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Hofmann Clathrates
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Coordination Networks
(Introduction of nitriles for the link of ions)
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interpenetrated
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Y. Kinoshita, I. Matsubara and Y. Saito, Bulletin of the Chemical Society of Japan, 1959, 32(11) 1216-1221.
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Emergence of MOFs
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Coordination Networks
(Introduction of nitriles for the link of ions)
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Emergence of MOFs
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Coordination Networks
(Introduction of bipyridines for the link of ions)
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Coordination Networks

The aforementioned design principles can be used to construct a wide
variety of coordination networks through the judicious choice of metal ions and
organic linkers, BUT

*Collapsed upon removal of solvents or exchange of ions in pores
*Not Designable because they are made of single metal ion vertex
*Chemical instability, because of weak M-N(pyridine, nitrile) —type of links



Crystallization challenge

Crystallization problem

van der Waals forces
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MOF-2

(Introduction of SBUs and charged linkers) for the link of ions)
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MOF-5

Isoreticular principle: elongation(pore opening) or functionalization of the linker without
modifying its general shape and connectivity
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M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter, M. O’Keeffe and O. M. Yaghi, Science, 2002,
295 (5554): 469-472. 0000000



* “One of the continuing scandals in the physical sciences is that it remains
general impossible to predict the structure of even the simplest crystalline
solids from a knowledge of their chemical composition”

John Maddox, Nature, 1988, 335, 201.

 “Organic chemists are masterful at exercising control in zero dimension.
One subculture of organic chemists has learned to exercise control in one
dimension. These are polymer chemists, the chain builders...But in two or
three dimensions, it is a synthetic wasteland.”

R.Hoffmann, Scientific American, 1993, 65-73.

Reticular chemistry: is the study of linking molecular building blocks by strong to
make crystalline extended structures.



o

inorganic building unit
- node
(e.g. metal ion, metal-
(ox0)-cluster)

organic building unit
- linker
(e.g. multidentate carb-
oxylates, imidazolates,...)

metal-organic framework



Design

(Secondary Building Units, SBUs)
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(Organic linker)
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Design

(Organic linker)
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Design

(Organic linker)
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Design

(Application of SBU approach)
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Design

(Application of SBU approach)
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Design

(Application of SBU approach)
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Design
(Complexity and Heterogeneity)
Complexity
(i)multiple different linkers

(ii)multiple different SBUs
(iii)multiple different SBUs and linkers
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K. Koh, A.G. Wong-Foy and A.J. Matzger, Angewandte Chemie, 2008, 47 (4): 677-680. sooo0000



(Complexity and Heterogeneity)

Complexity Heterogeneity

(i)multiple different linkers (i) multiple interchangeable linkers that
(ii)multiple different SBUs are identical in terms of their binding
(iii)multiple different SBUs and linkers groups and metrics but different with

respect to their chemical composition
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Science, 2010, 327(5967), 846—850. 900



Design

(Fine-tuning of the sorption properties)
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Design

(Ultra-high Surface Area)

J. C. Rowsell, E. C. Spencer, J. Eckert, J. A. K. Howard, O. M. Yaghi, Science, 2005, 309 1%50—1%24.
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. BET(m?/g)
(Ultra-high Surface Area)
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(Ultra-high Surface Area)

Metal-Organic Framework Materials with Ultrahigh Surface Areas{ls the Sky the @

1o
L]
]
>
]
i_-, J Y \
> g e < e
. s i L_i“ ¥ _\:_’L ;ﬂE\“, {4 4 :A. .-‘..‘:
e lJ i:l - _'-'-!. “) y :A: v -..‘ P
'3 __;.,._..#' 3 ﬁ;"“‘-' ‘-“'.‘ '\ ;"*w? ‘L T "
— > e - . i 4 g U Al
= i P H.BHEHPI _. "'y ;| ‘J Poaf e NP~ ¥ 2w,
- AR RN B
e e TR0 {) :
2 . .
.

-~
-

NU-110 N5 BET=7140m?/g

Cu,(BHEHPI) Q,n\ P

S 21

1Y = P

i~ & P
. LY
vyl v

O. K. Farha, I. Eryazici, N. Cheon Jeong, B. G. Hauser, C. E. Wilmer, A. A. Sarjeant, R.Q. Snurr, S. T.
Nguyen, A. O. Yazaydin and J. T. Hupp , JACS, 2012, 134, 36, 15016-15021. ®



Design

(Pore opening)
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Design

(Pore opening)
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Design

(Pore opening)
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Asahina, H. Kazumori, M. O’Keeffe, O. Terasaki, J. F. Stoddart and O. M. Yaghi, Science, 2012, 336 4
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Synthesis-Activation of

— 9 As synthesized sample
— - Starting material and side product in the solvent
- Starting material and side productin the pores
First solvent
exchange

Solvent exchanged sample
- Solvent exchanged with sclvent used in the synihesis

- Starting material and side product removed from the solvent
- Starting material and side product in the pores

Multiple cycles of
solvent exchange

" Fully solvent exchanged sample

~———| - Solvent exchanged with sclvent used in the synthesis

- All remaining starting materials and side products
removed from the pores

by low bailing point

Solvent exchange
solvent

Sample ready for activation

- Solvent exchanged with low boiling point salvent

- All remaining starting materials and side products
removed from the pores

J. E. Mondloch, O. Karagiaridi, O. K. Farha and J. T. Hupp, CrystEngComm, 2013, 15, 9258
A.P. Nelson, O.K. Farha, K.L. Mulfort and J.T. Hupp, JACS, 2008, 131, 458-460.



Synthesis-Activation of

MOFs

(Modulated synthesis)

Modulator (acetic acid)
-

Metal salts Pre-MOF cluster UiO-66 Framework
(Formed in situ)

A.J. Howarth, Y. Liu, P. Li, Z. Li, T.C. Wang, J. T. Hupp and O. K. Farha, Nature Review Materials,
2016, 1, 15018.



Applications of MOFs

1
Fossil CO2 emissions

billion tonnes of CO:2

40
e 2018 Projection
30 2008-2017 —————— +2.7%
~ +1.5% per year +1.8% t0 +3.7%
25
20 | 1 1 1 1 | 1 1 1 1 | 1 1 1 T | 1 1 |
2000 2005 2010 2015 2018

Source: FUTURE EARTH STRAITS TIMES GRAPHICS

(900



/Open metal sites
CO2

capture/separatio

Amine groups

o

MOF-177

SRR

P. J. Milner, R. L. Siegelman, A. C. Forse, M. |. Gonzalez, T. Runcevski, J. D. Martell, J. A. Reimer
and J. R. Long, JACS, 2017, 139, 38, 13541-13553. OO0
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Applications of MOFs

Reflector

Cover
Water

vapor

ormation
Case/
condenser * Heat
. flow
Collected
water
Water
sorption unit

F.Fathieh, M. J. Kalmutzki, E. A. Kapustin, P. J. Waller, J. Yang and O. M. Yaghi, Science
Advances, 2018, 4 (6): eaat3198. O



0,, H;0, MeOH

Applications of MOFs

< Sealed
microwave vial
MOF catalyst Blue LED

-Liquid and Gas Phase separations
*Capture and Degradation of Chemical Warfare Agents

. . ° [
Other applications Cata|ySIS|.
[ ]
of MOFs ~ “Drag Delivery
* Sensing
*Air purification i pase
‘ < Wet impregnation (Vg2 Vo)
% Incipient impregnation (V=Y )
CO,+2H"+2e" CO+H,0 // O \\‘WWe  ph

4 Chemical vapor deposition
% Atomic layer epitaxy




What'’s next?

Covalent Organic
Frameworks (COFs)

oH HO L
~ s, L T—

— polycrystalline COF-300
Azine \N—N (in the absence of aniline)
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hydrated COF-300 (~ 80 ym) COF-303 (~ 15 pm) LZU-79 (~ 100 pm) LZU-111 (~ 50 pm)

T. Ma, E. A. Kapustin, S. X. Yin, L. Liang, Z. Zhou, J. Niu, L. H. Li, Y. Wang, J. Su, J. Li, X. Wang,
W. D. Wang , W. Wang, J. Sun and O. M. Yaghi, Science, 2018, 361, 6397, 48-52.
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What'’s next?

Covalent Organic Molecular Weaving
Frameworks (COFs)
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Y. Liu, Y. Ma, Y. Zhao, X. Sun, F. Gandara, H. Furukawa, Z. Liu, H. Zhu, C. Zhu, K. Suenaga, P.
Oleynikoy, A. S. Alshammari, X. Zhang, O. Terasaki and O. M. Yaghi, Science, 2016, 365-367.






