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ABSlRACT 

Zinc borohydride (Zn(B14)z) has been the focus of much recent research in the 

field of hydrogen storage. This material has a low decomposition temperature (around 

85°C) and a high theoretical hydrogen capacity (8.5% H2). These studies include 

mechanochemical synthesis of zinc borohydride and its derivatives at room tempelature 

without solvent following the reaction: 

ZnX2 + nMBH4 ~ Mn-2Zn(BH,Jn + 2MX 

where M = Li, No, or K; X = CI; and n = I, 2, 3, or 4. 

Product mixtures were characterized by IR, XRD, and CPMAS liB NMR 

spectroscopy. Analysis of material properties was completed by thermal decomposition 

mass spectrometry (TD-MS) and isothermal dehydrogenation studies. 

These fundamental studies confirmed the synthesis of novel borohydride 

materials. It was found that the milling of zinc chloride with a1ka1i borohydrides reduces 

the dehydrogenation temperature. Howevet, upon dehydrogenation, both hydrogen and 

diborane are liberated. 
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Hydrogen Eeonomy 

Environmentally safe and cost-effective fuels are of great interest around the 

world. Hydrogen can provide a clean and economical fuel source for on-board 

applications in automobiles. It is the most abundant element in the universe and the only 

byproduct from the combustion of hydrogen is water (H20). Ideal materials for on-board 

applications would be lightweight, solid-state hydrogen storage materials that could 

reversibly release and absorb hydrogen. These materials should meet the 6.5 weight 

percent minimum hydrogen capacity required by the U.S. Department of Energy. I In 

addition, the ideal temperature for hydrogen desorption would be around 100 DC. 

Researchers have examined many different complex hydride materials for these 

applications. The advantage for using complex metal hydrides is their high gravimetric 

hydrogen storage capacity, while their disadvantage is their high dehydrogenation 

temperatures (Table 1). Alkali borohydrides2. 3, 4 are appealing considering their high 

hydrogen capacities ranging from 7,4-18,4 weight percent hydrogen. However, these 

materials have impractical dehydrogenation temperatures of380 DC for lithium 

borohydride, 400 DC for sodium borohydride, and 500 DC fur potassium borohydride. 

The same is essentially true for sodium alauate (NaAll:4), however. the inclusion of 

titanium additives have been shown to enhance its hydrogen storage properties,s 

1 www.doe.gov 
2 Vajo, JJ.; Skeitb, S.L.; Mertens, F. J. Phys. Chem. B,2005, 109,3719-3722. 
3 Nakamore, Y. and Orimo, S. JALCOM. 2004,370, 271. 
4 Orimo, S.; Nakamori, Y.; Zuttel, A Mat. Sci. and Eng. 2004, BlOB, 51. 
, Jensen, C.M. and Gross, KJ. App. Phys. A, 2001, 72, 213. 
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Complex Hydride T_("C) Hydrogen Capacity 

LIAI~ 125 9.50% 

NaAI~ 210 7.40% 

UB~ 380 18.40% 

NaB~ 400 10.60% 

KB~ 500 7.40% 

Zn(B~)2 85 8.50% 

Table 1. Comparison of pioperties of promising hydrogen storage materials. Data borrowed from Zuttel, 
A.; Rentsch, S.; Fischer, P.; Wenger, P.; Sudan, P.; Mauron, Ph.; Emmenegger, Cb. J. Alloy. Compd.,lOO3, 
356-357,515. and Wiberg, E.Agnew. Chem. 1953,65,16. 

It is interesting to note that, similar to litbiwn alanate (L~), zinc borohydride 

(Zn(B14)z) bas a high hydrogen capacity (8.5%) while maintaining a low decomposition 

temperature (85°C) (Table 1). 

In addition, the alkali derivatives of zinc borohydride also have high theoretical 

hydrogen capacities (Table 2). 

11.60% 

9.10% 

9.40% 

8.10% 

7.90% 

8.20% 

Table 2. Summmy of theoretical hydrogen storage capacity of various zinc borohydride materials. 

These transition metal borohydride materials have been studied very little in the 

context of hydrogen storage. It is possible that these complex borohydrides are the novel 

approach needed to develop useful hydrogen storage materials. 

Transition Metal Borohydrides 

There is an increasing curiosity about the nature of transition metal borohydride 

complexes. The tetrahydroborate anion, B14-, bas a tendency to form unusual covalent 
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complexes with transition metals. The complexes have been proposed to take the form of 

bidentate and tridentate coordination through hydrogen bridging atoms (Figure 1). 

,H, /H 
M B 

'H~ 'H 
bidentate coordination 

,H, 
M"H7B- H 

H 

tridentate coordination 

FIgure I. Biden1ate and tridentate coordination ofborobydride anion ligands to ttansltion me1aI center. 
Borrowed from Marks, T J. and Kolb, J.R. Chem. Rev. 1977, 77(2),263. 

While borohydrides have traditionally been used in organic chemistry as synthetic 

reducing agents6
, there is more interest in organometallic and inorganic chemistry due to 

the unusual nature of bonding that takes place and the unique interaction between the 

metal center and the small, electron rich borohydride ligands. Some of these complexes 

are thought to be useful as catalysts in hydrogenation and polymerization processes.7 

Other possible applications for these materials include procedures involving depositing 

boride layers on surfaces by thermal decomposition ofvapor or by electrolysis, the 

synthesis of new compounds, and isotope separation processes.8 

The following study begins with an examination of first row late transition metal 

borohydrides. This includes the borohydride complexes of iron, cobalt, nickel, copper, 

and zinc. Marks and Kolb9 completed a review of these and other transition metals. 

Ferrous tetrahydroborate, Fe(B~h, is a colorless solid which decomposes above -10 ·C 

yielding pyrophoric products. Cobalt tetrahydroborate, Co(B~h, which has also been 

studied by Hinzman and GanemlO, is reported to be unstable. The result is decomposition 

6 Ranu, B.C. SynJetI, 1993, 885. 
7 Marks, TJ. and Kolb, J.R. Chem. Rev. 1977, 77(2), 263. 
• Volkov, V.V. and Myakishev, K.G.Inor,g. Chem. Act., 1\199,289, SI-S7. 
• Marks, TJ. and Kolb, J.R. Chem. Rev. 1977, 77(2),263. 
10 H~jozman, S.W. and Ganem, B. J. Am. Chem. Soc. 1m, 104,6801. 
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to cobalt metal or cobalt boride (CozB) and hydrogen when allowed to warm from its -80 

·C synthesis temperature. The details of the preparation and properties of nickel 

borohydride, Ni(B14)z. are not easy to come by. Solid state reactions of nickel chloride 

and sodium tetrahydroborate have been shown to decompose to nickel boride, NizB, with 

nickel borohydride as an intermediate. I I Other researchl2 has proposed that nickel(Il) is 

reduced by the borohydride anion to Raney nickel (a mixture of metal and metal 

hydride). Copper borohydride, Cu(B14)z, has been reported to decompose to copper 

metal, diborane, and hydrogen at 0 "C.13 Overall, the borohydrides of iron. cobalt, nickel, 

and copper are not useful as hydrogen storage materials due to their degree of instability. 

Zinc Borohydride Synthesis and Characterization 

Unlike the transition metal borohydrides discussed above, zinc borohydride, 

Zn(B14)z, has unique chemical properties that set it apart from the rest. The complex has 

been synthesized in two waysl4. 15.16.17.18, 19: 

ZnCl2 + 2MBH4 ~ Zn(BH4J2 + 2MCl, M = Li, No, K 

The products of these reactions are white solids that decompose around 85 ·C and are 

water sensitive. 

11 Sterlyadkina, z.K.; Mal'lseva, N.N.; Ktyukova, O.N.; and Mlkheeva, V ~ IWssion J. lnorg. Chem. 1966, 
11(5).531. 
12 Desrochers, PJ.; LeLievre, S.; Johoson, RJ.; Lamb, B.T.; Phelps, AL.; Cordes, A.W.; OU, W.; Cmmer, 
Sl'.lnorg. Chem., 2003,42,7945. 
13 Wiberg, E. Agnew. Chem. 1953,65, 16. 
14 James, B.D.; Nand&, R.K.; and Wallbridge, M.O.H. Inorg. Chem., 1967,6, 1979. 
1. Davies, N.; Saunders, D., and Wallbridge, M.O.H. J. Chem. Soc .A, 1970,2915. 
16 Narasimhan, S.; Madhavan, S.; Ganeshwar Prasad, O. J. arg. Chem. 1995,60, 5314. 
17 Wiberg, E. and Henle, W. Z Natuiforschg. 1952, 7h. 579. 
18 NoeIb, H.; Wiberg, E.; W'mter, Ll'. Z Anorg. AUg. Chem., 1969, 370(~ 209. 
19 Mal'lseva, N.N.lzv. AIuJd. naukSSSR. Neorg. Mater .. 1978, 14(9). 1781. 
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In further studies, Noeth, Wiberg, and Winwr2° have reported the synthesis of 

anionic zinc tetrahydroborates (in ether or tetrahydrofuran) by altering the stoichiometric 

ratio of alkali borohydride starting material to zinc chloride as shown the following 

reactions: 

Znel2 + 3LiBH4 ~ LiZn(BHu3 + 2Ltel 

Znel2 + 4LiBH4 ~ Li2Zn(BHu4 + 2Liel 

Similar reactions were completed with sodimn borohydride instead oflithimn 

borohydride. Structures of zinc accommodating three borohydride groups via bidentate 

coordination have been proposed. 21.22 However, literature does not demonstrate the 

accommodation of four borohydride groups. It may be possible that the reaction with a 

4: I LiBH4:ZnCb ratio may not give LhZn(BH4}.$, but rather, will result in a mixture of 

LiZn(BH4h with other hydride phases. 

A unique reaction takes place between zinc chloride and potassimn borohydride23
• 

24. 

This (K2Zn3(BH4)S) is the only alkali zinc borohydride complex that has been reported as 

a solid crystalline substance, while all others exist as solutions or complex-solvent 

adducts. However, these crystals react vigorously with atmospheric oxygen and 

moisture.2S 

2lJ Noetb, H.; Wiberg, E.; and Wmter, L.P. Z. Anorg. Allg. Chem..1971, 386. 73. 
21 Noetb, H.; Wiberg, E.; and Wmter, L.P. Z. Anorg. AUg. Chem..1971. 386. 73. 
2Z Saidov, B.I.; Borisov, A.P.; Makhaev, V D.; Veiko, G.N.; Antsyshkina, A.S.; Kedrova, N.S.; Mal'tseva, 
N.N. Z. Neorg. Khim.. 1990, 3$(3). 626. 
23 Hagenmuller, P. and RauIt, M. Compt Rend. 1959,248,2758. 
Z4 Mal'tseva, N.N.; Sheiko, O.V.; BakuUna, V.M.; Mikheeva, V.I. Russian J. lnorg. Chem. 1970, 1$(3), 
363. 
2!1 Mikheeva, V.I.; MaI'tseva, N.N.; AJekseeva, L.S. Russian J. lnorg. Chem.. 1968, 13(5),682. 
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It is important to note that the above mentioned reactions were all completed in 

tetrahydrofuran or diethyl ether. These reactions result in solvated products (except the 

complex K2Zn3(B14)S).26, 27, 28 Isolation of the nonsolvated product from solulion is 

difficult because it is often accompanied by the decomposition of the hydride compound 

or adduct formation. Mikheeva et. al.29 reported that when zinc borohydride was formed 

in ether, the solvent could not be removed and attempts to remove it resulted in 

effervescing and decomposition. Further attempts to crystallize the zinc borohydride 

were completed with dioxane and resulted in adduct formation. 

Some recent studies have reported synthesis by solid state methods, mainly 

mechanochemical activation, and will be discussed later. Mechanical activation causes 

local changes in pressure and temperature at sites of collisions of solid mixtures and 

milling ball bearings.30 These "active states" then result in chemical reactions because of 

the build up of energy due to point defects or the displacement of atoms from 

equilibriwn.31 The advantage of mechanical milling is that it would produce a non-

solvated borohydride. However, this facile approach causes the problem of a product 

mixture composed of both the desired product and an alkali chloride byproduct. 

Infrared analysis has been a primary method in characterizing various zinc 

borohydride materials.32,33,34 Solid state synthesis of zinc borohydride reported by 

26 Mikheew, V.L; Mal'tseva, N.N.; Kedrova, N.S. Z Neorg. KhIm., 1979,24(2), 408. 
27 Mikheeva, V.I.; Kedrova, N.S.; MaJ'tseva, N.N.Izv. Akad. nauk SSSR. Khim., 1974,3, S12. 
28 Konoplev, V.N. and MaJ'tseva, N.N. RussianJ. Coord Chem., 1997.23(6),382. 
29 Mikheew, V.I.; MaJ'tseva, N.N.; Alekseew, L.S. Russian J. 11tD1'g. Chem., 1968, 13(5), 682. 
30 Konoplev, V.N.; SiIina, T A; Sizareva, A.S. Soviet J. Coord Chem., 1992, 18(5), S08. 
31 Konoplev, V.N.; Silina, T A; Sizareva, A.S. Soviet J. Coord Chem., 1992, 18(5), S08. 
32 MaJ'tseva, N.N.; Golovanova, A.L; Kedrova, N.S.; Minaeva, NA Mekhanokhim. Neorg. KhIm., 1991, 
139. 
33 MaJ'tseva, N.N; Golovanova, A.L; Kedrova, N.S.; Saidov, B.I.; Kuznetsov, N.T. KhIm. Neorg. GIdrldtw. 
Meeting date 1990, 4, 107. 
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Mal'tseva et.al.3S• 36 showed that completeness of the reaction could be monitored by the 

infrared spectra. This method is most useful because it provides information about the 

metal-ligand coordination geometry and bonding. The borohydride anion in alkali metal 

tetrahydroborates has a characteristic band at 2290 em-I. In the spectrum for zinc 

borohydride this band disappems and the appearance ofhands corresponding to the 

vibrations of bridging (-2100 em-I) and terminal (-2450 em-I) B-H bonds are observed. 

The presence of both bridging and terminal bands provides evidence that the borohydride 

groups are coordinated to the zinc metal center (Appendix A). In addition, the 

appearance ofa band at -1410 em-I indicates aZn-H stretching mode that also provides 

evidence of coordination to the metal center. 

Similar hands have been reported for a mechanically activated mixture of sodium 

borohydride and zinc chloride to fonn NaZn(BH4)3 (B-H bridging at 2060 em-I and B-H 

terminal at 2440 em-I).31 This means that the presence of these hands is an indication of 

the formation of the a\kali derivatives of zinc borohydride as well. The B-H bridging 

band undergoes a greater shift (from 2100 em-I to 2060 em-I) because the bridging bonds 

will have a more intense interaction with the presence of additional borohydride groups 

when compared to the terminal bonds (which only shift from 2450 em-I to 2440 em-I). 

34 Ma['tsew, N.N.; Myakishev, K.G.; Saidov, B.I.; Kedrova, N.S.; Gmbacheva, LL; Po1BpOva, O.G. Z 
Neorg. Khim.,. 1989.34(6), 1430. 
35 Ma['tsew, N.N.; Kedrova, N.S; Gorobinskii, L.V.; Petrova, LA; Makbaev, V.D. RussiDnJ. Coord 
Chem.. 1999,25(4), 246. 
36 Ma['tseva, N.N.; Golovanova, A.L; Kedrova, N.S.; Gorobinskii, LV.; Petrova, L.A.; Makbaev, V.D. 
Khim. Intereskh ustokhivogorazvltiio. 1998, 6 (2-3), 121. 
37 Ma['tsew, N.N.; Golovanova, A.I.; Kedrova, N.S.; Minaeva, N.A. Mekhonokhlm. Neorg. Khim., 1991, 
139. 
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Additional studies by Mal'tseva et. al.38 included the synthesis of various 

borohydrides, including KzZn3(BR$)s. The reactions were again monitored by IR and 

bands were observed in the 2000-2500 em-I region which is characteristic of covalent 

tetrahydroborates. The samples were stored in a cryostat cooled with liquid nitrogen. 

When allowed to warm to room temperature, the samples decomposed. The IR speclIa 

showed the disappearance of bands at around 2100 and 2500 em-I and only the band 

around 2300 em-I remaining. This 2300 em-I band corresponds to the initial alkali 

tetrahydroborate. The authors proposed that the complex anionic zinc borohydride 

decomposes to the alkali borohydride starting material and zinc borohydride (which then 

undergoes further decomposition) following the reaction: 

M,,[Zn(BH#2+,J ~ MBH4 + Zn(BH#2 

In other literature the complex K2Zn3(BR$)S has been expressed as 2KBR$·3Zn(BR$h.39 

Powder x-ray diffraction (XRD) is also a versatile, non-destructive technique that 

reveals detailed information about the chemical composition of the gynthesized materials. 

A crystal lattice is a regular three-dimensional distribution of atoms in space. These are 

arranged to form a series of parallel planes separated from one another by a distance (d), 

which varies according to the nature of the material. Planes exist in different orientations 

with specific d-spacings. When an X-ray beam is projected onto a material at a given 

angle, diffraction may occur. Plotting the angular positions and intensities of the 

resultant diffracted peaks of radiation produces a pattern, which is characteristic of the 

38 MaJ'tseva, N.N.; Kedrova, N.S.; Klinkova, V.V.; CImmaevskii, N.A. lWssitm J. Inmg. Chem., 1975, 
20(3)339. 
39 Mikheeva, V.I.; MaJ'tseva, N.N.; AJekseeva, L.S.lWssian J. lnorg. Chem., 1968, 13(5),682. 
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sample. Where a mixture of different phases is present, the resulting pattern is formed by 

the addition of the individual patterns. 

For the material K2Zn3(BfI4)8, both Mal'tseva40 and Mikheeva41 reported XRD 

patterns that confirmed the formation of the complex from the starting materials zinc 

chloride and potassiwn borohydride. In addition, Jeon and Ch042 monitored the 

decomposition ofZn(BfI4h(+ NaCI) by XRD and observed the formation of free Zn 

metal. 

Another useful method of characterization ofborohydrides is 11B NMR. The 11B 

nucleus has a spin of3/2 and has a low quadrupole moment making it more sensitive than 

the IDa nucleus.43 Coupling to boron is observed only in small, symmetric molecules, 

such as NaBl4 The only reported liB NMR data has been done in solution with 

solvated products.44
• 45 These reports examined Zn(BfI4h, LiZn(BfI4h, Li2Zn(BfI4l4. 

NaZn(BfI4h. and NaBfI4. Chemical shifts ranged from +35 to +47 ppm. No prior 

studies have been reported using solid-state 11B NMR to study zinc borohydride and its 

alkali derivatives. 

Zine Borohydride Hydrogen Storage Properties 

As mentioned in the initial analysis of late first-row transition metal borohydrides, 

zinc borohydride and its derivatives appear to have the material properties (high 

40 Mal'tsew, N.N.; Sheiko, o.v.; Balrnlina, V.M.; MikheeYa, V ~ JlJJssifln J. Inorg. Chem., 1970, 15(3), 
363. 
41 Mikheeva, V.I.; MaI'tseva, N.N.; Alekseeva, L.S. JlJJssiflnJ. Jnorg. Chem.,I968,13(S), 632. 
42 Jeon, E.; Cho, Y. W. J. Alloy Compd, article in press, 2006. 
43 Boron NMR. Webiste: http://dnLcb.h~i.ac.ilInmrlteclmiqueslld/row2lb.html 
44 Noeth, H.; Wiberg, E.; and Winter, L.P. Z Anorg. AI/g. Chem., 1971. 386, 73 . 
.. Noeth, H.; Wiberg. E.; Winter, L.P. Z Anorg. AIIg. Chem., 1969, 370(~ 209. 
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hydrogen capacities and low dehydrogenation temperatures) required to make a useful 

hydrogen storage material. 

While the reversibility of these various zinc borohydride materials have not been 

reported. the reversible storage of lithium borohydride (LiBH!) is possible with the 

addition of magnesium hydride (MgH2).46 This is because the enthalpy of the reaction is 

reduced by the destabilizing effects of the magnesium hydride. Perhaps it is possible to 

have similar effects with transition metal borohydrides. 

In addition, the synthesis of zinc borohydride includes a transition from the ionic 

bonding in lithium borohydride to the covalent bonding of zinc borohydride. This change 

in the nature of bonding results in a reduced dehydrogenation temperature (LiBH! 

dehydrogenation temperature is 380 °C, while Zn(BH!h dehydrogenation temperature is 

85 0C). This is because less energy is needed to break the B-H bonds in zinc borohydride 

when compared to the alkali borohydride starting material and, therefore, releases 

hydrogen at lower temperatures. For this reason, it can be inferred that zinc borohydride 

derivatives would also more easily release hydrogen. The reaction of alkali borohydride 

and zinc chloride at different ratios would result in hydrogen storage materials with lower 

dehydrogenation temperatures. 

Synthesis by traditional wet-<:hemistry methods, as mentioned earlier, resulted in 

solutions of zinc borohydrides from which pure crystals could not be isolated. Rather, an 

adduct of the borohydride with large volumes of solvent is formed. These crystals have a 

reduced hydrogen capacity and are not useful as hydrogen storage materials.47 Thus, the 

mechanical activation of the starting materials seems the most favorable method of 

46 Vajo, JJ.; Skeith, S.L.; Mertens, F. J. Phys. Chem. B, 2005, 109,3719-3722 . 
• 7 Edwards, P .P.; Grocbala, w.; Book, D.; Banis, I.R. PCT Int. Appl. Patent number: W02004096700, 
2004. 
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synthesis. Furthermore, milling of materials results in nanosca1e particles. The high 

surface energy alters thermodynamic properties while the increased surface area enhances 

kinetic properties of dehydrogenation. 48 

Zinc borohydride has a low decomposition temperature (-85°C). Some 

decomposition pathways have been proposed as follows49
: 

There are serious safety concerns about the desorption of diborane (the second 

proposed decomposition pathway shown above), as it is an environmentally harmful and 

toxic gas. This issue has been studied by Jeon and ChosO who observed the desorption of 

12.1 % of gaseous material from a mixture of Zn(B14)z( +NaCI). If only hydrogen was 

being released the expected loss would be 3.8% when considering the presence of2 mol 

ofNaCI (which is present as a byproduct of milling Zncl2 and NaB14) rather than the 

8.5% hydrogen from pure Zn(B14)z. However, if one considers the decomposition 

pathway to hydrogen and dibonme, the expected loss is 14.00/0, which is more 

comparable to the observed result (12.1 %). It is important to note that these experiments 

were done at a heating rate of 10 °C/minute. A slower heating rate (perhaps 1-2 

°C/minute) might liberate only hydrogen rather than a mixture of hydrogen and dibonme. 

The products of the first proposed decomposition reaction (which include zinc metal, 

boron, and hydrogen gas) have an enthalpy of formation equal to zero. These products 

are more thermodynamically stable when compared to the reaction that gives diborane 

48 Edwards, P .P.; Grochala, W.; Book, D.; Harris, loR. PCT Int. Appl. Patent number: W020040%700. 
2004 . 
• 9 Wiberg, E. Agnew. Chmn., 1953, 65, 16. 
50 Jeon, E.; Cho. Y.W.J. AlloyCompd., article in press, 2006. 
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because the enthalpy off ormation of diborane is +41.00 kJ/mol.sl Perhaps a slower 

heating rate would target the more thermodynamically stable products and release only 

hydrogen. 

Additional studies by Volkov et aI.S2 included the examination of diborane 

liberation from mechanically activated mixtures of zinc chloride, Znclz, and alkali 

borohydrides, MB14 (where M = Li, Na, or K), when milled for 3.3 hours at 90°C. 

Results showed that when using LiBl4, 73.8"10 diborane was released; NaBl4, 82.5% 

diborane; and KBl4, 50% diborane. However, these same reactions at room temperature 

resulted in Zn(B14h and the salt byproduct, not diborane. 

When the reaction of zinc chloride and lithium borohydride was studied by 

Differential Thermal Analysis (DTA), gas liberation was observed at 50-60 °c, then a 

second stage at 140 °c, and finally a third time at 280°C. It was found the diborane 

yield depends on the stoichiometric ratio (n) of alkali borohydride to zinc chloride 

starting material. Diborane yield was 46.2% when n = 1.2; 16.2% when n = 1.9; and 

5.4% when n = 2.7. The reaction of sodium borohydride and zinc chloride resulted with 

emission of hydrogen gas at 215°C and no diborane evolution. Zinc chloride and 

potassium borohydride mixtures emitted gas at 200 °c. Diborane yield was 31.0"10 when 

n = 1.1 and 0"10 when n = 3.2. Overall, diborane yield decreased when the stoichiometric 

ratio of alkali borohydride to zinc chloride increased. 

.1 hUp:llwebbook.nist.gov/chemis1Jy1 
52 Volkov, V.V.; Myakishev, K.G.; Gorbacheva, U. hoc. Sec. Japan-Soviel Sym. Mechanochem. March 
1988,2,231-238. 
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Myakishev et al.53 studied the dependence of diborane yield on temperature when 

a mixture of zinc chloride and alkali metal borohydride was mechanically activated. It 

was found that the mixture of zinc chloride and lithium borohydride gave 0% diborane at 

25 °C, but released 73.8% at 90 °C. Sodium borohydride with zinc chloride also gave 

0% diborane at 25 °C, however 80.8% diborane was released at 90 °C. While the 

mixture of zinc chloride with potassium borohydride also gave off (lOA. diborane at 25 °C, 

it interestingly only released 25% diborane at 90 °C. 

It is obvious that there are serious concerns surrounding the release of diborane 

from these materials. For that reason, these issues are examined in these studies. 

Overview 

The following studies include fimdamental research on the nature of zinc 

borohydride and its alkali derivatives. The materials (Table 3) were synthesized via 

solid-state mechanochemical methods at room temperature following the reaction: 

M= L~ No, or K; n = 1, 2, 3, or 4 

The product mixtures can be altered by changing the stoichiometric ratio of the alkali 

borohydride to the zinc halide sall The only previously reported product mixture 

produced via mechanochemical methods is Zn(B~h(+ MCl)S4· 55. However, other 

studies56
•
57 have examined the milling of different molar ratios of alkali borohydride to 

53 Myakishev, K.o.; GoIbacheva, 1.1; Polapow, 0.0.; Volkov, V.V.lzv. SIbL OtdeJ. Akad. naukSSSR. 
&rita khim., 1989, 4, SO. 
$4 Jeon, E.; Cho, Y.W. J. Alloy Campd., article in press, 2006. 
55 MaI'tsew, N.N.; Kedrow, N.S; Gorobinskii, L.V.; Petrova, L.A.; Makbaev, V.D. RusslanJ. Coord. 
Chem., 1999,25(4), 246. 
,. Myakishev, K.O.; Gorbacheva, Il; Po1apova, 0.0.; Volkov, V.V.lzv. Sib! 0tdeI. Akad. nauk SSSR. 
&rila khim.. 1989. 4, 50. 
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zinc chloride (the actual reaction products were not proposed). These included reactions 

where the ratio ofLiBH.:Znch was 1.1,2.0,2.9; NaBH.:Znch was 0.9, 2.0, 2.6, 3.0; 

and KBH.:ZnCh was 1.1,2.0,2.9. 

Milling was followed by the analysis of the infrared spectrum and X-ray 

diffraction of the materials. Compounds were further characterized by liB NMR 

spectlOSCOPY. In addition, the thermal decomposition of the zinc compounds were 

examined by thermal desorption mass spectJoscopy and an assessment of the hydrogen 

storage properties of these materials was conducted. 

+2UCI 
+2NaCI 
+2NaCI 

+2KCI 
+2KCI 

+2KaZn CI 

Table 3. Summary of reactions. 

" MaI'tseva, N.N.; Golovanova, A.I.; Kedrova, N.S.; Minaeva, NA MekJumokhim. Neorg. KhIm., 1991, 
139. 
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CHAPTER TWO 

SYNI'HESIS AND CHARACTERIZATION OF NOVEL ZINC 

BOROHYDRIDE MATERIALS 
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While the proposed reactions (Table 3) have been examined previously (Chapter 

I), the only product mixture that have been successfully produced by ball milling is 

Zn(BH4h( + MCI)s8. S9. The focus of this section is to complete a fimdamental 

examination of the optimivrtion of the synthesis of these novel zinc borohydride 

materials and the comprehensive characterization of the product mixtures. For the 

remainder of the discussion all reactions will be referred to by their expected product 

mixtures. 

Experimental 

Due to the availability and location of instruments, two separate reaction 

conditions were used to complete the synthesis of the materials studied in this research. 

The first set of reaction conditions (Reaction Conditions #1) were monitored by the 

infrared spectnun (IR) and were then analyzed by boron nuclear magnetic resonance e 1B 

NMR spectlOscopy) and by the isothermal kinetics of dehydrogenation. The second set 

of reaction conditions (Reaction Conditions #2) were monitored by powder X-ray 

diffraction (XRD) and were then analyzed by thermal desorption mass specttomelJy (ID-

MS). 

Reaction Conditions #1 are different from Reaction Conditions #2 mainly in that 

the milling bowl used in Conditions #1 bad a volwne of 12 ce as opposed to the milling 

bowl in Conditions #2 that bad a volwne of25 ce. The differences in milling bowl size 

required the milling time to be changed in order to obtain the same products. The smaller 

milling bowl required longer milling times while the larger mi11ing bowl required shorter 

58 Jeon, E.; Cho, Y.W. J. Alloy Com pd. article In press, 2006 • 
•• MaI'tsew, N.N.; Kedrow, N.S; Goroblnskii, L.V.; Petrow, LA; Makhaev, V D. Russian J. Coord 
Chem.. 1999, 25(4), 246. 
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milling times. In addition, the milling bowls under Conditions #1 were only charged with 

a total of 1.0 grams of solid material while the milling bowls under Conditions #2 were 

charged with a total of 1.5 grams of solid material. 

Reaction Conditions #1: 

Lithium borohydride (LiBHt. 95%). sodium borohydride (NaBHt. 99"/0). potassium 

borohydride (KBHt. 98%) from Sigma-Aldrich were used as received. Zinc chloride 

(Znch. 99.99%) packed in an ampule under argon from Alfa Aesar was used as received. 

All materials were stored and handled in a nitrogen glove box. 

All ball milling was performed by a Fritsch Pulverisette planetary ball mill at room 

temperature. Samples were stored at room temperature in a nitrogen glove box. All 

analysis and characterimtion was completed within 48 hoU\'S of synthesis as samples do 

decompose at room temperature under nitrogen after longer periods of time. 

Infrared spectra were determined with a Nicolet Nexus 470 Fr-IR with EZ Omnic 

programming in the range of 400-4000 em-I. Pellets were made in dry potassium 

bromide and placed in a nitrogen chamber for use in the instrument. 

Solid-state llB NMR experiments were performed on a Varian Unity Inova spectrometer 

operating at a IH resonance frequency of399.992 MHz using a 3.2 mm CPMAS probe 

(Varian Chemagnetics, Ft. Collins, CO). For these experiments, samples were packed 

into a 3.2 mm rotor. The sample spinning rate was 8 kHz (+1- 1 kHz). Chemical shifts 
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were extema\ly referenced to 1 % HJB04 (Ii (liB) = 0.0 ppm). All specb:a were recorded 

using direct poIarization (DP). The liB frequency was 128.332 MHz and the specIm 

were recorded using a 2.0 mS pulse (approximately a 30° tip angle) using a specbal 

width of350 kHz, acquisition time of 10 mS, and a recycle delay oflO S. IH broad band 

decoupling was used during acquisition. SpecIm were processed using a 50 Hz line 

broadening function and zero filled to a final data size of 8 k. 

Dehydrogenation curves were determined with a calibrated Sievert's apparatus from 

LESCA Co., Japan, with a higlt-precision pressure transducer and a silicon oil bath. 

Samples were dehydrogenated at 100 °C (except where noted) from vacuum and 

rehydrogenated at 100 ·C at -10 MPa. 

Synthesis of Zinc Borohydride and Derivatives: A 1.0 g mixture of alkali borohydride 

and zinc chloride precursors in different ratios (Table 4) was charged with seven 

tungsten-carbide balls in a 12 cc tungsten-carbide milling bowl and fitted with a lid and 

Teflon O-ring inside the glove box. Mixtures were milled at room temperature for 5 

hours (reversing milling direction every hour) at 350 rpm. 

Alkali Borohydride Molar Ratio Target Zinc • -J 

Precursor ' ,....~ :.~. ~ 

2.0; 1 ZnfHH.)., 

LiBR4 2.9; 1 T 1..)" 

4.0; 1 T .7nlRH, \. 

NaBR4 
2.9: 1 
4.0: 1 .DrL .l4 
3.0: 1 

Tl.7niBR KB~ 4.0: 1 14 
1.1 : 1 v. 

Table 4. Reaetion Conditions #1: Various alkali borohydride precursors with cIiftenmt molar ratios to 
zinc chloride resuIting in zinc borohydride and related derivatives via ball milling methods. 
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Reaction Conditions ##2: 

Lithium borohydride (LiBl4. 93.5%), sodium borohydride (NaBl4. 98%), potassium 

borohydride (KB14, 98%). and zinc chloride (ZnCI2, 99.99"10) packed in ampule under 

argon from Sigma-Aldrich were used as received. All materials were stored and handled 

in a glove box (Innovative Technology) filled with nitrogen. 

All ball milling was performed by a Fritsch Pulverisette planetary ball mill at room 

temperature. Samples were stored at room temperature in a nitrogen glove box. All 

analysis and characterization was completed within 48 hollIS of synthesis as samples do 

decompose at room temperature under nitrogen for longer periods of time. 

The product compositions were determined by X-my diffractometry using a Scintag Xl 

Advanced Diffraction System with a Cu tube run at 45KV 35ma with a Scintag Peltier 

Detector equipped with a special isolation chamber attachment made by Scintag. 

Thermal desorption mass spectrometric analysis was performed with a Heiden HPR20 

Residual Gas Analysis Mass Spectrometer with a heated capillary inlet system fixed with 

an attachment to accommodate air-sensitive samples which was loaded under nitrogen in 

the glove box:. For study of the starting materials, the heating rate was fixed at 2 "C/min 

until the sample reached 350 ·C. The sample was then held at 350 "C for one hour. For 

the study of the product mixtures, the heating rate was fixed at 2 °Clmin until the sample 

reached 200 ·C. The sample was then held at 200 °C for one hour. The flow rate of 

nitrogen gas was set at lO mUmin. 
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Synthesis of Zinc Borohydride and Derivatives: A 1.5 g mixture of alkali borohydride 

and zinc chloride precursors in different ratios (Table 5) was charged with seven 

tungsten-carbide baIls in a 25 cc tungsten-carbide milling bowl and fitted with a lid and 

Teflon O-ring inside the glove box. Mixtures were milled at room temperature at 350 

rpm for varying amounts of time. 

Alkali Borohydride 
Precursor (MB~) 

LiBli4 

NaBli4 

Molar Ratio 
MB~: 
ZnClz 
2.1 : 1 
3.1 : 1 
4.1 : 1 
3.0: 1 
4.1 : 1 
3.0: 1 
4.0: 1 
1.1 : 1 

Target Zinc 
Borohydride 

Produet 
ZnCBli4h 

LiZnlBli4h 
LhZn(Bli4~ 

KZn(Bli4 3 

Optimized Ball Milling 
Conditions 

2h 
2h 
2h 
2h 
2h 
2h 
2h 
3h 

Table 5. Reaetion Conditions t#l: Various alkali borohydride precursors with different molar ratios to 
zinc chloride resulting in zinc borohydride and related derivatives via ball milling methods. 

Results and Disenssion 

The two sets of reaction conditions (#1 and #2) were monitored for completion by 

1R and XRD analysis, respectively. The reaction of zinc chloride and lithium 

borohydride was monitored for five hours with an 1R spectra obtained every hour (Figure 

2). It was shown that at five hours the borohydride anion band at - 2290 em·1 (Figure 2: 

F) had reduced intensity. On the other hand, the bands corresponding to the vibrations of 

bridging (-2100 em-I) and terminal (-2450 em-I) B-H bonds were observed with greater 

intensity.6O In addition the appearance of the Zn-H stretching band is observed at 1412 

em-I. These observations indicate the formation ofbouds between the borohydride 

60 MaI'tseva, N.N.; Kedrova, N.S; Gorobinskii, L.V.; Petrow, L.A.; Makbaev, V.D. RzlssianJ. Coord 
Chem.. 1999,25(4), 246. 
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ligands and the zinc metal center. This signifies that the nature of the bonding 

transitioned from the ionic bonding of the lithium borohydride precursor to the covalent 

bonding of zinc borohydride. (Note: Bands around 1120 em·1 correspond to BH2 

bending.61
) 

6. Jeon, E.; Cho, Y.W. J. Alloy Compd.. article in press, 2006. 
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Examination of the IR speclIa during the synthesis ofzinc borohydride under 

Reaction Conditions #1 showed evidence of product formation. Therefore, it was 

assumed that these reaction conditions would be ideal for the remaining syntheses. The 

following examination of the IR spectra shows compelling evidence that these conditions 

were ideal for the proposed reactions. 

The IR spectra were obtained for all the starting materials and product mixtures 

(Figures 3, 4, 5; Tables 6 and 1). The spectra indicate that for all the product mixtures a 

change took place in the nature of bonding bealuse all the spectra show evidence of new 

and different peaks when compared to the spectra of the starting materials. 
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FIgure 5. IR spectra of (A) pure KBH4. (B) KZn(BHtb + 2KCI, (C) K.zn(BHt>' + 2KCI, (0) 
K"zn,(BHt>s + 2K,zu.cb. 

Startfna Materials IR Peaks /em·l } 

uBii,;' 2290 
NaBHt 2295 
KBH. 2288 

Table 6. Ml\ior band observed In IR spectra of a1kaIi me1al borohydride starling D18IeriaIs. 
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Products IR Peaks (cm·1) 

Zn(B~l. + 2UCI 2449,2288, 2086 1412 
UZn(B~k + 2UCI 2447,2290 2084 1387 
U:zZn(B~)4 + 2UCI 2448,2306,2084 1406 
NaZn(B~1. + 2NaCI 2450 2223 2090 1401 
NaoZn(BH.l. + 2Nacl 2451 2295, 2089 1387 
KZn(BH.h + 2KCI 2365,2289 2216 1395 
K:zZn(B~)4 + 2KCI 2280 2210 2088,1407 
K:zZn3(B~ls + 2KaZn.CI, 2419,2290 2087 1404 

Table 7. Summary of major bands observed in IR spectra of reaction products. Note: While only the 
assumed products are noted in the table, bands corresponding to the starting materials are present after 
milling. 

Milling was not continued past five hours due to the start of discoloration of the 

product (an off-white color rather than a white color). This color change is an indication 

of the start of decomposition. Further mil1ing resulted in gray colored samples which 

indicated the presence of zinc metal (and, therefore, a more advanced state of 

decomposition). In spite of this, the Specbal data indicates that the reaction was mostly 

complete since there are bands oonesponding to the stretching modes of the reaction 

product in addition to bands indicating the starting material. 

Certain reactions studied in this research have the same starting materials which 

were used in different stoichiometric amounts. For example, the synthesis of Zn(Blf4h, 

LiZn(Blf4h, and LhZn(Blf4). began with ZnCl2 and LiBlf4. The molar ratios ofLiBlf4 

to Znch were approximately 2:1, 3:1, and 4:1, respectively. This was done in order to 

obtain different products. It is reasonable to suggest that different products were formed 

in each of these reactions as they have been proposed as the products of previously 

studies via wet chemistIy methods.62, 63, 64. 6S. 66. 67. 68. 69. 70. 71 

62 Mikheeva, V.I.; Kedrova, N.S.; Mal'tseva, N.N. Izv. Akad. nauk SSSR Serl/a kh/m., 1974, 3, 512. 
63 MaI'tseva, N.N.; Myakisbev, K.O.; Saidov, B.I.; Kedrova, N.S.; Gorbacbeva, 1.1.; PoIapova, 0.0. Z 
Neorg. Kh/m., 1989,34(6), 1430 . 
.. MaI'tseva, N.N; Golovanova, A.I.; Kedrova, N.S.; Saidov, B.I.; KuzneIBov, N.T. Kh/m. Neorg. Gidridov. 
Meeting date 1990, 4, 107. 
M Mikheeva, V.I.; MaI'tseva, N.N.; Kedrova, N.S. Z Neorg. Kh/m., 197',24(2), 408 • 
.. Noeth, H.; Wiberg, E.; Winter, L.P. Z Anorg. Allg. Chem., 1%', 370{S-fl), 209. 
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Examination of the IR spectra also gives reason to suggest that each reaction gave 

unique products. Upon comparison of the IR spectra of Zn(BH4h, LiZn(BH4)3, and 

Li2Zn(BH4~ (Figure 3: B, C, D), it can be seen that the spectnun for LhZn(BH4~ clearly 

has broader bands than those of Zn(BH4h and LiZn(BH4)3, even though all the major 

bands are at about the same wavenumbers. In addition, these spectra obviously vary from 

the IR spectnun of the LiBH4 starting material (Figure 3: A) which has an intense band at 

2290 em·l. 

Upon examination of the sodium complexes with the sodium borohydride 

precursor (Figure 4:A) it is clear that a chemical reaction took place. Sodium 

borohydride exhibits a broad band at 2295 em-I, while the spectra of the compounds 

NaZn(BH4)3 and Na2Zn(BH4~ (Figure 4: B, C) have new and unique bands. These two 

product mixtures clearly differ in that the spectnun in that NaZn(BH4h has broader bands 

and the starting material band (usually around 2290 em-I) is not detected. The starting 

material band is clearly observed for Na2Zn(BH4~ at 2295 em-I. Also, a major band for 

NaZn(BH4h exists at 2223 em-I, meaning that there are differences in the two complexes. 

It was attempted to make zinc borohydride from the sodium borohydride 

precursor (IR spectnun not shown) as well as the lithium borohydride precursor. Results 

of both of these syntheses were similar in that the product mixture Zn(BH4h(+ 2LiCI) 

gave B-H stretching bands at 2449 em-I and 2086 em-I and a Zn-H stretching band at 

1412 em-I while the mixture Zn(BH4h(+ 2NaCI) gave B-H stretching bands at 2451 em-I 

61 Noetb, H.; wiberg, E.; and W'mter, L.P. Z Anorg. AUg. Chem., 1971.386, 73. 
os Hagenmuller, P. and Rault, M. Compt Rend. 1959,248,2758 . 
.. Mal'tsew, N.N.; Kedrow, N.S.; KIinkova, V.V.; Chumaevskii, N.A. RussianJ. Jnorg. Chem., 1975, 
20(3) 339. 
?O Mikheeva, V J.; Mal'tseva, N.N.; Alekseeva, L.S. Russian J. Jnorg. Chem., 1968, J 3(5), 682. 
71 Mal'tseva, N.N.; Sheiko, O. V.; BakuIina, V.M.; Mikheeva, V J. Russian J. lnorg. Chem., 1970, 15(3), 
363. 
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and 2089 em'l and a Zn-H stretching band at 1408 em'l, It is evident that both reactions 

gave zinc borohydride product. The focus of these studies was to obtain the maximum 

hydrogen capacity for the product mixtures, therefore. further studies examine only the 

zinc borohydride synthesized from lithium borohydride as the lithium chloride byproduct 

is lighter in weight 

Similar evidence is provided in the case of the potassium compounds. The 

spectrum for potassium borohydride exhibits a broad band at 2288 em'l (Figure 5:A). 

while the product mixtures KZn(B14h. K2Zn(B14~. and K2Zn3(B14)8 (Figure 5: B. C, 

D) clearly have distinctive bands. However. discrepancies to the expected bands for zinc 

borohydride complexes exist for the products ofKZn(B14)3 and K2Zn(B14~ (Figure 5: 

B. C). For the product KZn(B14»). the band thought to correspond to the B-H terminal 

bond (usually at -2450 cm'l) is found at 2365 em'l. In addition, the band corresponding 

to the B-Hbridging bond (usually at-2100 em'l) is observed at 2216 em'l. Thismeans 

that the product mixture may not have the expected bonding structure. Also, the band at 

2289 em'l is more intense than the others. This provides evidence that starting material 

still remains in the product mixture (KB14 has a main IR peak at 2288 em'I). However. 

some product exists as the peaks around 1410 em'l indicate Zn-H stretching and, 

therefore, coordination of the borohydride ligands to the zinc metal center, 

The product K2Zn(B14~ resulted in a broad band at 2280 em'l. There was no 

clearly defined band at -2450 em'l. however. there was a band at 2088 em'l, which 

corresponds to the B-H bridging bond. Perhaps this reaction resulted in a bonding pattern 

that is different from the expected. 
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When comparing these complexes (KZn(BHth and K2Zn(BHt)..) with the 

derivative K2Zn3(BHt)S (Figure 5: D) the spectrum for K2Zn(BHt)4 clearly has the 

broadest bands and the spectrum for KZn(BHth has the narrowest bands. In addition the 

wavenumbers of the major bands for K2Zn3(BHt)S are clearly different from the other 

potassium complexes (Table 7). The differences in all of the IR. spectra for the different 

product mixtures provide evidence that the product mixtures are in fact different. More 

evidence of this will be seen upon further characterization of the products. 

Overall the IR. spectra support the argument of the bidentate coordination of the 

borohydride ligands to the zinc metal center (Chapter 1, Figure 1). While unidentate and 

tridentate coordination seem possible, analysis of the B-H bridging and terminal stretches 

(Appendix A) provide evidence for the bidentate coordination. 

X-ray diffraction patterns for the materials synthesized by Reaction Conditions #2 

also show product formation (Figures 6, 7, 8). While the diffraction patterns of the 

desired compounds are currently unknown (except K2Zn3(BHt)s)72. 73, the patterns 

indicate successful synthesis upon the identification of the lithium-, sodium-, or 

potassium-chloride byproducts. The formation of the respective alkali chloride 

byproducts is evident in the X-ray patterns of Zn(BHth, LiZn(BHt)J. Li2Zn(BHt)... 

NaZn(BHt)3, and Na2Zn(BHt).. (Figures 6 and 7). However, this evidence is not obvious 

in the X-ray patterns of KZn(BHth and K2Zn(BHt).. (Figure 8: A, B) where the 

diffraction peaks corresponding to the potassium chloride byproduct are not as obvious. 

For these patterns, the major peaks correspond to the potassium borohydride precursor. 

12 Mal'tseva, N.N.; Sheiko, O. V.; BakuIina, V.M.; Mikheeva, V.I. Russian J. /norg. Chem.. 1970, /5(3), 
363. 
73 Mikheeva, V~; MaI'tseva, N.N.; AJekseeva, L.S. RussianJ. /norg. Chem.. 1968, 13(5), 682. 

43 



For the XRD pattern of the K2Zn3(BJ4)8 product mixture (Figure 8: C), peaks clearly 

matched X-ray patterns already obtained for the cxystalline material. In this case, it is 

also not obvious ifKCI is part of the product mixture or if the proposed K~2CI, 

byproduct is present 
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In addition to the formation of the a1kali chloride byproducts for the compounds 

Zn(BRth. LiZn(BRt)3. LhZn(BRt).J. NaZn(BRth. and Na2Zn(BRt)", the XRD patterns 

for these compounds also show unidentified major peaks between 15-25 two-theta 

degrees. These new peaks are evidence of product formation. For the products 

KZn(BRth and K2Zn(BRt).J. the XRD patteIns do not show any major unidentified 

peaks. The major peaks in these diffiaction patterns conespond to the potassium 

borohydride precursor. However. there are some minor peaks that are unidentified and 

may imply that the actua\ product formed is amorphous. This is a reasonable explanation 

because ball milling processes often result in the formation of small particles. 

While product formation is evident, there still exists elemental peaks for the a1kali 

borohydride and zinc chloride starting materials. However. further milling of the reaction 

mixture having a LiBRt:Znch ratio of 2.0 resulted in discoloration indicating the start of 

decomposition (discussed earlier). Therefore, samples were milled only for the amount 

of time specified in Reaction Conditions #2 and then used for further analysis by TD-MS 

(discussed later). 

It is important to note that attempts were made to sYDthesize zinc borohydride 

(Zn(BRth) with all three a1kali borohydride precursors (LiB~ NaB~ and KBRt). 

According to XRD analysis (not shown for the precursors NaBRt and KBRt). the 

sYDtheses beginning with LiBRt and NaBRt both resulted in the formation of the alkali 

chloride byproducts LiCI and NaCI. respectively (Product formation was also confirmed 

by IR analysis). In additions, new peaks were observed in the XRD patterns for these 

product mixtures. However. the sYDthesis beginning with KBRt did not result in the 

formation ofKCI and only starting material was detected in the XRD pattern. These 
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studies focused on utilizing the zinc borohydride product mixture that employed the 

precmsor LiB~. This is because the LiCl byproduct has the lightest molecular weight 

when compared to NaCI and KCl. Later, when hydrogen capacity of the materials is 

examined, it will be obvious that the lighter molecular weight of the byproduct will be 

most advantageous in obtaining optimal hydrogen storage properties. 

The compound K2Zn3(B~)8 was successfully synthesized and matched with an 

identical pattern for the compound in our database. (This compound has been previously 

synthesized in non-aqueous solutions, but synthesis has not been reported via 

mechanochemical activation methods). This complex K2Zn3(B~)8 was also the model 

for a side study in which it was attempted to synthesize the complex LhZn3(B~)s (XRD 

pattern not shown) which would also have beneficial hydrogen capacity properties due to 

its lighter weight and high hydrogen content The reaction mixture had a LiB~:ZnCh 

ratio of 1.1. Unfortunately, the major peaks of the XR.D pattern for this product mixture 

were associated with LiCI and the precursors LiB~ and Znch. Nevertheless, there were 

some peaks that were unaccounted for between 15-25 two-theta degrees. Perhaps this 

indicates the formation of some Zn(B~n. For further studies, including TD-MS and 

dehydrogenation properties of these materials, the focus is K2Zn3(B~)8as opposed to the 

product mixture labeled as "LhZn3(B~)8" because the product K2Zn3(B~)8 was 

confirmed by XR.D and has been previously studied. 

It should be discussed that the milling time for the synthesis ofK~3(B~)8 was 

three hours as opposed to the two hours of milling for the other samples. When 

comparing this sample milled for one hour to the sample milled for three hours, the X-ray 

pattern matching the product was more intense at three hours. 

49 



An additional potassium zinc hydride phase (K1Znl4) was also identified in the 

diffraction pattern K1Zn3(B~)8 (not shown). However, the peaks corresponding to this 

phase are very small in comparison to the product peaks for KZZn3(B~)8 and perhaps the 

identification of this phase may be imprecise due to overlap of other peaks due to the 

reaction precursors. Also, this hydride has been synthesized previously by a solid state 

reaction between potassium hydride and zinc metal at 650 K and 80 bar Hz.74 This 

indicates that perhaps this alternative hydride phases could not actually have been 

produced under Reaction Conditions #2 due to its comparatively mild conditions. 

Finally, it is difficult to determine from XRD alone whether the product mixtures 

of Zn(B~h, LiZn(B~)3, LizZn(B~~ NaZn(B~h. and NazZn(B~~ do, in fact, 

actually have different identities. With the Jru!ior unidentified peaks all in the same 

region of the diffraction patterns it is not easy to determine if changes in molar ratio 

really change the identity of the product. However, the combination of evidence from all 

characterization techniques (including IR and liB NMR) will prove that these individual 

complexes have different chemical and material PlOperties. 

Further analysis of these product mixtures were conducted with liB NMR 

spectroscopy. These preliminary studies were conducted at varying spinning speeds, 

however, this dissimilarity in method does not cause changes in the shift of the central 

peak. These variances do cause dissimi1arities in satellite peak locations and the spacing 

between satellite peaks. 

No prior studies concerning the materials studied here have been analyzed using 

solid-state liB NMR spectJoscopy. The only reported liB NMR data has been done in 

74 Bortz, M.; YVOD, K.; Fischer, P. J. Alloy Compd. 1994, 1, 216. 
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solution with solvated products. 75.76 These reports examined Zn(BH4)z, LiZn(BH4)3. 

LhZn(BH4)!. NaZn(BH4)3, and NaBH4. Chemical shifts ranged from +42.0 to +48.0 ppm 

(Table 8). This data provides evidence that each of these complexes have unique 

identities. Each complex exhibits relatively small differences in chemical shifts when 

compared to the others, therefore, we expect similar results in the fullowing studies. 

ComDlex Ii 11a (Dum) Solvent 
Zn(B~}.r20C4H8 46.8 Tetrahydrofuran 
Zn(B~}. .. 2Nc,;H. 45.5 PyrIdine 
LIZn(BH412 42.3 Ether 

42.6 Tetrahvdrofuran 
U:zZn(BtI414 42.4 Ether 

42.0 Tetrahydrofuran 
NaZn(BH.la 43.2 Ether 

43.5 Tetrahydrofuran 
NaBH. 48.0 Water 

.n . 
Table 8. B NMR chetmcal shifts for complexes synthesized Vlll wet chemlsby methods. Dam borrowed 
ftom Noeth, H.; Wiberg, E.; and Winter. L.P. Z A1W1'g. AIIg. Chen!.. 1971,386,73. and Noeth, H.; Wiberg, 
E.; Winter, L.P. Z Marg. AIIg. Chem~ 1969,370(5-6), 209. 

All the chemical shifts for the central peaks of the materials studied in these 

experiments were observed in the range of -57 to -66 ppm. These observed chemical 

shifts differ from previous studies because the reference chemical is diffelent in these 

experiments. It should be mentioned that some NMR spectra include the presence of 

satellite peaks (Figures 9, 10, 11; Note: The liB NMR spectra shown here are displayed 

on varied scales.) In solution NMR, satellite peaks are not observed hecause samples are 

homogeneous and result in only a single, central peak. However, in solid-state NMR the 

lattice of boron nuclei are no! homogeneous. Due to these anisotropic effects, satellite 

peaks are observed. At faster spinning speed the detection of differences in each lattice 

direction is more difficult, therefore, resulting in fewer satellite peaks. Slower spinning 

speeds produce more apparent satellite peaks. 

7! Noeth, H.; Wiberg, E.; and Winter, L.P. Z A1W1'g. Allg. Chen!., 1971,386. 73. 
16 Noeth, H.; Wiberg, E.; Winter, L.P. Z Marg. Allg. Chen!., 1969,370(5-6),209. 
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Upon comparison of the shifts of the central peaks of the starting materials (Table 

9) and the product mixtures (Table 10), interesting conclusions can be drawn. While the 

shifts are seemingly insignificant, they are in fact evidence of the formation of new 

complexes as the subtle differences were seen in previous studies by solution NMR. 

Startlna Materials Central 11B NMR Peak Chemical Shift (ppm) 
UB~ -60.887 
NaBH. -81.589 
KBH. -57.819 

Table 9. Chemical shifts of central liB NMR peak for starting DIlIteriaIs. 

Products CentraI 1'B NMR Peak Chemical Shift (ppm) 
Zn(BH.I. + 2UCI -83.860 
UZn(BH.h + 2LlCI -85.282 
U,Zn(BH.I. + 2UCI -81.215 
NaZn(BH.h + 2NaCI -&4.617 
Na.Zn(BH.I. + 2NaCI -81.806 
KZn(BH.I. + 2KCI -57.819 
K,Zn(BH.). + 2KCI -57.819 
KoZn3(BH.I. + 2K:.Zn.CI7 -82.471 

Table 10. Chemical shifts of central liB NMR peak for product mixtures. 

Examination of the central peak shifts show the trend that the peaks for the 

starting materials of lithium borohydride and sodium borohydride shift upfield upon 

reaction with zinc chloride (Figures 9 and 10, Tables 9 and 10). However, some shifts 

are more extreme than others. For example, those reaction mixtures synthesized from 

lithium borohydride starting material (-60.887 ppm) resulted in the following shifts: 

Zn(BH.h, -63.860 ppm; LiZn(BH.)3, -65.282 ppm; and Li2Zn(BH.~ -61.215 ppm 

(Figure 9). Since a change in the chemical shift took place, it is safe to presume that the 

ball milling of the starting materials resulted in the formation of new complexes. 

Furthermore, because the chemical shifts of these three complexes are all different, it can 

be assumed that the three complexes have unique identities. 
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In addition, inspection of the reaction mixtures originating from sodium 

borohydride (-61.589 ppm) follow a similar trend whereas the formation ofNaZn(Bli4h 

(-64.617 ppm) shows a greater upfield shift when compared to Na2Zn(Bli4}.t (-61.806 

ppm) (Figure 10). Again, this indicates the formation of unique complexes. 

For the reactions concerning the lithium and sodium borohydride starting 

materials, the zinc centers coordinated with three borohydride groups (LiZn(Bli4h and 

NaZn(Bli4h) show a greater change in chemical shift than the zinc centers with four 

borohydride ligands (LhZn(Bli4}.t and Na2Zn(Bli4}.t). This indicates that the boron 

environments for the complexes LiZn(Bli4h and NaZn(Bli4h may be similar and the 

environments for the complexes Li2Zn(Bli4)4 and Na2Zn(Bli4}.t may be similar. The 

sterics around the zinc metal center are different if three or four borohydride groups 

surround it and, thus, will effect the electronic environments of each borohydride ligand. 

Discrepancies occur upon examination of the shift for potassium borohydride (-

57.819 ppm) and the product mixtures KZn(Bli4)3 and K2Zn(Bli4}.t(Figure 11: A. B, C) 

which have identical shifts (-57.819 ppm). This probably means that the chemical 

environments of boron in the two complex zinc borohydrides are similar to that ofKBli4. 

Another explanation is that in the product mixtures of the two complex borohydrides, the 

molar ratio of the desired product to the remaining starting material is small which results 

in a ~or signal due to the starting material. This is supported by the shoulder observed 

for K~(Bli4}.tat -62.471 ppm which indicates the presence of some product even 

though the peak indicating remaining starting material is more intense. This is also 

supported by the IR spectra of the product mixtures which confirmed some product 

formation. 
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The shift for K2Zn3(BH4), at -62.471 ppm (Figure 11 :D) is drastically different 

from the other potassiwn zinc complexes even though it was also synthesized from 

potassiwn borohydride. It is likely that this shift upfield indicates a change in the boron 

environment and, thus, that B-H bridging bonds were formed to the zinc metal center. 

The combination oflR, XRD. and liB NMR data exhibit convincing evidence of 

the proposed product formation via mechanochemical methods (with the exception of 

KZn(BH4)3 and K2Zn(BH4X). While these methods have been used previously for the 

synthesis of Zn(BH4h(+ Mel); this is the first report confirming the product formation of 

the remaining reaction mixtures by these synthesis methods. 
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CHAPTER THREE 

THERMAL DESORPTION MASS SPECTROMETRY ANALYSIS 
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As noted earlier, several decomposition pathways have been proposed for the 

thenna} decomposition of zinc borohydride. These pathways include: 

Zn(BH#2 7 Zn + 2B + 4H2 

Zn(BH4h 7 Zn + H2 + B2H6 

in which the release of hydrogen is the thermodynamically fuvored reaction (the fust 

reaction), while the release of hydrogen and diborane is the kinetically fuvored reaction 

(the second reaction). For the product mixtures formed, thenna} desorption mass 

spectrometry (TD-MS) analysis was performed to determine the actual decomposition 

pathway. 

For the study of the starting materials, heating began at room temperature and 

increased to 350°C at a rate of2 °C/min. The samples were then held at 350°C for one 

hour. The data shows (Figure 12) that no diborane gas was released from the starting 

materials. 
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Figure 12. TD-MS curves of reaction starting materials. (A) LiBH.,; (B) NaSH.,; (C) KBH.,. Hydrogen 
shown by pink line, diborane shown by yellow line, and heating ramp shown by brown line. 
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Upon elfamination of the hydrogen desorption from the starting materials, it is 

found that the decomposition temperatures for these materials are reported at higher 

temperatures (fable 1) than observed in these studies. Lithium borohydride has a 

decomposition temperature of 380 DC. While the maximum hydrogen release was 

observed at 325 DC, the hydrogen release took place over the time period of about an hour 

(Figure 12: A). This indicates that at lower temperatures hydrogen is released, but 

slowly. The decomposition temperatures for sodium borohydride and potassium 

borohydride are 400 DC and 500 DC, respectively. The spectra indicate the maximum 

release of hydrogen at around 350 DC for both materials (Figure 12: B, C). lntere:stingly, 

the spectrum for sodium borohydride shows a prior minor release of hydrogen around 

240 DC. For both sodium borohydride and potassium borohydride the pressure of 

hydrogen is relatively low and the spectra show a broad release which was not completed 

by the end of the One hour hold at 350 DC. This signifies that the materials decompose 

slowly at lower temperatures. 

For the study of the product mixtures, heating began at room temperature and 

increased to 200 DC at a rate of2 °C/min. The samples were then held at 200 DC for one 

hour. This heating rate is much slower than the 10 "C/min used in prior experiments. n 

The slower heating rate was used in an attempt to prevent the kinetic decomposition 

reaction and, thus, release only hydrogen rather than a hydrogen and diborane mixture. 

The result of the TOMS data (fable 11; Figures 13, 14, 15) shows that, upon 

heating, these compounds (including the alkali chloride byproduct) release diborane and 

hydrogen simultaneously. This provides evidence that the second decomposition 

TI Jeon, E.; Cho, Y. W. J. AlJoy Compa., article in press, 2006. 
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pathway (noted earlier) is most probable, even under the conditions of a reduced heating 

rate. However, the amount of hydrogen released is greater than the amount of diborane 

released (Table 12) because the hydrogen to diborane ratio is greater than one for all the 

complexes. 

Product Mixture Appx. Temp. of Mu H. peak 
ZnIBH..k + 2LiCI 140·C 
LiZnIBH..l. + 2LiCI 140·C 
UoZn(BH..14 + 2UCI 140·C 
NaZn(BH..1. + 2NaCI 140·C 
Na.ZnIBH..l. + 2NaCI 115 ·C 
KZnIBH..ls + 2KCI 145·C 
K.ZnIBH..14 + 2KCI 145·C 
KoZn3(BH..la + 2 ;17 155 ·C 

Table II. Approximate temperature of maximum hydrogen peak for product mixtures found by TD-MS. 
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Figure 13. TO-MS analysis of (A) Zn(BH.h + 2LiCI, (8) LiZn(BH.), + 2LiCI, (C) Li,Zn(8H.). + 2LiCI. 
Hydrogen shown by pink line, diborane shown by yellow line, and heating ramp shown by brown line. 
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Product RatIo (HtlB:aHaI 
LlBH.. 0.00 
NaBH.. 0.00 
KBH.. 0.00 
Zn(BH..l. 4.66 
LlZnCBH..h 4.46 
LI.znCBH..l.. 2.99 
NaZn(BH4la 3.84 
Na.zn(BH4l.. 2.20 
KZn(BH..h 9.40 
K.ZnCBH..l.. 7.25 
"2LfI3\BH..)e 5.97 

Table 12. Summary of1he ratio ofhydrogen to dibonme calculated from 1he maximum hydrogen peak in 
TD-MSdata. 

The product mixtures released the maximum amount of hydrogen at various 

temperatures ranging from 115 to 155 "C (fable 11). The compound with the lowest 

hydrogen release temperature was Na2Zn(B~~ (at 115°C) (Figure 14: B). This 

temperature is close to the target 100°C dehydrogenation temperature desired for 

practical hydrogen storage materials. 

Hydrogen and diborane were released symmetrically for the compounds 

Zn(B~h, LiZn(B~)3, LhZn(B~~ and Na2Zn(B~~ (Figure 13: A, B, C; Figure 14: 

B). 

Hydrogen and diborane were released asymmetrically for the compounds 

NaZn(B~h andK2Zn3(B~)8(Figure 14: A; Figure 15: C). ForNaZn(B~)3 a sharp 

jump is observed. This phenomenon may correspond to the melting of the material. For 

K2Zn3(B~)8, a broad, rounded peak is observed. This may indicate that a multiple-step 

dehydrogenation takes place for this material. 

In addition. the compound K2Zn3(B~)8 had the highest temperature at its 

maximum hydrogen release (155°C). This could mean that this compound is the most 
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stable of the product mixtures studied. This is supported by the fact that it is the only 

compound studied here that has been previously isoIated by researchers. 

For the compounds KZn(B14h and K2Zn(B14~ (Figure 15: A. B) there were two 

releases, one at around 145 ·C and the other at 200"C. This provides evidence for a 

multi-step dehydrogenation pathway. There may also be starting material present in the 

product mixtures. Although, potassium borohydride is reported to decompose at 500 ·C, 

it was shown earlier that it can release hydrogen at lower temperatures over longer 

periods of time. However, these releases of hydrogen at 145 ·C and 200 ·C are lower 

than the 350 ·C observed earlier. Perhaps the presence of the zinc transition metal 

promotes desorption of hydrogen at lower temperatures by destabilizing potassium 

borohydride. 

Upon examination of the hydrogen to diborane ratios (Table 12) it can be seen 

that as the stoichiometric ratio of aIkaIi borohydride to zinc chloride increases, the 

hydrogen to diborane ratio deereases. For example, Zn(B14h (LiBl4'ZnCI2 = 2.0; 

H:z1B2H6 = 4.66), LiZn(B14)3 (LiBl4'Znch = 3.0; HalBall6 = 4.46), and Li2Zn(B14~ 

(LiBl4'Znch = 4.0; H2/Ihll6 = 2.99). This indicates that diborane liberation increases as 

the aIkaIi borohydride to zinc chloride ratio increases. 

The hydrogen to diborane ratio is highest for the potassium zinc complexes. This 

includes KZn(B14h (HalBall6 = 9.40), K2Zn(B14~ (HalBall6 = 7.25) • and K2Zn3(B14)S 

(H21B2116 = 5.97). This means, when compared to the lithium and sodium complexes, 

the potassium complexes release more hydrogen than diborane. This would make sense 

if potassium borohydride precursor was remaining in the product mixture because it was 

shown earlier that the reaction precursors did not release diborane. 
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Ovemll, the product mixtures have lower hydrogen desorption temperature than 

their corresponding precursors. However, the product mixtures exhibit the release of 

diborane in addition to hydrogen gas that is not seen in the analysis of the starting 

materials. When considering these dehydrogenation properties in addition to the analysis 

examined in Chapter 2, it is clear that each product mixture has a distinct identity and 

they are not all simply mixtures resulting in the same products with differing amounts of 

remaining starting material. 
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CHAPTER FOUR 

HYDROGEN STORAGE PROPERTIES 
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Some previous research has focused on the use ofborohydrides as hydrogen 

storage materiaIs.78• 79 While the focus of these studies was the synthesis and 

characterization of new materials, it is interesting to examine the storage properties in 

order to determine whether they are useful as hydrogen storage materials. 

The dehydrogenation curves shown (Figures 16, 17, 18) only exhibit the 

dehydrogenation of the first and second cycles. The rehydrogenation curves are not 

shown as no hydrogen uptake took place. All dehydrogenation curves were obtained at 

100 DC in an attempt to target only the release of hydrogen and prevent the release of a 

hydrogen and diborane mixture (as supported by TD-MS data in Chapter 3). In addition, 

calculations of hydrogen capacity are based on the asswnption that only hydrogen is 

liberated from the product mixtures. 

78 Edwards, P .P.; GrochaIa, W.; Book, D.; Harris, I.R. PCT Int. Appl. Patent number: W02004096700, 
2004. 
79 Vajo, JJ.; Skeith, S.L.; Mertens, F. J. Phys. Chem. B, 2005, 109, 3719-3722. 
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Most of the complexes exhibited quick dehydrogenation kinetics. This property is 

observed for the complexes Zn(B14n, NaZn(B14)3, Na2Zn(B14l4. and K7Zn3(B14)S 

(Figme 16: A; Figme 17: A, B; Figme 18: C). 

It is interesting to note the behavior of LiZn(B14h, Li2Zn(B14l4. KZn(B14)3, and 

K2Zn(B14l4 (Figme 16: B, C; Figme 18: A, B). The curves show a gradual release of 

hydrogen during the dehydrogenation of the first cycle. However, the maximum 

hydrogen weight percent (Table 13) only reaches 1.10"/0. 0.90"/0, 0.50"/0, and 0.450/0, 

respectively. These are some of the lowest hydrogen weight percents observed out of all 

the materials tested. Since no hydrogen uptake occurred during rehydrogenation, the 

second dehydrogenation shows the continuing release of hydrogen that was not given off 

during the first cycle. A reasonable explanation for this observation is that these 

complexes both have slow dehydrogenation kinetics at 100 DC (K~Rt)4 having the 

slowest kinetics and LiZn(B14h having the fastest kinetics). 

Product Mixture ApPlLH.Wl% 
Zn(B~k + 2LICI 2.25 
UZn(BH..h + 2L1CI 1.10 
U~(B~}4 + 2LICI 0.90 
NaZn(B~la + 2NaCI 1.60 
N~(B~)4 + 2NsCi 1.40 
KZn(B~la + 2KCI 0.50 
K.Zn(BH..)4 + 2KCI 0.45 
K.Zn3(BH..la + 2K,ZnoC17 1.00 

Table 13. Approximate H2 wt"A. released from product mixtures upon first dehydrogenation. 

All the other materials (Zn(BRtn, NaZn(B14h, Na2Zn(B14)4. K2Zn3(B14)S) 

show no hydrogen release during the dehydrogenation in the second cycle (Figme 16: A; 

Figme 17: A, B; Figme 18: C). This indicates that the dehydrogenation reactions of these 

materials are not reversible; they cannot be "recharged" with hydrogen for multiple 

cycles. Of these materials, the highest weight percent was observed from Zn(B14n (2.25 
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wt"A.), followed by NaZn(B14h (1.60 wt"A.), then Na2Zn(B14k (1.40 wt"A.) and 

K2Zn3(B14)S (1.00 wt"A.). The reverse reaction may not be possible if diborane was 

released during dehydrogenation. This would require recharging the samples with both 

hydrogen and diborane in an effort to reform the decomposition reaction precursors. 

According to Table 2 (Chapter 1), the expected hydrogen capacities for these 

materials are much higher. There are many reasons for the lower observed capacities. 

First, the product mixtures contain the alkali chloride salt byproducts. By taking this into 

consideration, the hydrogen weight percent for Zn(B14h(+ 2LiCI) becomes 4.48 wt"A. 

rather than the expected 8.50 wt"A.. (An attempt was made to separate KlZn3(B14)S from 

its byproduct with THF, however characterization by XRD (not shown) proved this effort 

unsuccessful.) 

Another reason for the discrepancy between the expected and actual results is due 

to the release of diborane. The TD-MS studies (Chapter 3) showed that diborane is 

released from the product mixtures. However, the calculations performed in the 

determination of hydrogen capacity assume the release of hydrogen only. This is healuse 

the exact ratio of hydrogen to diborane released from the materials is unknown. (The 

TD-MS data was obtained under conditions different from those used to obtain the 

dehydrogenation curves). 

The experimental hydrogen capacities may also be lower due to decomposition 

during ball milling. This observation (discussed in detail in Chapter 2) was made during 

the synthesis when after five hours of mjlJing some discoloration of the product mixture 

began to occur. The mixture changed from a bright white color to an off-white color. 

This discoloration is the first indication of decomposition. (Further decomposition 
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changes the color to gray and then black due to the presence of zinc metal). If 

decomposition was actually occurring during ball milling, then hydrogen may have been 

released during synthesis. This means that the observed hydrogen capacity would be 

much lower for these materials. 

A final reason for the lower observed hydrogen capacities is the low temperature 

used in these studies. All dehydrogenation curves were obtained at 100°C. This is well 

below the maximum hydrogen release observed in the TD-MS data. The low temperature 

was used in an attempt to target a temperature at which the materials might only release 

hydrogen and not a hydrogen and diborane mixtIU'e (as the release of diborane would 

deem the materials impractical as hydrogen storage materials). This means that the 

maximum amount of hydrogen contained in these materials may not have been released. 

The zinc borohydride product mixtIU'e was also studied under the conditions of 

dehydrogenation at 120°C (not shown). However, this gave the same result as observed 

at 100 DC. The hydrogen capacity was observed at a maximum of2.25 wt% and no 

hydrogen was released during the second dehydrogenation. 

Some researchers propose that the theoretical capacity of 8.5 wt"/o of Zn(B14h 

can be achieved. Goswami and Stefanakos80 reported that this could be achieved after 

15-30 minutes of milling (no other conditions were given making reproducibility 

complicated). It was also reported that further milling reduced the capacity of their 

material. In addition, they showed that hydrogen storage within Zn(B14h was reversible 

at 100°C. Their results conflict in many ways with the results reported here. They 

claimed that XR.D showed no elemental peaks ofNaB14 and ZnCh starting material. 

However, after two hotD'S of milling, our XR.D scans showed some starting material. 

so Goswami, Y. and Steftmakos, E. 2006 DOE Hydrogen Prog. Rev. U. ofS. Florith, 2006. 
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Also, they did not mention the separation of Zn(B~n from the sodimn chloride 

byproduct, meaning the theoretical capacity of 8.5% could not be fully achieved. 

Overall, these materials do not exhibit ideal storage properties to meet today's 

standards for on-board applications. They exhibit low hydrogen storage capacities and 

are not reversible. In addition, the release of diborane is dangerous and toxic. 

Nevertheless, the presence of the transition metal chloride proved advantageous in that 

the overall dehydrogenation temperature of the alkali borohydride starting materials were 

lowered upon milling with zinc chloride. 
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CHAPTER FIVE 

CONCLUSIONS 
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These studies have shown fundamental research involving the synthesis of novel 

zinc borohydride materials by mechanochemical method. Based on characterization by 

IR, powder XRD, and lIB NMR; the synthesis reactions resulted in the expected product 

formation (except those product mixtures ofKZn(B14h and K2Zn(B14)4). 

In the mechanochemical synthesis of zinc borohydride and its derivatives, it 

turned out that KB14 as the borohydride precursor gave different types of complex 

borohydride compared to those from LiB14 and NaB14 precursors. In addition, the 

molar ratio between borohydride precursor and zinc chloride is important to the final zinc 

borohydride product. These indicate that it is possible to obtain novel zinc borohydride 

complexes by optimizing borohydride precursors and the ratio of starting materials. 

Further studies demonstrated interesting material properties. Mass spectroscopy 

showed dehydrogenation temperature of zinc borohydride and its derivatives are much 

lower than those of aIkali borohydrides, probably due to the diffelent bonding between 

metals and borohydrides (covalent bonding in the former and ionic bonding in the latter). 

This indicates that synthesis of covalent transition-metal borohydrides is a promising 

strategy to decrease the dehydrogenation temperature ofborohydrides. 

Mass spectIoscopy also showed the decomposition of the zinc borohydride 

product mixtures release not only hydrogen, but diborane gas. Nevertheless, the gas 

mixture had higher hydrogen content than diborane (Chapter 3, Table 12). 

Dehydrogenation of the resulting zinc borohydrides gives about 0.45-225 weight 

percent hydrogen (Chapter 4, Table 13; Note: Calculations do not consider the presence 

of diborane gas). The much lower hydrogen capacity than the theoretical values (7.9-11.6 

weight percent hydrogen; Chapter 1, Table 2) might be due to the decomposition during 
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the ball-milling process. the presence of the a1kali chloride byproduct in the product 

mixture, or the low dehydrogenation temperature (100°C). In addition, cycling 

experiments exhibited that the materia1s are not reversible under our rehydrogenation 

conditions (10 MPa, 100°C). 

When considering the characterization data and analysis of materia1 plOperties of 

each complex together, it is obvious that each product mixture exhibits unique chemical 

and materia1 properties which confirms their individual, exclusive identities. 

OveraI1, these studies have exhibited a promising future for the development of 

novel transition metal borohydrides for the application of solid-state hydrogen storage 

materials. 
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APPENDIX A 

The result of the reaction of zinc chloride and an aJkaIi metal borohydride can be 

monitored by IR analysis. It has been predicted that the borohydride anion in aJkaIi metal 

tetrahydroborates has a characteristic band at -2290 em-I. In the spectrum for zinc 

borohydride this band disappears and the appearance of bands corresponding to the 

vibrations of bridging (-2100 em-I) and terminal (-2450 em-I) B-H bonds are observed. 

In the complex zinc borohydride it is assumed that each borohydride group 

coordinates to the zinc metal center via two bridging hydrogen bonds (bidentate 

coordination) as this is the most accepted model of this complex. These bonds could 

result in planar coordination 0l2h symmetry) with respect to the metal center (Figure 19) 

or tetrahedral coordination (elv symmetry) (Figure 20). 

H 
H'-S-H 

I I 

H-Zn-H 
I I 
H-~~H -H 

FIgure 19. Structure of zinc borobydride with planar coordination with respect to the bonding between the 
zinc metal center and the bydrogen bridging atoms. 
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FIgure 20. S1rW:tUre of zinc borohydride with tetrahedral coordination with respect to the bonding 
between the zinc metal center and the hydrogen bridging atoms. 

For the following analysis the focus will be on the planar coordination to the 

metal center for ease of interpretation (Figure 21 depicts this structure labeled for the 

following analysis). However, the results of the B-H stretching modes should be similar 

for each proposed structure. 

FIgure 21. PIatuIr structure of zinc borohydride labeled for analysis. 

Bridging B-H stretches are found at lower wavenumbers than terminal B-H 

stretches. Analysis of these stretches shows that both symmetric and asymmetric 

stretching takes place at the bridging and terminal B-H bonds. Tables 14 and 15 show 

the different possible combinations of symmetric and asymmetric stretching. The 

German words gerade and ungerade literally mean even and odd. Here, gerade refers to 
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a representation that is symmetric with respect to inversion while ungerade is a 

representation that is antisymmetric to inversion. 81 According to the I>2b character table, 

those stretches which are antisymmetric to inversion are IR active while the stretches 

which are symmetric to inversion are not IR active. 

Tennlnal B-H Stretching 

H,-+B, ~~H7 1 I H,-+B, ~-+H7 
H2-+B, E-H. H.-+B, ~-+Ha 
gerade ungerade 

H,-+B, ~~H7 1 I H,-+B, ~-+H7 
H2E-B, -+H. H2E-B, 1M-He 
unaerade aerade 

Table 14. Predicted symmetric and asymmetric terminal B-H stretches for zinc borobydride. 

Bridging B-H Stretching 

B,-+H3 H6-+~ 
B,-+~ Ha-+ 
gerade ungerade 

~-+H3 H5E-~ H6-+~ 
B,E-~ H6-+~ HaE-
un erade 

Table 15. Predicted symmetric and asymmetric bridging B-H stretches for zinc borohydride. 

The results of this analysis show that there are two IR active terminal B-H 

stretches and two IR active bridging B-H stretches for zinc borohydride. However, in 

solid state IR (used to analyze the product mixtures in these studies), only one IR band is 

observed for each terminal and bridging. This is probably due to the overlapping of these 

bands, as they are likely very close in energy. Solid state IR usually results in broad 

bands while solution IR may allow these bands to be resolved into two. Also, upon the 

8' Harris, D.C. and Bertolucci, M.D. Symmetry and SpecI1'oscopy: An Introduction to Vibrational and 
Elecl1'onic Spectl'oscopy. Dover Publications, New York, 1989. 

8S 



addition of more borohydride groups (as in the cases ofLiZn(B~h and LizZn(B~)J) 

these bands may shift (especially the bridging B-H bands) due to more intense 

interactions between borohydride groups. 

Regardless of whether or not these bands can be resolved, the presence of bands 

corresponding to the bridging and terminal B-H stretches and the disappearance of bands 

corresponding to the borohydride anion is an indication that a chemical reaction occurred 

and that bonds have been formed between the zinc metal center and the borohydride 

ligands. This analysis also provides evidence that the borohydride groups do, in fact, 

coordinate via bidentate coordination rather than unidentate or tridentate coordination 

since an alternative coordination would not have the same expected bands. 
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