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Porous Materials for H, Physisorption
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Porous Organic Polymers for H, Storage

Advantages and Challenges 100
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* High thermal & chemical stability
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Hypercrosslinked Polymers

Chem. Commun., 2006, 2670; Chem. Mater., 2007, 19, 2034
J. Phys. Chem. C, 2008, in press
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|sosteric Heats of Sorption

Chem. Mater., 2007, 19, 2034; J. Phys. Chem. C, 2008, in press

8 -

Heat of adsorption (kJ/mol)
o ~
(6} (6}

o
o

(@)}

~
1

»
I

AH, measured

(@)

0.2 04 0.6 0.8 1 1.2
Hydrogen adsorbed (wt.%)

* |sosteric heat = -6 to — 8 kd/mol

* Much too low for ambient T sorption

1.8
77K v’

(@) o
& = 0.305 Mo
e

5‘?1‘6_

wit.
=

1.2 A
?’ ul
‘) B .‘ﬂ:‘!‘ﬂﬂjﬁﬂanuau
qunn

17 ..D
ﬂE!.DD
08 | fgp 87K
a

o @ =0.285
L}
8] wi‘

0.4 {0
n

Hydrogen uptake (
o

a . .

02 4 Open symbols = simulation
of : : : : :
0 0.2 0.4 0.6 08 1 1.2
Pressure (bar)

.| (b)

0.7 A

0.6 4

0.5 -

PE

0.4 -

0.3 A

0.2

0.1 A

0 oead— : : = . ==
-18 -16 -14 -12 -10 -8 E -6 -4 -2 0
Energy (kJ/mol)

Measured isosteric heat

AH, simulated

K&’d UNIVERSITY OF

&/ LIVERPOOL



Importance of Isosteric Heat of Sorption

7 . Isobars for H, on GN773 (only every 43™ point presented)
6 - y Calculated Uptake -
5 - SA = 3000 m?/g i
s 4 P. = 20 bar, P, = 1.5 bar |+
o\o 1 - ar, 2 - . ar l-
— 3
< AH = — 5 kJ/mol R e
2 J. Phys. Chem. B, 2005, 109, 8880
1 |
77.3 K
O I I I I I
20 70 120 170 220 270 320
Temperature (K) _ _
Linear in SA
DIKP, P,)= Kby, — KBy, m — (AASYRN(a—AHRT\/ . .
KPP =15%p, " Tvgp, | K= CEHE /P Exponential in AH

For method see: Langmuir 2006, 22, 1688—1700
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“Designing” Higher Binding Affinities

(i) Polymer-supported metal dihydrogen complexes
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Hexacarbonyl "Plana staal” Folymer supported % l',b] 90 K U V ,
n=1 103wt % 1.06 wt. % 0.8 wt. % = 1 H
2 —
n=2 238w % 2.47 Wt % 1.88 wt. % 2 2
1
. c A
 Dihydrogen complexes ~ 15-30 kJ/mol © 150K i—|
: " +
« 2007: UV-activated H, addition / release ; 2
T . I I 155:141
« Mechanistic studies only at present % wavenumber

How to make cycle reversible? Weight %?

Cooper and Poliakoff, Chem. Commun., 2007, 2965 ctPSRC ﬁ{}éf{plé(o)i



“Designing” Higher Binding Affinities

(i) Strong physisorption — polarization of H,

E~24—-26kJ/ mol

Gas phase calcn, no counter-ion
A discouraging “upper bound”?

For example: R. C. Lochan, M. Head-Gordon, Phys. Chem. Chem. Phys. 2006, 8, 1357
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Designing Higher Isosteric Heats

(i) Strong physisorption — “naked” fluorides




Designing Higher Isosteric Heats

(i) Strong physisorption — “naked” fluorides

* Predict 10 — 18 kdJ / mol

 How to keep halide
site-isolated in extended
porous structure?

W3 . Difficult to prepare

anhydrous naked F-

Trewin et al., New J. Chem., 2008, 32, 17 T Y [ VIRPOOL



High Throughput Approaches

New modes of H, binding required — inherently speculative
Need to test multiple hypotheses

Understanding much more powerful than “screening”
But sometimes screening is a start....

—5= M(CO)3.q(H2),

~—M{CO)a.q(Hz),
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Combinatorial Approach

-

Synthesis

 Robotics
* Purification

48-96 purified
samples / run
using microwave
heating or
ChemSpeed robots

Vodeline

Analysis

» Gas sorption * DoE

* |sosteric * QSPR

heats

BET /H,/ CH,: Umetrics MODDE 7.0
36 / day Nautilus LIMS
Isosteric heat:
12 / day
PXRD / FTIR

100’s per week
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Comblnatorlal Approach: Workflow
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Rapid Gas Sorption Measurements
Micromeritics ASAP 2420 - N,, H,, CH,, CO,, Ar, etc.

Six independent
analysis stations

Sample tube with
Isothermal Jacket

Long-life Dewars

F, tube with
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provides continuous
F, readings
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Quantity Adsorbed (cm3/g)
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Rapid Gas Sorption Measurements
Micromeritics ASAP 2420 - N,, H,, CH,, CO,, Ar, etc.
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overlay of 18 independent runs

* SD =3.1%
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* 40 point isotherms, “rapid” mode
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Table 1. Syuthesis Conditons, Surface Areas, and Gravimeiric Hy Uptalees for Hypercroszhnked Polymers®

Hyuptake —
monpmer  FeCl, ) o-DOCK m-DCX p-DCX yvield BET 5A Lappmoir 5A Langmmir 54 (113 bar773E)
(wv) (molf (mm) (molf (mol¥ (mel BCMBP BCMA (% (¥ (MN)m¥E) H)migr (vt 20}
1 15 1 0 1 0 0 30 500 04 408 0.50
T 15 1 0 0 1 0 500 1087 1707 206 137
i 15 1 0 0 0 1 60 1045 1608 708 133
4 115 1 s0 1 0 0 50 804 1303 781 137
5 115 1 0 0 1 0 62 1377 2196 040 151
6§ 115 1 0 0 0 1 6 1431 2281 000 156
T 15 3 s0 1 0 0 55 M 1200 675 119
8 15 3 0 0 1 0 60 1008 1716 025 1.50
8 15 3 0 0 0 1 65 063 1455 201 138
w15 3 0 0 05 0.5 6 1131 1764 878 150
11 125 3 s0 1 0 0 64 750 1142 §50 118
12 115 3 0 0 1 0 74 127 2006 831 1.41
13 125 3 0 0 0 1 M Un 1788 831 142
14 125 3 0 0 03 0.5 60 1220 1046 827 1.40
15 15 2 0 0 0 1 61 1182 1820 824 141
16 15 2 50 03 03 0 58 1317 2000 873 148
17 125 2 50 05 0 0.5 g2 1177 1003 211 130
18 75 1 0 0 03 0.3 48 1313 202 853 1.44
1 75 3 0 0 1 0 7 12 1884 3 142
w75 3 0 05 0 03 68 1063 1636 795 136 49 polyme rs
m 75 2 60 033 033 033 65 1347 2068 030 156
n 15 2 60 033 03 0.33 ¥ 0B 1506 827 141
1w 715 2 60 033 033 033 6 1137 1832 E 132 —
M 75 2 60 033 033 033 6 1058 1670 760 130 .
25 40 1 W0 0 1 57 1189 1881 878 147 98 SO rptlon
% 40 1 W00 0 1 6 13M 2027 00% 157
7 oan 1 0 0 0 1 £ 1370 2006 1013 1.50 (3.18)
® 625 1 1080 0 0 1 6 1187 1833 024 156 measurements
W 125 1 1080 0 0 1 6 B16 1260 §33 114
w1 1 1080 0 0 1 64 930 1300 708 123 (N 2 and H 2)
a5 1 1080 O 0 1 65 826 1157 616 1.06
100 1 1080 0 0 1 60 800 1360 3 152
3 160 1 1080 0 0 1 67 815 1774 738 120
3 375 005 1080 O 0 1 ¥ 106 1633 643 1.10
3 375 01 1080 O 0 1 35 108 1621 651 1.10
37 375 02 1080 O 0 1 #1160 1797 br 130
38 375 05 1080 O 0 1 60 1370 2128 033 156
® I 1 1080 0 0 1 62 1301 2131 04z 158
TN 1080 O 0 1 65 1365 2008 031 156
41 375 3 1080 0 0 1 31205 1850 844 142
2 w1 1080 0 100 74 1874 2057 1002 156
43 003 ] 1080 25 75 70 1904 2002 1033 151 (3.68)
TR Y T 1080 50 50 71 1786 2756 1035 152
45 g3 1 1080 75 25 6 1612 2476 1014 153
46 1180 1 1080 0 100 55 021 1402 208 141
47T 0T 1 1080 25 55 1060 1620 870 148
48 065 1 1080 50 50 43 1057 1616 852 143
8o 85r 1 1080 75 355 128 1033 356 144 _
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H, Uptake Versus BET Surface Area
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Hypercrosslinked Polymers

Chem. Commun., 2006, 2670; Chem. Mater., 2007, 19, 2034
J. Phys. Chem. C, 2008, in press

c—ch FeCl, DCE  Network
2 % : g
\ T ch, condensation structure

| polymerization
DCX cl

%CHz CH, CHQA@—C%/
n
CH, 0{2
o
)4
I

P FeCls
—_—

dichloroethane

» High surface areas but synthetically rather limited

* No direct synthetic control over micropore size, SAgg, etc.
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Conjugated Microporous Polymer Networks
Jiang et al., Angew. Chem., 2007, 46, 8574

Sonagashira-Hagihara cross-coupling

I
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O 00 e
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Conjugated Microporous Polymer Networks
Jiang et al., Angew. Chem., 2007, 46, 8574
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« SA’s up to >1000 m?/g

« Conjugated alkynes —
scope for modification
(e.g., with metals)

« Chemically robust



Amorphous Polymer Networks

CMP-1 HCMP-1 PPV network
Microporous; SAgeT = 834 m2/g; Micro/mesoporous; SAgeT = 842 m2/g Mesoporous; SAgeT = 761 m2/g
MPV = 0.33 cm?/g; pore size ~ 1 nm{"2l PV, = 1.16 cm%/g; pore size ~ 1-5 nm*l PV, , = 1.16 cm%/g; pore size - 5.6 nmlS!
~dr
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P1 P2 EOF-1
Microporous; SAget = 450 m2/gld] Microporous; SAggt = 510 m?/gl¥l Microporous; SAget = 780 m?/g
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Mesoporous; SAgeT up to 1000 m%/gi3%  Meso/macroporous; SAggT up to 632 m?/g Microporous; SAgeT = 711 m?/g
PViot = 0.94 cm®/gl’] PViot = 0.40 cm®/g; pore size ~ 1.2 nml®!



Conjugated Microporous Polymer Networks
Jiang et al., Angew. Chem., 2007; JACS, 2008




Conjugated Microporous Polymer Networks

N, sorption

Isotherms
incremented

by 100 cm®/g
for clarity
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 Fine-tuning of pore size

« Amorphous materials



Conjugated Microporous Polymer Networks
Jiang et al., Angew. Chem., 2007, 46, 8574
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Isoreticular Metal Organic Frameworks
Eddaoudi et al., Science, 2002, 295, 469
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Atomistic Simulation of Pore Structure
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Amorphous Polymer Networks

| 0,
unpublished results eWe} O
-
» SN
LoWealiie oW ¢ *@NV@*
@ NCMP-0 @ @ NCMP-1 @
L Wsy
O O
®
®
éN\\
QL >N e Wo sl O, O
@ NCMP-3 @
LsWsy
®
» Series of 16 homopolymers and
copolymers with varying strut length
Q
//N%
) ® @ o
LW ey

N
NCMP-4 @



Amorphous Polymer Networks

Systematic variation of pore properties

Micropore volume (cm®/g) / Density (g/cm®)
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CENTRE FOR Materials Discovery

» Accelerated research via automation

Niaterials A
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Porous Polymer Synthesis using
Automated Dispensing

Visterials A
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Porous Polymer Synthesis using covrieron A

Automated Dispensing ["g?éiga\'fery




Microwave Polymerisation of Crosslinked Ethynyl Materials

Nanoporous Polymers via Sonagashira Coupling Discovery

Reaction Complete!

Catalyst remains at the
bottom of reaction vessel _
T =80 sec




Microwave Polymerisation of Crosslinked Ethynyl
Nanoporous Polymers via Sonagashira Coupling
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MWCMP-1 Microwave Reaction Profile
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Production of Nanoporous R;IN;I’{(EeF?i{aISA

Polymer Libraries Discovery
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@

1 9,10- 182 mg | 14 m?/g 12 Methyl 2,5- Br i _| 150 mg | 519 m?/g
dibromoanthracene OOO 104 % dibromobenzoate © 102 %
Br Br
2 | 1,4-dibromobenzene 105mg | 819m%g | 13 1,4- N 108 mg | 1005 m2/g
Bf‘@*‘” 98 % dibromotetrafluorobe |g, ar| 67%
nzene
E E
3 1,4-dibromo-2,5- Br 100 mg | 1107 m?/g | 14 2,5- Br CF, 119 mg | 712 m?/g
dimethylbenzene 83 % dibromobenzotrifluori \©: 84 %
Br de Br
4 25- Br NO, | 142 mg | 45 m¥g 15 |  6,6-dibromo-1,1- | | OO 85mg | 418 m¥g
dibromonitrobenzene \©i 102 % binaphthol ol 40%
i 99
. Br . . =
5 2,5-Dibromotoluene 95mg | 1302m?/g | 16 | 4,4'-dibromobiphenyl 140 mg | 185 m?/g
\©f8r 82 % OO 93 %
6 1,4-dibromo-2- Br F 112 mg | 1003 m?/g | 17 2,6-dibromo-1,5- oo * | 87 mg 34 m?/g
fluorobenzene . 78 % dihydroxynaphthalene | & I 56 %
r H
7 1,4-dibromo-2,5- Br F 112 mg | 622 m?/g 18 | 3,5-dibromopyridine Br B 131 mg | 141 m?/g
difluorobenzene 86 % | _ 121 %
F Br N
8 2,5- Br OH | o7 mg | 603 m?/g 19 2,6-dibromophenol Br T s | 95mg | 1136 m?/g
dibromohydroquinone 77 % 80 %
HO Br
9 1,6-dibromo-2- il o | 117 mg | 922 m/g 20 3,5-dibromo-4- 2 None
naphthol 86 % methylaniline . .
Br CHy
10 1,4-dibromo-2,5- Brﬁo\cw 98mg | 883 m?g | 21 2,4-dibromoaniline /©iNH2 103 mg | 1024 m?/g
dimethoxybenzene |"o Br 66 % . 5 | 82%
11 | 4,4'dibromooctafluoro NN | 150mg | 873m2g | 22 | 3,6-dibromocarbazole Brm 135mg | 601 m?/g
biphenyl o ‘ i ' 64 % g 83 %

unpublished results




SAger

Dibromo
monomer 5 pt
2 BFQBF 812
Br
3 ;@f 1107
Br
Br
5 @f 1302
Br
Br F
6 C[ 1003
Br
Br F
4 j@[ 622
F Br
E = E FF E
13 Br%;%& 1005
F F

1 x CHs,,
60% increase
N SAgeT

_.“*‘f~4:i:

g

J.'%TJ}‘;'T)
=

M‘:‘mmuum---“'
unpublished results



Synthetic Elaboration and Functionality in Networks

Br F
FI IBr Electron-

N > deficient
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F F F /

n

Br
Brj@iOH
e

Selecuy

N
OH

RG¢!
OH
T
Br

Derivatizable
> functional
groups

N\

> Chirality
Br X Br \
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/@NHZ
Br Br j

unpublished results



Synthetic Elaboration and Functionality in Networks

OR

) e _W 4 ,lgt? M =Cu+,Co2, Ni2+, Zn2+, Cd2+
)= E;F@
| l
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-
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N
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H/_K\ _\ (/_i L (/_/\ _ OR
| >\ 7\ \>_// T)y \\> / T/an
RO ROS /Pl‘i’s RO Tt“” OR A. Kokil. P. Yao. and C. Weder, Macromolecules 38, 3800
tyre: tyrel

" :g (2005).
Pt0 Cu?*, Co?*, Ni¢*, Zn?4*

A, Kokil, C. Huber, W. R. Caseri, C. Weder

Macromol. Chem. Phys. 2003, 204, 40-45 ~

I

: : : ®

» Potential for metal incorporation H

» Zero-valent metals a possibility ~



Clathrates for Gas Storage — H, and CH,

Adv. Mater., 2008, 20, 2663: J. Am. Chem. Soc., 2008, 130, 11608

175 viv CHy,
! dry H,0, 2.73 MPa
T 273.2 K

Bulk H,0

I—.....‘._._._._._.

0 500 1000 1500 2000
Time (min)

A: a1—>a2—a3—a4—ab

9.01 b3
8.5+ b2 /g;ting

268 272 276 280 284 288 292 296
Temperature (K)

B: b1-—>b2-—>b3—>bd—b5

» Goal: storage at low pressures (1 atm), close to 298 K



High Throughput Discovery of Clathrates for Gas Storage

Capacity (v/v)
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High Throughput Discovery of Clathrates for Gas Storage
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» Stores CH, at RT, releases >30 °C
« Capacity relatively low (46 v/iv STP)

« 175 v/v STP possible but less stable
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