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 Tp*NiBH,: ammine-borane hybrid
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The Universities Join the Push
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The Universities Join the Push

i Hyd C
challenge of a ol pond
hydrogen
economy

storage
- amides M(NH,),

* boranes BH;NH;

- ammines M(NH;) X,
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Ammine-borane
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Ammine-borane

ammine-borane(s)
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NaBH, + NH,CI "7~ H, + BH,NH, + NaCl m

Ramachandran, P. V.; Gagare, P. D. Inorg. Chem. 2007, 46, 7810-7817.



Ammine-borane hybrids

* N-H--H and B-H--H parameters comparable to BH;NH;(s)
 endothermic H,/NH,; release vs BH;NH,(s)

Soloveichik, G.; Her, J. —H.; Stephens, P. W.; Gao, Y.; Rijssenbeek, J.; Andrus, M.; Zhao, J. -C.

Inorg. Chem. 2008, 47, 4290-4298. “EA
original report: Konoplev, V. N.; Silina, T. A. Zh. Neorg. Khim. 1985, 30 (5), 1125.



Ammine-borane hybrids
M(NH,BH,), (M = Ca, Mg, Ti, Sc; n = 1-6)

« variable thermal properties

* H, without foaming

 thermal stability improvement
» controlled H, release

< American Chemical Society

Fuel Division
Inorganic Division

“Metal Derivatives of Ammonia-borane: Potential hydrogen storage materials”

Diyabalanage, H. V. K.; Shrestha, R. L.; Semelsberger, T. A.; Scott, B. L.; Burrell, A. K. 236" ACS Natl. Mtg, Philadelphia, HI]A
August 2008: FUEL 56.



Haber-Bosch: Nobel worthy chemistry

motivated by national security interests

Fritz Haber Carl Bosch 1 931

1918

(shared with Friedrich Bergius)




motivated by national security interests
OEAR GOD, keep them safe! |

“We shall soon have our
Storm Troopers in America!”
—HITLER

- e 5 i}

5 : R
-@uum‘:ﬁﬁmﬁ-; rY¥ .

Al
LS

-!l’.{ ES 9 .
- P e

[ 13

i

-t""
-l- ]

I

We CanDo 1]




Ammines

AMMINEX’
Mass
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* Ppeliet 99 — 99% of crystalline P

» nanopores facilitate NH, transport X NH;

* heat transport controls NH; loss

Sarensen, R. Z.; Hummelshgj, J. S.; Klerke, A.; Reves, J. B.; Vegge, T.; Nagrskov, J. K. RTIN
Christensen, C. H. J. Am. Chem. Soc. 2008, 130, 8660—8668. e
Christensen, C. H.; Sarensen, R. Z.; Johannessen, T. ; Quaade, U. J.; Honkala, K.; Elmge, T. D.; HEA
Kahler, R.; Narskov, J. K. J. Mater. Chem., 2005, 15, 4106 — 4108.
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Tp*NiX and ammonia

e — -

Tp*NiCl Tp*NiBr Tp*Nil

Desrochers, P. J.; Telser, J.; Zvyagin, S. A.;OzarowskKi, A.; Krzystek, J.; Vicic, D. A.
Inorg. Chem. 2006, 45, 8930-8941.




Form of bound ammonia independent of X

Tp*NICl  Tp*NiBr Tp*\Nil Tp*_NiCl Tp*h;iBr Tp*Nil
h\ light absorption
maxima
NG,
N N
BN N 380 nm
\ NQ‘ 570
N///' :

similar to Ni(NH;) X,




Form of bound ammonia independent of X

Tp*NiCl Tp*NiBr Tp*Nil Tp*NiCl Tp*NiBr Tp*Nil




Form of bound ammonia independent of X
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Largest optical absorption change with iodide

Tp*Ni(NH;);1(s) —— Tp*Nil(s) + 3NH;(9)
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Quantitative ammonia uptake/release by Tp*NiX

Tp*Ni(NH3)5X(S) Tp*™NiX(s) + 3NH;(9)

theory
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Compare to [Ni(NH,)]Cl,

50 -
T/

5 40 -
(/)]
L/
@ 30 //
(1v]
E »
T 20 - [Ni(NH;)5Cl)]
o
a

10 -

5 K/min
O I I I I I I |
300 350 400 450 500 550 600 650

temperature (K)




Halogen control may follow three fold axis

NH, NH,

3 fold symmetry

Halide typically along 3-fold axis of metal-ammines.
Hwang, I. —C.; Drews, T.; Seppelt, K. J. Am. Chem. Soc. 2000, 122, 8486.
Scheibel, P.; Prandl, W.; Papoular, R.; Paulus, W. Acta Cryst 1996 A52, 189.




Halogen control may follow three fold axis E

NH, NH,

3 fold symmetry



Directional expansion with ammonia uptake

crystalline [Tp*Ni(NH3)5][X] ? |




Isostructural solids

A=154149

Tp*NiCl

i M“ UM )L N

Tp*NiBr

Jm;\ JLJbU A JU Aa JlL JUU,
, o

powder patterns simulated using Mercury v1.4.1 CCDC




Energetics of ammonia loss

TP*™NI(NH3)3X(s) —— Tp™NiX(s) + 3NH;(g)
AH — TAS = -RTInK

enthalpy (AH): for Cl form AH = 190 kJ/mol
Pyus ~ 0.1 bar @ 300 K

entropy (AS): AS ~ 576 J/K




Affinity for nitrogen substrates

TpRCo(NCMe);tI1d  —— TpRCol + 3NCMe

K=45 (-22°C)
4x104 ( 27)

enthalpy (AH = 87 kd): Co-NCMe bond strength
Co-I bond strength

entropy (AS = 377 J/K): mostly SNCMe
3(151 J/K) = 453 J/K

Reinaud, O. M.; Rheingold, A. L.; Theopold, K. H. Inorg. Chem. 1994, 33, 2306-2308.
TpR = Tp'P™Me  (in chloroform solution)




Metals with high affinity for nitrogen substrates

Stabilize anchored-nickel in a pliable environment.

Pr @6

h OTf
H\ P‘(‘NQ iPr

Uehara, K.; Hikichi, S.; Akita, M. J. Chem. Soc., Dalton Trans. 2002, 3529. HI]A



Metals with high affinity for nitrogen substrates

__________

__________________

Co | Ni |[Cu|Zn

cobalt | nickel | copper| zinc

__________________

__________________

* numerous transition elements with NH, affinity
 could combine storage, decomp. catalyst
« variable magnetic and optical properties
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Solid supports for Tp*NiX

 bulk solid:
distinct ammonia uptake

* phys-isorbed:
1) silica  thin-layer
bulk powder
2) cellulose fiber

« chemically attached:
tunable ancillary ligand
reduce nickel leaching




Silica supports for Tp*NiX

O Si
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silica




Cellulose supports for Tp*NiX

cellulose







Optical Monitoring of Ammonia Uptake
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Ammonia uptake by Tp*Nil
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Largest optical absorption change with iodide

Tp*Ni(NH;);1(s) —— Tp*Nil(s) + 3NH;(9)
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Potential covalent supports for Tp*NiX

polystyrene
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Ammine-borane and Nip,

"
NH,BH, + H,O —=— NH,* + BO, + 3H,
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Cheng, F.; Ma, H.; Li, Y.; Chen, J. Inorg. Chem. 2007, 46, 788-794.



A stable borohydride
Contrasts hydrolysis of MBH,
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Davis, R. E.; Bromels, E.; Kibby, C. L. J. Am. Chem. Soc. 1962, 84, 885.

Tp* anchorage tempers reducing
power of H-rich substrates

* inert to hot water

- stable in air B
Desrochers, P. J.; LeLievre, S.; Johnson, R. J.; Lamb, B. T.; Phelps, A. L.; Cordes, A. W.;
Gu, W.; Cramer, S. P. Inorg. Chem. 2003, 42, 7945.












Mg(NH;)¢Cl,

Mg(NH3)g(BH,),
H H H H
H H H H H H H H H H H H

H N 2NH, HMESNH,  HoNg®oSNH,  HoNatoNH,
- - - -

covalent anchorage




e Tp*NiX(s) binds ammonia
reversible, quantitative 3NH;:1Ni
X-dependent uptake, release; 3-fold axis control
colorimetric, magnetic signals, sensor potential

e Organic anchorage advantages
lowers ammonia release T

synthetically modifiable for specialized applications

e Tp*NiBH, stable H-rich substrate

implications for ammonia-only reactions
potential NH,BH, interactions
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