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:;)%irogen Storage for Mobile Platforms

« Metal Hydride Center of Excellence (MHCoE) is a DOE
program, partnership between 8 universities, 6 national
laboratories, and 3 private companies to store hydrogen
for mobile applications (i.e. cars)
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« MHCoE uses experimental and computational methods
to investigate destabilized metal hydrides, amides and
Imides, alanes, complex anionic materials
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New Complex Anionic Materials

.

« Current materials under investigation in the MHCoE

Include:
Mg(BH,), Ti(BH,)s
Ca(BH,),*LiNH, LiNH,*MgH,
Mg(AlH,),
. Speciff O HH 'aln the saitsrefdh@veight % H,
- - Na[PB] = 9.7 %
bis(bo e /P'\ nipn [PB] CiPBl = 12 %
H3B BH3 K[PB] =81%

MgI[PB], = 11 %
Ca[PB], = 10 %

\I\/I = Na, Li, K, Mg, Ca/




3 ;)%ne-Bcrane and Related Compounds

.

heat
H;N—BH; > H, + B,Ncompounds

* Amine-borane irreversibly releases H, during thermal
decomposition to polymeric and cyclic B,N compounds

(borazine)
-30 °C heat
[NH,4][BH,4] >  H3N—BH; » H, + B,Ncompounds
heat
Li[NH,BH3] > H, + B,Ncompounds

 Ammonium Borohydride and LINH,BH; also decompose
to release H, and form borazine and related polymers

Data collected from presentations by Aardhal and Autrey, PNNL, 2008-09.



:;'i Phosphorus-based Compounds

« Substitution of Phosphorus for Nitrogen
-30 °C
HP—BH; = = PHz + BHj (1)

85 °C
Li[PH,BH;] » H, + P,Bsalts (2)

1) Gilmont, P. and coworkers, J. Am. Chem. Soc. 1940, 62, 717.
2) Mayer, E. and coworkers, Inorg. Chem. 1971, 10, 2259.

* Reversible H, storage has been observed with “frustrated”
B,P Lewis Acid-Base pairs

a)
R F H
® / H;
(CgHoMes),P g(CEFE}E — = (CgH,Mes),P
/ \
n F 2 F

« Will hydrogen-rich B,P compounds show similar reactivity?

a) Stephan, D. W. and coworkers, Science 2006, 374, 1124.
b) Stephan, D. W. and coworkers, J. Am. Chem. Soc. 2007, 129, 1880.



:;’%hesis of Bis(borano)hypophosphites

* Previous methods used PH;, PH;-BH,, or PH,I as the
source of phosphorus in [PB] anion

BQHG + PH3 - H3F)_BH3
-196 °C to -78 °C
1 day B .
S H H
HgP—BH; + NHj - @ +/
-78 °C to 25 °C NH, LN,
6 days 0 ° |

Gilmont, P. and coworkers, J. Am. Chem. Soc. 1940, 62, 717.
Parry, R. W. and coworkers, Inorg. Chem. 1967, 6, 1761.

 We developed a new route in the interest of safety and
convenience

© H H
NaBH, +  PCl, - Na© -'F’{\
DME, -78 °C to 25 °C HsB~ “BHj3

1 day _ il



:;’%hesis of Bis(borano)hypophosphites

 Lithium and Calcium salts made using similar methods

LiBH, + PClg i ©

-

THF, -78 °C to 25 °C
1 day

+ 20

Ca(BH,), PCl,
THF, -78 °C to 70 °C

sealed vessel, 1 day

©

H

H
4

« Calcium reaction needs a sealed vessel, reaction might

form PH; as an intermediate
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roperties of Bis(borano)hypophosphites

 Air and water stable 4 9 HH )
» Soluble in most organic solvents Mm@ 'l-:,'

. - \
« Forms concentrated solutions/gels | H3B" BHs |

Theoretical Weight % of H, is 8-12 (
M = Na, Li, K, Mg, Ca/




:;" 'H and 3'P NMR Spectra of Na[PB]

* Spectrum taken on 500 MHz Varian in THF-dg

or H ,H ] 31P NMR Spectrum
@ 2
Na P
H3B BH4

TH NMR Spectrum /
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Na[PB] Thermal Decomposition

 Differential Scanning Calorimetry (DSC) and Thermal
Gravimetric Analysis (TGA) were performed to examine
the thermal decomposition

feaxo
vy Integral 302.84 mJ
Onset 26.26 min
Feak 27.35 min

Method: MRA_Z5C-300C_5CperMin

dt 1.00 s
25.0-500.0°C 5.00°C/min, Ar 40.0 ml/min
Synchronization ena bled

0] ﬁﬂ\
_Lk//_\_/ ahman
9
MREA-I-081B, 18.02.2010 21:26:58

-1 MREA-I-081B, 2.0000 mg

Heating Rate of 5°C/min
AH = -3.0 kd/mol
3.5% mass loss

- —

T —T L T —T L T L— L T L L —T T L —T T T —T T T L— L T L L T L
u] 10 20 30 40 a0 =18] 7 a0 =1n] min

Sandia National Labs: METTLER STAR® SW 9.30
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Na[PB] Thermal Decomposition

 Differential Scanning Calorimetry (DSC) and Thermal
Gravimetric Analysis (TGA) were performed to examine

the thermal decomposition

feaxo
m Integral 1151.59 mJ
' Onset 129.98 min
1.0 - Feak 137.90 min
il
Method: MREA_25C-500C_1CperMin_Argon
0.5 — dt 1.00 s
25.0-5300.0°C 1.00°C/min, Ar 40.0 ml/min
Synchronization ena bled
0.0 —
05 Heating Rate of 1°C/min
- MRA-I-081D, 19.02.2010 22:32:25
MEA-I-081D, 2.4000 mg AH — 9 6 kJ/ Ol
% m |
5.9 % mass loss
-1.0 —
_]__5_
— T — — e S T s e S e e e T B e e e —T— T
i} 30 100 150 200 230 300 250 400 4350 min

Sandia National Labs: METTLER

STAR® SW 9.30
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Na[PB] Thermal Decomposition

 Differential Scanning Calorimetry (DSC) and Thermal
Gravimetric Analysis (TGA) were performed to examine
the thermal decomposition

faxo
mh
i Heating Rate of 0.5°C/min
0.8 — Integral 1887.04 mJ H — _1 kJ/m |
onset 261.25 min { A - 7.7 O
Peak 271.27 min 0
6.5 % mass loss
0.6 —
M

0.4 —
0.2 —|
0.0 —

WAM Method: MRA_25C-500C_HalfDegreePerMin_Argon

_ iy dt 1.00 s

25.0-500.0°C 0.50°C/min, Ar 40.0 ml/min
—o.2 - Synchronization ena bled
_0_4_
0.6 - MRA-I-081F, 21.02.2010 23:21:35
MRA-I-081F, 2.2000 mg
——— — — — — — — — T
0 100 200 300 400 s00 600 700 800 Q00 min

Sandia National Labs: METTLER

STAR® SW 9.30
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« Samples of Na[PB] were heated to 150 °C for 18 h. This
new material was deemed “spent” upon analysis by DSC

and TGA (no change in mass or reactivity up to 400 °C)

« We identified the major constituent of this material as
NaBH, by powder XRD

Products of Decomposition

- ounts

MPRALI-ODA-Corrected

15000+

10000+

Position [F2Theta]



'V;,
« Samples of Na[PB] were heated to 150 °C for 18 h. This

new material was deemed “spent” upon analysis by DSC
and TGA (no change in mass or reactivity up to 400 °C)

« We identified the major constituent of this material as
NaBH, by powder XRD

Products of Decomposition

Counts

MNaBH4
2250000 4

1000000

IR

0 , | |I || ||| | L

1 1 | 1 1
20 30 40 50 60 70 80 90 100
Puosition [*2Theta]
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- >  Reaction Observed by NMR

« Solution-phase

thermal decomposition performed in

~ Hy, + NaBH, + PHg + _ Unknown

THF-d,
© H ,H
Na® P
HsB~ ~BHj

150 °C, 6 hours side products

JLJMMJ

ppm



j:;'i Reaction Observed by NMR

« Solution-phase thermal decomposition performed in

THF-dj
© H ,H
&, : unknown
Na P > H2 + NaBH4 + PH3 + .
H3B/ \BH3 150 °C. 6 hours side products

A N

T I T T T T I T T T T T T T T T I T T T T I T T T T I T T T T T T T T T I T T T T T T T T T ]
3.5 3.0 2.5 2.0 15 1.0 0.5 -0.0 -0.5 ppm
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Reaction Observed by NMR

« Solution-phase thermal decomposition performed in

THF-dj
© H ,H
&, : unknown
Na P > H2 + NaBH4 + PH3 + .
H3B/ \BH3 150 °C. 6 hours side products
 Time=0

TT [ T T T T [T T T T [ T T T T [ T T T [ T 1T TT T T
-60 -80 -100 -120 -140 -160 -180 -200 -220 -240 -260 -280 ppm
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Reaction Observed by NMR

« Solution-phase thermal decomposition performed in

THF-dj
© H ,H
&, : unknown
Na P > H2 + NaBH4 + PH3 + .
H3B/ \BH3 150 °C. 6 hours side products

« Time =6 hours

PH

T L B o T T T T e T T T T T T
-60 -80 -100 -120 -140 -160 -180 -200 -220 -240 -260 -280 ppm
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« Simultaneous Thermogravimetry
Modulated Beam Mass
Spectrometry (STMBMS)

 TGA coupled to a mass
spectrometer

* Atool developed at Sandia to
iInvestigate energetic materials
during combustion

e (Can be used to obtain information
regarding volatile species,

sequence of species evolution,
maece lncee kinetic data nartial

STMBMS

Ion
Detector

Wheel

Reaction Cell Microbalance
,& Hypersonic

Exit Expansion

Orifice

Vapor

Species

Sample

P ,

Thermocouple

Constant
Temperature
Boundary




:;, STMBMS Analysis of Na[PB]

* H,, PH;, and B,H; have been identified as products
during decomposition

m/z =34 y"2 =0.78

m/z=2 y"2 =0.96

..... T

80 F -

40 -

PR PSR ol i il o

Time (1000s) Time (1000s) Time (1000s)

* PH; and B,H; evolve before H,

« Decomposition is initiating the loss of H,?

Data collected by Richard Behrens and Aaron Highley
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,.’ |sotopic Analysis of Decomposition

 |sotopic labeling might yield more clues about the

D O
L LT '-._.-I

Na e ]

Nt

MNa

T
"-:.:'

) 4 Heated to decomposition
APy -

HsB

50/50 Mixture by moles

"o 15
Time (1000s)

m/iz=3 y"2=0%M

m/iz=4 y"2=1.01

i il
0.8 — ' W hﬁr U]“}lvwwl U hl k}M ]
:j WJ'#\J J‘) |
| Vi

T b i

0.0 iyl %WMM”{" | |

Time (1000s)

Time (1000s)

* H, evolves before HD and D,, amounts are not equal to
statistical distribution

Data collected by Richard Behrens and Aaron Highley



Conclusions

Syntheses of Na[PB], Na[PB]-d;, Li[PB], and Ca[PB],
have been developed, syntheses of other salts are still

L [, |
be
H H
M (BH,), + PCls M
HsB

Y

Ethereal Solvent, -78 °C

Thermodynamic data and thermal mass loss have been
measured for the Na salt

Products of the thermal decomposition of Na[PB] have
been indentified as H,, NaBH,, PH;, and B,H; using
methods such as NMR, powder XRD, and STMBMS

Hydrogenation of the “spent” material has been



