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Ammonia Borane vs Ethane
Any similarities?

Isoelectronic Isomers

MW 30.81 30.07
Mp[ C] 114 -172
bonding dative covalent
DHO[kcaI/m] 31 90

MI[D] 5.2 0

R[A] 1.66 1.53
Wt% H2 19% 19%

Pacific Northwest National Laboratory
U.S. Department of Energy 2



Nonclassical Dihydrogen Bond

BH --- HN

Hydride atoms act as Proton acceptor

WT Klooster, TF Keotzle, PEM Siegbahn, TB Richardson,
RH Crabtree JACS 1999 121, 6337 Pacific Northwest National Laboratory

U.S. Department of Energy 3



Mechanism of H, formation?

T (O)
NH,BH, > (NH,BH,) +H, + ? <120
(NH,BH,), > (NHBH), +H, + ? >120

How is the H, released?

mechanism (solid state)
What is the activation barrier?

can we change it with catalysis, (other)
Are there other ‘products’?

Is the hydrogen clean? (borazine)

Pacific Northwest National Laboratory
U.S. Department of Energy
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Volatile Products from NH;BH;

NH,BH; = Products + H,~> Products + H,

lon Current [A]
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Reaction Pathways to H,

NH.BH, 2 NH,=BH, + H,

nNH,=BH, > (NH,BI

Intramolecular
Or
Intermolecular

-N

,BH,),

2 NH,BH, > NH,BH,-NH_BH, + H,

Label with deuterium, isotope studies



Product Ratio H,:D, :HD?

Bimolecular

NH,BH, + ND,BD, - NH,BH,-ND,BD, + HD
NH,BH, + NH,BH, > NH,BH,-NH,BD, + H,
ND,BD, + ND,BD, > ND,BD,-ND,BD, + D,

Unimolecular
NH,BH, + ND,BD, > NH,BH, + ND,BD, + H, + D,

Litmus test. observation of HD in mass spectrometer

Pacific Northwest National Laboratory
LU.S. Department of Energy



Synthesis of Ammonia borane

(N Hgig (B H6)g

H

- ? N /
[

,B(NHg), ]|
NH,BH,

BH,-T \f

(NH,)I

/

BH,]

NH;BH; :bubble NH,
thru BH,-THF

NH;BD;, : bubble NH,
thru BD,-THF

ND;BH, exchange NH
with D,O

ND;BD; bubble NH, thru
BD,-THF; exchange NH
with D,O

Pacific Northwest National Laboratory
U.5. Department of Energy
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Raman Spectroscopy

B-D stretch

=NH3BH3
=—=NH3BD3

ND3BH3
==ND3BD3

=—=NH3BH3+ND3BD3

1500 2000

2500

3000

3500

4000

dissolve NH;BH,
in THF

dissolve ND;BD4
in THF

mix together

remove solvent

hope that there
IS N0 exchange

Use Raman to
confirm your
faith

Pacific Northwest National Laboratory
U.5. Department of Energy 9



No exchange! Only NH;BH; + ND,BD,

20
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16 -

B—N — NH3BD3
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MS of TPD (1:1 NH,BH,
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Bimolecular H, Formation from NH;BH,

Pacific Northwest National Laboratory
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Reaction Pathway

NH,BH, + NH,BH,-NH,BH,
> NH,BH,-NH,BH,-NH,BH, + H,

NH,BH, + NH,BH,NH,BH,-NH,BH.
> NH,BH,-NH,BH,-NH,BH,-NH,BH, + H,

Mechanism for polymerization?

Activation barrier?

PleIut\t 1al Laboratory
5. Dej vrnnE.u rgy 12



Relative Heat Released (a. u.)

NH,BH,(s) > (NH,BH,)(s) + H,

Isothermal DSC

85 °C

| -'R'a'tels'irllclréésé {/v'ith 'T' |

*Activated process
«Sigmoidal behavior

*Nucleation and growth
*Thermodynamics

*DH_,, = -5 kcal/mol
75°C

70 °C ]
A l

0 500

1000 1500 2000 2500 3000

Time (min)

Pacific Northwest National Laboratory
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Phase Transformation Kinetics - Avrami Equation

Avrami Equation Xc = 1 - exp (-(kt)")

Pacific Northwest National Laboratory
U.5. Department of Energy 14
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Arrhenius treatment of H, formation

1{:4iiiiiiiiiiiiiiiiiiiiiiiiiii

= =ys T e TR T e s AR

'
<1

K (min-1})

'1_D'!'|||||||||||||||||||||||||||
278 280 282 284 286 2BE 290 2952

TITK)

Activation barrier for H, formation from solid state
ammonia borane Is ca. 28 kcal/mol.

U.5. Department of Energy 16



Conclusions

» Bimolecular dehydrocoupling
leads to H,

» Kinetic Model (nucleation &
growth)

e Rate limiting nucleation and 2-
3D growth

e What is the nucleation event?

e Can we ‘seed’ the reaction to
enhance the rate?

AB > PAB+H,

Pacific Northwest National Laboratory
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Future Work: Nucleation Seedin

BH3NH3 doped with seeded material
1 _
— AB Isothemal 70C
0.8 —— AB doped with AB seeded to |
' /\'itart of exotherm
0.6
% 04 -
=
0.2
0 ‘
0 1000 2000 3000 4000
-0.2
Time(min)

What is nucleation ‘event’?

Increases rate of H, release. vormwes

ational Laboratory
partment of Energy 19



Future work: Increasing AB loading density

B METZSCH Proteus - Thermal Analysis - =] x]
File Edit Yiew Insert Settings Range Evaluation Extras Recorder Help
D] i| & | S]] 14|t IJ*H e S RS b D L | D i TN
[cia] o [ | [ [N 0| (e ] v | Tl
DSC mvimo)
T exo
Ramp 1-°C /minute
1:1 loading
2:1 loading
3:1 loading
Neat AB
02 4 1]

What is optimum loading density to balance reactivity and
selectivity?

Pacific Northwest National Laboratory
U.S. Department of Energy




Materials for H, Storage

density: 5g cm™ 249 cm™ 19 cm™ 079 cm”
BaReH . dec.373K A s \
140- <373 K 1 iar Mg2FeH6_.--’ ~M.p. 208 K -
oG m 620K Tbar NH4BH_4..;NHBH + 3H,
€ LaNiH, NaBH4 | sie” 1) _
N 120 300 K.52 bg’ir MgH, dec. 680 K.~ NHS'i' A 5543 K H, chemisorbed
%) “u ' Mg,NiH /620K, 5 bar lia. b:p. 239.7 K . on carbon
— FeTiH 17 550 p2< 4 b_:rl Cnan.oH N H B‘Hg KI\fH é ﬁ"e H g liq
> 100 300k, 15bar m  NaAlH,” ® 7095 .~ ‘ Sty
'g ; dec. >520 KA KBH ' LlAlH | C4H1U b.p. 112K
O 80- e 580 K dec. 400 K b.p. 272 K
U - .
IN 60 H2 lig.
= 20.3 K
2 500
ot !
g ............ et .
=2 40- : H2 physmorbed ---------- L 50
o -6n carbon Sl L, Gas
20 i .. pressurize
20 pres. H, 13 (composit matena!)
,’13 (S[.iﬁ,‘i’)] " p [MPa]
1/ p [MPa
0 T T I I T I
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gravimetric H, density [mass %]
Ref: A. Zuttel, “Materials for hydrogen storage”, materials today, Septemper (2003), pp. 18-27 F 21



Nucleation Seeding

q(mw)

BH3NH3 doped with seeded material

1 _
— AB Isothemal 70C
0.8 —— AB doped with AB seeded to |
' /\'itart of exotherm
0.6
0.4
0.2
0 l/_‘“j_“" I I I |
0 1000 2000 3000 4000
-0.2 -

Time(min)

Pacific Northwest National Laboratory
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Avrami Equation with Various Values of n

Extent of Reaction

1.0
0.8
0.6
0]
02|

0.0

n=4
Constant Nucleation +
3D Growth, sphere

n=3

Nucleation at start +
3D Growth, sphere
n= 2

Nucleation at start +

_ ] 2D Growth, cylinder
Xreaction =1 - exp (_(kt)n) - y
n=1
| Nucleation at start +
o .. 1 1D Growth, Plate
20 40 60 80 100
Time (min)

Pacific Northwest National Laboratory
LU.S. Department of Energy



Changes in Bonding

isolated BH,, NH,
B—H 1.160
N—H 1.014
ZHBH 120
Z NHN 107.6
/ N—H — H
/B—H —H

H.N—BH,(@ H,N—BH,(

1.216
1.014
113.8
108.7

1.15
0.96
102
113
156
106
2.02

Pacific Northwest National Laboratory
LU.S. Department of Energy



Enthalpy Calculations (Theory)

CH>CH» + H»

32.7

CH3CHz3

Energy kcal/mol

NH2>BH> + Ho

—
Rxn Coordinate

» Kinetic verses thermodynamic control

Pacific Northwest National Laboratory
LU.S. Department of Energy



Reaction Pathways

NH,BH, + NH,BH,-NH,BH,
> NH,BH,-NH,BH,-NH,BH, + H,

NH,BH, + NH,BH,NH,BH,-NH,BH,
> NH,BH,-NH,BH,-NH,BH,-NH,BH, + H, <120°C

NH,(BH,NH,BH,-NH,)BH,)_ >120°C
> NH,(BH,NH,BH=NH) BH, + H,

(NH,BH,NH,BH=NHBH,)
< NH;(BH=NHBH=NH) BH; + H,

NH,(BH=NHBH=NH) BH, - borazine + H, pFw =28047
bp=55-C

Pacific Northwest National Laboratory
U.5. Department of Energy 26



(ar w1t &

Intensity

Boron edge 1n NH3BH3

: Jerry Seidler
Tim Fister

190 200 210
Fnergy Shift (eV)

Pacific Northwest National Laboratory
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Intensity

Nitrogen edge 1n NH3BH3

. Jerry Seidler
S e PR ‘,.,.q,-‘. Tim Fister

390 400 110 420
Fnergy Shift (eV)

Pacific Northwest National Laboratory
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Solid State Approaches to H, Storage

» Carbon (Single Wall Nano Tubes)

e Reports vary between 0 to 7% wt% H,

» Metal Hydrides

e Up to 2 hydrogen on [MH,]

e Up to 4 hydrogen on group IlIB element [MH, ]
= NaAlH,

e Air sensitive, water sensitive
» ‘Chemical Hydrogen Storage’

e An attractive alternative?
e What is feasible?

Pacific Northwest National Laboratory
U.S. Department of Energy 29



Hydrogen Storage Challenge

FreedomCAR On-board storage for FC vehicles
Call for *““virtual centers” and advanced concepts

Volumetric Density
year 2010 2015
KWh/liter 1.5 2.7
MJ/liter 54 9.7

gm/liter 45 81

Gravimetric Density
year 2010 2015
KWh/kg 2 3
MJ/kg 7.2 10.8

gm/kg 60 90

Operational temperature: -20 < °C < 80

Material with 9 wt% H, that releases H, < 80" C

Pacific Northwest National Labora

.5, Department o

tory
f Energy 30



Volumetric Storage Challenges
(4 Kg H, = 300 miles)

—

)

i . PR
WO -
B —

L W | o

MgH, 32 liquid H, (-250°C) NaAIH,  Compressed H, (200 bar)
liter 56 liter 69 liter 225 liter

Pacific Northwest National Laboratory
U.5. Department of Energy 31



Gravimetric Density Challenges

Height of bar corresponds to mass of element

\\_'______ ] )

P.P. Edwards
Oxford

He

The Periodic Table of the Chemical Elements. 2
The mass of each element is indicated by its elevation above the plane. March 2004




Xreaction =1 = exp ('(k(t'T))S)
Kay Equation

]

2000 2500

Extent of Reaction

L

0 500 1000

1500

Time (min)

¢ Datadescribed well by a modified Avrami Equation
® Includes three dimensional growth rate and nucleation rate

Pacific Northwest National Laboratory
LU.S. Department of Energy



qdot in mW

Kinetic Analysis

0.40_ . ——
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0.35 1 |
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0.00
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Integrate DSC curves as a function of temperature to get half-life

Pacific Northwest National Laboratory
U.5. Department of Energy 34



Time Resolved ASW Crystallization Kinetics Studied via FTIR

N R T Sy ] A AR AR AR Ae o2 0555 30
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Z Dohnalek, RL Ciolli, GA Kimmel, KP Stevenson, RS Smith, & BD Kay, JCP 110, 5489 (1999)

Z Dohnalek, GA Kimmel, RL Ciolli, KP Stevenson, RS Smith, & BD Kay, JCP 112, 5932 (200Q).;fic Northwest National Laboratory
RS Smith, Z Dohnalek, GA Kimmel, G Teeter, P Ayotte, JL Daschbach, and BD Kay, in “Water in Confining/Geametriesent of Energy 35
Chapter 14, (Springer 2003).



[NH I [BH4

_H2
+
NH3
H/ %/INH3 / )\
......... H [ N\ Z#4 N -h
(DADB) Polyaminoborane H,N=——BH,

R

| | \HZ\B/NHZ
-(NHBH,)-  -(NH,BH)-  ~(NH;BHy)- /_N-Hz
H.B B

----- e e e

§

I | He? M
_(NBH)- -(NHB)- -(NHBH)- | ||
HN% NH

Polyiminoborane
(P1B)

Boron Nitride
(BN)

Pacific Norfthwest National Laboratory

U.5. Department of Energy 36



NH,BH, Store significant quantity of hydrogen
(>6 wt%/step)

Wt% H, T (°C)
NH,BH, > NH.BH,+H, 6.1

<25
JBH, > NH,BH, + H, 65 <1200
BH, > NHBH +H, 6.9 - >120—

NHBH > BN +H, 73 >500

Two sequential steps > 13 wt% hydrogen

Pacific Northwest National Laboratory
U.5. Department of Energy 37



Reaction Pathways to H,

NH,BH, > NH,=BH, + H,
nNH,=BH, - (NH,BH,-NH,BH,),
Intramolecular
Or
Intermolecular
2 NH,BH; > NH,BH,-NH,BH, + H,

Pacific Northwest National Laboratory
U.5. Department of Energy 38



NH,BH,(s) > (NH,BH,)(s) + H,

-:'J Wil f et al / Theermockdmica Acia 345 { AN 19-23

| 3BIK
411
-
44
. 1. 358 K
E 4
E A
L. 253 K
i 1 l &
NILEEL 343 K
' .I" | - 43K
o gk ot e . T —

250 =00 750 9000 1350 1500 1V¥RD 2000 ZANO

140 i

Thermochim Acta 2000 343, 19. AH, NH,BH,—> products (-5 kcal/m)

Release hydrogen from the solid state below the melting point



Science“Toward a Hydrogen Economy”

Introduction

 Not So Simple
Editorial

 The Hydrogen Solution
News

« The Hydrogen Backlash

Viewpoints

« Sustainable Hydrogen
Production

« Hybrid Cars Now, Fuel Cell
Cars Later

Hydrogen makes up 90% of atoms in the universe (2/3 of it tied up in
water, the balance in living organisms and fossil fuels)

Pacific Northwest National Laboratory
U.5. Department of Energy 40


http://www.sciencemag.org/content/vol305/issue5686/cover.shtml

Stop & Restart

g (heat flow)

All Neat.AB data + Seeded to 1ImW@80C,iso 50 then 70C

+ 85C

= 80C
75C
70C

x seeded to

0 o ‘ 1MW, iso70C
05 0 500 1000 1500 2000 2500 3000 3500
Time(min)

Pacific Northwest National Laboratory
U.5. Department of Energy 41



Gabriel Merino, Vladimir |I. Bakhmutov, and Alberto Vela
J. Phys. Chem. A, 106 (37), 8491 -8494, 2002

Pacific Northwest National Laboratory
U.S. Department of Energy 42



Enzyme kinetics
E+S—>[ES]->P
Induction time to build
up intermediate

Product Catalyzed Reactions
A—>B -d[A]/dt =k [A] [B]
Hydrolysis of esters,
acid catalyzed

Phase Transformations
Crystallization, melting,
precipitation, condensation

time

time

Pacific Northwest National Laboratory
U.S. Department of Energy 43



Synthesis NH;BH,

(LH3)9 B,He),

/|

BH, — H -BH,NH,

= ( 5 .

HZB(NHS)I

NH,BH,
Hy-TH e

[BH,] [ NH,BH,NH,]*
Diammoniate of diborane



Avrami Equation with Various Values of n

10T
- n=14
] Constant Nucleation +
0.8 3D Growth, sphere
C .
2 _ n=3
S 06F Nucleation at start +
X | 3D Growth, sphere
S oaf n=2
[ i Nucleation at start +
= - — 1 _ _ n 2D Growth, cylinder
- 0.2 Xreaction =1 EXp ( (kt) ) y
[ n=1
] { Nucleation at start +
0) 20 40 60 80 100
Time (min)
® *...Itis not possible to determine the nucleation and growth behavior

from the time dependence of the transformed volume only,

oS IS Often attempted .” Pacific Northwest National Laboratory
RH Doremus, Rates of Phase Transformations U.S. Department of Enetgy



Favorable Thermodynamics?

Reactants Products AE (kcal/mol)

NH,BH,(s) = NH,BH,(s) +H,  -2.3
NH,BH,(s) — (NH,BH,) +H,  +8.8

ABO = NH,BH,
AB = NH,BH,
PAB = (NH,BH,).
PIB = (NHBH).

(NH,BH,), — (NHBH), + nH, -3.2
(NHBH), — BN(s) + nH, 9.2
L - W%
—p

I @ﬁi PAB+ Hz‘
The oot
AB+ H, PIB+ H,

Pacific Northwest National Laboratory
U.5. Department of Energy 46




Extent of reaction

1.0 |

: [ 50% conversion

0.8

0.6

Kinetic Comparison

'85°C 80°C

75 °C

half-life

500

1000

1500 2000
Time/min

2500 3000

Pacific Northwest National Laboratory
U.S. Department of Energy 47
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