOFs [ 2 R 24h
0.9, LI N 12~15 A, WFILLREAIZIA 2000 m*/em’,
BAEWR A 2~4 kI/mol. AN, A R$EE T —ANAr
PAPRGEAL THKE MOFs fid S RER I IE S8 —45 &
2K, 5 MOF F 5 f o H 5 AR BAT A XA & AR L,
SEARME, ) AR EER. FHSERENTNTE
A AT DI IE B PP E00CHE 122 T 20% ~30% AR S A% 16 A4
Bl B AES KK BRAR 5 AR . Goldsmith 255 L CSD
HdE B R ALK 4026 > MOFs 347 i S PERE 1T 7
BT, BFICRILS MOFs LR HATN 3100~4800 m’/g
IF, Hy BB AR RS Bk B % 1(50~64 g/L), SR 4kEE
BRHRIA AR E R T & A, Hy BN
JRE A S AL AR R ST AN SRR A 9).

fiti 2 MOFs 1) =i 52 1 F B IR B K 2 B2 AEARAIG
(77 %M T H, fifff. E5FK, E=ERAET
MOFs [{IffZ M RE AT AHSGHRIE. 2014 4E, Colon 2%t
18383 /> hMOFs FZ {77 H %2 (Porous Aromatic
Frameworks, PAFs) 2% f47E 243 K/100-2 bar ("% Fff 100 bar,
JELBR 2 bar)i) H, figia M GEHEAT T 2T GCMC 1) =i &
THEHE. SERE IR H, B BRI R A s
BN 9.35 wt% A1 9.12 wt% (W H#A 3.2 kI/mol),
SRR RN B B A i &40 ) 4 51 g/L A 30 g/L (Wt
#ON 6 kI/mol). {EHAFIRIERE, 1EZ IR R L
BCARAS R _EREAT Mg J& 7 B4R S5 1T DASAE AR 1)
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Figure 8 Gravimetric deliverable hydrogen capacity (wt%) versus
volumetric deliverable capacity (g/L). The solid black lines indicate the
2015 DOE targets of 5.5 wt% and 40 g/L. The dashed black line indicates
the DOE full fleet target of 7.5 wt%. MOFs above and to the right of
these lines represent the most promising candidates. Each point represents
one MOF**!
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B9 CSD ¥ PEH 2 4000 Fit MOFs (3 i fifs Sl (A AURN i &% FE (77
K/35 bar RS +H, SAH). JEas IR 20 R S 05U AT AR TTRR,
% H MOF KBRS, O 1T IR, di 45t E i XAk
T 2017 4 DOE % B br; [ B o Ron £ CSD $udfi e s WL B A
SERE BT A B () MOFs™)

Figure 9 Theoretical total (adsorbed+ gas phase H, at 77 K and 35 bar)
volumetric and gravimetric density of stored H, in ~4,000 MOFs mined
from the CSD. The data account only for the mass and volume of the
MOF media; mass and volume contributions from the system are ne-
glected. For comparison, the region bounded by the dashed lines repre-
sents the DOE 2017 targets for H, storage systems. Crossed circles repre-

sent common MOFs with incomplete or disordered crystal data in the
CsDH*

W B AR, HEmOeA Hy ITRBBE T, MR R T R I,
R 243 K F MOFs [ H, i & 5iic g /1, MikFmas
B3R (>0.9) Ak Mg %5 (0.5 mmol/cm’). %F ¢DFT [
fit 2l MOF's [ i 550 e th A5 408 Fu S5O0 7%
F ¢DFT X} 1200 4> hMOFs EAS [F]96 5 T [ il S 1 it

17 TR, FFERB T 5T DU Fh R 2L (MFA . FMSA.

WDA-Y F1 WDA-L) c¢DFT 5 GCMC #4535, #F 5T
I 243 K/100 bar 2644 5T PUF R 2T cDFT X} H,
W B 2 P TN R A 4 HER, R FMSA Sk, 78 77
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K/1 bar 1 77 K/50 bar 2/ T &KBi%ET WDA ] cDFT
TIiEEAER. 534b, cDFT tHE LS R GCMC 14 7
FRE D — NG, AR T il R i P

SREL B TR E R G E RS0 7 2 & AR
(R AE S, 19140 =F F Mirai143YE2AG 700 bar R4S
S (Compressed Hydrogen Gas, CHG), E L AR L
EHME 8 YR B2 T 350 bar RIRESE Hy. &
A HE IR I BT 2 FL A S R R TR B U A R S
(B4R AT LLLE 77 K/100 bar X &S AT 547, 7E 160
K/5 bar 04 FREATRR Y, T IR AE i8R 41
T & ST /119 MOFs, Gomez-Gualdron 5L T 41
FIARIMRINS A “BTIRK” 7728 )M
T 13512 4~ hMOFs &5, IR BT EHE
MOFs £ 77 K/100 bar F1 160 K/5 bar ] H, iis &5 &. &5
REW, K Hy WIS 60 g/L)HIAETREN
0.85 I TEZIRAEFRAT, S HRZIN 4 kI/mol, Xt
IS ) H, 538 8N 36~57 g/L. W Ftiedit IEdl4 17—
ZHHR MOFs (she-MOF-x), 3fll%E T she-MOF-1
(she-MOF-x Z 1 AR b & A% =) F NU-1103 (SEHTT
A B A L5 HL R R4S B8 71 1) MOFs) 11 Hy Tt
KILNU-1103 tt she-MOF-1 825, HARFURR iz
AE 1 A E) 43.2 g/L F1 12.6 wt%. It4h, Borboudakis
A V2152 B2 2 ST BOE R TN T 100 Fh eMOFs 7E 77
K/1 bar NI H, W RS, IF5s2ib s Rt b, &
PRMLAR 2= =] 00 PR A B 5 e AR Bt R E L.

43 CO, ¥t

B R 2= RN H 2™, = R AR B PR CO, 1)
HEROS A BRI S . B T2 S 3k CO, A 2w
43 BRI L B KR LI 773 B B B3 V5 e
DRI 2 PR T LRI F . B v A REREAG . VBV LTS
P s, o MOFs MRHE CO, 70 B h R I T R AT
ITERE. 124, 1R Z W 0K FH sl s ik SR 5 iE T K
HA 7 M AE MOFs # kLA T 008 S 1 5
(CON,) FARZ I AE (COL/CHY/NL) FI TR B i 72 1)
SRS B (COY/H,) 5 CO, FRHRAH I A3 1.

2012 4F, Watanabe 25715 i il i+ 50 I 0T 70 T
CSD ## FErh 1163 Fit MOFs ] COo/N, 4> B 1t Rg. @i
GCMC LA BFE 303 K [ ZIF-90. OFERUN.
QERWAL #1 ZIF-65 I H T R U4FH CO, W Bt §E 71 (7% F
AH Ky>10 mmol/g). #—2, KH MD BB FL CO,
7E MOFs MR 9 8L, BB AR, KILKZ) 90%
) MOFs HA /T 400 FWR B #4E, 2> & MOFs K
B B 1 KT 1000, [FIB, 32 FH PR AR IR B 9 v B 18
(IAST)#FFELE 303 K 25+ T MOFs 7EIRA S H(CO/N,
=0.15/0.85, V/V)H I HAE L. Hd, NOQLOV K I H
TRAER R B . 2T AR Tl R R IR TR
PRI MOFs ] COy/N, 7 ESPEREH AT AT 1. Ak, 75
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CO, iR H, H,O /T2 CO, a7 A1, T
TE CO, Tl B AT HEAT BRIBIE N T AR (1 5 24k,
ik, Li 2504412 5109 4~ MOFs ) CoRE MOF #4#2 &
HBEAT 7 3T =R H H(CO, M H,0 = HH 0K anl &t
I, FHRIEENE A N AR CO, EFEPEN MOFs.
TR T 15 M EA B S COyH,0 iEFPEN MOFs,
HAEAHXT 5 (Relative Humidity, RH)A 80%I4%4E T
FIH GCMC Hiflit 5 7 = 04 43 (CO/H,0/N,, HoH
CO,/N,=1/9, VIV, 298 K/1 bar)H CO, frIikFM:, 450 %
BH 15 Fh i COL/H,0 13 MOFs 7£ CO/N, 43 3 H[H]
FERIL R 4T, B 9TIE R IR I% H ) MOFs XF CO, b N,
A H,O0 A ESRIMEAER. RN, Yo AeAn B AR
CO, FI Ny W B R R A 3 SIMEF, T T H,0 4
T, FHRERENEE, R H,O0 1WA 5 2k
i1 MOFs i g, itk —B I $RE F T COyN, 73 5 1)
MOFs i1kl Budhathoki 25" 7R F 4 51 71 2540
Maxwell model % 3E T 112888 /> eMOF/hMOFs F1 9 Fi
KEWHRKZ) 100 73 FhiE & B (Mixed Matrix
Membrane, MMM)[¥] CO, 7 & 4 BEEAT T VFAT. BFFL K
Pl LCD £ 4~10 A 1 PLD 7£ 4~5 A f{) MOFs B A 5
PR B RE, T TS MMM 4> B ERE, BT
K MOFs (1135385 PR B 40 B i T R a A
B Bk, mnd s E RIS AT 10995 > MTV-MOFs 1]
CO,/N, 7y B tEREREAT T GCMC BB, 78 & BiAL
7 RK/NEEE BE B R 2% MTV-MOFs ] CO, W Ff Al
COL/N, 153 B8 1 R R 4% 78 FE EL A .

NT FHRATH T RIRSIF(CO/NY/CH, 73 35 R
4 MOFs W F$77), Qiao ZE!'"2%F hMOFs 4 % o 1)
137953 4~ hMOFs 47T T 2T GCMC 1 MD (155 25
EUEEIEIL. PHRYIEIIEE T 172574 PLD#E3~4 A
Z [A]ff) MOFs, Z J&RH 74U 5ITHE T1E CO,s
N, Il CHy F )5 BORH BUR B KT COo/CH,y 435,
WA EFIBE LR KT 100 fl CO, BIER KT 104
barrer, i 328 4~ MOFs. 7£ N,/CH, 73 &, A 30
> MOFs i i 2 EF KT 10 HN, FBEZ KT 50
barrer. i&F FIAPIH T EER 24 > MOFs 2E— S5
HAE = J5 4043 (COo/No/CH, = 0.1/0.7/0.2, VIVIV) 43 B
PERE. 7E 298 K H1 10 bar 264 T, X 24 4> MOFs #£47%%
B F BRSBTS, BAHE T 5 MEARMRRES
BMEBERM MOFs, 2 PLD N 3.0~3.16 A, L& #i
PSD%32 AN 33%~42%. AL, BFF0E K& B F AT
BUERRT COL/CH, 73 BS A FBURAEH, T No/CH, 50 3
TRYEE A REI. 25, AR SR 3 R
M7 (Principal Component Analysis, PCA). MLR #1 DT %
RN 4764 Fh eMOFs ] CO,/N,/CH, 4519 5 H s 7y B i
REZ AR 80O RIEEAT T FER.

Wilmer Z5°1% 137953 4 hMOFs #1750 FRULR
FiH CO, B MR S A R (B 10). i 28 He iR bt
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(Pressure-swing Adsorption, PSA, P**“=35 bar, P**=1 bar)
FEL 2348 R B (Vacuum-swing Adsorption, VSA, P*%=
1 bar, P**=0.1 bar) 57T T MOFs Xf KRS
(CO/CH,=10/90, V/V)B(CO,/CH,=50/50, V/V)F1#%
JEIE S (CO/N,=10/90, VIV CO, W B 4 S 1 RE. T 5%
KA TR AR AE: CO, W E . CO, TAEM & CO,
P AT AR P R DA SO R R B MOFs ) CO, 4758
W PR BEIEAT 22 B VPR . MR R W78 T MOFs (1)
SERIFFE(RI B R . FLAE KRNI R TR CO, TR
(00 WHFHE B REHIFIZE) S MOFs (1) CO, 735
PEREZ MM B &R, St AE MOFs fIHE TS5 4
A TR SR LIS GeMC FiEt R 7 ARG
I Z B M 151 B eMOFs 78 4% i W
(Temperature-swing Adsorption, TSA)i 25 Uiz & B 323
K 4k 3 423 K)5F COo/CH, 43 B MR, A3 17—
Bl BT (0 R AE TR MY RE B R S B —— T B
(Adsorbility, AD), 5& X AW B 7R B #5525 BR AR 1 L
{H. BF7ELL MOFs [ n] FRAE 1 B A E FE45 & =R F )
PR FEFR(CO, W BBy W PRI 338 14 R0 PG A M ) SR AR T
MOFs #ELE CO,/CH, 7 1A RIHMR R, 4R ER M
TUANEAN AR AE 5 MOF [ CO, Fl CH, FIWR 2 (AAD)
R EEM M, LT HAMERE AAD I AH
DU, @LL ik, % T Cu-TDPAT F1 IRMOF-1-2L
/& TSA i B 7 CO,/CH, 4 B £ RE ) MOFs, 1M
B = AR 8 YEA K AR 22 £ Cu-TDPAT #%\ A2& fx
B AR Aghaji 25098} 324500 4> hMOFs ZE1£4;
(R ARSI 264 T (298 K/10-1 bar)#HAT 1 5 A AL
KAQSPR) . FETL4E. B MEE A5,
SRV DT BRI 28 AT 0.27. |KALAE
/N 6.6 A If, MOFs ] CO,/CH, i&#:m T 10; 44L42
/NF 8.5 AL HEERTEFKT 2300 m/g if, MOFs ff] CO,

Wi B A BE /T 4 mmol/g.

FETHLE% 5 2 (ML) 1 fe 18 & 1F 5007 38t FH T 0 ik
HA R CO, 2 B MEBEM) MOFs. J:T ML Sk w8
B0 16 T DA GG I (19800 — SR g, SRR
WA CO, it M REM MOFs [¥) H #%. Fernandez
SR H SVMSs S04 324500 4~ hMOFs #E47 CO, i
PEPEREMIVEAN. Hd 10%01 MOFs (32450 > MOFs){E A
I, R4 292050 4> MOFs VAl 4 A SRk 5 E K
SRR ZR T ) P SR, BT R LB )AL RO R AR W]
DAHERA R IE <4 & CO, W PEBELERT 1000 ()
MOFs 1] 945 4~ MOFs, #Etfi%iL 95%. Aghaji
Fernandez 25U H 2B U3E T SVMs #I57%, LL 32500
A~ hMOFs fERVIZREE, Tl 7 290000 4~ hMOFs ]
CO,/CH, 7 EsVERE, FHAERIZRIA 90%. FHELI AN ML &
w5, BEDRB AL L (GA)E AT MR Y 048 e v i 48
ZVEBEAL 5 19 MOFs. Chung 2575 A GA 515 M. 55163
> hMOFs F ik 1 FF COL/H, 73 55 1 e 1 i I B 571).
WFFC B =AML GA JER AMRAEAS [F] FIPRAN v
CO, TAEWRFE (AN« CO/H, FRIIEFENE (0™ 1) A B W Ff
74 BE(Adsorbent Performance Score, APS)E[H{H &
Tt BiE GA 1ig1r, B—4% MOFs M1 Re#R1 24
L 1817 10405, BetE CO, TIERE 11 ML) 7 mol/kg $215
#| 8 mol/kg, CO./H, [FIIEFEMEM 700 $2 =21 2600, W Fff
FIVERE ML) 1000 mol/kg #21 F) 1200 mol/kg. 5 GCMC
BEAUAH LG, GA BIERCRETE my, R S ) ek 5 4~ 4
2. Ik 1 ) S 2 MOF NOTT-101/OEt f] CO, [ TAE
W Bt A 3.8 mol/kg, COL/H,k#EMEN 60, 2EFTH AT
RIEAHFEZEAE T COYH, 7 B ERE SR AT AL, BEAE,
Anderson Z5'"IS2 ] DFT. GCMC FIATL 58 2 =] 50y [ B
T LS S Bk AT T e R R B RE IS A A4 R
F%F hMOFs (£ 400 F)[ CO, MR B4 BE 152 AU

a) b)

Case 1: Natural gas purification

ANy /(molkg™)
Ni/(molkg™")

d) 10

c) 90
Case 2: Landfill gas separation °

Case 4: Flue gas separation
0.9-

<
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o
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[N} w

0 A 0
0 500 1000 1500 2000 2500 3000 3500 0 10 20 30 40 50 0 4 8 12 16 20 24

Volumetric Surface Area /(m?cm™2) Qg /(kJ-mol™) Max. Pore Diameter /A

E110 130000 % ff hMOFs [f] CO,, CI%; AN, WA RR R, () CO, TAEAR(AN)MBALAAFR T, (b) 2.5 bar I CO, WMt &)l CO,
W B O) BA B (0) COL/N, 3B (07T 1) R R FLAR Z I FE I ROR 2R . O HIRARARILLEE 77(0.01 bar) T 19 CO, W FH A (). B SR AFERARE 25
ANGER, TR BRI 4 50X 50 AN XS, XS X R S0 R . 920 B BT Ea AR 2R 2 B XM b Il 54 () 3 28 R 1 <P 24 1Y

Figure 10 A sample of structure-property relationships derived from simulated CO,, CH,4, and N, adsorption in over 130000 hypothetical MOFs. Clear
relationships can be discerned between (a) CO, working capacity (AN;) and surface area, (b) CO, uptake (V) at 2.5 bar and CO, heat of adsorption (Q),
and (c) selectivity of CO, over N, (Oca *12) and maximum pore diameter. QO values are determined from CO, adsorption at the lowest simulated pressure:
0.01 bar. Each plot is divided into 50 X 50 regions that are represented by a filled circle if more than 25 structures exist within the region. The color of each
circle represents the average (d) helium void fraction of all structures in that plot region!'*”
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44 RRSHKESE

o I R R 34 E T R i ARG YR AR 43 S A A
BIZHMNHH, FEAE H, $#46(CHy/H,), CHyifLAI
JEKM 7 B4, (] MOFs SEHLE FURAEREN Hy 131k

T GCMC [ =i S IRk 7 i 98 7 105 Ff MOFs
1E PSA IFEHX CHy/H, iR AR o & ke, #f
5 R I MOF-604 . CPL-2 F1 ZIF-11 £ EA% 5 26 14:(0.05~
0.3 MPa), MOF-604. MIL-102 1 IRMOF-20 2 £ K%t
JE 254 5 (0.1~2 MPa)#B B AT Lo AL Gt A A ek 58 40
ff] CHy/H, 73 B PEBE. Altintas 25 SR ] GOMC BHIIR 5T
T CSD ##5 P ) 4350 > MOFs 7£ 298 K/10-1 bar 2&
£ R CHyH, 2r & Efe. i 11 Fros, #FR R
QUQQID (APS=802). UTEXIB. PARMIG #1 ADIQEL
& MOFs B A 51 CHy/H, 8, 73 913% 255.1520.
51 A1 394, CHy TAEWBE453 754 3.15 mol/kg. 0.43
mol/kg. 1.04 mol/kg Al 1.30 mol/kg. W] FZETEBE R IFM
PSA 43 B R 7 — AN FH SR bR, W50 R I A MR
R%>85%[145 1101 # MOFs, H 4 )&% & Zn (33%)+
Cu (16%)F1 Co (11%)] MOFs iz N L.

s APS

0.03

100.00
3 L]

10°q 4o 300.00

500.00

801.90

100 T : T T T T T T T 1
ANgy,/(mol- kg™

B 11 MOFs [ FE MM TAER 2 [ 56 R, Bith i APS HUE bk
E. WL MOFs (QUQQID. UTEXIB. PARMIG A ADIQEL)
eI FL R i 5K MOFs!'9)

Figure 11 Selectivities and working capacities of MOFs color-coded

according to their APSs. Exceptionally promising MOFs shown with red
colors are QUQQID, UTEXIB, PARMIG and ADIQEL!'!

B T ARSI GCMC B2 4, Guo "R A
¢DFT J7HER 98 T 1200 4> hMOF f] CH/H, )73 B P fg.
JE IS AL, 298 K/0.75 MPa £ 298 K/4 MPa, CHy/H,=1/1
(VIV)ZAF T~ CHy/H, B FEPE, KIEHE(0.75 MPa) Rl =
J£(4 MPa) F, MOFs (1) CHy/H, % £ 5t 5 4 150 1 70.
303 K, CHy/H,=1/10 (V/V)%A4 T MOFs [1 8 =iz #
165, [l A AR FIIK CH, & FE T B 3&E & 4 H
MOFs #4708, [\, #F 7R IEFEMZ B MOFs (1)
CERRSIE VR E D, 24 MOFs HIfLAERIFES R 1 4
CHy 73 FIf, Hok Bt femy; SAAHLR L2 PR B 208
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A4 CH, 2> TR S BE B (4~6 A, TS 4&S T2
[H A EAE R, M8 MOFs BEAFIT Ut CHy, PIE#EE
PR, Ak, RIRRHBRT COy Fl Ny Z4RS 4k
Ak, BT FEBREE (tert-butyl mercaptan, TBM)H & iz K
SRR TER SRR A R TBM R 2
FEAAER SO, R iR Fe, Rk, Nazarian Z51'SR
T GCMC [EiEE kst 4519 4~ CoRE MOF [f]
CHy/TBM HJ4r B VEREHHAT T i1k, & Jeidid =4 244
THE I CHyTBM HIEFEVEEEL 1497 B CHyY/TBM £+
PERT 103 B #VNT 70 kI/mol HANE 1 & 4@ 11
MOFs 31T GCMC f:40l. 45 5 % 8 354 4~ MOFs &4 K
T 200 mg/g 1) TBM W ff&. Hr, MIL-53 Fil Cu-BTC
B A m TBM i £ P50 45 /) AN 8 52 0E ;1 0 ik 1)
BIBHUX #1 MFU-4 /& 7E CH,/TBM 43 &5 i #2 o i B A 5t
PEFEME AR E ML) MOFs. il & i+ %%k fE MOFs
(1) CoHg/CoH, 43 B8 AT AR 2L A — & [HF 7T, Altintas 251'%)
Xf CCDC ##is 1) 278 Fl eMOFs 134T C,He/CoH, I
C,H¢/CH,4 7> BSPEREf) GCMC B, 45 B W1 K64y
MOFs ] C,Hy/CoH, 43 B VERE HuAL et 41 3 &, $L CoH,
B AR B 2 3 mol/kg, i@ T A 1.75
mol/kg. TR HTIEKIN CHg/CoHy F C,Hy/CH, 1
6B B A T 0 PR AR T B s, B FLAR 00 3 0 P
1.
45 HABASHKSE

T SRTE Tl BR%e. RHFFEEAUESA BT 12 M
H. 4liff) Xe A1 Kr 7EBT7 (BRI . A% A0 HEBH (2
bR MU HE L) SA EE R, Tl By Eia
AR 3 BRI AR IR 1 S S GREL New Ary Kr
A Xe) BR3P R SR SIEGREL He), SR TGIR 7 1892
FERE T EOK, T 2R R B 4 BV R e R K RE
FIFH MOFs X Fifg S M AT W B 43 15 42 58 L T 5 (1) 4%
AR, P, RH mEE i e SRR AR
W B RE ) MOFs BoAg B 2% ) 2011 4E, Ryan
£&[1361%F IRMOF-1. MOF-505 #1 HKUST-1 25 8 Fi 1.,
H BB AFFLAEN MOFs #47 GCMC B, KIMFLEE
K MOFs 1] Xe/Kr MR ZE, mi/MLARTEHN—1
Xe JFFHIRSHATLIEGES Xe M. ERFR A
MOFs #, Pd-MOF 7545 % & J37uf p9(0.01. 0.1 1 1
MPa)#R B A ik . HKUST-1 7E{RJE Nk
BAF, 1R BT R AL IR B S BOE B OB R B,
MOF-505 EA W AAS R ZE B /INFL, PR R AR &
TR R A R . Sikora 2195 hMOFs $df J#
fF ) 137953 F MOFs 1) Xe/Kr 7 B HEREHEAT T GCMC
R, B 12 Bios, DR RILAE S bar 645, BEH &
Xe/Kr EFEME) MOFs ) LCD B8 KT Xe BT B2
4~6 A). ¥4 MOFs [f) LCD/PLD 7E 1 £1 2 2 [a]i, Xe/Kr
PR
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Xe/Kr Molar Selectivity at 5 bar

LCD/PLD

Bl 12 Xe/Kr 4y B 1ERE &R MOFs [ ) LA HHE (273 KJ5 bar). (a)fiF e
hMOFs A B K Xe/Kr BE/RIEFPELE S LCD IR T Xe JR 7 HAR
X2 4~6 A); (b)EA BIA IEIEIER 1 KFLLCD/PLD KT 2)
1) MOFs [k £ M 8%, FL % 50 25 8L T+ 98 J5 AR A 1) 4 IR 45 1
(LCD/PLD 7E 1 F1 2 Z [i)) ) MOFs FL A 5 i 1) Xe/Kr BERERENE. N
TR IE, TR g P A 401

Figure 12 The geometry of an optimal MOF for Xe/Kr separation. (a) In all
of the hypothetical MOFs, the highest selectivities were shared amongst
the narrow subset of structures with LCD slightly greater than the diame-
ter of a xenon atom. (b) The least selective MOFs had large cavities con-
nected by narrow channels (LCD/PLD ratio greater than 2) while the best
MOFs had tube-like pore morphologies (LCD/PLD ratio between 1 and
2). In both graphs, the selectivity has been cutoff at 40 for clarity™®!

NT FHRARUE AT FAEE MRS S P R 2L
43S Xe 1] MOFs, Sumer Z£P°5% ] GCMC A1 MD 54,
%} 115 Flt eMOFs [#] Xe/Kr. Xe/Ar Fl1 Xe/Rn 43 B 1t G
JE o B M REHEAT IR T, 45 SRR WM MOFs 1) LCD 1E
43~6.8 A, FRF/NT 058, FELEFmMBE 150~
1000 m*/g [FI5EFE I, HAAS SR L. R, #F
R T Xe/KrXe/Ar Al Xe/Rn 73 B 1 RERT 10 ) MOFs,
H i CAYGIU. EYOPOY. EYOPUE. EYOQAL .
NAZBAT Fl PAQFIY J&X%f =FR A& AES LA LR 7
BPERERIARL. X R AR S A BETH RN A BOET I A A
SR A SR B ERER MOFs #2465 . 54k, Fl
1 MOFs MR ARSI B 43 59 [ He J& —Fh B ZE (14
A. Kadioglu "R 5%+ MOFs ) He/CH, 53 55 14 A%
HHAT T RMUBE T SRE, fAT17E He/CH, 23 B 1) Tolk
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ZF 7 (298 K/0.01-10 bar), 454 GCMC fil MD J7 kit
SRSy B IR B VERANRIE R . WU R MOFs A5
SRIF) CH, MR, T He WILEA R &Y BUsE. 65T
WEFL 139 Ff MOFs Z5#H, 12 4 F MOFs (GUP-
CUQO1. HUTZAXO01. PEHBIO #! BIYTEJ)SZH % He
(3% B R B, oAt MOFs )2 3@ i W Bt CH, 28
CH,/He 705, 4N, PLD 7£ 3.8~4.0 A 2 [a]f) MOFs Ji
HA RIFH He/CH, iE#81E. R, KRDRTE
XK & MOFs 347 1% 4 BE3R 1 MOFs 5 He/CH, 73 55
P 6 22 [ SR A 1A A 2000 R,

4.6 HEYIRAINHMISE

TN, BRT 4.1~4.5 Fep Ak & LA 1%
TF R SR, AFAE— S I 5 el 5 55
RS AR, {5 G MRS B R AT RS PR 5.
187 Fl MOFs 1 W B 751) g 52 B 4 85 45 R BT DA S AR & A it
i AR L G I R E R A L, DR, 04 ok i
5 tH A O i B SRR % T SO P ) MOFs (1
.

T F-MEWy (Dibenzothiophene, DBT) & 4&7Hl F1 AH 24
R S ERAGE D, T SR AR MR IR B 7, Liu
2P0 T ¢DFT J732:%F 1200 4~ hMOFs™ ) DBT Wt 1%
REREAT T B E T BRI, oK 458 4~ Cu i MOFs
) DBT Wit g /15 HKUST-1UST R B B AT % L.
SRR, KO0 ppmw) I, A 108 4
MOFs FW bt &t 7 AR R 2644~ HKUST-1 FI% &=
(0.06 mol/L), F & ="t &E N 1.62 mol/L; 7 ik i
(1152 ppmw)%44F, A 126 > MOFs W} & i
HKUST-1, H @ E(2.99 mol/L)%)°A HKUST-1
)2 f5. MeAh, diGem Ak E, 1FE# R IR EE A
R N B A ik DBT W PERE MOFs 119 AL 1
SEANE ), FEAR R BE IR B o 43 S IBR o7 3 A, T 7
Fr VA FE R B T A B AR R AR,

&R MA B DAk~ §(Toxic Industrial Chemicals,
TICs, 1 NH;. NO, I FF &S5 ) (1)U Fff 14 4k /2 MOFs 554k
— AR U, B B AR G P R T R B
Moghadam 2 %R 5 7K (1) = F) R AL IR ) hMOFs )
FeEKME, R GCMC B MOFs 75 % 5 1
RH=280%2%1 T %F NH; M1 CH, FIW B £E6E J1(B 13).
W RIS T 36K MOFs £W Mt 2 ik, S0t
TICs JUF¥A BRI, & T HiKH MOFs X} TICs
TISER AR, EBERRAL. Fik, BB skt
HALZE KNG TICs 3 1% EHAAM 2 MOFs B4 it i
FIe Rt bAh, BFRE RIS A MR TG 1) MOFs 1)
TICs HEREMERAL, KA LILEMT MOFs &M
far, X SEEK R B8 A1 0T LA i s N FLAR R 3G g /K P
SKREZIANS TICs MR EFEE. 41, Bian SR AET
GCMC =18 & i H k% CoRE MOF #0457 1600
ZFl MOFs HJH /2S5 B P RERET TR AL, SLI0it
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