
CHAPTER 5. SODIUM AMIDOBORANE

5.4 Intelligent Gravimetric Analysis of

NaNH2BH3 and Aged NaNH2BH3

The decomposition reactions of NaNH2BH3 and aged-NaNH2BH3 were studied using in-

telligent gravimetric analysis combined with mass spectrometry (IGA-MS, Section 2.3.1).

The samples were ground and loaded, under inert conditions, into the IGA-MS appa-

ratus as outlined in Section 2.3.1. The sample was heated at 2◦C min−1 under 1 bar

of flowing He (100ml min−1) to 250 ◦C (673K), and held there for 12 hours. A small

aliquot of the outgoing gases were diverted to the dynamic sampling mass spectrometer,

which was set to scan for materials of 2, 14, 17, 28 and 81 atomic mass units (AMU),

corresponding to , H2, NH3, B2H6, B3N3H6, respectively. Measurements of the sample

mass (mg), temperature (◦C), pressure (mbar), and the partial pressures of the released

gases (µTorr) were taken every 0.2 minutes.

5.4.1 Intelligent Gravimetric Analysis Studies of NaNH2BH3

A total mass loss of 7.4% over two events was observed during the decomposition of

the NaNH2BH3 sample (Figure 5.7) . The first mass loss of 5.9 % was observed as the

temperature of the sample increased from 71◦C - 112◦C (344K - 385 K) and the second

mass loss of 1.5 % occurred between temperatures of 116◦C - 246◦C (389K - 519 K).

Differentiation of the mass loss with respect to temperature (see Figure 5.7 inset) confir-

med these findings and revealed peak mass loses of the two events to be at 78◦C (351K)

and 167◦C (440K).

The partial pressures of H2 NH3, B2H6, B3N3H6 (2, 17, 28 and 81 AMU respectively)

recorded by in-situ mass spectrometry, are presented in Figure 5.8. As can be seen from

the data H2 is the major decomposition product. No B3N3H6 was observed at any point

and only trace amounts of NH3 and B2H6 (7x10−4 and 1.1x10−4 µTorr) were observed

during the first rapid mass loss event see Figure 5.7 inset. The lack of NH3 evolution is

in contrast to the findings of Fijakowski et. al. [96] who observed that 1 mole of NH3

was released for every 10 moles of H2. This is most likely to result from the different

synthetic methods used. Fijakowski’s sample was ball milled which nanostructures and

can dope the sample with elements from the balls and milling jar [206]. Milling is
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Figure 5.7: Thermogravimetric data of the decomposition of NaNH2BH3 collected using intel-

ligent gravimetric analysis, with heating rate 2◦C min−1 and target temperature of 250 ◦C. The

black line represents the sample mass loss in %. Insert: differential of sample mass loss % with

respect to temperature.

widely used to alter the decomposition [12] or other properties of a material [207, 61].

In their case, it is difficult to distinguish the inherent properties of the sample from any

additional properties caused by milling.

X-ray diffraction studies of the decomposed sample showed that it contained predo-

minantly NaH with trace amounts of NaBH4 and hexagonal BN.

The combination of the above data provides evidence for the following two stage

decomposition pathway:

nNaNH2BH3 →
3
2nH2 + nNaH + (NBH)n

(NBH)n → 1
2nH2 + (NB)n
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Figure 5.8: Thermogravimetric data of the decomposition of NaNH2BH3 collected using in-

telligent gravimetric analysis, with heating rate 2◦C min−1 and target temperature of 250 ◦C

(523K)(black line) and the partial pressures of H2 (red line), recorded using in-situ mass spec-

trometry. Inset: partial pressures of NH3 (blue line), B2H6 (green line), and N3B3H6 (purple

line) recorded using in-situ mass spectrometry are also presented.

The lower decomposition temperature of NaNH2BH3 (78◦C or 351K) compared with

LiNH2BH3 (92◦C /365K) is to be expected as the larger Na+ expands the crystal lattice

and weakens the intermolecular interactions. The formation of significant amounts of

NaH but no LiH can be rationalised for electronic and steric reasons. Firstly NaH is a

more stable compound than LiH making it more likely that when a hydride is transferred

to the metal ion during the decomposition it acts as a ’sink’ rather than a transition

state. Secondly, the larger size of the Na+ means it may be too sterically hindered to

stay attached to the polymeric N-B species formed.
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Figure 5.9: Thermogravimetric data of the decomposition of aged NaNH2BH3 collected using

intelligent gravimetric analysis, with heating rate 2◦C min−1 and target temperature of 250 ◦C

(523K). The black line represents the sample mass loss in %. Insert: differential of sample mass

loss % with respect to time

5.4.2 Intelligent Gravimetric Analysis Studies

of aged NaNH2BH3

The thermogravimetric data for the decomposition of aged NaNH2BH3 are presented in

Figure 5.9. A total mass loss of 2.5% over one event was observed during the decom-

position of the aged NaNH2BH3 sample. The mass loss of 2.5% was observed over a

very wide temperature range as the temperature of the sample increased from 87◦C to

274◦C(372 to 547 K). Differentiation of the mass loss with respect to temperature (see

Figure 5.9 inset) confirmed these findings and revealed the peak mass loss of the event

to be at 149◦C (422K).
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Figure 5.10: Thermogravimetric data of the decomposition of NaNH2BH3 collected using

intelligent gravimetric analysis, with heating rate 2◦C min−1 and target temperature of 250
◦C (523K)(black line) and the partial pressures of H2 (red line), recorded using in-situ mass

spectrometry.

Mass spectrometry data, showing the partial pressure of H2 (2 AMU) evolved from

the sample as a function of time, are presented in Figure 5.10, with the thermogravi-

metric data added to aid comparison. All of the other gases sampled for (NH3, B2H6,

B3N3H6 17, 28 and 81 AMU respectively) were only present in negligible amounts. It

is clear from this data that the observed mass loss is primarily due to the production

of H2. The peak evolution of H2 agrees well with the peaks observed in the mass loss

differentiation, with the peak H2 evolution also being at 149◦C.
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Figure 5.11: Experimental INS spectrum of aged NaNH2BH3 in the 0-2000 cm−1 region.

5.5 Inelastic Neutron Scattering Studies of Aged NaNH2BH3

The inelastic neutron scattering data for NaNH2BH3 were collected before the aging

problem became apparent and unfortunately an older stock sample was used for the ex-

periment. As a consequence there is no known structure to compute the phonon density

of states and their the modes cannot be exactly assigned. Furthermore the poor crys-

tallinity coupled with the nature of the sample resulted in ill defined peaks. However,

using data from the LiNH2BH3 phonon density of states, it has been possible to assign

regions of the spectrum presented in Figure 5.11.

The aged NaNH2BH3 spectrum can also be compared to the tetragonal lithium ami-

doborane spectrum Figure 5.12. Modes associated with Na rather than the Li are shifted

to higher frequencies eg Na-N and LiN stretches and some of the lattice vibration modes,

as it take more energy to move the heavier atom. Nevertheless, despite the shifts regions

of the spectra have very similar shapes which suggests that NaNH2BH3 appears to age

to an amorphous but analogous compound in terms of the molecular structure to the

lithiated tetragonal phase.
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Figure 5.12: Comparison of experimental INS spectra: aged NaNH2BH3 (red) and Tetragonal-

LiNH2BH3 (black) in the 0-2000 cm−1 region.

Common regions of the spectra include:

• A linear region in the lattice vibrations (yellow lines on Figure 5.12) centered at

approx approx 300cm−1 on the Na spectrum and 250−1 on the Li spectrum. As

previously discussed in Section 3.2.2, linear regions are often associated with rota-

tion and disorder in a compound, consistent with the highly disordered structure of

the lithiated tetragonal phase and the amorphous nature of the aged NaNH2BH3.

• Two sharp peaks in the NHxBHx rocking region which indicated a similar B-N

structure
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5.6 Conclusions

NaNH2BH3 was synthesised in a one pot room temperature reaction between NaH and

NH3BH3 in diethyl ether. The structure of NaNH2BH3 was investigated by neutron pow-

der diffraction and synchrotron X-ray powder diffraction. NaNH2BH3 was identified to

have the space group Pbca and room temperature lattice constants of a = 14.6474(32)Å

b = 5.6548(09)Å c = 7.4680(16)Å.

A variable temperature synchrotron X-ray diffraction study of NaNH2BH3 was also

completed. The lattice parameters of NaNH2BH3 increased linearly with increasing tem-

perature from 200K-345K (-73◦C to 72◦C) where upon they began to deviate from the

fit with a complete loss of crystallinity at 351K (78◦C). The anomalous behaviour prior

to decomposition is related to highly anisotropic Na motion along the c axis at high

temperatures.

A thermogravimetric analysis with mass spectrometry study of NaNH2BH3 was per-

formed. NaNH2BH3 was heated to to 250◦C (673K) under 1 bar of flowing He (100ml

min−1). The sample lost 7.4% of its weight over two decomposition events. The events

had maxima at 78◦C (351K) and 167◦C (440K) respectively. The first maximum agrees

well with the loss of crystallinity observed in the variable temperature synchrotron X-ray

diffraction study. The mass spectrometer detected hydrogen as the major decomosition

product along with trace amounts of diborane and ammonia.

NaNH2BH3 was found to be highly susceptible to degradation by radiation which

decomposes it to NaH and an amorphous compound. NaNH2BH3 also ages transforming

to an amorphous compound over a period of weeks.

The aged NaNH2BH3 compound was studied by thermogravimetric analysis with

mass spectrometry under the same conditions as NaNH2BH3. The aged sample lost

2.5% over a broad decomposition step. The peak mass loss of the event was at 149◦C

(422K) with hydrogen as the only decomposition product.
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The INS spectrum of aged NaNH2BH3 was also collected. Complete assignment of

the modes was not possible due to the lack of a crystal / molecular structure. General

regions of the spectra could however be identified. Parallels were drawn between the

aged NaNH2BH3 and the lithiated tetragonal phase.
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Chapter 6

Potassium Amidoborane

6.1 Introduction And Chapter Outline

KNH2BH3 is the the third alkali metal amidoborane to be synthesised and is currently

the least studied of all the amidoborane complexes; to date only one paper has been pu-

blished [89]. This chapter presents a synthetic, crystallographic and thermogravimetric

study of KNH2BH3. Structural work was undertaken in conjunction with collaborators

in Los Alamos National Laboratory (LANL). Single crystals of KNH2BH3 were grown at

LANL and the structure determined by a single crystal X-ray diffraction study. Concur-

rently, high purity powder samples were prepared in Oxford as described earlier and

used for the rest of the experimental described in this chapter.

The structure of KNH2BH3 was explored in detail with synchrotron X-ray powder

diffraction at the SLS on the MS X04SA high-resolution beamline (Section 2.2.2) and

neutron powder diffraction on HRPD at ISIS (Section 2.2.3). Variable temperature syn-

chrotron X-ray powder diffraction measurements were also taken to monitor the changes

in crystal structure up to decomposition.
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Hydrogen desorption properties were studied first using combined intelligent gravi-

metric analysis with mass spectrometry (IGA-MS, Section 2.3.1) and then using the

(IGAn) apparatus (Section 2.3.1) in conjunction with the HRPD diffractometer.

6.2 Crystal structure of KNH2BH3

6.2.1 X-ray Diffraction of KNH2BH3

A sample of KNH2BH3 was synthesised via the reaction of KH with NH3BH3 in benzene

at room temperature (Section 2.5.1). Diffraction data for the KNH2BH3 formed was col-

lected at the SLS, on the MS X04SA high-resolution beamline, in a sealed capillary tube

as described previously (Section 2.2.2) with X-ray radiation of wavelength of 0.800Å and

a step-size of 0.004◦.

The structure obtained from the single crystal data collected at Los Alamos was used

as the starting point for the refinements. The data were analysed using the Rietveld me-

thod [129] and a rigid body analysis utilising TOPAS Academic fitting software [125]

according to the general refinement procedure outlined in Section 2.2.4.

6.2.2 Neutron Diffraction of KND2
11BD3

A sample of KND2
11BD3 was synthesised via the reaction of KH with ND3

11BD3 in ben-

zene at room temperature (section 2.6.1.1). Diffraction data for the KND2BD3 formed

were collected on the HRPD beamline at ISIS in a 6mm vanadium can with an indium

seal (Section 2.2.3).

The structure obtained from the SLS X-ray diffraction data was used as a starting

point for the refinements. The data were analysed using the Rietveld method [129] and

a rigid body analysis utilising TOPAS Academic fitting software [125] according to the

general refinement procedure outlined in Section 2.2.4.
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Figure 6.1: Final Rietveld refinement plots for X-ray and neutron (inset) diffraction data

showing observed (black) , calculated (red) and difference (grey) plots. Bragg peak positions for

the KNH2BH3 (green) are indicated.

All three detector banks were refined simultaneously. Incomplete deuteration was

allowed for by mixed H/D site occupancy, allowing the D occupancy to refine between

0 and 1 while the total H and D occupancy was constrained to unity.

6.2.3 Simultaneous Rietveld Refinement of KNH2BH3

Finally, both the X-ray and Neutron data sets were refined simultaneously to achieve a

unified structure (see Figure 6.1) and the refined structural parameters are shown below

in Table 6.1.

KNH2BH3 is an ionic salt consisting of [K]+ ions and [NH2BH3]− molecular anions

in an orthorhombic unit cell with lattice constants a = 9.4304(1) Å, b = 8.2611(1) Å,

and c = 17.3403(2)Å space group Pbca. The structure of KNH2BH3 (Figure 6.2a) differs

substantially from the analogous compounds LiNH2BH3 and NaNH2BH3 (see Sections

4.2 and 5.2). While all three compounds share the same space group, in isostructural
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Atom x/a y/b z/c Occupancy Biso / Å2 Wyckoff

Positions

K1 0.35507 0.13346 0.60886 1 4.231 8c

K2 0.23816 0.07811 0.32582 1 4.231 8c

N1 0.09468 0.31536 -0.02543 1 3.82 8c

N2 -0.08464 -0.01466 0.31798 1 3.82 8c

B1 0.18287 0.16131 -0.02662 1 2.09 8c

B2 -0.03965 -0.17452 0.28208 1 4.54 8c

H1 0.02445 0.32850 0.02485 1 1.84 8c

H2 0.01784 0.33372 -0.05496 1 1.84 8c

H3 0.27993 0.13370 -0.07162 1 1.84 8c

H4 0.23344 0.15775 0.04001 1 1.84 8c

H5 0.08350 0.08506 -0.03578 1 1.84 8c

H6 -0.06042 -0.06019 0.37297 1 1.84 8c

H7 -0.16891 -0.01154 0.31276 1 1.84 8c

H8 -0.09297 -0.17776 0.22116 1 1.84 8c

H9 0.08416 -0.16480 0.28152 1 1.84 8c

H10 -0.06401 -0.29115 0.31802 1 1.84 8c

Table 6.1: Atomic positions of KNH2BH3. Rwp = 3.27 Rexp = 0.93 χ2 3.51

α-LiNH2BH3 and NaNH2BH3 the Li/Na+ ions are tetrahedrally coordinated by a strong

electrostatic interaction with the N− at the apex and 3 weaker electrostatic interactions

with the closest BH3 units. In KNH2BH3 there are two distinct K, N and B atomic sites

and each K+ ion is octahedrally coordinated in mer symmetry by three [NH2BH3]−

units and three BH3 units, (as shown in Figure 6.2b) analogous to KBH4 [208] and

KNH2 [205]. The higher coordination number confers greater stability on the larger,

more diffuse, cation. Additionally, the mer symmetry is favorable as it allows the maxi-

mum separation between the three N coordinated amidoborane units.

The electrostatic interaction between the [M]+ ions and [NH2BH3]− results in strong,

directional M-N bonds. The K-N bond distances range between 3.02Å - 3.14 Å and are

close to the K-N bond distance seen in KNH2 (3.08 Å) [205]. They are more than

2.0Å longer than the H-N bond they replace in NH3BH3 and this substitution therefore
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Figure 6.2: (a) a-axis projection of KNH2BH3 (b) the octahedral coordination of K+ ions

highlighting the short K-N bonds and K-BH3 close contacts in Å. Potassium is green, nitrogen

blue and boron cream.

results in an expansion of the unit cell and the disappearance of dihydrogen bonding.

The closest intermolecular Hδ+ · · ·Hδ− distances increase from 1.96 Å(NH3BH3) to 2.27

Å (KNH2BH3), which are close to the expected van-der-Waals distances (2.4 Å), and

thus likely to be very weak interactions. The Hδ+ · · ·Hδ− distance is shorter than the

one observed in α-LiNH2BH3, and NaNH2BH3 (2.37Å and 2.72Å respectively) due to

the change in coordination of the cation from tetrahedral to octahedral, thereby increa-

sing the packing density of the [NH2BH3]− anions.

The next most significant interactions in the KNH2BH3 structure are the electro-

static interactions between K+ and the three closest BH3 units. The presence of these

B-Hδ− · · ·M+ interactions supersede the dihydrogen bonding seen in NH3BH3 as the

stabilizing factor of the extended structure. These are of sufficient energy so that the

KNH2BH3 remains a solid at room temperature despite the absence of the dihydrogen

bonding. The K-B distances of 3.32 Å, 3.38 Å and 3.61Å are similar to those seen in

KBH4 (3.36 Å) [205]. There are also a number of additional interactions between the

cation and hydric hydrogens which further stabilize the larger more diffuse cation.
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Figure 6.3: Surface plot of synchrotron X-ray diffraction data collected during the heating of

KNH2BH3 400K (127◦C) in a sealed glass capillary tube. Lines corresponding to Bragg reflections

of KH are highlighted.

6.3 Variable Temperature X-ray Diffraction Studies of

KNH2BH3

Variable temperature X-ray powder diffraction patterns of KNH2BH3 were collected bet-

ween 200K-400K (-73◦C- 127◦C) in 1K steps on MS X04SA, the high-resolution beamline

at the SLS (see Section 2.2.2). The data sets were refined sequentially in a batch file as

detailed in Section 2.2.4.

Inspection of the Bragg peaks during variable temperature X-ray diffraction experi-

ments revealed that they broadened and flattened with increasing temperature, with a

complete disappearance of crystalline KNH2BH3 at 352K (79◦C) (see Figure 6.3). After

the disappearance of the KNH2BH3 peaks, the background of the patterns rose indica-

ting an increase in the amount of amorphous material in the sample.
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(a) (b)

Figure 6.4: Graphs showing (a) refined KNH2BH3 lattice parameters, calculated from Rietveld

analysis of synchrotron diffraction data (via batch refinement) collected during the heating of

KNH2BH3 between 200-352K (-73-77◦C) Linear fits of the relationship between temperature

and the axis length are displayed on the graphs (b) Residual plots of the difference between the

experimental lattice parameters and the fit between 300K-350K (27◦C-77◦C). Mean errors, a ±

0.00011, b ± 0.00010 c ± 0.00021. Error bars only shown if larger than data markers.

The disappearance of crystalline KNH2BH3 at 352K (79◦C) is slightly lower than the

onset of decomposition observed by thermogravimetric measurements on this sample ca.

353K (80◦C). This, and the increase in background in subsequent data sets, is consistent

with KNH2BH3 transforming to an amorphous state just prior to decomposition. Ini-

tially it was thought that the sample melted but observations with a melting point

apparatus (Section 2.4.2) proved this was not the case and the amorphous phase is solid.
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(a) (b)

Figure 6.5: Structural diagrams of KNH2BH3 at 348K (75◦C) showing refined ADPs for the

K atoms (ellipsoid probabliity 1). Viewing directions along (a)the a-c plane and (b) the b axis.

Potassium is green, nitrogen blue and boron cream.

All the KNH2BH3 lattice parameters were found to increase linearly with tempera-

ture, but with significant anisotropic expansion. The a axis expanded by +0.98% , the b

axes by +0.63% and the c axis by +0.79%. Perhaps surprisingly it is not the long c axis

that had the greatest expansion but the shorter a axis. However, if the unit cell is viewed

along the a-c plane (Figure 6.5 a) ’zigzagging’ chains of K atoms can be seen running

parallel to the a axis. It is clear to see how there is a large potential for expansion if

the zigzags widen, a fact confirmed by the crystallographic data. Comparison of the

200K and 348K (-73◦C and 75◦C) unit cells showed: The internal zig-zag angles wide-

ned from 70.39◦ to 70.52◦ and the closest K· · ·K distances increased from 4.22Å to 4.25Å.
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Conversely, the axis which deviates the most from linear expansion above 315K

(42◦C) is the b axis, as shown by the residual plots in Figure 6.4(b). The b axis deviation

begins at 315K (42◦C) where as the significant deviation for the other axis does not

commence until over 320K (47◦C). Figure 6.5 also displays the refined ADPs for the K

atoms at 348K (75◦C) and from Figure 6.5 b it is clear that the motion is orthogonal.

The largest ellipsoid parameter for the K1 sites is the U33 which means its motion is

predominantly along the c axis but the largest ellipsoid parameter for the K2 sites is

the U11 meaning motion is predominantly along the a axis. This juxtaposition of K

atomic motion means the b axis is anticipated to be under a certain amount of stress

and increases more quickly to maintain a reasonable separation between the K1 and K2

sites.
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Figure 6.6: Thermogravimetric data of the decomposition of KNH2BH3 collected using intelli-

gent gravimetric analysis, with heating rate 2◦C min−1 and target temperature of 250◦C (523K).

The black line represents the sample mass loss in %. Inset: differential of sample mass loss %

with respect to temperature.

6.3.1 Intelligent Gravimetric Analysis Studies of KNH2BH3

The thermogravimetric data for the decomposition of KNH2BH3, accompanied by its

hydrogen desorption signal, are presented in Figure 6.6. A total mass loss of 5.8% over

two events was observed during the decomposition of the KNH2BH3 sample. The first

mass loss of 4.4% was observed as the temperature of the sample increased from 71◦C to

112◦C (344K to 385K) and the second mass loss of 1.4% occurred between temperatures

of 123◦C to 235◦C (396K - 508 K). Differentiation of the mass loss with respect to time

(see Figure 6.6inset) confirmed these findings and revealed peak mass loses of the two

events to be at 98◦C (371K) and 179◦C (477K).

198



CHAPTER 6. POTASSIUM AMIDOBORANE

25 50 75 100 125 150 175 200 225 250
-8

-7

-6

-5

-4

-3

-2

-1

0

1

 

0.75 mol H
2

 Mass Loss %

1.5 mol H
2

 180oC

98oC
M

as
s 

Lo
ss

 (%
)

Sample Temperature (oC)

 Sample Temperature (K)
298 323 348 373 398 423 448 473 498 523

0.0

0.1

0.2

0.3

0.4

 H
2

 P
ar

tia
l P

re
ss

ur
e 

(
To

rr
)

25 50 75 100 125 150 175 200 225 250

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

 B
2
H

6

 NH
3

 B
3
N

3
H

6

 P
ar

tia
l P

re
ss

ur
e 

(
To

rr
)

Sample Temperature (oC)

Figure 6.7: Thermogravimetric data of the decomposition of KNH2BH3 collected using in-

telligent gravimetric analysis, with heating rate 2◦C min−1 and target temperature of 250◦C

(523K)(black line) and the partial pressures of H2 (red line), recorded using in-situ mass spec-

trometry. Inset : partial pressures of NH3 (blue line), B2H6 (green line), and N3B3H6 (purple

line) recorded using in-situ mass spectrometry are also presented.

The partial pressures of H2, NH3, B2H6 and B3N3H6 (2, 17, 28 and 81 AMU respec-

tively) recorded by in-situ mass spectrometry, are presented in Figure 6.7 b. As can be

seen from the data, H2 is the major decomposition product. Only trace amounts of NH3,

B3N3H6 and B2H6 (3.5x10−4, 1.9x10−4 and 1.2x10−5 µTorr) were observed during the

first rapid mass loss event see Figure 6.7 inset. The peak H2 evolution seen in the IGA

begins 20 degrees higher than the decomposition seen in the variable temperature X-ray

pattern which indicates the compound melts before it decomposes and the anomalous

lattice expansion observed at 335K (62◦ C) is likely to be the onset of this event.
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The decomposed residue contains significant amounts of KH and trace amounts of

KBH2 and BN. This combination of this data provides evidence for the following two

step decomposition pathway:

nKNH2BH3 →
3
2nH2 + KH + (NBH)n

(NBH)n → 1
2nH2 + (NB)n

6.3.2 Intelligent Gravimetric Analysis with

Neutron Diffraction Studies of KND2
11BD3

Intelligent gravimetric analysis combined with neutron diffraction (IGAn) has been des-

cribed in detail in Section 2.3.1. The following section presents the data gathered from

the IGAn study of KND2
11BD3, which was performed in order to gain a greater unders-

tanding of the crystallographic processes which occur during decomposition.

Synthesis, Primary Characterisation and Experiment Conditions

A sample of KND2
11BD3 was synthesised via the reaction of KH with ND3

11BD3 (Sec-

tions 2.5.1 and 2.5.2). The material was ground and loaded into a vanadium can under

inert atmosphere and then transferred into the HRPD diffractometer (Section 2.2.3).

Neutron diffraction data on this sample were collected at room temperature over a per-

iod of one hour in order to determine the composition of the KND2
11BD3 sample to be

studied during the in situ diffraction experiments. Rietveld analysis [129] of the data

using TOPAS Academic [125] (Section 2.2.4) indicated that the sample was majority

phase KND2
11BD3 (89.6 %) with KD impurity (10.3%).
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Having collected neutron diffraction data from the KND2
11BD3 sample at room tem-

perature (Section 6.2.2), the sample was loaded into a vanadium bucket, which was in

turn loaded into the IGAn apparatus, as outlined in Section 2.3.1. The quartz reaction

chamber was outgased to a pressure of 6 mbar and the sample was heated to 120 ◦C

(393K) in 5 degree steps. Each temperature was held for 45 min before moving onto

the next temperature. Neutron diffraction data were collected at intervals of 15 minutes

throughout the course of the experiments, and thermogravimetric data were recorded

approximately every 15 seconds.

Decomposition of the KND2
11BD3 Sample

A surface plot of the diffraction data collected, displayed in tandem with the corres-

ponding thermogravimetric data, is shown in Figure 6.8. The intensity of the Bragg

reflections is indicated by the colour of the lines, ranging from dark blue (background

intensity) through pale blue (low intensity) and yellow (medium intensity) up to red

(high intensity).

The Bragg reflections were indexed to KND2
11BD3, KH, Vanadium from the sample

bucket and steel from the thermocouple. A d-spacing range of 2.2Å - 3.9Å is presented as

this range includes a number of reflections of KND2
11BD3, the <111> reflection of KH

and the <111> reflection of the steel, but excludes reflections arising from diffraction

by the vanadium sample bucket.

The positions of the Bragg reflections for each phase present appeared to vary linearly

with temperature, which is consistent with positive thermal expansion. The intensity of

the KND2
11BD3 Bragg reflections began to decrease as the temperature of the sample

reached 80◦C (353K, run number 28), and had disappeared completely by the time the

sample reached 85◦C (358K, run number 31).
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Study of the corresponding thermogravimetric data shows that the mass of the sample

started to decrease immediately upon heating, which presumably arose because of the

desorption of physisorbed gas from powder grains. The slight step at 115 mins is due

to the IGAn run being aborted and then restarted because of a period of beam loss.

This slow mass loss began to gain momentum as the sample reached 55◦C and then

decreased sharply by 3.4% between 60-75◦C (333-348K). The mass loss then slowed over

the remainder of the experiment eventually reaching a total of 7.2% mass loss.

Analysis of the gravimetric data is made more complex because of the incomplete

deuteration of the KND2
11BD3 sample. Rietveld refinement of the sample allowing frac-

tional D and H occupancies on the same site revealed an D:H ratio of 1:0.17 and the

effective RMM of 73.7 AMU not the theoretical 75 AMU of a fully deuterated sample.

Of the 7.2% mass lost over the duration of the experiment 0.3% was thought to be due

to the desorption of physisorbed gas from powder grains and the remaining 6.9% was

assigned to the KND2
11BD3 decomposition. A mass loss of 6.9% from 73.7 AMU cor-

responds to a loss of 5.1 AMU or 2.9 D/H atoms:

nKN(D/H)2
11B(D/H)3 →

3
2n(D/H)2 + (KN(D/H)11B(D/H))n
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Figure 6.8: Comparison of the surface plot of neutron diffraction data (collected at bank 2)

and thermogravimetric data collected during the decomposition of KND2
11BD3 in the IGAn

apparatus at constant pressure (6 mbar). d-spacing region of 2.3 - 2.7 Å. Ripples in the tempe-

rature are because of the feedback mechanism employed by the furnace to maintain a constant

temperature.
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Figure 6.9: Summary of refined lattice parameters and scale factors, obtained from Rietveld

analysis (via batch refinement) of the neutron diffraction data collected during the decomposition

of KND2
11BD3 in the IGAn.

Whilst the surface plot gives a qualitative overview of the IGAn experiment, a quan-

titative understanding of the processes occurring can only be obtained through full

Rietveld analysis [129] of each diffraction pattern. This analysis was performed using

the batch facility of the TOPAS Academic software suite [125] following the general

procedure outlined in Section 2.2.4.

The refined lattice parameters of KND2
11BD3 and the refined scale factors of KND2

11BD3

and KH are displayed in Figure 6.9.
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The lattice parameters of KND2
11BD3 were all observed to vary linearly with the

temperature of the sample up to the loss of crystallinity and decomposition of the sample

at 86◦C (359K). The expansion is anisoptropic, as previously observed from the va-

riable temperature X-ray diffraction studies described in Section 6.3, but to a much

lesser extent. In this case the there was only a 0.06% range a axis expanded the most

(+0.32%), the c axis next by +0.28% and the b axis by +0.26%, where as for the variable

temperature X-ray diffraction studies the range was 0.35%

Figure 6.9 shows that the plot for the KND2
11BD3 scale factors follows the same

trend as that observed for the sample mass. Whereas the plot for the KH scale factors

remains essentially constant throughout the experiment.

6.3.3 Differential Scanning Calorimetry of KNH2BH3

The experimental details of the DSC data collected in this thesis are described in Sec-

tion 2.3.2 and the data are presented in Figure 6.10. Unlike LiNH2BH3 (Section 4.4.2)

the KNH2BH3 trace bears no resemblance to the IGA data(Section 6.3.1). Instead the

trace shows a substantial endotherm, immediately followed by an exotherm, which was

also observed by Diyabalanage et al. [89].

The endotherm, between 50◦C -69◦C (323-342K), is sharp and has its maximum at

67◦C (340K). Diyabalanage et al. [89] attributed this to a melt transition but analysis

with melting point apparatus did not reveal a liquid phase. An alternative explanation

is the re-orientation of the crystal phase into an amorphous solid phase [209]. The oc-

tahedral coordination in crystalline KNH2BH3 is rigid and does not allow the crystal

much flexibility on heating. As the temperature increases, the crystallite become more

strained and while the temperature is too low to decompose the structure completely, the

extra energy can be used to ’relax’ the structure into an amorphous state. Integration

of the area under the peak with respect to time allowed the molar enthalpy change to

be calculated. The calculated value for the crystalline amorphous phase transition was

∆H = +4.16 kJ mol−1.
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Figure 6.10: DSC trace of the decomposition of KNH2BH3 heated to 175◦C (448K) at 1◦C

min−1.

The exothermic peak is even shaper, occurring between 70◦C - 97◦C (343K-370K)

with a maximum at 71◦C (340K). This corresponds to the first stage of H2 desorption;

nKNH2BH3 →
3
2nH2 + nKH + (NBH)n

The calculated enthalpy change is ∆H = -14.29 kJ mol−1. Still less exothermic than

the NH3BH3 value of about -20 kJ mol−1 [193] but nearly three times greater then that

calculated for LiNH2BH3 -4.99 kJ mol−1

Above 97◦C (370K), there is a steady increase in heat flux to the sample, that is

indicative of a prolonged slow exothermic process from the polymeric B-N intermediate.

(NBH)n → 1
2nH2 + (NB)n

The prolonged nature of the release suggests that (NBH)n is more stable than its

lithiated analog described in Section 4.4.2
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Figure 6.11: Comparison of INS spectra: experimental (red) and calculated by CASTEP for

the complete unit cell (black) in the 0-2500 cm−1 region.

6.4 Inelastic Neutron Scattering Studies of KNH2BH3

Inelastic neutron scattering (INS) spectrum was collected on the TOSCA beamline at

the ISIS 2.3.4 at 20K (-253◦C) for 8 hours. At room temperature KNH2BH3 crystallises

in the orthorhombic space group Pbca with 16 molecules per unit cell each on a site of 8c

symmetry as shown in Figure 6.2a. Each fundamental vibration of the isolated molecule

gives rise to 128 factor group modes of the crystal.

To assign the spectra, density functional theory (DFT) calculations were performed

on the complete unit cell using CASTEP [150, 151, 152]. Comparison of the observed

and calculated bond distances for the complete unit cell with the experimental data

shows good agreement: bond distances are generally within 0.02Å or 1.9%. The largest

deviations are for the N-H bond lengths where the distances are 0.07Å longer than the

observed experimental values. It was concluded that the ab initio calculations for the

complete unit cell have accurately reproduced the experimental structure.
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Figure 6.11 shows a comparison of the INS spectra calculated from the DFT results

and the experimental spectrum. There is a reasonable agreement between the calculated

and observed spectra and a complete list of all the observed bands and their assignments

is provided in Appendix A, Table A.3. Nevertheless, there are two discrepancies which

must be accounted for:

1. The DFT calculations overestimates most of the modes between 0-525cm−1. The

most pronounced irregularities are the lattice vibrations predicted at 231cm−1,

288cm−1 and 318cm−1(corresponding experimental modes at 177cm−1, 235cm−1

and 251cm−1) the BH3 librational mode at 388cm−1 (experimental 354cm−1). This

is likely to have arisen from an overestimation of the electrostatic forces between

the K+ and the BH3 units which are the stabilising factor of the extended structure.

In the geometry optimised unit cell, the K atoms are shifted so the closest B-K

distances decrease from 3.30Å to 3.07Å.

2. Two of the predicted modes at 636cm−1 and 697cm−1 are not present in the expe-

rimental data at all. Theoretically these modes correspond to NH2 motion at the

2 and 1 sites respectively suggesting that presence of a second crystallographically

distinct KNH2BH3 unit does not have a significant impact on the spectroscopic

properties of the compound

Comparison of the KNH2BH3 and LiNH2BH3 INS spectra, Figure 6.12, provides fur-

ther evidence that the vibrational modes of KNH2BH3 are dominated by its molecular

motion. The peak positions are very similar with some splitting of the KNH2BH3 peaks

showing slight shift conferred by the second site.

As with LiNH2BH3, the BH3 librations of KNH2BH3 occur at lower energies (325cm−1-

405cm−1) than the NH2 librations (440cm−1-504 cm−1). This is the opposite of ammonia

borane where the onset of NH3 libration has been shown by NMR and quasielastic neu-

tron scattering (QENS) [157] to have a lower activation energy than for BH3. This change

in behaviour is a consequence the close association of the K+ and NH2 in KNH2BH3. In

this case, K+ acts as an anchor for its end of the molecule because it takes more energy

to overcome the electrostatic interactions and displace it.
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Figure 6.12: Comparison of experimental INS spectra: KNH2BH3 (red) and α-LiNH2BH3

(black) in the 0cm−1-2000 cm−1 region.

The DFT calculations also revealed some surprising features. There are four ima-

ginary modes at -255, -0.035, -0.034, -0.033cm−1 and additionally a low frequency real

mode at 59 cm−1. These correspond to shearing modes parallel the a axis along a central

planar break with one half of the unit cell moving rigidly with respect to the other as

shown in Figure 6.13. This is indicative of a very shallow double well potential for which

the correct quantum nuclear solution in the an-harmonic potential still predicts zero

displacement even at 0K. Negative phonon modes are often associated with a lowering

of symmetry and their presence could indicate anomalous shearing behaviour if the cell

is exposed to high pressure or very low temperature [194].
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Figure 6.13: Structural diagram of KNH2BH3 viewing along the a axis showing the vector

motion of the low energy mode at 59cm−1. Potassium is green, nitrogen blue, and boron cream.

As described in Section 4.5 displacement tensors νBl of an atom l vibrating in mode

ν at temperature T in K can be calculated through Equation 6.1.

νBl =ν u2
l =

16 .9
νµlων

coth

(
1 .47ων

T

)
(6.1)

With the transition at ω in cm−1 and the reduced mass µ in atomic mass units, the

atomic mean square is in Å2. Hence the total mean square displacement of an atom at a

given temperature can be calculated by summing the contributions of all the individual

positive modes.

Figure 6.14 shows how the atomic motions of KNH2BH3 change with increasing

temperature between 100K (-173◦C) and its decomposition at 370K (97◦C). Figure 6.15

gives a quantitative representation of these changes between 70K and 370K (-173◦C and

97◦C). As one would expect the amplitudes of the vibrations increase with temperature

but perhaps surprisingly their directionality changes relatively little and the ellipsoids

at 370K (97◦C) are just expanded versions of those at 100K (-173◦C). This lack of di-

rectionality is in contrast to findings for LiNH2BH3 (Section 4.5), were the Li motion

becomes strongly orientated along the a axis, and is probably due to the difference in

coordination geometry. As previously stated in Sections 2.2.2 and 4.2.1 the metal ions
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(a) (b)

Figure 6.14: Structural diagrams of KNH2BH3 viewing along the a and b axis showing the

total mean square displacement of the atoms at 100K (-173◦C) (a)and 370K (97◦C) (b)

are octahedrally coordinated in KNH2BH3 and tetrahedrally in LiNH2BH3. Octahedral

coordination is more symmetric and as a result the intermolecular forces are more even

and less polarisation occurs.
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Figure 6.15: Graphs showing how the atomic displacements of KNH2BH3 change with tempe-

rature between 100K -370K (-173◦C - 97◦C).
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6.5 Conclusions

KNH2BH3 was synthesised in a one pot room temperature reaction between KH and

NH3BH3 in benzene. The structure of KND2
11BD3 was investigated by neutron pow-

der diffraction and the structure of KNH2BH3 by synchrotron X-ray powder diffraction.

The neutron and X-ray data were refined simultaneously and KNH2BH3 was identified

to have the space group Pbca and room temperature lattice constants of a = 9.4304(1)

Å, b = 8.2611(1) Å, and c = 17.3403(2)Å.

A variable temperature synchrotron X-ray diffraction study of KNH2BH3 was also

completed. The lattice parameters of KNH2BH3 increased linearly with increasing tem-

perature from 200K-335K (-73◦C to 62◦C) where upon the b axis began to deviate from

the fit with a complete loss of crystallinity at 352K (79◦C). It was postulated the rea-

son for this was the orthogonal motion of the K1 and K2 sites along the a and c axes

respectively.

A thermogravimetric analysis with mass spectrometry study of KNH2BH3 was per-

formed. KNH2BH3 was heated to to 250 ◦C (673K) under 1 bar of flowing He (100ml

min−1). The sample lost 5.8% of its weight over two decomposition events. The events

had maxima at 98◦C (371K) and 180◦C (453K) respectvly. The mass spectrometer

detected hydrogen as the major decomosition product along with trace amounts of bo-

razine, diborane and ammonia.

A DSC trace of KNH2BH3 was collected and showed a pre-decomposition endotherm

at 67◦C (340K) ∆H = +4.16 kJ mol−1, a sharp decomposition exotherm at 71◦C (340K),

∆H = -14.29 kJ mol−1 followed by a slow steady exotherm up to 175◦C (448K).

A variable temperature neutron diffraction study of KND2
11BD3 with gravimetric

analysis was performed. The lattice parameter of KND2
11BD3 increased linearly with

increasing temperature from 303-350K (30-77◦C)where upon they began to deviate from

the fit with a complete loss of crystallinity at 358K (85◦C). The sample of KND2
11BD3

lost 7.2% over the course of the experiment, of which, 0.3% was thought to be due to the

desorption of physisorbed gas from powder grains and the remaining 6.9% was assigned

to the KND2
11BD3 decomposition.
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The peak mass loss occurred at 65◦C, identified from the derivative of curve, and

is significantly lower than the 98◦C seen in the IGA-MS experiments (Section 6.3.1)

but corroborates well with the loss of crystallinity observed in the variable temperature

X-ray experiments (Section 6.3). These discrepancies are a prime example of how hea-

ting rate and sample volume have a significant impact on the apparent sample properties.

• The IGAn experiment was performed on a large sample (10ml volume) under

vacuum, but had a very slow heating rate of 0.1 degree per hour. The very

slow heating rate meant there was a long induction period and allowed the sample

temperature to equilibrate thoroughly so decomposition could start at the lowest

possible temperature.

• The IGA-MS experiment was performed on an medium sized sample 1ml volume

under flowing gas. The sample was heated rapidly at 2◦C min. A substantial

sample and fast heating meant there was a significant time lag before the tempe-

rature equilibrated enough for the KND2
11BD3 to decompose.

• The X-ray diffraction experiment was performed on a very small sample volume

(c.a. 500µl) within a sealed glass capillary. They were heated with an efficient

cryostat at a fairly rapid heating rate of 1◦C min. The small volume, sealed envi-

ronment and efficient heating combined to ensure rapid temperature equilibration

throughout the sample and no induction period was necessary before decomposi-

tion.

• The DSC experiment was again performed on a very small sample volume 250µl

within an aluminium crucible. The nature of the experiment means efficient tem-

perature equilibration is integral part despite the fairly rapid heating rate of 1◦C

min. Hence no induction period was observed.

The full phonon density of states was calculated by DFT which allowed comparison

the INS spectrum collected. The calculations were also used to model the atomic motion

up to the decomposition temperature of KNH2BH3.
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Conclusions and Further Work

7.1 Thesis Summary

To summarise, this thesis principally involved the investigation of B-N-H containing

materials for hydrogen storage applications with a particular emphasis on alkali-metal

amidoboranes. Their hydrogen storage properties were assessed by thermogravimetric

analysis, variable temperature X-ray and neutron diffraction and inelastic neutron scat-

tering. Particular highlights include

• The variable temperature INS spectra of NH3
11BH3 and α-LiNH2BH3,

• Low temperature INS spectra of aged-NaNH2BH3 and KNH2BH3.

• Identification of the structural phase transitions of ND4BD4.

• The ’one pot’ synthesis of α-LiNH2BH3, NaNH2BH3 and KNH2BH3 from the

reaction of NH3BH3 and the appropriate metal hydride in diethyl ether or benzene.

• The detailed characterisation of structures and thermal behaviour of the alkali

metal amidoboranes α-LiNH2BH3, a lithiated tetragonal phase, β-LiNH2BH3,

NaNH2BH3 and KNH2BH3.

Inelastic neutron scattering (INS) spectra were collected on NH3
11BH3 at eight tem-

peratures between 25-280K (-248◦C to 7◦C). The full phonon density of states was

calculated by DFT and used to assign the spectra and the relative onset of the NH3 and

BH3 librations were correlated to their moments of inertia. Analysis of the changes in

215



CHAPTER 7. CONCLUSIONS AND FURTHER WORK

peak intensity associated with NH3 and BH3 libration supported the findings of Cho et

al. [156] that NH3 libration has an earlier onset than the BH3. Exponential regions of

the 240K and 280K (-33◦C and 7◦C) spectra were assigned as boson peaks, attributed

to almost free rotation of the NH3 end of the molecule.

The structure of ND4
11BD4 was investigated by variable temperature neutron powder

diffraction between 2K and 200K (-271◦C and -73◦C). Three progressively more ordered

phases where identified, whose formation depended strongly on the ’thermal history’ of

the sample. Above 60K (-213◦C), ND4
11BD4 has a rock-salt structure with the BD4

and ND4 units 2 and 48 fold disordered respectively. The cubic lattice parameters were

fitted with a polynomial function with terms involving Debye [136] and Einstein [170]

models of thermal expansion. Slow cooling below 60K allowed a cubic - rhombohedral

phase change across two body diagonals of the cubic cell, the BD4 and ND4 units were

0 and 12 fold disordered respectively. Slow cooling below 40K was accompanied by a

rhombohedral - trigonal phase change which doubled the a and b axes of the rhombohe-

dral cell, the BD4 and ND4 units were ordered and 3-fold disordered respectively. Heat

capacity measurements confirmed the phase change behaviour.

Two phases of LiNH2BH3 (α and β) have been identified and their structures solved.

Both structures were found to be orthorhombic Pbca with tetrahedrally coordinated

Li+. However the β phase has two different lattice sites and a larger unit cell. During

variable temperature X-ray diffraction experiments, α-LiNH2BH3 exhibited anisotropic

thermal expansion with a complete loss of crystallinity at 94◦C/367K. Thermogravi-

metric and DSC analysis showed α-LiNH2BH3 to decompose in two exothermic stages

(92◦C/365K and 110◦C/383K under 1 bar flowing helium). The majority of the gas

released was hydrogen with only trace amounts of NH3 were observed during the first

stage of decomposition. The full phonon density of states was calculated by DFT which

allowed comparison with the INS spectra (collected on TOSCA and MAPS) and the

Raman spectrum. The calculations were also used to model the atomic motion up to

the decomposition temperature of α-LiNH2BH3. Combination of the crystallographic,

thermogravimetric and vibrational information allowed a mechanism to be proposed for

the decomposition of α-LiNH2BH3.
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A lithiated tetragonal phase was made from the solid state reaction of LiH and

NH3BH3 in a 1:2 ratio. The crystal structure was partially solved from X-ray and neu-

tron data with the aid of solid sate 11B NMR and an in situ synthesis in the IGA.

The decomposition of the lithiated tetragonal phase was also studied by thermogravime-

tric analysis with mass spectrometry and occurred over two decomposition events. The

events had maxima at 144◦C (417K)and 239◦C (512K). INS and Raman spectra were

collected and general regions of the spectra were identified.

The structure of NaNH2BH3 was found to be isostructural with α-LiNH2BH3 but

with expanded lattice constants. During variable temperature X-ray diffraction expe-

riments, NaNH2BH3 exhibited anisotropic thermal expansion with a complete loss of

crystallinity at 78◦C/351K. Thermogravimetric analysis showed NaNH2BH3 to decom-

pose in two exothermic stages (78◦C/351K and 167◦C/440K under 1 bar flowing helium).

The majority of the gas released was hydrogen with only trace amounts of NH3 and B2H6

during the first stage of decomposition. NaNH2BH3 was found to be highly susceptible

to degradation by radiation which decomposes it to NaH and an amorphous compound

and also ages, transforming to an amorphous compound over a period of weeks.

The structure of KNH2BH3 was also found to be orthorhombic Pbca but the K is

octahedrally coordinated and there are two distinct KNH2BH3 units. During variable

temperature X-ray diffraction experiments KNH2BH3 exhibited anisotropic thermal ex-

pansion with a complete loss of crystallinity at 79◦C/352K. Thermogravimetric and

DSC analysis showed KNH2BH3 to decompose in two exothermic stages (98◦C/371K

and 180◦C/458K under 1 bar flowing helium) with a pre-decomposition endotherm at

67◦C (340K). The majority of the gas released was hydrogen with only trace amounts

of NH3, B2H6 and N3B3H6 released. Heating rate and sample volume were found to

have a large effect on the decomposition properties observed indicating poor thermal

conductivity for this phase. The full phonon density of states was calculated by DFT

which allowed comparison the INS spectrum collected. The calculations were also used

to model the atomic motion up to the decomposition temperature of KNH2BH3.
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Table 7.1: Key bond lengths for the metal amidoboranes in this thesis.

NH3BH3 α-LiNH2BH3 NaNH2BH3 KNH2BH3

Unit cell orthorhombic orthorhombic orthorhombic orthorhombic

Space Group Pmn21 Pbca Pbca Pbca

M+ coordination - Tetrahedral Tetrahedral Octahedral

B-N 1.582(5) 1.542(4) 1.543(6) 1.540(6)

N-M 1.07(4) 1.99(4) 2.32(3) 3.02(3)

N-H 0.96(3) 0.99(2) 1.03(1) 1.04(2)

B-H 1.18, 1.15(4) 1.22(2) 1.22(1) 1.24(2)

B-M - 2.62 2.87 3.32

7.2 Structure

Sensitivity is a key word when discussing the structural chemistry of the ammonia borane

derivatives described in this thesis. Their sensitivity is manifested in their:

• polymorphism - α-LiNH2BH3, β-LiNH2BH3, the lithiated tetragonal phase and

the three phases of ND4
11BD4

• aging - degradation over time of NaNH2BH3 to an amorphous compound and NaH

• susceptibility to radiation damage - α-LiNH2BH3 and NaNH2BH3 at the ESRF

• highly measurement dependent properties - KNH2BH3

This structural ’softness’ must be due to their dependence (with the exception of

ND4
11BD4) on the relatively weak M+· · ·Hδ− interactions. The closest intermolecular

Hδ+ · · · Hδ− distances to increase from 1.96Å(NH3BH3) to 2.37Å α-LiNH2BH3, close

to the expected van-der-Waals distance and too far for the significant Hδ+· · ·Hδ− inter-

actions to occur.

Table 7.1 summaries the key structural features for NH3BH3, α-LiNH2BH3 NaNH2BH3

and KNH2BH3. As would be expected the M-N bonds lengthen down the group in ac-

cordance with the increasing M+ radius. But once the N-H has been replaced by the

N-M, the [NH2BH3]− changes relatively little down the group.
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Initial changes between NH3BH3 and M-NH2BH3 to the [NH2BH3]− are however

significant. The B-N bond decreases because the ionic nature of M-NH2BH3 increases

the electron density on the nitrogen. This increases the availability of the lone pair and

the Lewis basicity of the nitrogen, allowing greater electron donation to the Lewis acid

BH3 unit, resulting in a stronger, shorter bond. There is no change between the Li and

Na B-N bonds but the K B-N is slightly shorter still, potentially due to the octahedral

coordination and weaker N-M interactions.

The shorter B-N bonds are mainly at the expense of the B-H bonds due to the in-

creased electron density on the boron from the more available nitrogen lone pair. Conse-

quently, there is a decrease its affinity for the electrons centred on the Hδ−, resulting

in a weaker, longer bond. The N-H bond lengthens slightly probably due to increased

steric repulsion from the [M]+ and also gets longer down the group.

For ND4
11BD4 the situation is different again. There is no B-N bond, the closest dis-

tance is 3.435Å and the intermolecular interactions are electrostatic between the [ND4]+

and the [BD4]− unit. The dihydrogen interactions once again reign supreme with the clo-

sest intermolecular Hδ+ · · · Hδ− of 1.953Å even shorter than that of NH3BH3 (1.96Å). At

1.05Å and 1.23Å respectively the N-D bonds and B-D are longer than those of NH3BH3

(0.96 and 1.18Å respectively) due to the charge being shared out over 4 not 3 bonds.

7.3 Decomposition

Determining the absolute decomposition temperatures for the alkali metal amidobo-

ranes is a complex process. The findings are highly dependent on the synthesis method

used, the heating rate and the sample volume. As previously discussed in Section 6.5,

KNH2BH3 was particularly challenging in this respect and it is thought that the sample

may have considerably lower thermal conductivity than the other metal amidoboranes.
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Figure 7.1: A plot of the 1st dehydrogenation temperature vs. the amidoborane metal ionic

radius

Nevertheless, it has been possible to compare different samples within the same

measurement technique. Figure 7.1 shows the peak hydrogen desorption temperature

for NH3BH3, α-LiNH2BH3, NaNH2BH3 and KNH2BH3 as determined by the thermo-

gravimetric analysis with mass spectrometry. All samples were heated at 2◦C minute

under 1 bar of flowing He.

Replacement of a single H in NH3BH3 with a Li reduces the the peak H2 evolution

from 106◦C/379K to 92◦C/365K due to the interruption of the dihydrogen bonding and

the lengthening/weakening of the B-H and N-H bonds, see Section 7.2. Replacement

of Li by Na lowers the decomposition temperature still further to 78◦C/351K. This is

because the increased Na radius forces the amidoborane units further apart so the wea-

kening the van der Waals forces that hold the structure together.

Following the same trend substitution, KNH2BH3 might be predicted to have a

lower decomposition temperature than NaNH2BH3 as with the analogous alkali metal

borohydrides [210]. However at 98◦C/371K it has the highest decomposition temperature

of all the alkali metal amidoboranes. This increase is a consequence of the change on

coordination geometry from tetrahedral to octahedral. At 138pm the K+ ion is too
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large to be fully stabilised by a tetrahedral coordination and requires the extra stability

conferred by octahedral coordination. As the coordination number has changed from 4

to 6 then the number of intermolecular forces which must be overcome before the sample

can decompose has gone up by a third.

7.4 Further Work

7.4.1 Continuation of Thesis Research

Future work on the alkali metal amidoboranes and ammonium borohydride should focus

on learning more about the behaviour of the new structures discussed in this thesis and

gaining an even greater understanding of the decomposition pathways of all of these

compounds.

A more detailed variable temperature neutron diffraction study should be undertaken

on ND4
11BD4 using the WISH beamline at ISIS. Data should be collected for longer over

a wider temperature range (2-200K) to allow more accurate modeling of the progressive

ordering. To gain a more complete understanding of the dynamics involved in the phase

transitions variable temperature INS should be performed and the full phonon density

of states calculated for all three phases so as to fully assign the phonon modes. Mo-

lecular dynamics calculations should also be performed to allow the most energetically

favourable ground state structure to be found.

The low energy shearing modes in the DFT calculations on α-LiNH2BH3 and KNH2BH3

indicate that a monoclinic phase transitions could be induced at very low temperatures

or high pressures. It would be of fundamental interest to conduct synchrotron diffraction

experiments under these conditions to see if such changes occur.

The crystal structure of the lithiated tetragonal phase needs to be fully optimised.

The optimized structure should then be used to calculate the full phonon density of

states for the lithiated tetragonal phase to allow complete assignment of the experimen-

tal INS spectrum. It would also be of interest to heat the sample up in an open system

to see if the LiBH4 would form during heating and hopefully confirm the presence of

the LiH-BH3 adduct. Variable temperature solid state 11B NMR of both the formation
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and decomposition would also be beneficial to identify some of the reaction intermediates.

The structures of α-LiNH2BH3, NaNH2BH3 and KNH2BH3 are all well characteri-

sed but, as with the lithiated tetragonal phase, NMR is important for further research.

Firstly, time resolved studies of the reactions in solution would be an effective way to

confirm the proposed reaction routes. Secondly, variable temperature decomposition

studies should be made to determine the various potential intermediates and allow more

definite decomposition mechanisms to be elucidated. PDF analysis of the decomposed

products would also be helpful to obtain more information about the amorphous poly-

meric products formed.

The synthesis of β-LiNH2BH3 should be optimised so that it can be made reliably

phase pure. This would allow its decomposition properties to be characterised more

accurately and more comparisons could be made with α-LiNH2BH3.

7.4.2 General Ammonia Borane Derivatives for Hydrogen Storage

Of all the compounds studied in this thesis α-LiNH2BH3 is the one with the most poten-

tial as a hydrogen storage material. Presently, none of the ammonia borane derivatives

discussed in this thesis cannot be used in reversible hydrogen storage systems due to

their poor reversibility of the dehydrogenation reaction. Apart from the issue of reversi-

bility, α-LiNH2BH3 has the highest weight percent hydrogen, ambient temperature, long

term stability, non toxic emissions and high purity bulk synthesis. The other ammonia

borane derivatives all suffer from additional drawbacks e.g.

• lower weight percent hydrogen (NaNH2BH3, KNH2BH3),

• thermal instability (ND4
11BD4),

• aging (NaNH2BH3),

• paralax (KNH2BH3),

• higher proportions of unwanted gas emission (NaNH2BH3, the lithiated tetragonal

phase)

• difficult synthesis (ND4
11BD4, β-LiNH2BH3)
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However, work by Burrell et al. [50] on the regeneration of spent NH3BH3 offers

hope that a regeneration pathway for α-LiNH2BH3 may be found. Their ’one pot’ me-

thod, described in more detail in Section 1.3.2, should be tried with spent α-LiNH2BH3,

and if preliminary tests show promise attempts should be made to optimise the reaction.

Other methods used to aid the decomposition and regeneration of NH3BH3 should

also be investigated for α-LiNH2BH3. In particular doping with nano-particles and nano-

confinement which proved to be successful for NH3BH3 (Section 1.4). The most efficient

way to investigate the large number of possibilities these modifications present would be

to use a combinatorial approach and it is here that a collaboration between the Univer-

sity of Oxford, the Rutherford Appleton Laboratory (RAL), Johnson Matthey and Ilika

Technologies could be extremely powerful. A high throughput solid state testing robot

has been developed that is capable of following the decomposition (with gas analysis)

of 50 separate reactions simultaneously. This would allow many different types, and

loadings, of catalytic materials to be tested very rapidly and permit swift identification

of the most promising combinations.

Some research into NH3BH3 for use in a direct fuel cell has also been performed [211]

and it would be very interesting to investigate the electrochemical properties of α-

LiNH2BH3. The added conductivity of the Li+ ion may also provide an alternative

route for regeneration.

Ammonia borane and its derivatives are part of a diverse, dynamic research area

and they are still considered highly promising candidates as hydrogen storage materials.

However, there are some aspects which must be solved if they are to complete the

transition from ’promising’ to ’commercially viable’. Chiefly regeneration of the spent

fuel. In recognition of this, research into this area is gathering momentum. Once the

regeneration is solved, I believe there is very little to stand in the way of ammonia borane

becoming a key part of the hydrogen economy.
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APPENDIX A. INELASTIC NEUTRON SCATTERING SPECTROSCOPY
MODES AND ASSIGNMENTS

Table A.1: Wavenumbers and assignments for the observed and calculated INS and Raman

modes of α-LiNH2BH3 s, strong; m,medium; w, weak; sh, shoulder; br, broad; v, very.

INS

cm−1

DFT

cm−1

Raman

cm−1

DFT

cm−1
Assignment

Mulliken

Labels

- -0.08 Anharmonic accoustic translation a

- -0.07 Anharmonic accoustic translation b

- -0.05 Translation c

39.00w 29.48 Translation d

- 57.66 Anharmonic translation e

77.00m 78.76 Anharmonic translation f

80.00m 88.38 Lattice Libration a

- 88.92 Lattice Libration g

- 90.67 Lattice Libration c

- 93.18 Lattice Libration d

99.00s 94.42 Lattice Libration f

113.00m 94.61 Lattice Libration h

118.00m 117.76 Molecular Libration e

123.00s 121.44 Molecular Libration b

127.05 Molecular Libration a

- 127.55 Molecular Libration g

136.00m 130.58 Lattice deformation f

- 141.24 Lattice deformation h

- 148.06 Lattice deformation g

- 150.18 Lattice deformation c

151.00sh 153.26 Lattice deformation h

- 155.43 Lattice deformation b

- 156.18 Lattice deformation d

159.00s 158.95 Lattice deformation g

161.83 Lattice deformation h

164.00s 165.42 Lattice deformation e
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APPENDIX A. INELASTIC NEUTRON SCATTERING SPECTROSCOPY
MODES AND ASSIGNMENTS

INS

cm−1

DFT

cm−1

Raman

cm−1

DFT

cm−1
Assignment

Mulliken

Labels

173.77 Lattice deformation c

- 175.08 Lattice deformation d

181.00s 182.26 Lattice deformation c

- 182.47 Lattice deformation d

186.78 Lattice deformation b

- 186.81 Lattice deformation e

190.03 Lattice deformation h

192.00s 191.69 Lattice deformation g

198.00m 208.67 Lattice deformation f

204.00m 210.08 Lattice deformation a

211.00m 211.65 Lattice deformation a

217.08 Lattice deformation f

219.45 Lattice deformation b

221.00sh 223.69 Lattice deformation e

226.00m 227.40 Lattice deformation c

231.00s 233.19 231.00br 232.00 Lattice deformation d

- 236.80 Lattice deformation h

243.00sh 237.57 Lattice deformation g

247.00sh 240.60 Lattice deformation d

250.00s 243.32 Lattice deformation e

260.00s 243.51 Lattice deformation b

270.00s 247.99 Lattice deformation c

- 248.47 Lattice deformation a

279.00s 275.02 Lattice deformation f

284.62 Lattice deformation e

288.00sh 287.63 Lattice deformation b

294.00m 297.08 Lattice deformation h

302.00w 297.68 Lattice deformation a

308.00w 300.80 Lattice deformation g

315.00w 318.15 Lattice deformation f
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INS

cm−1

DFT

cm−1

Raman

cm−1

DFT

cm−1
Assignment

Mulliken

Labels

340.00m 343.60 BH3 Libration b

347.00s 347.08 BH3 Libration e

362.00sh 368.70 BH3 Libration f

366.00sh 368.73 BH3 Libration g

369.06 BH3 Libration a

373.00m 371.96 BH3 Libration h

398.00sh 397.27 BH3 Libration c

402.00w 397.74 BH3 Libration d

416.00w

425.00w 429.48 NH2 Libration g

450.00sh 442.66 NH2 Libration h

451.00sh 447.81 NH2 Libration b

460.00s 458.73 NH2 Libration e

478.00s 474.81 NH2 Libration c

479.00s 476.19 463.00m 473.00 N-Li stretch d

480.00s 480.92 NH2 Libration a

481.00s 483.64 NH2 Libration a

- 485.24 NH2 Libration c

489.00sh 488.06 NH2 Libration f

- 490.80 NH2 Libration g

494.00w 494.01 N-Li stretch d

496.17 N-Li stretch + NH2 Libration h

496.18 NH2 Libration b

499.65 N-Li stretch + NH2 Libration f

529.00w 511.01 N-Li stretch + NH2 Libration e

792.00sh 794.86 NH2 Rocking c

801.00m 797.76 NH2 + BH3 Rocking a

808.00m 814.74 NH2 + BH3 Rocking g

813.00m 815.22 NH2 + BH3 Rocking b

818.00m 821.44 NH2 + BH3 Rocking d

824.00m 823.03 820.00m 821.90 NH2 + BH3 Rocking f
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INS

cm−1

DFT

cm−1

Raman

cm−1

DFT

cm−1
Assignment

Mulliken

Labels

825.00m 825.79 NH2 + BH3 Rocking e

827.00sh 825.96 NH2 + BH3 Rocking h

829.00sh 829.91 NH2 + BH3 Rocking b

- 831.71 NH2 + BH3 Rocking g

834.00sh 836.00 NH2 + BH3 Rocking d

838.04 NH2 + BH3 Rocking c

839.84 NH2 + BH3 Rocking a

845.00s 842.74 NH2 + BH3 Rocking f

856.52 NH2 + BH3 Rocking e

865.00s 858.63 NH2 + BH3 Rocking h

874.00sh NH2 + BH3 Rocking

889.00w 893.72 B-N Stretch d

889.00w 893.99 B-N Stretch c

903.00sh 895.09 902.00m 895.80 B-N Stretch b

914.00w 895.10 B-N Stretch f

924.00w 895.23 B-N Stretch a

942.00w 896.69 B-N Stretch g

985.00w 897.94 NH2 + BH3 Rocking e

- 898.86 NH2 + BH3 Rocking h

1009.00sh 1013.36 NH2 + BH3 Rocking a

1014.18 NH2 + BH3 Rocking c

1021.00s 1021.21 NH2 + BH3 Rocking b

- 1023.91 NH2 + BH3 Rocking d

- 1024.42 NH2 + BH3 Rocking g

1026.84 1028.00wbr 1022.00 NH2 + BH3 Rocking f

1062.00w 1035.38 NH2 + BH3 Rocking e

1037.72 NH2 + BH3 Rocking h

1110.00w 1122.30 NH2 + BH3 Rocking h

- 1122.56 NH2 + BH3 Rocking e

- 1125.04 NH2 + BH3 Rocking b

- 1125.20 NH2 + BH3 Rocking g

245



APPENDIX A. INELASTIC NEUTRON SCATTERING SPECTROSCOPY
MODES AND ASSIGNMENTS

INS

cm−1

DFT

cm−1

Raman

cm−1

DFT

cm−1
Assignment

Mulliken

Labels

1128.00w 1128.97 NH2 + BH3 Rocking d

1133.52 1131.00wbr 1128.90 NH2 + BH3 Rocking c

1139.00br 1134.28 NH2 + BH3 Rocking f

1143.00w 1138.44 B-N Stretch + BH3 Rocking a

1151.00br 1154.62 B-N Stretch + BH3 Rocking b

1153.00m 1155.28 B-N Stretch + BH3 Rocking g

1174.00sh 1155.68 B-N Stretch + BH3 Rocking a

1197.00m 1157.27 B-N Stretch + BH3 Rocking e

- 1157.66 B-N Stretch + BH3 Rocking h

- 1162.18 B-N Stretch + BH3 Rocking d

- 1164.03 B-N Stretch + BH3 Rocking c

- 1164.57 1167.00vbr 1158.90 B-N Stretch + BH3 Rocking f

- 1238.00 BH3 Wagging d

- 1238.46 BH3 Wagging c

- 1240.97 BH3 Wagging h

- 1241.09 BH3 Wagging g

- 1243.01 BH3 Wagging a

- 1243.78 BH3 Wagging f

- 1244.07 BH3 Wagging e

- 1244.11 BH3 Wagging b

- 1256.95 BH3 Wagging f

- 1257.79 BH3 Wagging a

- 1257.92 BH3 Wagging d

- 1258.10 BH3 Wagging h

1271.00s 1258.71 BH3 Wagging c

1284.00sh 1258.88 BH3 Wagging g

1405.00w 1261.32 1260.00m 1237.70 BH3 Wagging e

1462.00w 1262.01 1257.90 BH3 Wagging b

1538.00m 1563.13 1536.00w 1571.00 NH2 Wagging g

1559.00sh 1563.20 NH2 Wagging b

1566.00w 1568.04 NH2 Wagging e
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INS

cm−1

DFT

cm−1

Raman

cm−1

DFT

cm−1
Assignment

Mulliken

Labels

- 1568.10 NH2 Wagging h

- 1570.07 NH2 Wagging a

- 1574.49 NH2 Wagging d

- 1574.81 NH2 Wagging f

- 1577.78 NH2 Wagging c

- NH2 Wagging

1615.00w NH2 Wagging

1631.00w NH2 Wagging

1715.00w NH2 Wagging

1876.00w Asymmetric B-H stretch

2148.00b 2190.95 2152.00mbr 2190.10 Asymmetric B-H stretch a

2160.00w 2191.41 Asymmetric B-H stretch d

- 2192.77 2190.00mbr 2230.90 Asymmetric B-H stretch f

2197.51 Asymmetric B-H stretch c

- 2199.14 Asymmetric B-H stretch b

- 2199.97 Asymmetric B-H stretch e

- 2200.37 Asymmetric B-H stretch g

- 2200.72 Asymmetric B-H stretch h

2202.00mb 2231.78 Asymmetric B-H stretch d

2223.00sh 2232.48 Asymmetric B-H stretch c

2223.00sh 2233.79 Asymmetric B-H stretch h

2234.73 Asymmetric B-H stretch g

- 2239.28 Symmetric B-H stretch a

- 2244.17 Symmetric B-H stretch b

- 2244.32 Asymmetric B-H stretch e

2246.10 Asymmetric B-H stretch f

- 2304.78 Asymmetric B-H stretch g

- 2306.83 2252.00mbr 2310.00 Symmetric B-H stretch h

2292.00m 2311.49 Asymmetric B-H stretch c

- 2311.55 Asymmetric B-H stretch d

- 2315.23 Asymmetric B-H stretch a
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INS

cm−1

DFT

cm−1

Raman

cm−1

DFT

cm−1
Assignment

Mulliken

Labels

- 2321.64 Asymmetric B-H stretch b

2316.00sh 2322.41 Asymmetric B-H stretch e

2383.00w 2326.91 2372.00w Asymmetric B-H stretch f

- 3382.23 Asymmetric B-H stretch f

3382.30 Symmetric N-H stretch d

3279.00w 3382.61 - Symmetric N-H stretch a

3382.98 3303.00s 3381.90 Symmetric N-H stretch c

- 3384.94 Symmetric N-H stretch g

- 3384.97 Symmetric N-H stretch b

- 3385.55 Symmetric N-H stretch h

- 3385.63 Symmetric N-H stretch e

- 3453.04 Asymmetric N-H stretch b

3453.08 Asymmetric N-H stretch g

3453.62 Asymmetric N-H stretch h

3453.95 Asymmetric N-H stretch e

3454.14 Asymmetric N-H stretch f

3454.23 Asymmetric N-H stretch d

3454.51 Asymmetric N-H stretch a

3459.00w 3454.99 Asymmetric N-H stretch c

3520.00w 3360.00s 3453.50 Asymmetric N-H stretch
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Table A.2: Wavenumbers and assignments for the observed and calculated INS and Raman

modes of α-NH2BH3 s, strong; m,medium; w, weak; sh, shoulder; br, broad; v, very.

Representation Mul E 2 2 2 I m m m

a B3u 24 1 -1 -1 1 -1 1 1 -1

b B2u 24 1 -1 1 -1 -1 1 -1 1

c B1u 24 1 1 -1 -1 -1 -1 1 1

d Ag 24 1 1 1 1 1 1 1 1

e B3g 24 1 -1 -1 1 1 -1 -1 1

f B2g 24 1 -1 1 -1 1 -1 1 -1

g Au 24 1 1 1 1 -1 -1 -1 -1

h B1g 24 1 1 -1 -1 1 1 -1 -1
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Table A.3: Wavenumbers and assignments for the observed and calculated INS and Raman

modes of KNH2BH3 s, strong; m,medium; w, weak; sh, shoulder; br, broad; v, very.

INS

cm−1

DFT

cm−1
Assignment

-254.87 anharmonic lattice vibration

-0.04 anharmonic lattice vibration

-0.03 anharmonic lattice vibration

-0.03 anharmonic lattice vibration

54.59 59.19 harmonic lattice vibration inner KAB2

58.01 64.24 harmonic lattice vibration inner KAB2

62.15 66.89 harmonic lattice vibration inner KAB2

68.32 68.33 harmonic lattice vibration inner KAB2

69.18 harmonic lattice vibration inner KAB2

71.84 70.30 harmonic lattice vibration outer KAB2

75.12 81.57 harmonic lattice vibration outer KAB2

83 84.13 harmonic lattice vibration Ks along a direction

86.81 85.59 harmonic lattice vibration Ks along a direction

87.76 harmonic lattice vibration Ks along a direction

87.77 harmonic lattice vibration outer KABS

89.62 harmonic lattice vibration

97.74 97.23 harmonic lattice vibration Ks along c direction

97.65 harmonic lattice vibration K1s along c direction

97.74 harmonic lattice vibration K1s along c direction

97.93 harmonic lattice vibration

98.08 harmonic lattice vibration K1s along c direction

100.22 harmonic lattice vibration K1s along b direction

101.01 harmonic lattice vibration Ks along c direction

101.02 harmonic lattice vibration K2 along c direction

105.16 harmonic lattice vibration K2 along c direction

105.74 harmonic lattice vibration inner KAB2 along b

105.86 harmonic lattice vibration K2 along c direction
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INS

cm−1

DFT

cm−1
Assignment

105.97 105.90 harmonic lattice vibration K1s and AB2s along c direction

108.83 harmonic lattice vibration Ks and AB2s along c direction

109.12 harmonic lattice vibration Ks and AB2s along b direction

109.76 109.63 harmonic lattice vibration Ks and AB2s along b direction

110.96 harmonic lattice vibration

111.42 harmonic lattice vibration KAB1 along a

112.51 112.98 harmonic lattice vibration

114.55 harmonic lattice vibration KAB1 along a

114.73 harmonic lattice vibration KAB1 along b

115.75 harmonic lattice vibration

119.21 harmonic lattice vibration

121.25 121.06 harmonic lattice vibration Ks along b direction

124.45 harmonic lattice vibration Ks along b direction

126.19 127.76 harmonic lattice vibration Ks along b direction

129.25 harmonic lattice vibration Ks along b direction

129.37 129.54 harmonic lattice vibration

135.42 130.67 harmonic lattice vibration

136.67 harmonic lattice vibration AB2 along a direction

138.04 138.37 harmonic lattice vibration AB2 along a direction

139.43 139.75 harmonic lattice vibration K2 along a direction

140.34 harmonic lattice vibration K2 along a direction

142.23 144.17 harmonic lattice vibration

150.64 harmonic lattice vibration

151.86 harmonic lattice vibration KAB2 along a direction

153.28 152.63 harmonic lattice vibration KAB2 along a direction

154.35 harmonic lattice vibration KAB2 along a direction

159.55 harmonic lattice vibration KAB1 along b direction

159.67 harmonic lattice vibration KAB2 along a direction

163.92 harmonic lattice vibration KAB1 along b direction

166.59 harmonic lattice vibration

169.36 168.11 harmonic lattice vibration KAB1 along b direction

173.64 173.33 harmonic lattice vibration KAB2 along b direction

105.97 105.90 harmonic lattice vibration K1s and AB2s along c direction
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INS

cm−1

DFT

cm−1
Assignment

178.02 179.09 harmonic lattice vibration KAB2 along b direction

180.37 harmonic lattice vibration KAB1 along b direction

181.87 harmonic lattice vibration

181.97 harmonic lattice vibration

183.37 harmonic lattice vibration

183.59 harmonic lattice vibration ABs along c

184.34 183.89 harmonic lattice vibration ABs along c

185.14 harmonic lattice vibration

188.06 190.00 harmonic lattice vibration

189.89 190.88 harmonic lattice vibration K1s and AB2s along a direction

190.96 harmonic lattice vibration

191.01 harmonic lattice vibration

194.43 harmonic lattice vibration ABs along c

194.55 harmonic lattice vibration

195.71 195.15 harmonic lattice vibration

196.23 harmonic lattice vibration

196.61 harmonic lattice vibration

199.01 harmonic lattice vibration ABs

200.43 harmonic lattice vibration ABs

202.09 harmonic lattice vibration ABs

202.77 harmonic lattice vibration ABs

203.32 harmonic lattice vibration ABs

203.53 harmonic lattice vibration ABs

206.76 206.44 harmonic lattice vibration ABs

210.92 208.06 harmonic lattice vibration ABs

218.44 221.94 harmonic lattice vibration ABs

222.87 harmonic lattice vibration ABs

223.93 223.43 harmonic lattice vibration ABs

227.3 227.14 harmonic lattice vibration ABs

230.74 harmonic lattice vibration ABs

230.82 harmonic lattice vibration ABs
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INS

cm−1

DFT

cm−1
Assignment

231.61 harmonic lattice vibration ABs

233.05 233.96 harmonic lattice vibration ABs

235.89 harmonic lattice vibration ABs

236.45 harmonic lattice vibration ABs

241.32 243.78 harmonic lattice vibration ABs

247.42 245.54 harmonic lattice vibration ABs

252.41 263.13 harmonic lattice vibration ABs

262.68 270.15 harmonic lattice vibration ABs

267.97 274.66 harmonic lattice vibration ABs

273.37 276.20 harmonic lattice vibration ABs

276.31 harmonic lattice vibration ABs

276.53 harmonic lattice vibration ABs

277.16 harmonic lattice vibration ABs

278.25 harmonic lattice vibration ABs

283.30 harmonic lattice vibration ABs

284.68 harmonic lattice vibration ABs

285.27 harmonic lattice vibration ABs

285.92 harmonic lattice vibration ABs

287.91 harmonic lattice vibration ABs

288.38 harmonic lattice vibration ABs

290.47 harmonic lattice vibration ABs

291.68vwb 291.18 harmonic lattice vibration ABs

293.66 harmonic lattice vibration ABs

294.08 harmonic lattice vibration ABs

296.20 harmonic lattice vibration ABs

298.95 harmonic lattice vibration ABs

300.44 harmonic lattice vibration ABs

302.70 harmonic lattice vibration ABs

302.87 harmonic lattice vibration ABs

310.37 harmonic lattice vibration ABs

315.92vwb 314.44 harmonic lattice vibration ABs
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INS

cm−1

DFT

cm−1
Assignment

316.93 harmonic lattice vibration ABs

317.62 harmonic lattice vibration ABs

318.62 harmonic lattice vibration ABs

320.29 harmonic lattice vibration ABs

321.77 harmonic lattice vibration ABs

332.07w 326.12 harmonic lattice vibration ABs

338.62w 340.70 BH3 wagging 2

347.31m 390.79 BH3 wagging 2

354.16s 390.90 BH3 wagging 2

361.46m 392.57 BH3 wagging 2

393.73 BH3 wagging 2

394.99 BH3 wagging 2

395.79 BH3 wagging 2

396.57 BH3 wagging 2

397.76 BH3 wagging 2

447.91s 448.65 NH2 wagging 1

450.54 NH2 wagging 1

453.74 NH2 wagging 1

454.83 NH2 wagging 1

459.55s 455.62 NH2 wagging 1

466.14s 457.42 NH2 wagging 1

485.12s 471.02 NH2 wagging 1

494.89s 472.79 NH2 wagging 1

521.16 BH3 wagging 1

523.02 BH3 wagging 1

523.90 BH3 wagging 1

536.012vwb 525.05 BH3 wagging 1

525.08 BH3 wagging 1

525.93 BH3 wagging 1

526.02 BH3 wagging 1

527.55 BH3 wagging 1
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INS

cm−1

DFT

cm−1
Assignment

630.08 NH2 wagging 2

631.46 NH2 wagging 2

633.74 NH2 wagging 2

634.53 NH2 wagging 2

637.03 NH2 wagging 2

638.24vwb 637.06 NH2 wagging 2

637.47 NH2 wagging 2

637.75 NH2 wagging 2

663.73 NH2 rocking 1

664.83 NH2 rocking 1

677.09vwb 678.76 NH2 rocking 1

681.17 NH2 rocking 1

691.27vwb 691.50 NH2 rocking 1

693.42 NH2 rocking 1

696.76 NH2 rocking 1

705.85vwb 701.30 NH2 rocking 1

750.28 NH2 rocking 2

752.43mb 752.50 NH2 rocking 2

753.81 NH2 rocking 2

754.11 NH2 rocking 2

754.97 NH2 rocking 2

763.77w 763.71 NH2 rocking 2

765.74 NH2 rocking 2

779.16w 766.24 NH2 rocking 2

812.94 BN rocking 1

815.34m 815.53 BN rocking 1

818.52 BN rocking 1

818.61 BN rocking 1

827.22m 831.40 BN rocking 1

833.58 BN rocking 1

835.51m 833.98 BN rocking 1
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INS

cm−1

DFT

cm−1
Assignment

843.89m 834.18 BN rocking 1

874.80 BN rocking 2

875.82 BN rocking 2

875.98 BN rocking 2

876.01 BN rocking 2

876.61 BN rocking 2

877.21 BN rocking 2

877.86 BN rocking 2

878.24wb 878.96 BN rocking 2

887.04w 887.95 harmonic lattice vibration ABs

900.42w 923.80 harmonic lattice vibration ABs

913.99w 924.62 harmonic lattice vibration AB 1

923.16wb 925.26 harmonic lattice vibration ABs

925.41 harmonic lattice vibration ABs

925.52 harmonic lattice vibration ABs

925.70 harmonic lattice vibration ABs

926.63 harmonic lattice vibration AB 1

935.07 harmonic lattice vibration AB 2

935.29 harmonic lattice vibration AB 2

935.57 harmonic lattice vibration AB 2

936.62 harmonic lattice vibration ABs

941.56wb 940.32 harmonic lattice vibration AB 2

942.36 harmonic lattice vibration AB 2

942.89 harmonic lattice vibration AB 2

951.20wb 950.40 harmonic lattice vibration ABs

993.60 BH3 wagging 1

994.03 BH3 wagging 1

989.92w 994.46 BH3 wagging 1

997.44 BH3 wagging 1

997.82 BH3 wagging 2

998.01 BH3 wagging 2
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INS

cm−1

DFT

cm−1
Assignment

998.48 BH3 wagging 1

998.92 BH3 wagging 2

1001.00 BH3 wagging 2

1001.34 BH3 wagging 2

1001.49 BH3 wagging 2

1001.55 BH3 wagging 2

1004.84w 1002.01 BH3 wagging 1

1002.47 BH3 wagging 2

1003.92 BH3 wagging 2

1019.99wb 1015.23 BH3 wagging 1 and 2

1097.47 BN rocking 1 and 2

1099.77 BN rocking 1 and 2

1104wb 1102.00 BN rocking 1 and 2

1102.93 BN rocking 1 and 2

1114.36 BN rocking 1 and 2

1115.78 1116.13 BN rocking 1 and 2

1116.39 BN rocking 1 and 2

1117.97 BN rocking 1 and 2

1134.49 BN rocking 1 and 2

1135.02 N -H wagging

1138.28w 1135.04 N -H wagging

1139.01 N -H wagging

1146.34 N -H wagging

1146.58 N -H wagging

1147.31 N -H wagging

1149.63w 1147.59 N -H wagging

1157.39 B-H bend

1157.48 B-H bend

1157.56 B-H bend

1157.92 B-H bend

1160.83 B-H umbrella mode
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INS

cm−1

DFT

cm−1
Assignment

1161.08 B-H umbrella mode

1161.34vw 1161.16 B-H umbrella mode

1162.05 B-H umbrella mode

1166.01 B-H umbrella mode

1167.75 B-H umbrella mode

1168.22 B-H umbrella mode

1170.40 B-H umbrella mode

1171.31 B-H umbrella mode

1171.80 B-H umbrella mode

1172.86vwb 1172.17 B-H umbrella mode

1173.08 B-H umbrella mode

1174.40 B-H umbrella mode

1177.07 B-H umbrella mode

1178.71 B-H umbrella mode

1179.45 B-H umbrella mode

1179.62 B-H umbrella mode

1179.97 B-H umbrella mode

1181.46 B-H umbrella mode

1181.95 B-H umbrella mode

1184.61w 1184.31 B-H umbrella mode

1185.10 B-H umbrella mode

1185.11 B-H umbrella mode

1185.51 B-H umbrella mode

1187.21 B-H umbrella mode

1188.26 B-H umbrella mode

1188.37 B-H umbrella mode

1196.49w 1189.12 B-H umbrella mode

1225.21 B-H wagging mode
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INS

cm−1

DFT

cm−1
Assignment

1225.24 B-H wagging mode

1225.45 B-H wagging mode

1225.79 B-H wagging mode

1226.73wb 1226.15 B-H wagging mode

1226.75 B-H wagging mode

1226.77 B-H wagging mode

1227.01 B-H wagging mode

1256.16 B-H wagging mode

1257.68wb 1258.55 B-H wagging mode

1258.61 B-H wagging mode

1258.65 B-H wagging mode

1259.36 B-H wagging mode

1259.83 B-H wagging mode

1260.54 B-H wagging mode

1261.01 B-H wagging mode

1535.33 BN stretch

1535.45 BN stretch

1540.65 BN stretch

1540.89 BN stretch

1540.97 BN stretch

1541.32 BN stretch

1541.76 BN stretch

1542.07 BN stretch

1545.72 BN stretch

1547.02 BN stretch

1547.38 BN stretch

1547.38 BN stretch

1547.57 BN stretch

1548.19 BN stretch

1558.51vwb 1548.68 BN stretch

1549.65 BN stretch
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INS

cm−1

DFT

cm−1
Assignment

2139.04 B-H stretch 1

2117.72vwb 2140.70 B-H stretch 1 and 2

2140.93 B-H stretch 1 and 2

2141.23 B-H stretch 2

2141.68 B-H stretch 2

2142.44 B-H stretch 1 and 2

2147.38 B-H stretch 1 and 2

2147.40 B-H stretch 2

2148.50 B-H stretch 1 and 2

2149.41 B-H stretch 1 and 2

2149.97 B-H stretch 1 and 2

2151.76 B-H stretch 1

2152.00 B-H stretch 2

2152.54 B-H stretch 2

2152.66 B-H stretch 1

2166.15wb 2169.05 B-H stretch 1 and 2

2201.08 B-H stretch 2

2201.35 B-H stretch 2

2202.74 B-H stretch 2

2205.55 B-H stretch 2

2209.71wb 2205.81 B-H stretch 2

2206.55 B-H stretch 2

2207.52 B-H stretch 2

2207.57 B-H stretch 2

2261.82 B-H stretch 1

2263.69 B-H stretch 1

2263.77 B-H stretch 1

2265.76vwb 2265.98 B-H stretch 1

2266.50 B-H stretch 1

2266.59 B-H stretch 1
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INS

cm−1

DFT

cm−1
Assignment

2269.43 B-H stretch 1

2269.76 B-H stretch 1

2273.64 B-H stretch 1

2274.38 B-H stretch 1

2274.50 B-H stretch 1

2274.80 B-H stretch 1

2275.29 B-H stretch 1

2275.86 B-H stretch 1

2276.22 B-H stretch 1

2276.27 B-H stretch 1

2277.82 B-H stretch 1

2278.40 B-H stretch 1 and 2

2279.12 B-H stretch 1 and 2

2280.81 B-H stretch 1 and 2

2284.44 B-H stretch 1 and 2

2285.09 B-H stretch 1 and 2

2285.13 B-H stretch 1 and 2

2288.22vwb 2285.28 B-H stretch 1 and 2

3383.45 N-H stretch 2

3383.73 N-H stretch 2

3383.82 N-H stretch 2

3386.41 N-H stretch 2

3386.51 N-H stretch 2

3393.54vwb 3387.26 N-H stretch 2

3387.30 N-H stretch 2

3478.24vwb 3387.31 N-H stretch 2

3484.89 N-H stretch 1 and 2

3485.43 N-H stretch 1 and 2

3485.55 N-H stretch 1 and 2

3485.77 N-H stretch 1 and 2

3486.67 N-H stretch 1 and 2
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APPENDIX A. INELASTIC NEUTRON SCATTERING SPECTROSCOPY
MODES AND ASSIGNMENTS

INS

cm−1

DFT

cm−1
Assignment

3486.94 N-H stretch 1 and 2

3487.00 N-H stretch 1 and 2

3487.61 N-H stretch 1 and 2

3507.25 N-H stretch 1 and 2

3507.73 N-H stretch 1 and 2

3508.33 N-H stretch 1 and 2

3508.55 N-H stretch 1 and 2

3509.27 N-H stretch 1 and 2

3513.82vwb 3509.59 N-H stretch 1 and 2

3509.70 N-H stretch 1 and 2

3509.72 N-H stretch 1 and 2

3608.41 N-H stretch 1

3608.81 N-H stretch 1

3602.55 3609.15 N-H stretch 1

3609.16 N-H stretch 1

3609.34 N-H stretch 1

3609.41 N-H stretch 1

3609.57 N-H stretch 1

3609.76 N-H stretch 1

262


