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Abstract 

This thesis is an investigation into the hydrogenous behavior of Zintl phases. 
Zintl phases are comprised of an active metal (i.e alkali, alkaline earth, and 
rare earth) and a p-block element. The discussion gives an overview of the 
influence hydrogen affects the electronic and geometric structure of Zintl 
phases and subsequent properties. Incorporation of hydrogen into a Zintl 
phase is categorized as either polyanionic or interstitial Zintl phase hydrides. 
In the former the hydrogen covalently bonds to the polyanion and in the 
latter the hydrogen behaves hydridic, coordinates exclusively with the active 
metal, leading to an oxidation of the polyanion. Synthesis of hydrogenous 
Zintl phases may be through either a direct hydrogenation of a Zintl phase 
precursor or by combining active metal hydrides and p-block elements. The 
latter strategy typically leads to thermodynamically stable hydrides, whereas 
the former supports the formation of kinetically controlled products.  
 
Polyanionic hydrides are exemplified by SrAlGeH and BaAlGeH. The un-
derlying Zintl phases SrAlGe and BaAlGe have a structure that relates to the 
AlB2 structure type. These Zintl phases possess 9 valence electrons for bond-
ing and, thus, are charge imbalanced species. Connected to the charge im-
balance are superconductive properties (the Tc of SrAlGe and BaAlGe is 6.7 
and 6.3 °C, respectively). In the polyanionic hydrides the hydrogen is cova-
lently bonded as a terminating ligand to the Al atoms. The Al and Ge atoms 
in the anionic substructure [AlGeH]2- form corrugated hexagon layers. Thus, 
with respect to the underlying Zintl phases there is only a minimal change to 
the arrangement of metal atoms. However, the electronic properties are dras-
tically changed since the Zintl phase hydrides are semiconductors. 

 
Interstitial hydrides are exemplified by Ba3Si4Hx (1 < x < 2) which was 

obtained from the hydrogenation of the Zintl phase Ba3Si4. Ba3Si4 contains a 
Si4

6- “butterfly” polyanion. Hydrogenation resulted in a disordered hydride 

in which blocks of two competing tetragonal structures are intergrown. In 
the first structure the hydrogen is located inside Ba6 octahedra (I-Ba3Si4H), 
and in the second structure the hydrogen is located inside Ba5 square pyra-
mids (P-Ba3Si4H2). In both scenarios the “butterfly anions appear oxidized 

and form Si4
4- tetrahedra.   

 



 

Hydrogenation may also be used as a synthesis technique to produce p-
block element rich Zintl phases, such as silicide clathrates. During hydro-
genation active metal is removed from the Zintl phase precursor as metal 
hydride. This process, called oxidative decomposition, was demonstrated 
with RbSi, KSi and NaSi. Hydrogenation yielded clathrate I at 300 °C and 
500 °C for RbSi and KSi, respectively. Whereas a mixture of both clathrate I 
and II resulted at 500 °C for NaSi.  

 
Low temperature hydrogenations of KSi and RbSi resulted in the for-

mation of the silanides KSiH3 and RbSiH3. These silanides do not represent 
Zintl phase hydrides but are complex hydrides with discrete SiH3

- complex 
species. KSiH3 and RbSiH3 occur dimorphic, with a disordered α-phase 
(room temperature; SG Fm-3m) and an ordered β-phase (below -70 °C; SG = 
Pnma (KSiH3); SG = P21/m ( RbSiH3)). During this thesis the vibrational 
properties of the silyl anion was characterized. The Si–H stretching force 
constants for the disordered α-phases are around 2.035 Ncm-1 whereas in the 
ordered �-forms this value is reduced to ~1.956 Ncm-1. The fact that SiH3

- 
possesses stronger Si-H bonds in the α-phases was attributed to dynamic 
disorder where SiH3

- moieties quasi freely rotate in a very weakly coordinat-
ing alkali metal ion environment. 
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1 Introduction & Background to Zintl Phases 
and Hydrogenous Zintl Phases 

Zintl phases represent a unique class of inorganic compounds that have both 
characteristics of genuine ionic salts and intermetallic systems.  Defining the 
rules and identifying systematic characteristics or properties of Zintl phases 
has been researched for the past several decades. As synthesis and analyza-
tion techniques improve a vast many Zintl phases have been identified or 
correctly classified under the Zintl-Klemm concept as these guidelines are 
expanded and refined. Here is brief overview of the origin of Zintl Phases.  

1.1 Zintl Phases 

1.1.1 Origins, Eduard Zintl 
In the 1939 paper Intermetallic Compounds, Eduard Zintl does his best to 
“create a picture of the present state of knowledge of the stoichiometry and 

the constitution of intermetallic compounds”. [1] In so doing gives a beauti-
ful observation-based rationale toward interpreting the structures of valence 
electron distributions compounds that spanned the transition from nonmetal 
to metal. His description of the structure, dependent on bonding theory, for 
NaTl would become the underlying principle of a new field of research to be 
named after him and the prized compound NaTl would become the classic 
Zintl phase.  The beginning herein is a brief revisit of this article and illustra-
tion of Zintl’s own arguments connecting the then current viewpoints of 
chemistry to intermetallic chemistry and to his own research.  

 
As Zintl relates, in general, early chemistry before the 1900’s was developed 

from molecular based mediums (i.e. liquids and gases). Therefore the fun-
damental concepts of molecular chemistry, especially the law of definite 
proportions, overshadowed initial expectations of bonding constitution and 
stoichiometry in solid state chemistry. However through compositional anal-
ysis techniques of the time there already came numerous examples of com-
pounds that did not comply (Zintl cites the excess absorption of sulphur in 
FeS and oxygen in FeO, according to Schenk’s work, in addition to excess 
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metals in ZnO and KI). The ironic point Zintl makes here is that these com-
pounds were used in introductory chemistry classes to illustrate the Law of 
Definite Proportions.  

 
The article published in 1913 by W.L. Bragg solved the structure of NaCl 
and without a doubt illustrated a wholly ionic structure absolutely void of 
molecules [2], Zintl includes a reference to Tamman who had also previous-
ly suggested similarly in his early work with metals. Both the structure and 
the method of elucidation were revolutionary. Together, W.L. and W.H. 
Bragg introduced the technique of how to use X-ray diffraction to solve 
crystal structures. Zintl states that every experimental chemist after deter-
mining the composition of a compound, only just now had the capability to 
elucidate crystal structure. The ability to solve infinite structures not only 
marked a hard separation between molecular chemistry away from solid 
state chemistry but also stands as a backboard to assess the natural laws that 
govern inorganic solid state materials by which there are several variables 
that have contributed to reduce the broad field into still more distinct fields. 
  
Zintl states that the idealized classic crystallized compound follows a “con-
stancy of the composition but also the idea of a strictly regular distribution of 
atoms”, to which he promptly iterates that intermetallic compounds have 
displayed neither and asks, “Which laws are actually decisive for the compo-
sition of intermetallic phases”? Observing the major contribution in 1926 by 
Hume-Rothery, Westgren and Phragmen, which developed the Valence 
Electron Rule, “The Constitution of intermetallic phases depends on the ratio 
of the total number of valence electrons: to the total number of atoms. 
[Therefore] if two intermetallic phases have the same structure, then in them 
is the average number of valence electrons per atom”.  Compliant com-
pounds were identified among compilations of beta, epsilon and gamma 
phases from alloys of Cu or Ag with Zn, Al, Sn, Sb. Zintl commented on the 
fact that it was still incomplete, finding numerous alloys to be exceptions, 
including his own compounds, although he still exalted its importance and 
believed it would soon be better explained by the concurrently developing 
quantum mechanical theories.  

 
Zintl’s own research and inquiries were an integral step to observing the 
main group nonmetal to metal transition region. He did this by making bina-
ry combinations between an active metal and a late transition metal (from 
Group 11) through to the post transition metals and nonmetals (to group 17). 
This was a basic first step evaluation to develop a map visualizing the shift 
or transition from salts into alloys. After Zintl combined Na with Tl and 
observed several additional compounds to adopt the same crystal structure 
(LiCd, LiAl, LiGa, LiIn LiTl, NaIn) he sought to find an explanation for the 
structure and a proposal for bonding [3].  Evaluating the atomic radii, Zintl 
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calculated a size reduction of the active metal, and supports this with similar 
findings in W. Biltz’s work regarding atomic volumes when combining 
“base metals with nobler components”. However Zintl’s bonding theory was 

really prompted from studying the atomic radii in his work with NaZn13 and 
expanded his observations to describe the behavior found in the classic 
NaTl.  In NaZn13 Zintl notes the Na-Zn distance is 8% greater than expected, 
and an unexpected 24 Zn surround a single Na atom.  It became clear that 
the Zn atoms built the fundamental structure and determined the lattice con-
stants, not the Na atoms which could then be described as filling in the gaps 
as free atoms.  

 
Applying this strategy to NaTl, by theoretically removing all of the Na at-
oms, the leftover Tl atoms formed a diamond lattice. However Tl is a 3-
valent atom and the diamond lattice is only built by atoms that are 4-valent 
(i.e. carbon).  He notes this is not the only time a 3-valent atom adopted a 
structure inherent to a 4-valent atom, but only observed in the presence of 
either Na or Li. Therefore he draws the connection that Tl is actually operat-
ing as a 4-valent electron, accepting the extra electron from Na, though he 
was unable to prove this theory beyond his current observations of the exper-
imental explorations for the time. This type of ionic exchange is not the 
same as NaCl, where the whole structure is comprised of singular ionic co-
ordination. Rather the Tl uses this extra electron to form a covalent substruc-
ture that all-together is anionic (Wilhelm Klemm would later describe this as 
a “macro-anion” [4]). Therefore the Tl should be counterbalanced with a 
cation. Zintl completes the argument by rationalizing the observed reduced 
atomic radii of Na as evidence of a cation formation and free atom and ap-
propriately fills into the interstices of the Tl substructure. This observation of 
an anionic substructure, or as Zintl calls it ‘a skeleton’, is quite remarkable 
and he succinctly notes the importance and challenge for the intermetallic 
field to address the ability of forming an anion.  

 
Zintl leaves us with his final summary of observations that at the time he 
believed to be significant contributing factors of intermetallics in general: 
valence, atomic size, bonding associations and finally the real key to all of 
this is the ability to form ions.   
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whereby a distinct structure change from combinations of Group 13 that 
formed alloys to Group 14 that formed “valence compounds with nonmetal-
lic structures”, and was reaffirmed with similar work using Li. Laves named 

this the Zintl boundary, a designation modernly perceived as an inaccurate 
separation between metals from non-metals.  John Corbett states in his 2000 
review on Intermetallics “it took 60 years of research to discover Mg is not 

the best test cations”, resolving that this observed boundary was more about 

the chosen cation (Mg and Li) than the post transition groups themselves, as 
we better understand them today [6]. 

 
The second significant matter was that he named the type of compounds 
Zintl had been researching as Zintl phases. Thus doing Laves needed to 
thereby define a Zintl phase and did so by his observations through limited 
commonalities rather than the broader purpose that motivated Zintl and led 
to the production of these compounds. According to Schäfer, Eisenmann and 
Müller in their 1973 review, Laves laid particular importance on two criteria, 
first “that Zintl phases crystallize in “non-metallic” typically salt-like struc-
tures (antifluorite, anit-Mn2O3, anti-La2O3, ant-tysonite, anti-BiF3 lattices)” 

and second, “Zintl phases are always those phases of the alloy system con-
cerned which contain the greatest amount of non-noble components” [7].  
After reviewing Zintl’s 1939 paper, neither criteria were made by Zintl.  
 
The following June, two months later, another obituary appeared, “In Re-
membrance of Eduard Zintl”.  Authored by Wilhelm Klemm whereby he 
also gave a summary of Eduard Zintl’s work, however avoided any classifi-
cation [8]. Klemm praised Zintl for his clarity and simplicity, starting from 
“clear concepts to clear unambiguous conclusions:” including his refusal to 
present “vague or evasive claims on questions that could not be shown 

through experiment”, though not an acknowledgement of Laves declarations, 

perhaps a statement that one should oblige.  
 

Almost 20 years later, in 1958, Klemm authored a communication to the 
Proceedings of the Chemical Society in London, “Metalloids and their Com-
pounds with Alkali Metals” [4]. In which he distills Zintl’s research, expands 

and reviews the progress covering the metal to non-metal transition zone 
thus far. Unlike Zintl, Klemm and others whose research he presented ob-
served the post-transition metals in two separate categories: first through 
catenation, same element bonding, and second through Zintl’s method of 

combination compounds.  In the first category, while searching for a reliable 
physical quantity to mark the transition area, he quite readily stated the ir-
regularity of conductivity and thereby caste it as an unreliable marker. Even 
Sir Neville Mott, in his nineties wrote that only at 0 K can one define a metal 
as a conductor and a nonmetal an insulator [9]. Nonetheless what Klemm 
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believed to be a reliable characterization was the lattice structure and coordi-
nation number and the change in both upon its melt.  

 
The second part of the review, Klemm introduces the progression of Zintl’s 

research, otherwise described as combination compounds, and the motiva-
tion by which he proceeded by stating:  

 
“The principle aim of our research was the study of the transition from a salt-
type to intermetallic compounds. Base metals such as alkali or alkaline-earth 
metals form salts-type compounds with the typical non-metals – chlorides, ox-
ides, etc. Metals form intermetallic compounds with one another. The question 
to be studied was what happens if the base metal is kept the same and the second 
element in the compound is varied gradually from a typical non-metal through a 
metalloid to a metal.”  

 
Opposing Laves’ claims 17 years earlier, Klemm immediately cautions and 
reasons against generalizing Zintl’s work. First, in regards to the Zintl bor-
der, Klemm includes the table/diagram that illustrates the separation of phas-
es between Groups 13 and 14 with Mg. He first states this is only one exam-
ple, and an unproven boundary between salt-type and true intermetallics due 
to two observations. The first is that the compound with “non-metallic valent 
bonding” still exhibits metallic behavior and the second is that a multitude of 

compounds can result from the combination of two elements and thusly, “a 

simple systemization is no longer possible” (i.e. a line down the periodic 

table cannot accurately discriminate elements that will combine to form an 
intermetallic compound from a Zintl phase). He then proceeds to draw what 
he calls the only conclusion to be made from Zintl’s combination work, 
where the separation between true salts and true intermetallics are those tran-
sition compounds that have a “macro-anion”.  The macro-anion is an anion 
that is greater than one atom observed as “particles”, 1-dimensional chains, 
2-dimensional layers, 3-dimensional networks, or as he calls an “infinite 

anion”. The macro-anion results from the stabilization of the electronegative 
element(s) through covalently bonding, and achieving a full octet or as 
Klemm describes fulfilling an “inert gas configuration”.   

 
Klemm naturally transitions to characteristics and properties measurement 
results and compared his empirical data to Zintl’s predictions. While NaTl 

exhibits diamagnetism, as Zintl proposed, others (NaIn, LiIn, LiAl, LiZn, 
and LiCd) exhibit either nonmagnetic or weak paramagnetic behavior. Zintl 
had also thought all of the compounds would have definite compositions and 
Klemm found that a wide homogeneity range was found for both NaTl and 
LiCd. Klemm simultaneously reports that through experiment (i.e. thermal 
expansion, specific heat, etc) the transition phases inherently exhibited prop-
erties of both true salts and intermetallics. Ultimately Klemm had reasoned 
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by the end that the single factor that distinguishes the transition from inter-
metallic compounds through the Zintl phases to genuine salt compounds was 
due to the absolute difference between the electronegativity of the combined 
elements. This conclusion is in reference to Biltz’s work in 1935 whereby 
the molar contraction and “electron gas” (this term was still used in 1958) 

distribution was found to be dependent on the electronegativity differences. 
In contrast then the structure was dependent on composition, size and polar-
izability of the elements. It is in this paper that Klemm laid down the founda-
tion for the modern Zintl-Klemm concept classifying Zintl phases. 

 
These conclusions still leave open the observation that the 3-valent Tl in 
NaTl mimics the diamond lattice structure normally comprised only by a 4-
valent element. In 1963 Klemm coauthored a paper with E. Busmann titled 
“Volume Increments and Radii of Some Simple Negatively Charged Ions”, 

directly addressing this transformation capability by drawing on his previous 
conclusion that atomic size is one of the factors that contribute to structure 
[10]. This paper begins with grouping several Zintl phases into categories 
based on the covalent structure of the macro-anion (dumbbells, chains, tetra-
hedron, and diamond structure), coinciding with the number of bonding elec-
trons available by including the electron exchange from the cation. This vis-
ual illustrates that the mimicking behavior of the adjacent anionic group is 
consistent.  The paper continues then to quantify and compare volumes of 
the inner and outer radii of the ionic and the neutral atom that it is mimick-
ing. The result is an average difference of the inner radius to be 0.1 Å and 
the outer radius to be 0.25 Å, of which Klemm states is of equivalence. In 
summary Klemm illustrates that the mimicking structure behavior observed 
by the anion also aligns within the size considerations of the appropriate 
valent element.  

 
So by 1963 Klemm had published major contributions towards identifying 
and classifying this transition region by progressing on Zintl’s work and 

untangling Laves generalizations made in 1941. Interestingly throughout all 
of Klemm’s publication he never once used the term Zintl phases but always 

referenced Zintl as the pioneer of the field. It would seem it was enough at 
this point to define a Zintl phase as a transition phase that had properties of 
both intermetallics and salts; included a macro-anion whose structure (at this 
time) was justified by valence bonding theory after assuming an electron 
exchange.   

 
However in a 1973 review, out of the Eduard-Zintl Institute for Inorganic 
and Physical Chemistry at the Technical College of Darmstadt, the author’s 

report a disparaging disregard or ignorance of Klemm’s work, from “metal-
lurgists and crystallographers, who designated only cubic phases crystalliz-
ing in the NaTl lattice as Zintl Phases”, to the opposite extreme whereby 
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chemists vaguely defined them as “intermetallic phases to which a pro-
nounced ionic bonding component must be assigned” [7]. It also seems as 
though some researchers were under the impression that Klemm’s work had 

restricted the sublattice to be representative of structures that are mimicking 
only previously observed “lattices of the elements”, to which the author’s 

“expanded” the definition to allow, in general, sublattices that fulfill the 

octet rule. Aside from the authors’ efforts to reassert the definition of a Zintl 
phase, this review really brought to light the need to advance bonding theo-
ry.  The review highlights the struggle of dealing with partial charges, offer-
ing counting schemes as building block phases. For example the author ex-
plains Li7(Ge,Si)2 is built from Li4(Si,Ge) [isolated anions]+ Li6(Si, Ge)2 
[anionic dumbbells]. Although this was proposed in an attempt to assign 
electron distribution to two different anions, the implication of such a bond-
ing scheme would actually imply two separate phases combined instead of a 
true single phase, hence for the need to develop bonding theory. Furthermore 
the authors write that phases with “atomic ratios [that] assumes values tend-
ing toward one extreme or the other” (i.e. anionic or cationic clathrates) 

should not be considered a Zintl Phase. General knowledge now disagrees 
with these assertions and will be addressed shortly. When this review was 
published the advancement of bonding theory was underway elsewhere and 
would expand the purview of Zintl Phases.  
 
Kenneth Wade developed and the D. Michael P. Mingos augmented the ad-
vancement in bonding theory, named Polyhedral Skeletal Electron Pair The-
ory, which directly addresses the electron counting for cluster compounds 
[11]. The application to molecular orbital theory includes predicted shapes of 
cluster compounds, accounts for systematic vacancies, introduces delocal-
ized 2-electron 3-center bonding and distinguishes bonding inside the cluster 
(skeleton electrons) from those between clusters or external bonding outside 
the cluster (exobond electrons). All of which significantly impacted the ad-
vancement and identification of Zintl ions and Zintl phases.  The implemen-
tation on Zintl phases is seen in the 1985 review by Schäfer whereby he ex-
plicitly breaks down the electron counting for Na7Ga13 (totalling 828 valence 
electrons of atoms in the unit cell) [12]. This review titled, On The Problem 
of Polar Intermetallic Compounds, is also significant as a call for chemists to 
refocus much neglected chemical research on the intermetallic region, rec-
ognizing “the bonding mechanism in these phases is far less developed” with 

“no differentiation in the classes of compounds”. Schäfer marks his own 

attempt by distinguishing intermetallics into categories, referencing Zintl’s 

methodology as a guide, into ‘single atom anions with filled valence shells’ 

and ‘oligomeric and polymeric isoanions’ versus heteroanions. Simultane-
ously, another review on Zintl Anions was published by John D. Corbett 
discussing similar concerns of overly-simplified non-chemistry based re-
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search [13]. In his review Corbett also employs Wade’s rules to identify and 

describe Zintl ions isolated from solutions.  
 

Interestingly both reviews discuss challenges and unexpected structures with 
compounds containing lithium. Schäfer goes as far as to say they should not 
be classified as Zintl phases. Perhaps in a response, in 1990 a publication 
titled Structure and Chemical Bonding in Zintl-Phases Containing Lithium 
authored by Reinhard Nesper provides an extensive and thorough defense of 
Lithium and its cationic importance and place among the Zintl family [14]. 
This paper is typically referred to as a significant point in the history of Zintl 
phases because Nesper very clearly defines Zintl phases in four points and 
an extension. A significant inclusion in his four rules is the electronic band 
gap and magnetic behavior limitations.  Before this publication, author’s had 

stated that not enough data had been collected to surmise a pattern regarding 
the electronic and magnetic restrictions. Perhaps this lack of magnetic data 
was due to Klemm’s 1958 communication where he regarded the irregularity 

of conductivity as an unreliable marker to distinguish between metals and 
non-metals and researchers were not consistently reporting this information 
[4]. Nesper however believed, at this time, that enough information had ac-
cumulated by poignantly stating Zintl phases are restricted to semiconduc-
tors with a band gap greater than zero and less than or equal to 2.0 eV, and a 
majority are diamagnetic with less being temperature dependent paramagnet-
ic compounds. Included in his extension section he discusses two cases; one 
whereby the crystal structure follows the Zintl-Klemm concept but the va-
lence electrons become conduction electrons; and two whereby the crystal 
structure seemingly should be a metal only to have been re-classified under 
the Zintl-Klemm concept once identified as a semi-conductor. In the second 
case Nesper defends a clathrate (I) species originally reported as K8Ge46 
however after incorporating systematic vacancies or defect formations (□) 
this compound was found to actually be K8Ge44□2.  The discovery of sys-
tematic vacancies shifted the theoretical data from defining this compound 
as a metal to a semiconductor and therefore was included under the Zintl 
phase family. 

 
The increased attention and research towards Zintl phases was demonstrated 
in 1996 in a book edited by Susan Kauzlarich covering the depth and diversi-
ty discovered throughout Zintl compounds. In the opening chapter Gordon 
Miller proposed to distinctly classify Zintl phases as a distinguished transi-
tion phase class thereby categorizing the boundary characteristics of both an 
intermetallic compound and a classic semiconducting valence compound 
[15]. Toward the former, Miller states that the only method Nesper had ini-
tialized to separate the Zintl class from intermetallics was to impose the sem-
iconductor band gap restriction.  However Miller directly disagreed, arguing 
metallic character should not be an arbitrary limiting factor when classifying 
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Zintl phases. Furthermore, following “Schäfer’s charge ‘to find the valence 

rules for these [Zintl phase] compounds’” he states the key “difference be-
tween classical valence compounds (semiconductors) and Zintl phase is the 
role played by the electropositive component”. Miller is most impressed by 

considering the cations importance beyond an electron donator to the anionic 
substructure, identified in extensive research of Lithium compounds and 
evidenced toward cage orbitals. Miller builds from Nesper’s foundation, “as 

long as we can identify a clear relationship between the geometry and elec-
tronic structure for a given compound, and this need not involve the 8-N 
rule, then that compound may be called a Zintl Phase.” The true ‘Problem 
with Polar Intermetallics’ is contained in the extent of charge transfer, not 
consistently expressed in simple electron counting rules. However Zintl’s 

counting remains a robust tool for Zintl Phases. The single most impactful 
realization from Miller was, “The fact the Zintl-Klemm concept works at all 
given the variable magnitudes of charge transfer in these three compounds 
[LiAl, LiGa, LiIn] is because we are counting occupied electronic states, not 
electrons”, Zintl phase characteristics are secondary observations based after 

the electronic structure calculation. He continues to illustrate this breaking 
down compounds with vacancy effects, multiple bonds, nets, networks, clus-
ter bonding, cages, isolated- and polyanions and polycations. This distinction 
was followed by the next wave of advancement in understanding Zintl phas-
es, which came through computational chemists’ algorithms to model the 

electronic structure. Indeed by 2010 Miller and collaborators published this 
research in “Quantitative Advances in the Zintl-Klemm Formalism” [16].  

 
As research continues to explore the pertinent questions that probe deeper 
into the relationship between structure and bonding, bridging the transition 
from intermetallics to salts, the historical progress of Zintl phases has been 
dependent on the resistance to accept inconsistent results as trivial excep-
tions. The fundamental observation of that bridge remains to define Zintl 
phases as its own class with sub-classes defined in the following section.  

1.1.2 Zintl-Klemm Concept 
Zintl phases are comprised of an active metal (M = Alkali (A), Alkaline 
Earth (Ae), Rare Earth (Re)) and p-block metal or semi-metal (the work 
presented here is focused on the Group 13 Trielides (Tr), group 14 Tetrelides 
(Tt)). Components are not limited to binary phases and may include hetero-
cationic and or hetero-anionic elements [6] [17]. 

 
Zintl phase crystal structure is based on a correlation between the atom ar-
rangement and the electronic distribution following an assumed charge trans-
fer from the active metal to the electronegative component. The substructure 
of the covalent anionic component follows modern bonding schemes where 



 23 

classic Zintl phases are explained through the octet rule, 2-electron 2-center 
bonding, and expanded to include network and multi-center bonded covalent 
clusters obeying Wade-Mingos rules.  
 
The properties of a Zintl phase are influenced by the combined behavior of 
the cationic (active metal) and anionic (p-block metal/semimetal) compo-
nents. The ionic interaction affords thermal stability as observed for genuine 
salts. Distinguishing Zintl phases from insulators, the band gap of classic 
Zintl phases is set to an upper limit of 2.0 eV [14]. Semiconducting Zintl 
phases may then possess direct or indirect bandgaps. Additionally it is 
agreed that there is no lower band gap restriction so as to include metallic 
bonding (i.e. metallic Zintl phases).  

 
Classic Zintl phases are closed-shell electron precise or charge balanced 
species, meaning filled bonding/non-bonding orbitals. However an imbal-
ance of one electron is no longer a disqualification from being a Zintl phase 
when the principle relationship between atomic geometry and electronic 
structure is obeyed. Accordingly, Zintl phases are diamagnetic species or 
weakly Pauli-paramagnetic compounds.  

1.1.3 Applications and Properties of Zintl Phases 
The interrelationship between structure and property affords some special 
uses or appearance of Zintl phases in thermoelectric, giant magnetocaloric 
and superconducting fields. 

 
Thermoelectric materials, in simplified terms, either generate a current when 
opposing sides of the material are exposed to different temperatures (i.e. hot 
vs cold), or an applied voltage will produce a temperature variance on op-
posing sides (e.g. refrigeration). There are two primary operating functions 
in these materials which are a lattice and an electronic component that opti-
mally mimic “electron-crystal phonon-glass” or low electrical resistivity and 
high phonon resistivity [18]. Appropriately tuned metallic Zintl phases are 
uniquely fit to the task due to the inherent blend of ionic and covalent com-
ponents. The anionic covalent substructure provides a conductive (electron-
crystal) segment whose carrier concentration is influenced by the chosen 
cation(s) without significant influence on the carrier mobility. Along with 
adjusting the total amount and type of cations, the ionic segment should dis-
rupt and dampen the lattice vibrations and thereby reduce unwanted thermal 
equilibration. Specifically in 2007 the metallic Zintl Phase Yb14MnSb11 was 
reported to have a thermal efficiency twice that of the p-type SiGe alloy 
material used at that time by NASA [18].  
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In 1997 Pecharsky and Gschneidner published Gd5(Si2Ge2) exhibiting giant 
magnetocaloric effect, a phenomenon whereby a material displays a large 
temperature change when exposed to a magnetic field [19] [20]. The publi-
cation reignited research into advancing environmental refrigeration and 
energy efficient cooling industries. Though the mechanism is not well under-
stood, in this material there is a structure shift coinciding with the magnetic 
phase change. Miller specifically highlights a shear movement of 
ꝏ

2[Gd5(Si2Ge2)] slabs coinciding with the magnetic transition, where Si-Ge 
covalent bonds that hold these slabs in place cycle from break to formation 
[21]. More compounds of interest in this area are Gd5Si4-xGex, Gd2MgGe2, 
LaFe13-xSixH, DyAl2, PrSi [22] [21] [23] [24].  

 
Superconducting CaAlSi, which crystallizes with the AlB2 type structure, 
has a transition temperature at 7.8K [25]. While not significant in the larger 
search for room temperature superconductors, this compound is relevant 
toward understanding underlying superconductivity mechanism and the 
change in the electrical properties after incorporating hydrogen. Supercon-
ducting aluminum silicides and germanides are discussed in greater detail in 
chapter 4.   
 
The foundation of Zintl phase compounds offers a unique playing field for 
applications including an inherent tuning capability. Future research will be 
exciting to watch unfold as fundamental studies explore the combinations of 
the ionic and covalent components and its resulting effect on the electrical, 
magnetic and phonon interactions.  

1.2 Hydrogenous Zintl Phases 
This dissertation explores the influence of hydrogen incorporation into Zintl 
phases with respect to structural and physical property changes. This intro-
duction presents a brief history of the discovery and initial research into hy-
drogen incorporation of Zintl phases from which our research had been built. 

1.2.1 Origin, John D. Corbett 
The discovery of hydrogen incorporation into Zintl phases was first seen as 
an obstacle, a “pervasive” contamination from poorly handled or distilled 

alkaline earth metals (5-20 at.% H). The negative impression was perhaps 
formed because this was an unintended contaminant, and “adventitious” 

hydrogen is impossible to directly detect through X-ray diffraction [26]. The 
contribution of hydrogen to Zintl phases had been generally overlooked until 
John D.  Corbett and E. Alejandro Leon-Escamilla began to pursue a reliable 
synthetic route to Ca5Sb3 and Sr5Bi3 [27]. However trouble arose when two 
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different structure-types resulted, either the hexagonal Mn5Si3-type or the 
orthorhombic β-Yb5Sb3-type, regardless of temperature and composition 
ranges. Corbett and Leon-Escamillo deliberately sought to determine the 
cause and found hydrogen at the root, with initial results published in 1994. 
They discovered that previously reported compounds of the β-Yb5Sb3-type 
were actually hydrides, where hydrogen is located inside distorted tetrahedra 
formed by the active metal (M).  By 1998 an overall nine Pnictide (Pn) com-
pounds (M5Pn3) originally reported as the orthorhombic β-Yb5Sb3-type were 
corrected to the orthorhombic Ca5Sb3F-type (M5Pn3H2) [28].  In 2001 Cor-
bett and Leon-Escamillo published another report having extended research 
to the tetrel (Tt) family where they found hydrogen contamination in another 
nine compounds reported as Cr3B5-type [29]. Similarly to the orthorhombic 
β-Yb5Sb3-type, the hydrogen was hiding in a tetrahedral coordination of the 
active metal. Accordingly, compounds M3Tt5H were corrected from the te-
tragonal Cr3B5-type to the tetragonal Ca3Sn5F-type (M3Tt5H) [30] [31] [32]. 

1.2.2 Perspectives of hydrogenous Zintl phases and aims of the 
thesis 

Corbett et al. opened up the field of hydrogenous Zintl phases and corrected 
a plethora of erroneously published compounds [30] [31] [32]. The examples 
they discuss are ‘interstitial hydrides’, which means that the hydrogen is 
exclusively coordinated by the active metal. The first polyanionic hydride, 
where hydrogen is part of the anionic substructure was SrAl2H2 and pub-
lished in 2000 by Gingl, Vogt and Akiba [33]. Applying Zintl formalism to 
SrAl2H2, the Sr donates two electrons, Sr2+ [Al2H2]2- ; the anionic substruc-
ture corresponds to a puckered 2-dimensional hexagon ring layer of Al at-
oms which are terminally bonded by hydrogen, details are found in chapter 
4. Isoelectronic SrAlSiH was published in 2005 and tested to be a thermal 
and air-stable semiconductor compound. Systematic studies into the field of 
hydrogenous Zintl phases followed in an effort to reveal the breadth this 
field had to offer [34].  

 
Hydrogenous Zintl phase research offers a unique platform to study the fun-
damental relationship between metal and hydrogen in both covalent and 
ionic environments. This information may be applied to the popular search 
for hydrogen storage materials in addition to identifying new materials with 
hydrogen induced and possibly reversible structure, phase and property (i.e. 
electronic and magnetic) changes. In this thesis examples are given based on 
the systems AeTrTt (Ae = alkaline earth), Ba3Si4 and ASi (A = Na, K, Rb). 
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The autoclave was fitted vertically inside the tube furnace. Evacuation alter-
nated with Ar gas flushing (3-5 cycles) were run before opening the auto-
clave to the manifold pressure line. The samples were heated under vacuum 
until 15 °C – 20 °C below the desired hydrogenation temperature. The vacu-
um line was then sealed from the autoclave and pressurized with hydro-
gen/deuterium at the desired hydrogenation pressure. Finally the autoclave 
was heated to the desired hydrogenation temperature. After the predeter-
mined dwelling time was achieved the autoclave was allowed to cool slowly 
inside the tube furnace. Before the autoclave was returned to the Ar-filled 
glovebox the pressure was released down to 2-5 bar.  
 
The variables adjusted among the experiments were temperature, H2/D2 
pressure, and dwelling time. 

2.2 Characterization  
Structure and property studies of reaction products were elucidated by the 
combined results of the following characterization methods. 

2.2.1 Powder Diffraction 
Diffraction in general is the phenomenon exhibited when a wave is distorted 
by a scattering center and is the basis for crystal structure elucidation. Elas-
tically scattered radiation, with a wavelength on the same order as the sepa-
ration of neighboring atoms, will result in a diffraction pattern that can be 
used, along with computational refinement techniques, to retrace the atomic 
geometry of a crystal. The body of this work utilized diffraction data from 
electron beams (2.2.2 Electron microscopy), X-ray radiation, and neutron 
radiation [35].  
 
Structure changes, sample identification and phase purity were most readily 
confirmed via in-house powder X-ray diffraction (PXRD). The instruments 
available were a Siemens D5000 (Bragg-Brentano geometry Cu Kα radia-
tion); a Bruker D8 diffractometer, fitted with an incident beam Ge mono-
chromater (transmission geometry; Cu Kα1 radiation); or a Panalytical 
X’PERT PRO diffractometer employing either Cu Kα1 or Cu Kα radiation. 

Air or moisture sensitive compounds were either loaded in capillaries (0.1-
0.3 mm) or sealed between two layers of Kapton tape and measured in the 
appropriate configuration. 
 
High energy PXRD measurements carried out at PETRA III, Hamburg 
(Germany) were used in the structure investigation of Ba3Si4Hx. The quality 
of the quantitative information revealed through any diffraction technique is 



 30 

dependent on the length of the wave. Thusly, as opposed to the in-house 
diffractometers that use Cu Kα radiation which issue a wavelength approxi-
mately 1.54 Å, the high energy radiation at PETRA III corresponded to a 
wavelength on the order of 0.2 Å.  This yielded an order of magnitude more 
spatial information for increasingly complex structure analysis. Additionally, 
effects of absorption are minimized.  
 
Neutrons diffract distinguishably different than X-rays and that is due to the 
fundamental scattering interaction. X-rays electromagnetically interact with 
atoms, therefore the scattering intensity is proportional to the number of 
electrons surrounding the nucleus. This is disadvantageous when attempting 
to identify atomic positions between atoms of similar weight (e.g. Al and Si), 
locating a lighter atom in the vicinity of a heavier atom (e.g. Si in the pres-
ence of Ba), or finding the lightest of elements (i.e. hydrogen).  The disad-
vantages of PXRD are rectified with neutron powder diffraction (NPDF) 
[36]. 

 
Neutrons have neither charge nor a measurable electric dipole. They interact 
with the nuclei of an atom. The basis for the scattering intensity or cross-
section that is the numerical marker distinguishing elements, and in this case 
isotopes, have been empirically determined and recorded by NIST (National 
Institute of Standards and Technology) because they do not depend on fun-
damental constants. Unlike X-rays which, again, directly depend on the 
number of electrons. The coherent scattering cross-section from thermal 
neutrons for Al and Si are 1.495 barn and 2.163 barn; and hydrogen and 
deuterium are 1.7583 barn and 5.592 barn, respectively (1 barn = 10-28 m2). 
Based on these figures individual elements should be distinguishable. How-
ever because there is no obvious logical trend that predicts the scattering 
cross-section for the interaction between thermal neutrons with ele-
ments/isotopes it is important to lookup the coherent and incoherent cross 
sections and absorption figures from NIST.  
 
The scope of this work is dependent on studying the behavior of hydrogen in 
Zintl phases, and the location of the hydrogen is invaluable. Unfortunately 
hydrogen cannot be usefully examined in a neutron diffraction experiment 
because of the large incoherent scattering cross-section (80.27 barn). Inco-
herent scattering results from individual nuclei scattering a neutron wave 
that then does not interfere with scattered waves from any other nuclei. 
Therefore any spatial structure information will not be disseminated when an 
incoherently scattered wave independently reaches the detector. The result-
ing diffraction pattern would be background noise. Coherent scattering is the 
interference of waves generated by the collective nuclei dependent on their 
spatial relationship to the surrounding scattering nuclei. The peaks and sys-
tematic absence of peaks in a diffractogram is the direct result of this phe-
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nomenon. Deuterium has an incoherent scattering cross-section of 2.05 barn 
and therefore is a proper isotopic substitute to locate the hydrogen positions 
in NPDF experiments [37].  
 
NPDF data were obtained on the Polaris diffractometer at the ISIS pulsed 
spallation neutron source at the Rutherford Appleton Laboratory (UK), and 
the Lujan Neutron Scattering Center at Los Alamos National Laboratory 
(USA).  

2.2.2 Electron Microscopy 
Electron microscopy is the use of an electron beam accelerated toward a 
sample and scattered by the electrostatic forces of the atoms that constitute 
the crystal observed. The aim here is to select a series of single thin crystal-
lites and analyze each in isolation instead of scattering a significant number 
of crystallites simultaneously as in powder diffraction. Comparing the wave-
length of x-ray diffraction (Cu Kα at 1.54 Å) to an electron beam accelerated 
to 200 kV will yield a wavelength of 0.0251 Å. A shorter wavelength than 
even the high energy X-rays generated from a synchrotron (0.2 Å). However 
due to the difference in the scattering interaction, electrostatic vs electro-
magnetic, the attenuation of an electron beam through a sample is higher. 
While each diffraction method described in brief so far yield complimentary 
information they each uniquely are utilized based on the material, efficiency 
of retrieving information and the type of detail in that information. 
 
The main method of electron microscopy used was Transmission Electron 
Microscopy (TEM). The accelerated electron beam is aligned, collimated 
and focused using magnetic lenses, transmitted through a sample then the 
scattered beam is magnified by additional concurrent magnetic lenses.  The 
final illuminated diffraction pattern, for an ideal grain, contains well defined 
circular spots. The position and intensity of each spot represents a plane in 
the reciprocal lattice of the crystal.  The zone axis, calculated as orthogonal 
to the present planes, is the direction through which the crystal is observed. 
As the sample is rotated in the beam the zone axis is changed along with the 
corresponding planes [38] [39]. 
 
Where powder diffraction combines the entire 3-dimesional reciprocal lattice 
and reduces it into a 1-dimensional diffractogram, each 2-dimensional dif-
fraction pattern recorded using TEM compiled together can reproduce the 
full reciprocal lattice in three dimensions. This is realized utilizing Rotation-
al Electron Diffraction (RED) that combines software and instrumentation to 
collect thousands of 2-dimensional diffractograms, then compile and stitch 
each image together producing a free-rotating graphic representation of the 
reciprocal lattice [40] [41].  
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Electron microscopy studies were completed on a JEOL JEM-2100 F trans-
mission electron microscope operated a 200 kV.  RED data for Ba3Si4Hx 
were collected using a single-tilt tomography holder that operates under the 
control of RED software. The 3-dimensional image was constructed from 
1307 frames. All TEM analyzed samples were crushed in a mortar and the 
resulting fine crystallites were supported on holey-carbon coated copper 
grids. The transfer of the sample holder into the electron microscope was 
done under normal air conditions.  
 
Electron microscopy studies were not completed on SrAlGe, BaAlGe, 
BaAlSn and CaGaSn due to their rapid decomposition when exposed to air. 

2.2.3 Vibrational Spectroscopy  
Vibrational spectroscopy is the observation of relative atomic displacement. 
This method links symmetry with relative movement and is the only charac-
terization technique that inherently examines the bond strength (force con-
stant) between neighboring atoms. This work utilized the complimentary 
techniques of infrared radiation (IR) and inelastic scattering techniques from 
Raman instrumentation or neutron sources to observe vibrations within the 
solid materials.  
 
Infrared spectroscopy is an absorption technique influenced by the displace-
ment of the electrical dipole moment. In general bonded atoms vibrate at 
discrete quantum levels, described from the harmonic and anharmonic oscil-
lator models. Absorbed photons resonate at a specific frequency with the 
given electric dipole’s present vibrational quantum state (νx) exciting it to a 
higher vibrational quantum state (νx+n). The transitions observed in IR are 
designated as fundamental, overtone and combination modes. Fundamental 
transitions occur when the vibration quantum level of the ground state (ν0) is 
increased by one level (ν0→1); an overtone is an increase of a whole number 
multiple of the fundamental mode (Δν = ± 2,3,…); a combination mode is 

the simultaneous excitation of two vibrational modes nearly the same fre-
quency appearing as a single peak. Collectively these are the absorption se-
lection rules and allowed vibration transitions, all noncompliant photons are 
transmitted. The raw output of information from an IR instrument will have 
peaks where frequencies were absorbed. The frequency range, given in 
wavenumbers, used in this body of work extended from 350 cm-1 - 4000 cm-1 
[42]. 
 
Intensity of the absorbed frequency is dependent on both the displacement of 
the electric dipole with respect to distance and the concentration of the sam-
ple. The dependence on concentration, especially when working with dark 



 33 

brittle materials presents a challenge when the only instrument available is 
limited to the traditional transmission setup. The corrected radiation is di-
rected at the sample with the detector located on the opposing side in line 
with the beam of photons. The thickness and concentration of the sample 
pellet must be balanced to let a readable signal reach the detector. This was 
achieved by diluting the sample in KBr, which had the added benefit of sta-
bilizing the air sensitive compounds for transport and instrument prepara-
tion. The drawbacks were the trial and error of mixing and pressing the right 
ratio of sample to KBr without breaking the very thin pellet.  Additionally 
the experiment chamber must be evacuated otherwise the signal will be con-
taminated by atmospheric interferences. All conditions add to the total time 
needed to collect acceptable data.  
 
In contrast the attenuated total reflection (ATR) attachment removes the 
necessity of extra sample preparation and allows for immediate measure-
ment. A sample (5-20 mg) was poured over a small slit containing a dia-
mond then mechanically closed with a sapphire top. The sapphire is softer 
than the diamond and when pressed together allow for an airtight seal around 
the sample. Obtained spectra did not show any evidence of sample decom-
position (e.g., bands of O-H, Si-O). The incident beam is directed at an angle 
into the diamond (or alternate ATR element) to produce several points of 
refraction from the internal surface of the diamond in contact with the sam-
ple. Those points of refraction produce evanescent waves into the sample 
which absorbs both a fraction of the total signal and allowed frequencies 
with respect to the selection rules. The refracted signal proceeds in this man-
ner along the diamond continuing on the path of internal refraction and sam-
ple testing until it is refracted back out of the diamond and into the detector. 
[42] 
 
Transmission IR absorption spectra were performed on a Bruker IFS 66v/s 
instrument. ATR measurements were recorded on a Varian IR-670 spec-
trometer with a DTGS thermostat detector and a “Golden Gate” micro ATR 

accessory equipped with KRS-5 lenses and a diamond ATR element.  
 
Inelastic scattering is a complimentary vibrational spectroscopic method. 
Monochromatic radiation excites the vibrational quantum level to some vir-
tual excited state and there are three scenarios that are detected once relaxed. 
First there is the possibility that the relaxed stated is the same as the original 
state (e.g. ν0→ ν0). This is elastic scattering, called Rayleigh scattering, and 
does not provide any vibrational information. Second there is the possibility 
that the inelastically scattered wavelength has lost energy and transferred it 
(e.g. ν0→ ν1). This is called a Stokes peak and shows up at a lower frequency 
than the Rayleigh scattering. Thirdly there is the possibility that the inelas-
tically scattered wavelength has gained energy (e.g. ν1→ ν0). This is called 
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an Antistokes peak, appearing at a higher frequency than the Rayleigh scat-
tering [42]. 

 
Raman spectroscopy is a type of inelastic scattering that uses monochro-
matic visible light (lasers) scattered by the induced dipole or polarizability of 
relative bonded atoms.  The measured pattern is typically simpler than IR 
since overtones and combination modes are not allowed vibration transi-
tions.  

 
Inelastic neutron scattering (INS) is another means of vibrational studies. 
INS provides complementary aspects to IR and Raman spectroscopy. In INS, 
unlike optical spectroscopy, the intensity does not depend on electronic 
properties such as dipole moment or polarizability. Thus, there are no sym-
metry-based selection rules and all modes are allowed. Furthermore, the 
intensity of modes is proportional to the amplitude of motion (displacement) 
and the total scattering cross section of atoms involved. Compared to all 
other elements the total cross section of hydrogen is extremely large. Thus, 
vibrations involving H displacements will dominate the INS spectrum. 
(Note, that in contrast to diffraction (elastic scattering) H is preferred over D 
for INS). Additionally, because of their larger amplitudes of motion, bending 
and libration modes will generally attain a higher intensity than stretching 
modes and translations. Another important feature with INS is the simplicity 
of the neutron-nucleus interaction, which allows one to quantitatively calcu-
late a neutron vibrational spectrum for a known structure on the basis of 
frequencies and displacements obtained from first principles methods and 
compare directly the calculated spectrum with the observed data [43].  

 
INS spectroscopy was performed with hydride samples (about 3 g) loaded 
into aluminum sample holders under a He atmosphere. The sample holders 
were subsequently sealed and mounted in a cryostat. The spectra were meas-
ured at 10 K on the filter difference spectrometer (FDS) instrument at the 
Lujan center at Los Alamos National Laboratory. Data were treated by dis-
crete, direct deconvolution of the instrument resolution function, which pro-
vides an energy resolution on the order of 4-5%.  

2.2.4 Magnetic Susceptibility 
Magnetic susceptibility is the linear proportionality constant that describes 
the ease to which the magnetic dipole density inside a material (i.e. magneti-
zation) is changed due to the influence of an external magnetic field. While 
probing magnetic susceptibility may reveal the magnetic characteristics of a 
material, the purpose of the measurements in this work were specifically to 
identify superconductive tendencies in some Zintl phases used as precursors 
in hydrogenation reactions [44].   
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Superconductivity is described as the flow of electrons without any resistivi-
ty (i.e. no dissipation of energy).  An additional function of this phenome-
non, the Meissner Effect, is the ability of the material to oppose an external 
magnetic field (i.e. the magnetic susceptibility equivocates to a value that 
eliminates any induced magnetic field inside the sample, this is called flux 
exclusion). 
  
Measurements were run using a vibrating sample magnetometer (VSM) at-
tachment inside a physical property measurement system (PPMS). The 
VSM, exploiting Faraday’s Law of induction, oscillates the sample in uni-
form external magnetic field in and out of the range of coils. The change in 
the magnetic flux experienced by the coils generates a voltage proportional 
to the magnetization of the sample. The coils are connected to an amplifier 
and software that translates the voltage [45] [46]. 

 
Powdered samples were placed into a brass trough sample holder and sealed 
with a small amount of fast curing superglue under dry argon. The sample 
holder was then loaded vertically into the PPMS chamber. Transition tem-
peratures were determined with magnetization measurements from 15 K to 2 
K at a rate of 1 K/min. The magnetic field was calibrated with 
Gd2(SO4)3*8H2O, a paramagnetic standard with a susceptibility of 0.0533 
cm3/mol at room temperature. Zero Field Cooling (ZFC) and Field Cooling 
(FC) measurements under a magnetic field of 10 Oe were conducted for 
samples showing saturated magnetization above 2 K. Magnetization curves 
(M vs H) were taken at 3 K on the same PPMS.  Applied magnetic fields 
were up to 1000 Oe at a scanning rate of 10.5 Oe/s.  
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3 Fundamentals of Hydrogenation in Zintl 
Phase Compounds 

The balance between electronic and geometric structure in Zintl phase com-
pounds follows that an adjustment of 1 or 2 electrons to the formula unit 
stoichiometry becomes a crucial subjugation resulting in an alteration of the 
structural chemistry and/or physical properties. Hydrogen has the capability 
to induce such changes for two reasons. First, the electronegativity is slightly 
greater than the p-block elements constituting Zintl phases and second, the 
relative small size of the hydrogen leads to limited steric considerations.  

 
There are two overarching relationships in which hydrogen will be present in 
Zintl phase compounds.  Hydrogen may act covalently by being part of the 
polyanionic substructure (polyanionic hydride) or hydridic by being exclu-
sively coordinated by the active metal (interstitial hydride) acting then as an 
electron sink which in turn reduces the total charge transfer from the active 
metal to the anionic component. Predicting if/how hydrogen will incorporate 
in a Zintl phase is rather difficult. Likewise it is difficult to predict if/how the 
stability of a Zintl phase is dependent on the incorporation of hydrogen. Em-
pirical research illustrates the proclivity of specific structure types to be 
more susceptible to hydrogenation and in general there are two broad for-
mation schematics for Zintl phase hydrides (paper 1). These will be illustrat-
ed below and referred to throughout [47]. 
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ient, low-temperature, route for the synthesis of clathrates or other cage-like 
structures. The final step of oxidative decomposition is represented by a 
mixture of active metal hydride and p block element.   

 
Scheme 1b illustrates the formation of a polyanionic hydride. In contrast to 
an interstitial hydride, hydrogen is a part of the polyanion, covalently bonded 
to a p block element atom as a terminating ligand. The formation of a poly-
anionic hydride can be considered as an intermediate toward complete hy-
drogenation. Complete hydrogenation results in a complex metal hydride, all 
bonds between p-block elements are broken and terminated with H ligands.  

 
Scheme 2 illustrates the formation of Zintl phase hydrides (both interstitial 
and polyanionic ones) from active metal hydride and p-block element mix-
tures. This scheme can be applied for thermodynamically stable Zintl phase 
hydrides (with respect to active metal hydride and p-block element mix-
tures). Additionally, the Zintl phase hydride has to be thermostable above 
500 °C because of the considerably higher synthesis temperatures needed 
compared to Scheme 1. Note that Scheme 2 may yield Zintl phase hydrides 
for which an underlying Zintl phase does not exist. Generally Scheme 1 sup-
ports the formation of kinetically controlled products (hydrides). Altering the 
reaction environment through temperature, H2 pressure, reaction time may 
yield a diverse array of metastable compounds.  

 
If and how a Zintl phase will react with hydrogen (according to Scheme 1) 
depends on the thermodynamic (and also kinetic) conditions of a particular 
system. Low-temperature hydrogenations (less than 250 °C) may proceed in 
a topotactic way and yield metastable hydrides, whereas high-temperature 
hydrogenations (greater than 500 °C) are more likely to be thermodynami-
cally controlled, which could result in a substantial rearrangement of the 
atoms. Although Scheme 1 suggests versatile hydrogen-induced polyanion 
chemistry for Zintl phases, there is little experience and especially no mech-
anistic studies.  
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3.2 Polyanionic Hydrides 
 

 

 
 
 
 
 
 
In polyanionic hydrides, hydrogen is part of the polyanion and thus formally 
considered as neutral (atomic H). Conceptually, hydrogen is formally added 
to, or inserted into, the polyanion of the Zintl phase precursor. Susceptible 
species for addition would be �-bonded polyanions. Insertion implies break-
ing of precursor p-block element-element bonds and subsequently terminat-
ing them by H. Two examples of Zintl phase precursors show this exempla-
rily (Figure 3.2): SrAl2 (CeCu2 structure type) and SrGa2 (AlB2 structure 
type) are charge balanced 8-electron systems, meaning all eight valence elec-
trons fill the available bonding or nonbonding orbitals. According to the 
Zintl-Klemm formalism, the active metal (Ae = Sr) donates 2 electrons to the 
more electronegative component, which in both these examples is a repre-
sentative from group 13, (Tr = Al, Ga). This results in Sr2+(Tr)1-(Tr)1- where 
each Tr now has 4 valence electrons and will form a substructure following 
the same behavior observed with group 14 elements. The (Al1-)2 features a 3-
dimensional polyanionic network in which each Al atom is surrounded by 
four neighbors in a distorted tetrahedral fashion. The (Ga1-)2 arrangement 
corresponds to a planar hexagonal net where Ga is considered sp2 hybrid-
ized. The three σ-bonding bands (s, px, py) and the π-bonding band (pz) are 
occupied by the eight valence electrons.  

 
In the presence of pressurized hydrogen (50 bar) and low temperatures (less 
than 200 °C) both of these precursors, SrAl2 and SrGa2, form isostructural, 
charge balanced, polyanionic hydrides that crystallize with the trigonal space 
group  P-3m1 (SrAl2H2 type) [33].  The Tr atoms are considered sp3 hybrid-
ized and are arranged as puckered graphitic layers with three nearest Tr at-
oms. The vacant coordination is taken by hydrogen.  The two-dimensional 
polyanion (Tr2H2)2- (Tr =Al, Ga) is formally electron precise (10 electrons) 

Figure 3.2 Formation of a SrAl2H2-type polyanionic hydride via hydrogenation of 
8-electron (left) CeCu2-type, SrAl2 and (right) AlB2-type, Sr(Ba)Ga2. The active 
metals, p-block and hydrogen atoms are shown with red, blue and green spheres, 
respectively. Image is reproduced from paper 1 with permission. 
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3.3.1 M5Pn3H1-x 
The crystal structures of dimorphic M5Pn3H (M = Ca, Sr, Ba, Sm, Eu, Yb; 
Pn = Sb, Bi) correspond to either a stuffed hexagonal Mn5Si3-type or an or-
thorhombic Ca5Sb3F-type [28]. Applying the Zintl-Klemm concept to both 
configurations (M5)2+(Pn3)3-(H)1-, the pnictide atom is fully reduced. The 
cations provide octahedral and tetrahedral voids in which the hydrogen is 
located.  

 
The synthesis of the stuffed hexagonal Mn5Si3-type follows Scheme 1 (Fig-
ure 3.1) with the Zintl phase (Mn5Si3-type) as hydrogenation precursor. In a 
controlled hydrogenation process, hydrogen will fill hydridic into the voids 
of the octahedron, and a volume contraction is observed. Under long anneal-
ing time periods the stuffed hexagonal Mn5Si3-type has been demonstrated to 
transform irreversibly into the orthorhombic Ca5Sb3F-type. There are six 
compounds in this family that are not dimorphic and those retain the parent 
Mn5Si3-type structure and no transformation is observed. Synthesis of the 
orthorhombic Ca5Sb3F-type follows Scheme 2 (Figure 3.1), where MH2 is 
combined with the elemental pnictogen. The hydrogen is located in the tet-
rahedral voids. The volume contraction is less than 1% for the dimorphic 
phases. In the case of Ca5As3 and Ba5(Sb, Bi)3 the volume contraction is 2.1-
2.7%. In both phases the quantity of the hydrogen content is non-
stoichiometric [28] [32].  

3.3.2 M5Tt3Hx 
Corbett published seven examples of M5Tt3Hx (M-Sn-H =Ca, Ba, Eu, Yb; 
M-Pb-H = Sr, Ba, Eu; all M are divalent) [29].  Previously, the structure of 
four of these compounds (M=Sr, Ba, Yb) were inaccurately published as 
binary Cr5B3-type. This mistake resulted from the combination of not being 
able to detect hydrogen using XRD and not properly pre-treating the active 
metal for adventitious hydrogen. 

 
These compounds crystallize in the Ca5Sn3H-type structure (Figure 3.3g), 
more readily known as a ‘stuffed- Cr5B3’- type. Layers containing isolated 
Ca tetrahedra centered by hydrogen and Tt-monomers alternate with layers 
of Tt-dimers and Ca2+ cations. A simple application of the Zintl-Klemm 
concept to the precursor (Ca2+)5 (Tt2)6-(Tt)4- and hydride (Ca2+)5 (Tt2)5-(Tt)4-

H- yields a charge balanced situation for the former, but an imbalanced one 
for the latter. However, due to their metallic behavior Corbett gives evidence 
that both the Zintl phase precursor and the hydride (e.g. Ca5Ge3 and 
Ca5Ge3H) may not be electron-precise classic Zintl phases. He proposes that 
the electrons that occupy the π* state delocalize into the conduction band. 
Hydrogenation would then depopulate electron density from the π* state 
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adding increased stabilization accompanied by short Tt-Tt bond lengths [29] 
[31]. These compounds are certainly Zintl phases, though their electronic 
structure interpretation is perhaps not as straight forward.  

3.3.3 M3TtH2 (M=Ca, Yb; Tt= Sn, Pb) 
For the hydrides M3TtH2 there is no underlying Zintl phase M3Tt and ac-
cordingly their synthesis follows Scheme 2. The crystal structure is ortho-
rhombic (SG: Cmcm) and the main feature are the parallel double-stranded 
edge-sharing tetrahedra that run along the c axis (Figure 3.3a). The tetrahe-
dron is made up by M2+ atoms centered by the hydrogen. There are two 
Wyckoff sites for the M2+ atom (4c, 8g) and only one of these sites (4c) co-
ordinates with a single fully-reduced tetralide ion, which also occupies a site 
4c.  Applying Zintl formalism the compound is charge balanced as (M2+)3Tt-4 
(H-)2 [30]. 

3.3.4 Ba5Ga6H2 

Also for the hydride Ba5Ga6H2 there is no underlying Zintl phase and syn-
thesis follows Scheme 2. This compound has trigonal symmetry (SG P3c1) 
and features a 2-dimensional array of corner-sharing tetrahedra parallel to 
(110) plane, formed by the active metal (Ba2+) and centered by the hydride 
ion (Figure 3.3b). Each corner sharing tetrahedron alternates their orientation 
in opposite directions with respect to the orientation along the c axis. The 
second feature is the naked anionic Ga6

8- octahedral cluster. Each octahedron 
is sandwiched between the barium tetrahedral layers in a larger octahedral 
void made up by three tetrahedra above and three below. The hydrogen sta-
bilizes the cluster by holding onto two of the ten electrons donated from the 
barium. Applying the Zintl-Klemm concept, (Ba2+)5(Ga6)8- (H-)2 is a charge 
balances species [50].  

3.3.5 Li4Tt2H 
Another hydrogen stabilized compound following synthesis Scheme 2 is the 
orthorhombic hydride Li4Tt2H cell (Tt = Si, Ge; SG Cmmm). The crystal 
structure is comprised of 2-dimensional hydrogen-centered corner-sharing Li 
octahedra layers sandwiched between two pairs of parallel zig-zag tetralide 
strands that elongate along the b axis and are anti-parallel to each other in 
the c-direction (Figure 3.3c).  Applying the Zintl formalism (Li+)4(Tt2)3-H-, 
this is a charge imbalanced species with metallic character. The tetralide zig-
zag chain is � bonded and the extra electron occupies the π* anti-bonding 
band [51].  
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3.3.6 CaSiH1+x 
Hydrogenation, per Scheme 1, of CaSi (CrB-type, SG: Cmcm) will produce 
the orthorhombic Zintl phase CaSiH1+x (SG: Pnma), Figure 3.3f. Controlled 
H desorption yields CaSiH (SG: Pnma). Finally to complete the cycle, both 
can be dehydrogenated back to CaSi.  The two hydrogenous structures both 
feature a 2-dimensional array of edge-sharing calcium tetrahedra centered by 
a hydride ion and both have a triad of anionic Si zigzag-chains with linking 
bonds on every-other Si atom in the chains. In this triad the inner Si zigzag 
chains are identical (Si-Si = 2.34 Å, CaSiH; 2.32 Å, CaSiH1+x), and the outer 
chain is a different (Si-Si =2.20 Å, CaSiH; 2.58 Å, CaSiH1+x).  The angle of 
rotation of each Si-chain within the triad (98.8° vs 84.2°, between the middle 
and outer Si zigzag chain) is more acute for the higher hydrogen content.  In 
CaSiHx+1 there is a second hydrogen position (appx occ. 22%) that centers a 
bridging tetrahedron between the 2-dimensional tetrahedral arrays with ver-
tices made up of one Si atom (H-Si = 1.82 Å ) and three Ca atoms (H-Ca = 
2.66 Å, 2.38 Å). 

 
Applying the Zintl-Klemm concept towards both of these hydride structures 
has not been quite resolved in the original works [52] [53]. The CaSi precur-
sor is rather straight forward Ca2+Si2-, and each Si has 6 electrons and forms 
a 1-dimensional zigzag chain. In CaSiH there is an average of five electrons 
per Si which indicates a conjugate π-stabilization within the Si-chains. For 
both hydrides there are two types of Si-atoms (two and three bonded) and 
two different types of chains. In CaSiHx+1, the hydridic nature of the second 
hydrogen has been unclear, but could be recently resolved by Auer et al. 
[54]. As a matter of fact, this hydrogen is not interstitially located but bond-
ed to Si. Thus CaSiH1+x (with the stoichiometric formula CaSiH4/3 is a rare 
case of a Zintl phase hydride that combines both, the interstitial and polyan-
ionic feature.  

3.3.7 GdGaH1.66 
An initial electronic structure analysis of the Zintl phase precursor GdGa 
(CrB structure type) would show the electron precise Gd3+Ga3- to be appro-
priate. Each Gallium would have six electrons, two lone pairs and two bond-
ing electrons that form the 1-dimensional zigzag chain. However this as-
sumption does not support the ferromagnetic properties displayed by this 
compound and a change to Gd3+Ga2-e- with an extra electron available for 
ferromagnetic coupling of magnetic moments seems more appropriate. 
When assuming Ga2-, the zigzag chain will be partially �-bonded. 
  
The changes observed after the hydrogenation of this species supports the 
extra electron model through both structure and magnetic property shifts. 
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Following Scheme 1 a range of (metastable) compounds GdGaH1+x are ob-
served, depending on the synthesis temperature, reaction time and H2 pres-
sure. The peculiarity of recoverable GdGaH1.66 (SG: Cmcm) is the presence 
of two distinctly different H positions. The Gd atoms form a 2-dimensional 
array of edge-sharing tetrahedra which are centered by a first hydrogen posi-
tion (H1). Intersitial H1 acts hydridic. The second type of H atoms (H2) is 
located between Ga atoms of neighboring chains. Although the Ga-H2 dis-
tance is rather long, around 2 Å, it is too short for being considered non-
interacting. Ga and H2 atoms are then arranged as linear chains which have 
been interpreted as Peierls-like situation. The H2 position is not fully occu-
pied. The occupancy is about 2/3 (x ≈ 0.63), which indicates that the chains 

are fragmented into 5-atom entities Ga-H2-Ga-H2-Ga, as in NdGaH1.66. Up-
on hydrogenating GdGa and NdGa the magnetic interaction changes from 
ferromagnetic to antiferromagnetic nature [55] [56].  

3.3.8 Oxidative Decomposition 
Scheme 1a also contains oxidative decomposition steps where hydrogenation 
removes active metal from the precursor Zintl phase as a metal hydride, 
MHn. This can result in new Zintl phases that are richer in the p-block ele-
ment and thus contain polyanions with an increased number of covalent 
bonds. Therefore hydrogenation can be used as a synthesis technique to pro-
duce p-block element rich Zintl phases.  

3.4 Conclusion 
The structural consequences that hydrogenation may incur on Zintl phases 
were discussed and two distinct situations identified. Accordingly, Zintl 
phase hydrides were classified as either interstitial (hydridic) or polyanionic. 
Observing the fundamental structural influence of hydrogen in example 
compounds became a foundation to form an understanding as more complex 
materials are discovered that contain both types of incorporated hydrogen. 
Additionally, hydrogenation gives the possibility to be utilized as an alter-
nate synthesis technique for new Zintl phases through oxidative decomposi-
tion of the precursor phase. Expounded further in this dissertation are nu-
anced example compounds that continue to develop the basic discussions 
presented in this chapter. 
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4 Polyanionic Hydrides based on AlB2-type 
derived Zintl Phases AeTrTt 

This chapter exemplifies polyanionic hydrides, introduced in Chapter 3.2, 
through the extended family of AeTrTtH compounds. Presented are the ex-
ploration of 9-electron Zintl phase precursors AeTrTt whose structures relate 
to the AlB2 type (paper 2) and the results of synthesis experiments that col-
lectively produce AeTrTtH. Special focus is on AeAlGeH(D) (paper 3). 

4.1 9-Electron Zintl Phases AeTrTt 
The 9-electron Zintl phase compound CaAlSi (AlB2-type) was found to ex-
hibit conventional superconducting behavior at about 7.8 K under atmos-
pheric pressure. Applying the Zintl-Klemm concept, Ca2+(AlSi)2-, the 9-
electrons refers to the Al-Si substructure where each element comes in with 
3 and 4 electrons respectively and 2 more electrons are donated from the 
alkaline earth metal. The odd number of electrons means this is not a closed-
shell species and therefore not a classic, charge balanced, Zintl-phase. The 
exhibition of superconducting behavior prompted our examination into addi-
tional combinations of alkaline earth (Ae = Ca, Sr, Ba) and a group 13 triel 
(Tr = Al, Ga) and a group 14 tetrel (Tt = Si, Ge, Sn) element, all based on 
the AlB2 type structural theme. A total of sixteen compounds (AeTrTt) have 
been identified, providing rich versatility to explore composition-structure-
property relations.    

4.1.1 Structure Properties 
The AlB2 aristotype (SG = P6/mmm; Figure 4.1.a) is comprised of 2-
dimensional planar graphitic layers (hexagonal nets) of boron atoms. The 
layers stack directly above each other along the c-direction and sandwiched 
in the intercalating void between two hexagonal centers is an Al atom.  This 
transposes to the AeTrTt Zintl phase where the active metal takes the place 
of the Al site and the Tr and Tt atoms disorderly distribute over the boron 
site. The Tr and Tt atoms covalently bond in an sp2 hybridized fashion. The 
pz orbital, perpendicular to the plane, is available for π-bonding. The π-
bonding band is filled for an eight electron species (e.g. SrGa2) and the ninth 
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electron goes into the π*-anti bonding band, slightly destabilizing the struc-
ture. 

 
The sixteen identified AeTrTt compounds are classified under five structure 
types (AlB2, SrPtSb, EuGe2, YPtAs, CaIn2). The later four may be derived 
from subgroup relations of P6/mmm: translationengleiche (retained transla-
tion symmetry, change in crystal class), klassengleiche (retained crystal 
class, change in translation symmetry) and isomorphic (same space group, 
enlargement of asymmetric unit cell). In general, structure type changes re-
sult from alterations to the hexagonal net (e.g. atom disorder/order, planar or 
puckered-net and stacking variations) [57].  

 
The SrPtSb structure type (SG: P-6m2; Figure 4.1.b) has a single difference 
from the AlB2-aristotype and that is the ordering of the Tr and Tt atom posi-
tions such that each Tr is bonded to three Tt atoms and visa versa. EuGe2 
structure type is the basic puckered variant where the degree and orientation 
of the puckered hexagonal net is the same in each layer. The ordered and 
disordered space groups are P3m1 (Figure 4.1.c) and P-3m1 (Figure 4.1.d), 
respectively.  
 

 
 
 
 
 
In the CaIn2 (SG: P6/mmc; Figure 4.1.f, disordered) and NdPtSb - structure 
type (SG: P63mc; Figure 4.1.g, ordered) each puckered layer is reversed, 
resulting in a doubling of the c-axis. Similarly the YPtAs structure type (SG: 
P6/mmc; Figure 4.1.e) is a four-fold increase of the unit cell along the c-axis 
due to an increased variation to the puckering of the hexagonal net. Follow-
ing this trend more stacking variations may exist based on weakly corrugated 
layers. Two commensurately modulated superstructure polymorphs are iden-
tified as 5H and 6H, the numerical marker designates the number of corru-
gated hexagonal layers in the unit cell (Figure 4.2).  

Figure 4.1 Illustration of the AlB2 –aristotype and variants described within the 
text. a) AlB2; b) SrPtSb; c) EuGe2 – disordered; d) EuGe2-ordered; e) YPtAs; f) 
CaIn2; g) NdPtSb. Image is reproduced from Paper 2 with permission.  



 49 

 
 
 CaAlSi SrAlSi BaAlSi SrAlGe BaAlGe 

space 
group 

P6/mmm P6/mmm P6/mmm P-6m2 P-6m2 

a, Å 4.18680(4) 4.24465(4) 4.3082(1) 4.30514(6) 4.35029(4) 
c, Å 4.39883(5) 4.74494(5) 5.1460(1) 4.74193(7) 5.13835(6) 
V, Å3 66.777(2) 74.036(2) 82.72(1) 76.113(2) 84.215(2) 
Z 1 1 1 1 1 
dA−B, Å 2.419 2.451 2.487(1) 2.486 2.512 
χ2 2.05 1.85 2.30 1.70 1.36 
Rp 0.0799 0.1016 0.1084 0.0978 0.0583 
Rwp 0.1212 0.1421 0.1712 0.1355 0.0822 
 
 CaGaSi SrGaSi BaGaSi CaGaGe SrGaGe 
space 
group 

P6/mmm P6/mmm P6/mmm P63/mmc P6/mmm 

a, Å 4.11126(7) 4.18383(5) 4.25158(6) 4.21947(6) 4.27125(7) 
c, Å 4.4488(1) 4.74223(6) 5.10811(9) 17.2864(3) 4.71807(8) 
V, Å3 65.122(3) 71.889(2) 79.964(3) 266.533(9) 74.543(3) 
Z 1 1 1 4 1 
dA−B, Å 2.374 2.416 2.455 2.513(1) 2.466 
χ2 1.77 2.36 1.79 1.63 1.80 
Rp 0.1032 0.1328 0.0972 0.0932 0.0995 
Rwp 0.1454 0.1908 0.1470 0.1286 0.1456 
 

 
 
 
 
 

Figure 4.2 Illustration of commensurate polymorphs a) 5H and b) 6H, described 
in the text. Image is reproduced from paper 2 with permission. 
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 BaGaGe SrGaSn BaGaSn BaInGe BaAlSn 
space 
group 

P6/mmm P63/mmc P63/mmc P-3m1 P6/mmm 

a, Å 4.33422(5) 4.5451(2) 4.57998(8) 4.6060(2) 4.63123(8) 
c, Å 5.09291(7) 18.724(1) 10.3273(3) 5.0657(3) 5.1430(1) 
V, Å3 82.855(2) 334.98(3) 187.605(8) 93.07(1) 95.531(1) 
Z 1 4 2 1 1 
dA−B, Å 2.502 2.728(3) 2.673(1) 2.682(1) 2.674 
χ2 1.76 1.81 1.45 1.17 1.15 
Rp 0.0717 0.0842 0.0498 0.0683 0.0771 
Rwp 0.1032 0.1230 0.0733 0.0938 0.1111 

Table 4.1 Crystal Data and Refinement Results for AeTrTt 

4.1.2 Superconductivity  
Particular attention to planar versus puckered or modulated anionic substruc-
tures is due to a correlation with conventional type-II superconducting prop-
erties of AeTrTt. With the exception of BaAlSi, all the planar 9-electron 
Zintl phase AlB2-type variants exhibit superconductive behavior with a tran-
sition temperature above 2 K, that condition is absent in the puckered vari-
ants. The puckering is a geometric shift reflecting an electronic stabilization 
where the pz orbitals, available for π-bonding in the planar scenario, become 
non-bonding. This geometric and electronic difference correlates with elec-
tron-phonon coupling which is the key to superconductivity.  
 
compound Tc (K) compound Tc (K) compound Tc (K) 

CaAlSi 7.8 CaGaSi 4.4 CaGaSn < 2 
SrAlSi 4.7 SrGaSi 4.9 SrGaSn < 2 
BaAlSi < 2 BaGaSi 4.2 BaGaSn < 2 
SrAlGe 6.7 CaGaGe < 2 BaInGe < 2 
BaAlGe 6.3 SrGaGe 2.6   
BaAlSn 2.9 BaGaGe 2.4   

Table 4.2 Superconducting Transition Temperatures (Tc) of AeTrTt compounds 

 
Previous studies of single crystal 1-H CaAlSi reveal an Al/Si out-of-plane 
soft-mode phonon vibration [58] [59]. Further investigations into AeAlSi 
and AeGaSi corroborate the evidence of a low-frequency mode associated 
with the out-of-plane phonon vibration which couples to the Fermi-level 
electrons in the partial occupied π* band situated at the same location of the 

Brillouin zone. This soft mode disappears upon a certain degree of layer 
puckering 
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The three highest transition temperatures observed from this group are from 
CaAlSi, SrAlGe and BaAlGe at 7.8 K, 6.7 K and 6.3 K respectively. Given 
the trend for AeTrTt compounds, if CaAlGe could be synthesized there is the 
possibility of it having the highest TC of the whole group. However all fac-
tors that may contribute to superconductivity are not yet sorted. There are 
queries yet to be solved such as, why do the aluminum containing com-
pounds have the highest Tc, and how does puckering, plane separa-
tion/composition, and c-direction stacking effect electron-phonon coupling? 

4.2 Polyanionic Hydrides AeTrTtH  
As presented in Chapter 3.2, polyanionic hydrides are formed when the hy-
drogen covalently binds to the anionic substructure. Ten of the sixteen 9-
electron ternary AeTrTt Zintl phases form isostructural charge balanced (10-
electron) quaternary polyanionic hydrides/deuterides. Hydrogenation induc-
es a minor geometric alteration accompanied by a more profound metal (or 
superconductor) to semiconductor transition with the addition of a single 
electron per formula unit provided by hydrogen. This transition is clearly 
seen in the electronic density of states where a gap opens up at the Fermi 
level [60].  

 
The hydrogenated polyanion is ordered such that each Tr atom is bonded to 
three Tt atoms and vice versa; the hydrogen terminally binds to the Tr-atom 
in the same direction along the c-axis; and the layers pucker slightly (Figure 
4.3.a). This causes a lengthening of the c-axis where the a-axis is relatively 
maintained. The Tr-H bond distance is typically longer than those found in 
molecular species with terminal Tr-H bonds (e.g. AeTrn, n=1-3) and they are 
similar to the distances found in the ternary hydrides (AeTr2H2) [61].  

 
The hydrogen is coordinated and additionally stabilized by three Ae atoms 
(Figure 4.3.b). The strength of both the largely covalent Tr-H bond and the 
electrostatic Ae-H coordination were assessed through vibrational spectros-
copy where the stretching mode is a direct measurement of the Tr-H bond 
and the bending mode is an indirect measurement of the Ae-H coordination 
strength.  
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The hydrogen environment was further characterized through INS vibration-
al studies supported by calculated phonon dispersion curves. Based on the 
C3v point group symmetry the internal modes are characterized by A1 + E. A1 
represents the Tr-H stretch along the z-axis. Typical vibrational modes for 
molecular TrHn

 (n=1,2,3) species are at higher frequencies compared to Ae-
TrTtH, which demonstrates a rather weak Tr-H bond in the latter. The x and 
y displacements (Tr-H bending mode) are represented by the degenerate 
mode E, which thus represent an indirect measure of the Ae-H electrostatic 
coordination strength [61] [62].  The general trend found is that the lighter 
the active metal (Ba, Sr, Ca) the lower the frequency of the Tr-H bending 
mode, suggesting a weakening of the electrostatic interaction between the 
active metal and the hydrogen.  

 
Overall the diverse compositions of the AeTrTtH series allowed a detailed 
study of the Tr-H bond in various Ae environments.  

4.2.1 Synthesis and Property Summary of AeAlSiH, AeGaTtH 
and BaInGeH 

The first quaternary polyanionic hydride to be researched and published was 
SrAlSiH (SG: P3m1) in 2005 [34]. Following synthesis Scheme 1.b (Chapter 
3) a pellet of the precursor (SrAlSi) was placed in a steel autoclave with 
approximately 50 bar of hydrogen at temperatures between 600 °C - 700 °C 
for 24 h. The pellet maintained its shape through the reaction process. Fur-
ther analysis showed that the a-axis stayed relatively the same whereas the c- 
axis had expanded by 5 % and the Al-Si bond length increased by only 0.03 
Å from SrAlSi [60]. A profound electronic transition from the superconduc-
tive precursor (TC = 5.1 K) to the semiconductor hydride with an indirect 
bandgap of 0.63 eV occurs. Additional properties of SrAlSiH are air and 
moisture stability and the ability to reversibly desorb hydrogen at 600 °C. 
CaAlSiH and BaAlSiH were also successfully made following Scheme 1. 
 
The gallium quaternary hydride series was studied next where four new qua-
ternary hydrides were found: SrGaGeH, BaGaSiH, BaGaGeH and BaGaSnH 
[61]. Synthesis of these compounds was at a lower temperature (350 °C) and 
for longer duration (3 days) and higher hydrogen pressure (80 bar). The re-
sulting structures followed the SrAlSiH-structure type, though possibly some 
structural disorder occurred for BaGaSiD. According to electronic structure 
calculations, these four compounds have band gaps that range from 0.1 eV -
0.6 eV. SrGaGeH, BaGaSiH and BaGaGeH could be reversibly dehydrogen-
ated (300 °C - 420 °C) whereas BaGaSnH partially decomposed.  
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Synthesis following Scheme 2 underwent several iterations of heating (initial 
reaction temperature was 600 °C), grinding, re-pelletizing and re-heating (all 
subsequent reaction temperatures 750 °C) until no impurities were detected 
through PXRD. CaAlGeH was not formed at all. In addition to requiring the 
highest synthesis temperatures, the AeAlTtH compounds are also the most 
thermally stable of the AeTrTtH series. Under dynamic vacuum conditions 
SrAlTtH and BaAlTtH (Tt = Si, Ge) all release hydrogen above 500 °C. 

 
BaAlGeH and SrAlGeH have a slightly higher molar volume, of approxi-
mately 1.1% and 1.8%, respectively with respect to the AeAlGe precursor. 
As expected, there is a subtle contraction of the a parameter for both 
BaAlGeH and SrAlGeH (0.16% and 1.4%) while the c parameter expands by 
1.4% and 4.5%, respectively. The length of the Al-D bond in AeAlGeH 
(1.73-1.74 Å) is within the range of Al-D bond lengths of AeAlSiH (1.73-
1.77 Å) [60]. This bond length is longer than the terminal bond length found 
in the alanes (AlHn 1.57 -1.64 Å; for n = 3, 2, 1)), and slightly longer than 
the one in less thermally stable SrAl2H2 (Al-H 1.71 Å) [33].  

 
 

 
 
 
 
 
According to vibrational spectroscopy, Figure 4.6, the Al-H bending and 
stretching modes of SrAlGeH and BaAlGeH are at frequencies around 900 
cm-1 and 1240 cm-1, respectively. Generally, aluminum containing com-
pounds (AeAlTtH) have a stretching frequency range from 1200 - 1250 cm-1 
which is lower than typical vibrational modes for AlHn

 (n = 1,2,3) that are 
from 1682 - 1882 cm-1 [65].  Given the higher the frequency the shorter and 

Figure 4.6 INS spectrum of (a) SrAlGeH and (b) BaAlGeH. The stretching and 
bending modes are around 1240 cm-1 and 900 cm-1, respectively.Image is 
reproduced from paper 3 with permission.  
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stronger the bond, the lower frequency of the Al-H bond in AeAlTtH is in 
agreement with the longer and weaker bond for the quaternary hydrides.  

4.2.3 Moisture Induced Composition 
The compounds AeAlGeH are air and moisture sensitive which resulted in a 
transformation from grey crystalline into yellow and orange colored amor-
phous materials accompanied by a large volume increase. A chronological 
exposure series was mapped out using IR spectroscopy and is displayed in 
Figure 4.7 accompanied by photographic insets of the corresponding physi-
cal change. 

 

 
 

 
 
 
In agreement with the INS spectra (Figure 4.6), in the time equal zero spec-
trum (black) Al-H bending and stretching modes appear around 900 cm-1 and 
1220 cm-1, respectively. At exposure time 4 min (red) a peak appears at 
about 2100 cm-1 (indicated by an arrow) which becomes prominent after 12 
min (green). This peak relates to a Ge-H stretching mode and the corre-
sponding bending mode is expected at about 550-600 cm-1. Broad bands 
appear around 3500 cm-1, 2000 cm-1 and 1500 cm-1. The former and latter are 
expected for O-H stretching and bending, respectively. Simultaneously the 

Figure 4.7 Infrared spectra of a SrAlGeH sample exposed to air for 0 min (a), 4 min 
(b), 12 min (c), and one year (d). The photographs show the colors of the materials 
b-d. The arrow in the spectrum (b) marks the onset of the Ge-H stretch 
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Al-H bands from the original spectrum gradually disappear and several low 
frequency bands appear that may correspond to Ge-O/Al-O stretching modes 
[66].  

4.3 Conclusions 
Ternary 9-electron AeTrTt Zintl precursors with the AlB2-structure type and 
variants are a compositionally diverse set susceptible to hydrogen incorpora-
tion. The resulting polyanionic hydrides allowed the study of Tr-H bonds in 
various environments. The Tr-H bond in AeTrTtH is distinctive in the vibra-
tional spectrum with a lower frequency than molecular species with terminal 
Tr-H bonds. The weak covalent Tr-H bond in AeTrTtH is stabilized by Ae-H 
electrostatic interactions. Additionally, the hydrogenation results in an elec-
tronic transition from a metal/superconductor to a semi-conductor with a 
band gap at the Fermi-level, as expected for classic charge balanced Zintl 
phases.   
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5 Interstitial Hydrides: Transforming Si4
6- 

“Butterfly” Anions into Tetrahedral 
Moieties 

This chapter exemplifies interstitial Zintl phase hydrides and H-induced 
polyanionic chemistry through the investigation of the hydrogenation behav-
ior of Ba3Si4 (paper 4).  

5.1 Structure Summary of Ba3Si4 
The Zintl-phase Ba3Si4 was first published in 1969 and most recently in 2008 
when a more accurate crystal structure was provided [67] [68].  

The structure of Ba3Si4 is tetragonal (SG P42/mnm) and contains isolated 
butterfly-shaped Si4

6- polyanions. Applying the Zintl-Klemm formalism, the 
two Si atoms constituting the butterfly abdomen carry a single charge and 
thus are 3-bonded, and the two Si atoms representing the wings carry two 
charges and thus are 2-bonded. The abdomen bond length, between the 3-
bonded silicon atoms (2.418 Å), is slightly shorter than the wings, between 
the 3-bonded and 2-bonded silicon atoms (2.425 Å). The barium atoms form 
layers of edge-sharing squares based on corrugated 44 nets alternately capped 
above and below. The Si4

6- anions are located in the cavities provided by the 
framework of the barium square-planar pyramids.  

5.2 H-induced polyanionic chemistry with Ba3Si4Hx - 
expectations 

Figure 5.1 illustrates a range of possible changes which the anionic butterfly 
moiety may undergo, provided that hydrogenation of Ba3Si4 leads to phases 
Ba3Si4Hx. One case illustrates the hydrogen covalently binding to the butter-
fly polyanion, yielding [Si4H2]6- upon Si-Si (abdomen) bond opening.  An-
other two possibilities may occur if the hydrogen were to incorporate hydrid-
ic and oxidize the Si butterfly moiety. Either the butterfly moieties will pol-
ymerize wing-to-wing or a new bond will form internally between the butter-
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fly wings producing a tetrahedron. The polymerization of the butterfly poly-
anions (accompanied with the loss of the abdomen bond) is observed in 
polymorphic Ba3Ge4 when the high temperature form, which adopts the 
Ba3Si4 structure, is cooled below 357 °C [69].  
 
 

 
 
 
 
 
 

5.3 Hydrogenation behavior of Ba3Si4. 
The hydrogenation of Ba3Si4 follows the description presented in Chapter 
2.1.2, where the three adjustable parameters are temperature, pressure and 
duration. The experiments were designed to systematically locate a region 
among those parameters where crystalline products may form. Locating a 
temperature range where appreciable kinetics exist was done with a pressure 
at 30 bar for 40 h. As shown in Figure 5.2 the PXRD diffractogram at 100 
°C is inconsequential (i.e. the hydrogenation reaction has no significant 
rate); 200 °C results in an amorphization of the compound; 300 °C produces 
a crystalline product; and 400 °C produces a different product with broader 
and more peaks than the previous temperature. It is not uncommon for Zintl 
phases to initially amorphize upon hydrogenation before a crystalline hy-
dride phase is produced [64].    
 
 
 
 
 

Figure 5.1 Illustration of envisioned changes in which the anionic butterfly moiety 
will result upon formation of charge balanced Zintl phase hydrides Ba3Si4H2. 
Illustration is reproduced with permission from paper 4.  
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Given that at 300 °C the pattern was the sharpest and clearest, the choice was 
made to tune the pressure and time parameters for a potentially phase pure 
crystalline product Ba3Si4Hx (Figure 5.3). The pressure was varied first at a 
steady 300 °C. Already at 10 bar the clear and sharp diffraction pattern was 
obtained. As the pressure was increased to 50 bar, amorphization was ob-
served. Finally with a temperature of 300 °C and pressure of 10 bar the reac-
tion time was varied from 10 h to 96 h (4 days). While 10 h and 20 h reac-
tion times were insufficient to complete the reaction, 96 h produced a far 
more complex pattern, indicating the possibility of multiple phases. There-
fore the optimal conditions for obtaining a potentially phase pure, crystal-
line, product  Ba3Si4Hx are a temperature of 300 °C with 10 bar (20 bar for 
D2) for 40 h. 
 
 
 

 
 
 
 
 

Figure 5.2 PXRD diffraction patterns (Cu Kα1) from products of the temperature 
series hydrogenation experiment.  Starting material Ba3Si4 was exposed to 30 bar 
H2, for 40 h, and a temperature range of 100 °C – 400 °C. Image reproduced from
paper 4 with permission. 
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Figure 5.3 PXRD diffraction patterns (Cu Kα1) of products obtained at 300 °C. 
(a) The time series over a range of 10 h – 96 h at a pressure of 30 bar and (b) a 
pressure series over a range of 10 bar – 50 bar for 40 h. Image reproduced from 
paper 4 with permission. 
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5.4.1 I-Ba3Si4Hx (x = 1) 

The initial indexing of in-house PXRD data (Figure 5.5) resulted in a body-
centered tetragonal lattice with unit cell parameters close to the precursor 
Ba3Si4. A relationship between Ba3Si4Hx and Ba3Si4C2 (Ba3Ge4C2-type) was 
identified. The structure of this carbide relates to the perovskite GdFeO3-
type [70] [71]. 

 

 
Figure 5.5 (a) PXRD diffractions patterns (Cu Kα1) of the samples labeled “H”, 
“D1”, and“D2” used for structure elucidation.  Reaction parameters: 300 °C, 40 
h, 10 bar (H) and 20 bar (D). (b) Rietveld fit of the I-Ba3Si4H model to the “H” 
diffraction data. Image reproduced from paper 4 with permission. 
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The structure of the body-centered tetragonal Zintl phase Ba3Si4C2 is com-
prised of corner-sharing barium octahedra mutually rotated along the c-
direction (Figure 5.6c). Inside the barium octahedra carbon dumbbell units 
are situated (corresponding to the Fe atoms in the GdFeO3 structure) . In the 
cavities of the octahedral framework are located Si4

4- tetrahedra (correspond-
ing to the Gd atoms in the GdFeO3 structure). This compound is a charge 
balanced Zintl phase species, [Ba2+]3 Si4

4- C2
2- . The situation is not exactly 

transferable to a hydride. Only one hydrogen atom (or rather H- ion) may 
center a Ba6 octahedron, yielding charge imbalanced Ba3Si4H. Importantly, 
although the calculated powder pattern of the body-centered Ba3Si4Hx model 
displays great similarities with the experimental pattern there are significant 
deviations. Attempts to fit this structure model to the PXRD data were unsat-
isfactory (Figure 5.5b).  

 
The relationship between the tetragonal primitive precursor P-Ba3Si4 (Figure 
5.6a) and the theoretical product tetragonal body centered I-Ba3Si4Hx (Figure 
5.6c) can be illustrated by idealizing each individually as TiAl3 and GdFeO3 
structure-type, respectively (as shown in Figure 5.6b) [68]. This is shown in 
Figure 5.6bRegarding TiAl3, the aluminum atoms take the place of the Ba 
pyramids and the Si butterflies are represented by single Ti atoms. 

 
Transforming the TiAl3-structure type to the perovskite GdFeO3-structure 
type involves a simple shift of the atoms on the plane (100) by ½a. The al-
ternating pyramids shift and transform into corner-sharing octahedrons. The 
movement also results in the shift of the large atoms that represents the Si-
units such that they line up along the c-direction.  
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Figure 5.6 Illustration of (a) P-Ba3Si4 projected along the [110], [100], and [001] 
directions and described in chapter 5.1. Ba atoms and polyhedra are shown in 
grey. Si atoms and clusters are shown in red. (b) Left: idealized view of P-Ba3Si4 
corresponding to the TiAl3 structure. Ba(Al) atoms and polyhedra are shown in 
grey. Ti atoms (Si4 clusters) are shown as large red spheres. Right: Translation of 
atoms on planes (100) by t = ( ½a, 0, 0) transforming the primitive structure into a 
body-centered tetragonal structure (GdFeO3 structure type, with corner sharing 
octahedra. (c) Ba3Si4C2 and I-Ba3Si4Hx is projected along the [110], [100], [001] 
directions. Same color code as (a). Image reproduced from paper 4 with 
permission. 
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5.4.2 P-Ba3Si4H2 
Given the imperfect fit of the I-Ba3Si4H, model to the PXRD data, a signifi-
cant break-through came via a computational approach to structure elucida-
tion. The idea was to systematically fill the Ba5 pyramids of the primitive 
structure (SG P42/mnm) P-Ba3Si4 (Figure 5.6a) with H and assuming no 
symmetry relations (SG P1), relax each trial structure through DFT calcula-
tions. For Z = 4 there are eight pyramids in the unit cell, yielding the formu-
las Ba12Si16Hn=1-8. Fillings n = 1-4 resulted in a slight elongation of the Si-
butterfly abdomen. At n = 4 three different polyanions were observed, Si4, 
Si4H and Si4H2. The Si-H distances (1.62 and 1.66 Å) suggested that the n=4 
hydride may be classified as a polyanionic hydride. For n = 8 all pyramidal 
voids are filled. In this scenario the Si-butterflies have transformed into tet-
rahedra with Si-Si bond lengths (2.474, 2.386, 2.473 Å), that are similar to 
Si-Si in Ba3Si4C2 (2.47 and 2.38 Å) [71]. Si-H distances are greatly expand-
ed to 2.85 Å, no longer indicative of a covalent bond, and this hydride, i.e. 
Ba3Si4H2, should be classified as an interstitial hydride. Importantly, filling 
Ba5 pyramids in Ba3Si4 with H is energetically favorable. In addition, sizable 
stabilization takes place through configurational entropy from the possibility 
of arranging H atoms differently in 8 pyramids The result from the computa-
tional simulations opened up for new scenarios concerning the structural 
behavior of Ba3Si4Hx. It is reasonable to assume a homogeneity range ~1 < x 
< ~2 (4 < n < 8).  And because of the close relationship of P and I-type struc-
tures it is reasonable to assume that P- and I-type slabs with variable H con-
tent are intergrown at the unit cell level. For either structure, Si would adopt 
a tetrahedron shaped polyanion when ~1 < x < ~2. 

5.5 Additional Analysis  
Computational examination revealed the possibility that both I and P config-
urations are viable and may compete. P-Ba3Si4Hx should be kinetically fa-
vorable given that its formation does not require shifting of the metal atoms. 
In order to investigate further disordered Ba3Si4Hx (x = 1-2) a 3-dimensional 
map of the reciprocal space was compiled through rotational electron dif-
fraction (RED) software via TEM (Figure 5.7). This data revealed clear evi-
dence for a stacking disorder from images of diffuse scattering along the c*-
direction which supports the possibility of the competing phases. Additional-
ly the reciprocal-lattice image showed violations of a body-centered lattice.  
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Multiphase Rietveld fit was applied to both neutron and synchrotron deuter-
ated powder samples. The three phases were the starting material (P-Ba3Si4), 
and the two possibly competing phases, P-Ba3Si4H2 and I-Ba3Si4H (Figure 
5.8). While the general fit is quite reasonable, the peak-shape is inadequate 
for structure confidence. This may be due to the fact that Rietveld refinement 
assumes a macroscopic mixture of phases and deviations from modelling are 

Figure 5.7 Electron diffraction images of Ba3Si4Hx (sample “D1”, cf Figure 5.5) 
using RED instrumentation/software. Projections are along the (a) [001], (b) 
[100], and (c) [110] zone axes. Image reproduced from paper 4 with permission. 

 

Figure 5.8 Multiphase Rietveld fit to synchrotron PXRD data of “D1” sample. 
Included phases are I-Ba3Si4H, P-Ba3Si4H2, and P-Ba3Si4 (Rf=5.2%, 22%, and 
13% and χ2 = 11.4). Image reproduced from paper 4 with permission. 
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due to possible intergrowth of the two phases. The refined phase fractions 
from the synchrotron data are 50% I-Ba3Si4H and 50% for both P-Ba3Si4 and 
P-Ba3Si4H2. The a-lattice parameter came out to roughly 8.42 Å for each 
phase.  
 
 
 

 
 
 
 
Finally the neutron data were analyzed with PDFgetN a pair distribution 
function (PDF) software program [72]. Unfortunately only a qualitative as-
sessment could be made given the data resolution. The observed broad peaks 
are characteristic of disordered materials where there exists a range of simi-
lar interatomic distances, supporting the theory of intergrowth and compet-
ing phase fractions. The nearest-neighbor distance should be the Si-Si dis-
tance at 2.4 Å. Next would be the range of Ba-D and Si-D distances at 2.65, 
2.85 and 3.05 Å. The longest nearest-neighbor peaks span from 3.2 - 4 Å and 
should be indicative of the Ba-Si distances.   

5.6 Conclusion 
The Zintl phase Ba3Si4 is susceptible to hydrogenation and a crystalline hy-
dride product was obtained when using the reaction conditions 300 °C, 10 
bar, 40 h. The product represented a disordered interstitial Zintl phase hy-
dride, Ba3Si4Hx (x = 1-2) in which the anionic butterfly moieties Si4

6- present 
in the precursor are oxidized to form tetrahedra. Synthesis of the material 
appears to go through an amorphization phase at 200 °C and during the crys-
tal growth at 300 °C at least two phases (i.e. P-type and I-type) are in com-
petition.  

Figure 5.9 PDF from the Fourier transform of Ba3Si4Dx (sample “D2”). Image 
reproduced from paper 4 with permission.  
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6 Complex Hydride Formation and Oxidative 
Decomposition: Hydrogenation Behavior of 
ASi. 

Presented in chapter 3 (paper 1) are schematics that illustrate and define 
interstitial and polyanionic Zintl phase hydrides. Examples were presented in 
chapters 4 and 5. Polyanionic and interstitial hydrides can be considered as 
intermediates toward a complete hydrogenation to complex hydrides and 
oxidative decomposition of the precursor Zintl phase, respectively. Presented 
herein are examples of both complete hydrogenation and oxidative decom-
position, resulting in the formation of clathrates, all through an exploration 
of the hydrogenation behavior of the Zintl phases ASi (A= Na, K, Rb) [73].  

6.1 Oxidative Decomposition of ASi by H2  
Oxidative decomposition of a Zintl phase hydride results when the active 
metal is successively removed as metal hydride. This reaction results in new 
Zintl phases that are richer in the more electronegative p-block element. 
Naturally, these new Zintl phases have polyanions with a higher number of 
p-block element-element bonds compared to the precursor Zintl phase. The 
scenario demonstrated in this chapter is the formation of the well-known 
clathrate I (A8Si46) and clathrate II (A24Si146) compounds (Figure 6.1) from 
ASi (A = Na, K, Rb). In general silicide clathrates have a ‘cage-like’ struc-
ture where the host structure is comprised of polyhedral cages built from 4-
bonded Si atoms. Inside the cages sits the guest (i.e. Na+, K+, Rb+) and ideal-
ly each cage is filled, though actual guest occupancy may vary significantly 
[74] [17] [75] [76] [77].  

6.1.1 The Structure of ASi Zintl Phases 
The Zintl phase starting material ASi (A= Na, K, Rb) is charge balanced 
according to (A)4

4+ (Si4)4-, (chapter 1, Figure 1.1 KSi). The Si- mimic a group 
15 element (i.e. phosphorous) and form tetrahedral clusters isoelectronic to 
P4 (i.e. the unit of which white phosphorus is composed). The crystal struc-
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Beginning with the hydrogenation experiments of KSi (Figure 6.2), the ini-
tial reactions at 100 °C resulted in a mixture of KSiH3, KSi and a minor uni-
dentifiable impurity peak. An increase to 125 °C shows that the primary 
product is now KSiH3 and only a minor amount of starting material is de-
tected and this continues in experiments at 150 °C. At both 175 °C and 200 
°C the visible products are KSiH3, KSi and KH. The presence of KH in the 
PXRD pattern is an indicator of the onset of oxidative decomposition. While 
a clathrate product is not yet visible in the PXRD pattern, a curious unidenti-
fiable peak is present at about 42° (2ϴ). At 300 °C the silanides disappear 
and clathrate I is the bulk product and is maintained up through the highest 
temperature tested, 600 °C.  

 
Reacting RbSi with hydrogen (Figure 6.3) at 100 °C, 150 °C and 200 °C 
resulted in the main product of RbSiH3 and minor unidentified peaks.  At 
300 °C and 400 °C the RbSiH3 peaks broaden and elemental Si is detected 
along with different unknown peaks. The formation of elemental Si is not 
accompanied with visible RbH peaks in the PXRD patterns. At 500 °C the 
main product clathrate I is present along with elemental Si. This clathrate is 
not as thermally stable as the potassium clathrate I and has disappeared when 
performing reactions at 550 °C. Instead at both 550 °C and 600 °C the major 
product is Si along with minor unidentified peaks which may hold further 
insight to the complete decomposition from clathrate to Si. 

 
Both KSi and RbSi hydrogenation reactions were performed with 50 bar of 
H2 and while initial reactions were held for 24 h, some reactions were held 
for longer. If identification of the unknown byproducts were to be success-
ful, the new information may lead to understanding superficial mechanisms 
that take place during oxidative producing the clathrates.  

 
The initial expectation was that NaSi would follow the same pattern as RbSi 
and KSi when exposed to hydrogen. However the temperature series for 
NaSi over the period of a single day (not shown) did not show any products 
at 200 °C. At 300 °C and 400 °C formation of clathrate I began along with 
NaH though not all of the starting material reacted. At 500 °C the product 
was a mixture of clathrate I and clathrate II (Na24Si136). At 700 °C the main 
product was elemental Si, some NaH and minor unidentified peaks. 
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The products of specific experiments were washed thereby isolating the 
clathrate for further analysis of their metal content through Rietveld refine-
ments (Table 6.1).  

6.2 Formation of Silanides ASiH3 
Alkali metal silanides have a long history [80] [81] [82] [83] [84]. Original-
ly, ASiH3 were prepared from solution chemistry by reacting alkali metals 
(or their alloys) with silane. The discovery that ASiH3 (A = K, Rb, Cs) are 
also accessible by direct hydrogenation of the Zintl phases ASi [85] [86], 
[this work] opened up for investigations into hydrogen storage properties 
[73] [85] [86]. As detailed above we were able to synthesize the alkali metal 
silanides from low-temperature (100 °C and 150 °C) hydrogenation reac-
tions from the ASi Zintl phases.  

6.2.1 Structure and Vibrational Properties of ASiH3 (A = K, 
Rb) 

The hydrogenation of ASi to ASiH3 is truly remarkable: The formation of 
silanides is accompanied with a huge lattice expansion by more than 50%. 
Yet, the systems ASi/ASiH3 show reversible H storage capability near ambi-
ent conditions [73] [85] [86]. The peculiarity with ASiH3 obtained from the 
hydrogenation of ASi is the presence of structural disorder. This so called � 
form crystallizes in a NaCl-type arrangement of A+ and SiH3

- ions (SG Fm-
3m) which implies that pyramidal anions SiH3

- are distributed in random 
orientations in the crystal structure. Disorder in �-ASiH3 will imply that 
these materials have high molar entropies, which in turn provides a natural 
explanation for the low desorption entropies. The kind of disorder (static or 
dynamic), however, was debated for a long time.  Recent quasielastic neu-
tron scattering (QENS) experiments could then settle this question by con-
firming the presence of rotational-dynamical disorder of SiH3

- in �-ASiH3 
[87]. When cooling ASiH3 from room temperature, a phase transition to 
ordered � forms take place. Below 200 K KSiH3 crystallizes with an ortho-
rhombic Pnma structure whereas RbSiH3 adopts the monoclinic P21/m 
KClO3 structure. Tang et al. established the structures of �-KSiH3 and �-
RbSiH3 from neutron powder diffraction data of ASiD3 measured at 1.5 K 
[86]. The essential features of these structures are shown in Figure 6.7. In 
both structures, the silyl anion has a local Cs symmetry, which implies two 
different Si–H distances and H–Si–H bond angles. However, the distortion 
from the ideal C3v symmetry is small. During this thesis the vibrational prop-
erties and molecular structure of the silyl anion SiH3

- were characterized for 
both disordered �- and ordered �-ASiH3. 
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In disordered α-ASiH3 the local symmetry of the silyl anion SiH3

- is C3v. The 
geometry of SiH3

- cannot be extracted from conventional (neutron) diffrac-
tion data. Instead, the study of local structure features requires the analysis 
of total scattering data. Figure 6.8 shows the pair distribution function 
(PDF), D(r), of �-KSiD3 and �-RbSiD3 extracted from neutron total scatter-
ing data [88].  The positions of the peaks correspond to the separation of 
pairs of atoms. The PDFs of �-ASiD3 display three distinct and sharp peaks 
for the shown region r < 3.5 Å, whereas peaks for r > 3.5 Å are very broad as 
a consequence of the dynamical disorder. For both A = K, Rb the first two 
peaks have their maxima exactly at the same positions, r = 1.52 Å and 2.19 
Å. These peaks correspond to the Si–D and D–D distances in the silyl anion. 
Therefore it can be concluded that the geometry of SiD3

- is identical in both 
compounds and that the D–Si–D angle is 92.2 °. The third peak in the PDFs 
refers to the A-D distance, which is at 2.74 Å and 2.93 Å for A = K and Rb, 
respectively. Thus, from a simple inspection of the PDF the geometry of the 
silyl anion in disordered �-ASiD3 can be unambiguously deduced.  
 
 

Figure 6.7 Coordination environment of H (green), Si (red) and A (grey) atoms in β-
ASiH3. (a) Silyl anion with one short (H1) and two long (H2) bond lengths. (b) 
Coordination environment about the Si, the mono-capped trigonal prism building 
block.   (Left) three edge sharing tetrahedra (teal) centered by hydrogen coordinated 
by three A+ and one Si, accounting for six A+ ions. The seventh A+ ion coordinates 
with the Si lone-pairs. (c) Coordination environment about the K+ in an 
orthorhombic space group and (d)  Rb+ in a monoclinic space group. Figure 
reproduced from paper 5 with permission. 
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Vibrational spectroscopy was performed on ASiH3 and ASiD3 using IR 
(ATR) and Raman. The Raman spectra for ASiH3 are shown in Figure 6.9. 
Since the room temperature silyl anion point group symmetry is C3v one 
expects two symmetric (A1) and two asymmetric (E) vibrations, all IR and 
Raman active. IR bands are at around 1880, 987 and 895 cm-1, and strong 
Raman bands are at around 1905 and 895 cm-1. The Raman bands are broad, 
but display a highly symmetric shape. The location and assignment of bands 
for �-ASiH3 is compiled in Table 6.2 The spectrum for both Rb and K spe-
cies are very similar illustrating the change of cation has no obvious influ-
ence on the vibrational properties of SiH3

-.   
 
Broad bands in the room temperature spectra become narrow and distinct 
lines at low temperature. Especially the bands of the asymmetric modes, 
which are barely discernible in the Raman spectra of the �-forms, are clearly 
visible in the low temperature spectra. In addition, the asymmetric (E) modes 
are split into A’ and A’’ components as a consequence of the symmetry low-
ering of the SiH3

- anion from C3v to Cs. For �-KSiH3 the two components of 
the asymmetric stretch �2 are at 1844 and 1829 cm-1, and the ones for the 
asymmetric bend �4 at 997 and 989 cm-1. For �-RbSiH3 the two components 
of the asymmetric stretch �2 are at 1853 and 1832 cm-1, and the ones for the 
asymmetric bend �4 at 985 and 979 cm-1 (cf. Figure 6.9) 
 

Figure 6.8 Pair distribution functions D(r) extracted from neutron total scattering 
data for α-KSiD3 (red) and α-RbSiD3 (blue) indicating nearest neighbors Si-D, D-D 
and A-D in Ångstroms. Figure reproduced from paper 5 with permission. 
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Force constants were calculated and refined on the basis of the measured 
fundamental frequencies. The Si–H stretching force constant was obtained as 
2.038 Ncm-1 and 2.032 Ncm-1 for C3v SiH3

- in the disordered �-forms for A = 
K and Rb, respectively. In the ordered �-forms silyl anions possess one short 
and two long bonds. Their average force constant is ~1.956 Ncm-1 which is 
about 4% lower than the value for C3v SiH3

-.  Thus, the release of the rigid A-
H coordination present in the ordered low temperature forms leads to a 
strengthening of the Si-H bond. 
 
 

Table 6.2 Experimental fundamental modes (in cm-1) for SiH3
- and SiD3

- anions with 
C3v symmetry in ASiH3/D3. Table reproduced from paper 5 with permission. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

KSiH3 KSiD3 Assignments 
1909 1381 ν1, A1 symmetric SiH/SiD stretch 
897 654 ν2, A1 symmetric SiH/SiD bend 

1883 1359 ν3, E asymmetric SiH/SiD stretch 
988 709 ν4, E asymmetric SiH/SiD bend 

RbSiH3 RbSiD3  
1903 1381 ν1, A1 symmetric SiH/SiD stretch 
894 654 ν2, A1 symmetric SiH/SiD bend 

1877 1358 ν3, E asymmetric SiH/SiD stretch 
986 708 ν4, E asymmetric SiH/SiD bend 
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Figure 6.9 Comparison of Raman spectra of �-ASiH3 (room temperature, upper 
trace) and �-ASiH3 (100 K, lower trace) in the spectral range of the internal modes. 
(a) A = K. (b) A = Rb. Wavenumbers of the bands are inset (in cm-1). The asterisk 
marks a band corresponding to an overtone or combination band of lattice modes 
or their combination with internal modes. Figure reproduced from paper 5 with 
permission 
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6.2.2 Insights into the Si-H bond 
Analysis of the data collected from these spectroscopic investigations offer 
new insight into the Si-H bond. First one can compare the SiH3

- anion in 
different environments. There exist well-defined theoretical calculations of 
hypothetical gas phase species with C3v-symmetry [89]. Interestingly, the Si–
H stretching force constant of the gas phase species is considerably reduced 
with respect to the species in �-ASiH3 (1.901 vs. 2.035 Ncm-1). This can be 
attributed to the A+ environment and suggests that the quasi freely rotating 
C3v silyl ions encaged in A+ octahedra in the �-ASiH3 structure appear 
somewhat compressed with respect to the gas phase species. When compar-
ing with SiH3

- in solution [90] [91] one notices that a polar solvent and the 
cation environment in solid �-ASiH3 have a comparable “interaction 

strength” toward SiH3
- because the Si-H force constants are very similar. 

 
Second we can compare the bond in SiH3

- with that in other silicon hydride 
species. For example, how does SiH3

- relate to prototypic SiH4 and SiH6
2-? 

The former exemplifies a system with a strong Si–H bond (Si–H bond length 
1.47 Å). The hypervalent complex SiH6

2- in K2SiH6 has a very weak Si-H 
bond (Si–H bond length 1.62 Å) [92]. We attempted to establish a general 
correlation of Si–H stretching force constants and Si–H bond lengths in sili-
con hydrides. This is shown in Figure 6.10 where stretching force constants 
are plotted for various species SiHn

�+/- (n = 1 – 6) against (r)-1/3. A roughly 
linear correlation may be assumed.  

 
Based on this plot one may divide SiHn

�+/- species into three groups. (i) nor-
mal valent where Si does not carry a lone electron pair, e.g. SiH4: force con-
stants > 2.4 Ncm-1; (ii) normal valent where Si carries a lone pair (i.e. the 
oxidation state of Si is either +I or +II), e.g. SiH3

-, singlet SiH2, SiH, SiH+, 
SiH-, SiH2

-: force constant 1.8 – 2.3 Ncm-1; (iii) hypervalent, e.g. SiH6
2-, 

SiH5
-: force constant < 1.5 Ncm-1. Although rare, hypervalent silyl hydride 

species extend considerably the range of Si–H interactions. Si–H stretching 
force constants can span from ~1.35 to ~2.7 Ncm-1. Among main group ele-
ments only B–H and Al–H interactions show a similar range of relative bond 
strength variation.  The substantial weakening of the Si–H bond when going 
from normal valent neutral to charged, lone pair carrying, species was al-
ready noticed by Bürger et al. [90] [91]  
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6.3 Conclusions  
Previous systems explored in this thesis presented either interstitial or poly-
anionic Zintl phase hydrides, predominately obtained from the hydrogena-
tion of Zintl phases. However, in the case of ASi, depending on temperature, 
hydrogenation either leads to the formation of alkali metal silanides ASiH3, 
which are complex metal hydrides without Si-Si bonds, or the formation of 
clathrates upon oxidative decomposition of ASi.  
 

 
 
 
 
 
 

Figure 6.10 Plot of stretching force constants against the inverse cube of the Si–H
bond length for various SiHn

�+/- species. 1 = �-ASiH3, 2 = SiH3
- gas phase species, 3 

= SiH3
- matrix isolated species, 4 = SiH3

- in solution, 5 = �-KSiH3, 6 = �-RbSiH3.
Black squares = data from experiments, blue triangles = data from theoretical 
calculations. Inset details the situation of SiH3

- species. Figure reproduced from 
paper 5 with permission. 
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7 Conclusions and Future Outlook 

Zintl phases, which are chemical compounds formed by an active metal 
component (i.e. alkali, alkaline earth, rare earth) and a more electronegative 
p-block metal/semimetal, provide a diverse platform to study fundamental 
interactions of hydrogen in a mixed metal environment. The inclusion of 
hydrogen in Zintl phases often leads to pronounced structure and property 
changes in the resulting hydrides. In this thesis especially metal-
semiconductor transitions were observed and investigated. Through identify-
ing the basic hydrogen-metal coordinations and interactions, Zintl phase 
hydrides were grouped into two classes, and the classification was then em-
ployed in the analysis of structural and physical properties. 
 
The peculiar feature of Zintl phase hydrides is the coexistence of hydrogen 
and polymeric anions composed of p-block atoms. Hydrogens may be incor-
porated in Zintl phases in two different ways: either hydridic where H is 
exclusively coordinated by active metals (interstitial hydrides), or as part of 
the polyanion where it acts as a covalently bonded ligand (polyanionic hy-
dride). 
 
Polyanionic Zintl phase hydrides were studied through hydrogenations of 
AlB2-type related, charge imbalanced, 9-electron Zintl phase precursors Ae-
TrTt (Ae = Ca, Sr, Ba; Tr = Al, Ga, In; Tt = Si, Ge, Sr). The structure of 
these alloys consists of hexagon layers commonly formed by the Tt and Tr 
type atoms which are intercalated by Ae. Depending on the chemical com-
position, hexagon layers can be planar or be puckered in various degrees. 
Ten of the sixteen existing precursors possess superconductive properties. It 
could be shown that BaAlGe and SrAlGe display among the highest transi-
tion temperature Tc in this series and that superconductivity in these com-
pounds is closely linked to the degree of layer puckering. It occurs onle 
when layers are planar or very slightly corrugated.  
 
This same charge imbalance that contributes to the superconductive proper-
ties of AeTrTt also makes them susceptible to incorporating one more elec-
tron resulting in a 10-electron closed shell species. The extra electron can be 
provided by hydrogen, which covalently binds as a terminal ligand to Tr in 
the quaternary hydrides AeTrTtH. AeTrTtH display 2-dimensional puck-
ered-layer polyanions [TtTrH]2- and are semiconductors. 
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Interstitial Zintl phase hydrides were studied by hydrogenating Ba3Si4, con-
taining Si4

6- “butterfly” polyanions. Upon hydrogenation the “butterfly” 
changes shape into a tetrahedron which was explained as oxidation induced 
hydrogen. There are two competing tetragonal crystal structures for the hy-
dride I-Ba3Si4H and P-Ba3Si4H2, the former contains H-centered Ba octahe-
dra and the latter H-centered Ba5 square pyramids. As a consequence, the 
structure of the Zintl phase hydride Ba3Si4Hx was described as a disordered 
two-phase intergrowth with a composition x between 1 and 2.  
 
Interstitial hydrides can be considered as an intermediate step of an overall 
oxidative decomposition process that results in a new Zintl phase more rich 
in the p-element component. This process was studied with the Zintl phases 
KSi, RbSi, and NaSi whose hydrogenation at temperatures above 300 °C 
yielded silicide clathrates. Likewise polyanionic hydrides can be considered 
as an intermediate step toward complete hydrogenation yielding complex 
hydrides. Interestingly, the same Zintl phases ASi transformed to silanides 
ASiH3 for A = K and Rb when low temperatures (below 200 °C) were ap-
plied in hydrogenation reactions. Combining spectroscopic investigations of 
SiH3

- in ASiH3 with previous research into silicon hydride species allowed 
extraction of some general insight into the Si-H bond. A positive and rela-
tively linear correlation was found between the Si-H stretching force con-
stant and inverse of the cube of the bond length (r-1/3).  
 
Given the tremendous compositional variability of Zintl phases it is clear 
that there will be many more, yet to be discovered, representatives of Zintl 
phase hydrides. The relationship between electronic and geometric structure 
has been discussed and future research may delve further into correlations 
with the magnetic structure. Quite unexplored in this respect are hydrides of 
Zintl phases containing rare earth as active metal component. Drastic mag-
netic property changes were observed for NdGa and GdGa upon hydrogena-
tion. The Zintl phases are ferromagnets with rather high Curie temperatures, 
whereas the hydrides NdGaH1+x and GdGaH1+x are antiferromagnets. Anoth-
er fascinating and important issue with Zintl phase hydrides is the detailed 
characterization of their formation conditions. Here, in situ investigations of 
hydrogenation reaction at synchrotron and neutron facilities are very helpful 
and is currently being pursued by several research groups.  
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8 Populärvetenskaplig Sammanfattning 

I denna avhandling undersöktes hur väte påverkar strukturer och egen-
skaper av Zintlfaser. Zintlfaser är kemiska föreningar mellan en 
elektropositiv metall (dvs en alkalimetall, alkalisk jordartsmetall eller 
sällsynta jordartsmetall) och en elektronegativ p-block metall eller 
semimetall (tex Al, Ga, Si, Ge, Sn). Det karakteristiska särdraget hos 
Zintlfaser är närvaron av polymera anjoner (såkallade polyanjoner), 
som är uppbyggda av p-block grundämnesatomer.  När väte byggs in i 
Zintlfaser, bildas hydrider som man skiljer åt i polyanjoniska eller 
interstitiella Zintlfashydrider. I polyanjoniska hydrider är väte kova-
lent bunden till polyanjonen. I interstitiella hydrider är väte enbart 
koordinerad till elektropositiva metallatomer och uppträder som 
hydridanjon H-. Zintlfaserhydrider framställs antingen genom hydre-
ring av en Zintlfas eller genom att sintra metallhydrider med p-block 
grundämnen.  

 
Polyanjoniska hydrider exemplifieras med SrAlGeH och BaAlGeH. 
De underliggande Zintlfaserna SrAlGe och BaAlGe har en struktur 
som relaterar till AlB2 strukturtypen. Dessa Zintlfaser har 9 valens-
elektroner för bindning och är således elektronisk icke-balanserade. 
Kopplad till den elektroniksa icke-balansen är superledande egen-
skaper (Tc av SrAlGe och BaAlGe är 6,7 respektive 6,3 ° C). I de po-
lyanjoniska hydriderna är väte kovalent bunden till Al-atomerna. Al- 
och Ge-atomerna bildar korrugerade hexagonskikt i den anjoniska 
delstrukturen [AlGeH]2-. Arrangemanget av metallatomerna är nästan 
identiska i Zintlfas och Zintlfashydrid. De elektroniska egenskaperna 
är dock drastiskt skilda, eftersom Zintlfashydriderna är halvledare. 
Interstitiella hydrider exemplifieras med Ba3Si4Hx (1 <x <2) som er-
hölls när Zintlfasen Ba3Si4 hydrerades vid 300 ° C. Ba3Si4 strukturen 
innehåller en Si4

6-"fjäril" polyanion. Hydrering resulterade i ett oord-
nad hydridmaterial där block av två konkurrerande tetragonala struk-
turer är sammanväxta. I den första strukturen finns väte inuti Ba6-
oktaedrar (I-Ba3Si4H), och i den andra strukturen finns väte inuti Ba5-
pyramider (P-Ba3Si4H2). I båda scenarierna verkar "fjärilanjonerna” 
oxiderade och bildar Si4

4-tetraeder. 
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Hydrering av Zintlfaser kan också användas som syntesteknik för 
framställning av nya Zintlfaser som är rikare i den elektronegativ p-
blockskomponenten. Vid hydrering avlägsnas den elektropositiva me-
tallen från Zintlfasstartmaterialet som metallhydrid. Denna process, 
kallad oxidativ sönderdelning, demonstrerades med RbSi, KSi och 
NaSi. Hydrering gav klatrat I silicid vid 300 ° C och 500 ° C för RbSi 
respektive KSi. En blandning av både klatrat I och II silicider erhölls 
när NaSi hydrerades vid 500 ° C. 
 
Lågtemperaturhydreringar av KSi och RbSi resulterade i bildningen 
av silaniderna KSiH3 och RbSiH3. Dessa silanider representerar inte 
Zintlfashydrider men är komplexa hydrider med diskreta SiH3

- kom-
plexjoner. KSiH3 och RbSiH3 förekommer i två modifikationer: som 
oordnat �-fas vid rumstemperatur och som ordnat �-fas när tempera-
turen är under -70 °C . Under denna avhandling karakteriserades 
silylanjonens vibrationsegenskaper. Kraftkonstanten för Si-H-
sträckningen är cirka 2.035 Ncm-1 för SiH3

- i de oordnade �-faserna, 
medan i de ordnade �-faserna är värdet reducerad till ~ 1.956 Ncm-1. 
Det faktum att SiH3

-har starkare Si-H-bindningar i �-faserna tillskri-
ves dynamisk oordning där SiH3

- joner kvasi fritt roterar i en mycket 
svagt koordinerande omgivning av alkalimetalljoner.  
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