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Coordination Networks
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Early Coordination Networks
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They were beautiful but fralil...



Pressurized Gas Uptake by a Coordination Network
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Science begins with doubt and questions...

Walter Klemperer




Two important questions:
« Are the pores homogenous in size and shape?

Do the pores remain open in the absence of any molecular guests?

We need to bond the constituent building blocks with
strong bonds




Powder X-Ray Diffraction (PXRD) of a Poorly Crystalline/Amorphous Solid

State-of-Affairs in the early 1990s

It was taken as an article of faith that
molecular building blocks linked by
strong bonds, to make extended
structures, can not be crystallized!
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Science is an exercise in optimism...

Richard Holm



You can do more and better!
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0. M. Yaghi, This portrait of Marie Curie, Molecular Frontiers Journal, 2023, 7, 1.




The Crystallization Challenge
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First Crystallization of Metal-Organic Frameworks
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Metal-Organic Frameworks-2 (MOF-2)

Polynuclear metal oxide units, secondary building units (SBUs)
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Gas adsorption isotherm of Metal-Organic Framework-2

Gas Adsorption Isotherm at 77 K:
Gold Standard for Determining
Permanent Microporosity
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“This manuscript should be of wide appeal to a general
audience interested in the synthesis and use of metal/organic
porous materials. Invariably the porosities are generated by
removal of solvents and organic groups or by topotactic
structural rearrangement. Until now the major limitation of
these materials has been in the ability to create systems with the
necessary structural stability through low-temperature assembly
techniques. This work is a benchmark for solving this problem.”
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LI ET AL. ; ﬁ
ESTABISHING MICROPOROSITY IN OPEN METAL- é
/18 [5

ORGANIC FRAMEWORKS:
GAS SORPTION ISOTHERMS

This work: represent a significant advance and demonstrates for
the first time the microporosity which can be induced in the open
framework metal-organics. The work is suitable for pulication in
JACS. Some of the points below should be considered.

At least some of the diffraction data for the microporous material

“This work represent a significant advance and
demonstrates for this first time the microporosity
which can be induced in the open framework

. ¥4
metal-organics.

understandable. Some speculatlion as to the nature orf the partially

activated compound would be welcome. il x

Figure 2 .s pretty but hardly described in the text. Sets of axes
would help for both Figure 1 and 2.

I think the structure responsible for the sorption properties is NOT
the structure reported. Figure 2 suggests the group has access to
molecular modelling - and the text suggests a powder diffraction
pattern (although broadened) is available. It really should mnot
take much effort to index this pattern, take the building block in
Figure 1 and move it about this cell to calculate a powder
diffraction pattern. At least a reference to the data and what did

not work should be given.

Printed for Journal of the American Chemical Society <jacs@chem.psu.edu> 1
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Review of Manuscript JA981669X-24-130-C by Li et al.

I agree with the authors when they state that the establishment of
poresity in in the open metal-organic frameworks is important. This has
been and ceontinues to be a concern in publications involving this class of \
mataerials. In that regarxd, I find this paper refreshing. Below are listed |
several poinets that I would like to see addressed before
publication (espacially point 7). }
. ) . - poq At (1
1. what is the particle size of the sample used for adscorptiom?
2. can the water and IMMF be adsorbed to give the oxginal material back?

3. are the nitrogen and carbon dioxide adscrptions reversible? what happens -
if caxbon dioxide is adsorbed, desorbed and readsorbed? are the same /

I agree with the authors when they state that the
establishment of porosity in the open metal-organic
frameworks is important. This has been and continues
to be a concern in publications involving this class of

materials. In that regard, I find this paper refreshing. ”

Printed for Journal of the American Chemical Society <jacs@chem.psu.edu> 1
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Synthesis and crystal structure of MOF-5

DEF (12mL)

H,BDC + Zn(NOj3),04H,0 100°C/20h

»  7n,0(BDC)5e(DEF),

(o) OH
Cubic Fm-3m
a=25.6990(3) A
HO” N0 V=16972.61 A3
H,BDC

H. Li, M. Eddaoudi, M. O'Keeffe and O. M. Yaghi, Nature, 1999, 402, 276-279.




Porosity of Metal-Organic Framework-5 (MOF-5)
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Gas storage applications

H, Storage CO, Storage CH, Storage
= 10 40 FIEEETN
'c 8- |RMOF-1 x::‘:;‘::;’ ' 5 | N
: F = i 35 4 —a—IRMOF$ !

S -8~ |RMOF-11 —— IRMOF-3
£ -~ MOF-177 /:,.ﬁ' = 30 - ::::gé;
oS 61 X -_5 —o—MOF-74
- 5 -1 ——MOF-505
g, , £ =
-3 £ 20 -

> )
e x
5 2 S 15 -
2 0 . : : 10 o

0 200 400 600 800 5 4425
Pressure (Torr) R i
0 W T T

: 0 15 30 45
o(CH), L 5 Pressure (bar)
( @O
Bzno), - ‘ “‘...
MOF-1TT
N. L. Rosi, M. Eddaoudi, D. T. Vodak, J. Eckert, M. A. R.Millward, O. M. Yaghi,

O'Keeffe, O. M. Yaghi, Science, 2003, 300,1127-1129. J. Am. Chem. Soc., 2005, 127,17998-17999.
J.L.C.Rowsell, A. R. Millward, K. S. Park, O. M. Yaghi, D. Britt, H. Furukawa, B. Wang, T. G. Glover, O. M. Yaghi, Proc. Natl.

J. Am. Chem. Soc., 2004, 126, 5666-5667. Acad. Sci. U.S.A., 2009,106, 20637-20640.




Metal-Organic Frameworks with High Capacity and
Selectivity for Toxic Gases

Table 2. Dynamic adsorption capacities of the benchmark MOFs for gaseous contaminants measured in grams of gas per gram
of adsorbent

Improvement

Gas MOF-5 IRMOF-3 MOF-74 MOF-177 MOF-199 IRMOF-62 BPL carbon factor*
Sulfur dioxide 0.001 0.006 0.194% <0.001 0.032 <0.001 0.033 5.88
Ammonia 0.006 0.1057 0.093 0.042 0.087 0.023 0.001 105

Chlorine * 0.3357 + <0.001 0.036 0.092 0.190 1.76
Tetrahydrothiophene 0.001 0.007 0.090 <0.001 0.351% 0.084 0.123 2.85
Benzene 0.002 0.056 0.096 0.001 0.1761 0.109 0.155 1.14
Dichloromethane <0.001 0.001 0.032 <0.001 0.055% 0.019 0.053 1.04
Ethylene oxide 0.001 0.002 0.110 <0.001 0.095% 0.011 0.010 9.50

*Expresses the ratio of dynamic adsorption capacity of the best-performing MOF (") to that of BPL carbon.
fBest-performing MOFs.

*Experiments were not performed because of corrosion of the apparatus by chlorine.

D. Britt, D. J. Tranchemontagne, O. M. Yaghi, Proc. Natl. Acad. Sci. US.A., 2008, 105,11623-11627.



Isoreticular Metal-Organic Frameworks

Y
Nat Rosi Mohamed Eddaoudi

M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O'Keeffe and O. M. Yaghi, Science, 2002, 295, 469-472.




“Rooms for Chemistry”

—Nobel Prize Chemistry Committee




The ldea of Nodes and Links Extended to MOFs

A.F.Wells, 1st to 5t Editions Michael O’Keeffe Davide Proserpio
1945 to 1984 Arizona State University University of Milan, Italy




The ‘Periodic’ Table of MOF Chemistry

-

5

building
unit 1 i \-\ ‘
I:}u!Itdzmg 2-c 3-c 4-c 4-c 6-c 6-c
unt linear triangle square tet hexagon oct
— pe S v ._._‘.. "' 4 4%
;. ¥ - - e Ll - SN
| | [ | ¥ OAR W LA w [ 4 % %
N . T o s - _, ¥ 4 AV A%
3¢ o= = AR / anh, ant, apo, brk,
i bwt, pyo, srs-b fijh, fmj, gee, iab, |cep®, cml, czz, eea,
triangle srs ths-b yac, yao asn, ept, ofp cys, dnf* gom, rtl, tsx, zzz
- ; Y o e an
S '.J ¢ m g .?I (1 (1 S, s e O l _Igl__
— o — \ L e Ve Wi A ry
. _..i— ’ - Fs e | P = AV -
® r—’ — . |cev,cdl, cdm,cdn, vf’l w;]‘!fl R o . = v -
_ - - cds, cdz, mot, muo, | [l =N A Y
4-c * e qdl, qzd, ssd, sse, Ak 44 o I I
square nbo, Ivt, rhr pto, tbo ssf, sst pts nts myd, ybh
oA 'S @ S
v = g_g -ag;gﬂ o AL LA It ‘f 3 &4 pd
e b [ ] b »
v v . L - Moo 2
& gf_"- ﬂ'ﬂ E-E /ﬂ'ﬂ 'ﬂ'ﬂ LR )] bl"l[, bYI, EEQ,_CL‘IL e | 4
4-c "o v w* N Lo coe, crb, fel, icm, -
v v v b o fgl, mog, pds, pth, |kea, lon, pcl, gtz-b, alw, bix, cor, ing,
tet dia, Ics, gqtz, sod bor, ctn pti, ptr, ptt sca, tpd, ucn spl, toc




building
unit 1

/\

building 2 3-c 4-c 4-c 6-c 6-c
unit 2 linear triangle square tet hexagon oct
4 N -~ . = lH ;— l e ;,fx
D 23 I, X/
LS | g 2 g / : =
g o Eeo| P A &
6-c & . /
hexagon hxg cys, dnf she hxg-b
i e k & ‘
{jﬁf‘-{—.?' w‘{ir . &*-; qﬁ’ﬁ‘ 4&‘ {} d‘” {9’
4 1% L L -y v ?_ ; X T‘% o r_a
7 L et - Y e kg
(et 4 - o e e A=
Vit PAS D T
oct pcu, bes, crs, reo pyr,spn soc gar, iac, ibd, toc pcu-b, bcs-b
B | ' P . W
2 | . << _ ‘T y o N
<IN\ o B E Aa \\ *-‘Eu @ -8 'uf
S By A << | peseses .1'.".. K Az
N NWL Y N/ ;4:%“&_ A el
6-c : ceq, dag, fmz, hwx, e S a5 ‘. N
trp Icy, acs moo, sab, sit, ydq stp fsi, hea, tpt htp nia




building

e — N | O | &
bu!ldlng 2. 3-c A-c 4-c 6-c 6-c
unit 2 linear triangle square tet hexagon oct

= 0 N T e
g Z . - _ . - ,ﬂ‘ ﬂ _ y - -
S i ); ﬂ m LI] S - \um
i 24822 s N = o e XK
8-c - ‘ (17w (]
cub bcu the scu, csq, sqc fiu ocu
N = - O
45 ¥4 N - ag s
P s A" T S
AT N X A 1 m’ l p o § -
S P e —= = YV wh
CFCR W& (G| <54
fcu sky ftw edc
v
A i*;-—'
AR
- - - Gy e - -
VA ¥
¢ ©




building .
unit 1 i‘i \ ! <:> A‘
building 2-c 3-c 4-c 4-c 6-C 6-c
unit 2 linear triangle square tet hexagon oct
A :‘_}Ifi/"\\‘ '—11' _1_ ) )
ZEN Al - S
B aea shp_
- ) -, ] |
W :
-}.._1 -_,_,-'I :*: ~% 3 5 5
) et o Erad - - P -
iy e ¥
W Wy |
ttt mgc
o Ly
‘a v 5"5‘(&_‘
- - - f".;r o " -
T
1 b .l"/_
twf

Dr. Markus Kalmutzki
M. Kalmutzki, N. Hanikel, O. M. Yaghi, Sci. Adv. 2018, 4, eaat9180. f. Markus Raimutz




Tonne Scale-Up of MOFs




MOF systems for CO, Capture from cement plants in Canada

Engineering
MOF Structured Infrastructure
Crystal / Powder Powder (PSA, TSA, VSA, etc))
) .
George Shimizu _
Prof. of Chemistry I CA L F 20

University of Calgary

2-4 mmol CO,/g
i >450,000 cycles

ST T

TRADE NEWS | October 10, 2023

{ (14-35% CO,in
cement flue gas)

BASF becomes first company to successfully
produce metal-organic frameworks on a
commercial scale for carbon capture




What about the future?



Enzyme-like Complexity and Reactivity Within Multivariate MOFs

a)

Enzyme TEV protease
contains a catalytic triad
of amino acids (red) that

binds the substrates
(black) in specific
positions

Alejandro Fracaroli
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Fracaroli, A.; Siman, P.; Nagib, D.; Suzuki, M.; Furukawa, H.; Toste, F. D.; Yaghi, O. M. J. Am. Chem. Soc., 2016, 138, 8352-8355.




Aimatry



AIMATRY
Al x MAterials x chemisTRY

The science of using Al for the design and synthesis of
materials and for connecting chemical structures to
properties and vice versa



Molecular Editing by ChatGPT to improve water harvesting properties

22 Reticular Design

Zach Zheng

Tuning Water Sorption Profile




Mechanism of Water Harvesting in MOFs

Nikita Hanikel

N. Hanikel, X. Pei, S. Chheda, H. Lyu, W. Jeong, J. Sauer, L. Gagliardi, O. M. Yaghi, Science, 2021, 374, 454-459,
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Shaping the Water Harvesting
Behavior by Fine-Tuned GPT
Models
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Shaping the Water Harvesting Behavior Aided GPT Models
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On-Grid Water Harvester - Planned First Commercial Release

Input:
3-Phase AC Power

Avg. Energy

Ambient RH Ambient Temp. (°C) Daily Capacity (Liters)

Consumption (kWh/L)
40% 25 ~2,000 0.3
25% 25 ~2,000 0.4

15% 25 ~ 2,000 0.6




Off-Grid Water Harvester
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Ambient RH Ambient Temp. (C) Te"]':’,'pftT(?gma' Da"(’l’_ﬁz'::)c'ty
30% 25 70 ~ 850
30% 25 60 ~600



A platform for molecule to society



A Platform for Molecule to Society
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Crystal structures of ZIFs and LZIFs discovered

N ON_ _H F 4
Lo Ly I
N N N
« Dataset of 2,688 reactions across =yl 4m5niM 6foIM

8 ZIF linkers. Machine learning

methodology achieved:

Twice the discovery rate (number of

crystals per experiment) of random ZIF-At ZIF-A3
exploration. Expected structures
* Dealing with small number of data: N N
» Y
Br N N
Encode the data by introducing

chemistry intelligent descriptors.

Simplify the model by choosing the
best most adaptive architecture.

ZIF-A10 ZIF-A11

Unexpected structures
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