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Abstract

This work outlines some of the current issues driving the development of methods
for using hydrogen as an energy carrier. I argue that suitably storing hydrogen is
the key technological challenge to this effort. I describe the technical requirements
for what constitutes a suitable hydrogen storage material and explain the three pri-
mary mechanisms by which these materials can operate. In many cases, the relevant
physical and electronic properties of these materials can be modeled computationally
with density functional theory, and I describe some of the myriad assumptions and
methods necessary to do that.

I successfully apply that formalism to study both chemical and adsorption-based
hydrogen storage materials. In NH3BH3 (ammonia borane or AB), I explain the cause
of experimentally-observed disorder. I also propose improving the material’s hydrogen
storage properties by switching out one hydridic hydrogen atom with Cu. In metal
borohydrides and metal borohydride ammoniates, I more fully describe how decom-
position mechanisms change after ammoniation, and propose a new decomposition
mechanism for a subset of these materials. Moving on to study adsorption-based stor-
age as well, I fully characterize the crystal structure and bonding of a high-pressure
mix of AB and H2 (the most hydrogen-dense material fully characterized in the lit-
erature to date), and describe a general scheme that could be used to characterize
other hydrogen-dense materials. I also assist in proposing a novel decoration to the
organic linkers in Zn-MOF-74 that would quintuple the material’s hydrogen storage
capacity and suggesting a new class of hydrogen storage materials based on alkane
chains.
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Chapter 1

The Big Picture

This dissertation is split into three main parts. Part I describes the broad context

surrounding my research, including the theoretical and practical knowledge that pro-

vided a strong foundation for my own work, which I discuss in Part II. In addition

to other miscellany, Part III contains other original research that does not fall within

the purview of hydrogen storage.

1.1 The Anthropocene

We are running the most

dangerous experiment in history

right now, which is to see how

much carbon dioxide the

atmosphere can handle before

there is an environmental

catastrophe.

Elon Musk,

titan of industry

Humans have now had such an overwhelming impact on our planet that Earth may

2



have entered a new, human-dominated geological epoch, the “Anthropocene” [1].

This may seem like a bold claim, since marking a new geologic time unit requires

global-scale changes in geological stratigraphic material (rock, glacier ice, etc.), but

human activity has unquestionably had a profound impact on the environment. As

an example, human use of the Haber-Bosch process, which converts nitrogen into

ammonia used for fertilizer, has caused the greatest disruption to the global nitrogen

cycle since it first emerged 2.5 billion years ago [2]. In addition, humans have released

more than 555 billion metric tons of carbon into the atmosphere since 1750, elevating

atmospheric CO2 contents to their highest level in at least 800,000 years [3] and

increasing ocean acidity at likely the highest rate in the last 300 million years [4].

The case that these anthropogenic changes have resulted in a warming of Earth’s

climate is overwhelming [5–7]. Atmospheric and oceanic temperatures have risen,

amounts of snow and ice have diminished, sea levels have risen, and the concentra-

tions of greenhouse gases in the atmosphere have risen [7]. These changes to the

climate system will continue to occur unless greenhouse gases emissions are dramat-

ically curtailed, and most aspects of climate change will persist for centuries even if

greenhouse gas emissions (which are mostly CO2) are immediately stopped [7, 8].

The Intergovernmental Panel on Climate Change (IPCC) has produced climate

projections with varying levels of optimism in terms of curtailing greenhouse gas

emissions. Figure 1.1 shows how the most optimistic and pessimistic of these models

project a few climate indicators. Furthermore the impacts of these changes are not

uniform across the globe (this is visible in Figure 1.2). In these two figures, the

difference between the optimistic and pessimistic projections is immediately apparent;

the amount of greenhouse gases (and specifically CO2) that get released into the

atmosphere will have a huge impact on just how dramatically the climate changes

over the next century and beyond.

As human activity alters the climate in the Anthropocene, the same natural condi-

3



Figure 1.1: IPCC projections of (a) change in global annual mean surface temperature
relative to 1986–2005, (b) northern hemisphere September sea ice extent relative to
a 5-year running mean, and (c) global mean ocean surface pH. The projections and
a measure of uncertainty (shading) are shown for optimistic (blue) and pessimistic
(red) models as well as modeled historical evolution (black). For sea ice extent, the
dashed black line means nearly ice-free conditions. Reproduced from Reference [7].
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Figure 1.2: IPCC projections of (a) annual mean surface temperature change, (b)
average percent change in annual mean precipitation, (c) northern hemisphere sea
ice extent, and (d) change in ocean surface pH. Changes in panels (a), (b), and (d)
are shown relative to 1986–2005. Representative Concentration Pathway (RCP) 2.6
and RCP 8.5 correspond to the most optimistic and pessimistic set of projections,
respectively. Reproduced from Reference [7].
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tions that allowed and fostered humanity’s rise are changing. The nitrogen cycle has

been altered. Ocean levels are rising, the waters are acidifying and warming rapidly

enough to affect ocean circulation [7, 9]. Monsoons are expected to range farther

and drop more precipitation; meanwhile, droughts are expected to intensify [7]. Far

beyond simply changing the backdrop on which humanity displays its achievements,

climate change will have a profound impact on human health and development.

The US Global Change Research Program summarizes the expected impacts of

global climate change on the health of Americans; the report points out that rising

temperatures increase salmonella prevalence in food, likely leading to more outbreaks

in the future [10, 11]. Rising temperatures and altered rain patterns will also likely

lead to more wildfires that damage property and affect air quality [10], meaning

more disrupted lives and greater incidence of respiratory and cardiovascular illness

in the long term. These may seem like relatively mundane examples compared with

the disruption of global energy cycles, but shifts in complicated, global systems will

create smaller, more local problems that touch individual lives in ways that may

get overlooked when viewing the problem from a global perspective. Perhaps other

examples may be more striking. Rising water levels are already threatening to swallow

the low-lying island of Kiribati; the entire country’s 100,000 residents will either have

to relocate or drown. Aside from the obvious health concerns for ‘climate refugees,’

these vulnerable people are politically difficult to relocate [12].

The potential consequences of climate change are dire, but our society may be

able to limit the extent of those changes by ceasing the release of greenhouse gases

into the atmosphere.

6



1.2 Sourcing and Limiting Greenhouse Gas Emis-

sions

A good first step towards minimizing greenhouse gas emissions is to determine where

they come from in the first place. Figure 1.3 gives a breakdown of US CO2 emissions

(which account for 84% of all US greenhouse gas emissions [13]) by economic sector

and shows that the majority of emissions come from electricity generation and the

transportation sector. The figure also breaks down the energy sources leading to

those emissions. For electricity generation, the primary sources of CO2 emissions are

natural gas and coal, while the transportation sector releases most of its emissions

from burning petroleum products like gasoline and diesel.

The US is the world’s second-largest producer and consumer of energy [13]. Fig-

ure 1.3 shows the sources of that energy, and traces them through the US economy.

Combined, 68.4% of the energy consumed in the US in 2012 was produced from fossil

fuels [13], which produce greenhouse gases upon combustion.

It would seem that in order to effectively prevent CO2 from being released into the

atmosphere requires burning less fossil fuels. In order to do that without disrupting

the energy flows in the US (and similarly, the world) economy, there needs to be some

replacement mechanism for the energy that would otherwise be generated from fossil

fuels.

In the transportation sector, the vast majority of the energy used still comes from

fossil fuels. In transporting goods, cargo ships run on diesel, as do most freight trains

and trucks, while the family-size vehicles that take most Americans from point A to

point B run on gasoline. In the near to medium term, hybrid electric and full electric

vehicles are becoming more practical and popular. These vehicles use the electricity

generated increasingly from renewable sources, but can only be as carbon-neutral as

the processes used to build them and the electricity used to power them.

7



Figure 1.3: US energy and carbon flowcharts. Energy flows for 2015 are shown (above)
in terms of quadrillions of British thermal units (1 BTU = 1.06 kJ) from production to
usage. Contributions to Rejected Energy indicate how much of the delivered energy is
lost as waste due to imperfect efficiency. Carbon flows for 2014 are shown (below) in
terms of millions of metric tons of carbon released into the atmosphere. Reproduced
from Reference [14].

8



Figure 1.4: Global additions to power generation capacity, including future
projections (units of gigawatts). Reproduced from Reference [15].

In the electricity generation sector, renewable energy resources have been rapidly

expanding, with solar energy growing by more than 400% and wind generation grow-

ing by 150% from 2008 to 2012 [13]. While renewables still only cover a small portion

of total US energy consumption, the world is now building more energy generation ca-

pacity for renewable sources than fossil fuels, and renewable construction is expected

to accelerate in the next decade (see Figure 1.4) [15]. These renewable sources are

also much less carbon-intensive than burning fossil fuels (observable by comparing

top and bottom of Figure 1.3), which will lead to a decline in carbon emissions as

fossil fuel power plants are eventually retired and replaced by renewables.

1.3 Energy Storage in a Renewable Grid

Unfortunately, adding renewable energy sources to the existing electricity grid does

not completely replace the role of fossil fuels in global energy flows. As mentioned

earlier, most of the transportation sector relies on fossil fuels as an energy carrier. If

we ignore fossil fuel’s relative scarcity and the geopolitical problems created by that

scarcity, there are good reasons for fossil fuel’s dominance as an energy carrier: They
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are easy to store and transport, and the energy they carry is easy to access. In order

to effectively replace fossil fuels as an energy carrier, the replacement must also share

these attractive qualities.

Our ability to harness energy from renewable resources, especially in the form of

solar radiation, is advancing rapidly. However, these energy sources are intermittent—

the sun is not always shining, the wind is not always blowing—making it necessary

to store some of the harvested energy. On a grid scale, there is frequently a mismatch

between peak renewable energy supply and peak energy demand. In the transporta-

tion sector, it may be difficult for a vehicle to consistently generate enough energy

on-board for self-sufficiency, and a constant link to the grid for energy on demand

is only possible in specialized applications. Consequently, different forms of energy

storage are required.

In the near term, batteries are a potential replacement. Battery technology has

advanced rapidly in the past decade or so, with production costs of Li-ion batteries

in particular declining by approximately 14% per year between 2007 and 2014 [16].

However, batteries are still relatively slow to re-charge compared to a fuel tank,

leading to the conclusion that they are not ideal energy storage media for non-stop

transportation over long distances. In the long term, a different technology could

prove superior.
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Chapter 2

Hydrogen Storage

The structure and content of this chapter is intended to be a streamlined version of

an introductory book chapter previously published as Reference [17].

2.1 The Big Idea

This dissertation asserts that hydrogen is an ideal candidate for use as an energy

storage mechanism. If this assertion is true, the immediate question to ask is: Why

is hydrogen not already widely used? The answer is three-fold: Because of barriers

related to hydrogen production, storage, and use, which are discussed in greater detail

in Section 2.3. Among these barriers, researchers have identified storage as the key

challenge and largest barrier to a hydrogen economy [18,19]. As a pertinent example,

consider the onboard hydrogen storage requirement for a single-family automobile,

which is determined by the vehicle’s typical range before needing to stop and refuel.

For a typical range of ∼ 400 km, a modern (as of 2001) vehicle needs ∼ 4 kg of

hydrogen [20], which corresponds to a 5 m diameter balloon filled with hydrogen

(gaseous H2) at standard conditions. That balloon would be larger than the vehicle

itself, clearly impractical. As such, more efficient options for hydrogen storage are

necessary before hydrogen vehicles can be widely adopted.
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This chapter aims to provide an overview of the current state of the art in hydro-

gen storage, with an emphasis on providing context for my own research. A variety

of options already exist, especially for stationary, grid-scale applications, but none of

them are suited for the more stringent constraints required for use in mobile applica-

tions. The US Department of Energy (DOE) has laid out a roadmap and established

targets for the performance of hydrogen storage systems to meet those more stringent

constraints, which I discuss in greater detail in Section 2.4. To be competitive with

the existing fossil fuel-based transportation economy, hydrogen storage systems must

meet those targets in the given timeframe. Currently, no known material satisfies all

of the given targets.

Painted with a broad brush, these targets require that a hydrogen storage material

(i) is both light and small, (ii) operates within reasonable pressure and temperature

ranges, and that (iii) stored hydrogen can be accessed or replaced quickly [21]. These

general requirements correspond to a few experimentally measurable quantities that

indicate whether a particular material is suitable for hydrogen storage applications. A

hydrogen storage material should have high gravimetric density, which is the portion

of the material’s total mass that comes from stored hydrogen. It should also have a

high volumetric density, which is how much hydrogen can be stored per unit volume.

Within the broad world of hydrogen storage, there are three different ways that a

material can contain hydrogen. A material can store hydrogen mechanically by com-

pressing pure molecular hydrogen into a specially-engineered container. Section 2.6

discusses materials with porous structures, where hydrogen is bound to the plentiful

internal surfaces via weak van der Waals interactions (or adsorption). Still other ma-

terials store hydrogen by chemically binding it into the material; these are described

in greater detail in Section 2.7.

Each of these methods has its own advantages and disadvantages. Chemical hy-

drogen storage systems typically have higher hydrogen densities, but at the expense

12



Figure 2.1: Comparison of different hydrogen storage methods.
A tradeoff between the hydrogen storage density (which im-
proves toward the right) and easy hydrogen accessibility (which
improves toward the left) has to be made. Compression and liq-
uefaction are mechanical storage methods. Physisorption refers
to adsorption-based storage. Chemisorption and chemical com-
pounds fall into the chemical-storage category. Reproduced with
permission from [22], c© 2011 American Chemical Society.

of favorable thermodynamics and kinetics, which affect properties like reversibility

and reaction rate. Figure 2.1 illustrates this trend, which is at the core of the prob-

lem of finding a good hydrogen storage method. In order to have the desirable high

hydrogen storage densities typically requires the hydrogen to be strongly bound to

the storage medium, which makes the hydrogen more difficult to access. Choosing a

hydrogen storage material requires making a tradeoff between the hydrogen storage

density and easy accessibility.

The search for novel or improved hydrogen storage systems is currently a major

research topic across the globe [18, 21–33]. This dissertation chronicles my (modest)

contributions to that effort.
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2.2 The Ideal Fuel

Widespread deployment of hydrogen storage technology has long faced steep tech-

nical hurdles, and the slow rate of progress has led to controversy over whether the

needed research is worth public funding [34], especially in light of rapid improvement

in commercial battery technology. However, hydrogen features several undeniable

advantages and has been identified as an ideal fuel [21, 28, 30, 35, 36]. Hydrogen is a

tasteless, colorless, odorless, and nontoxic molecule that can be produced renewably

from a variety of sources, included solar-powered water splitting [37]. Hydrogen is

the most abundant element on Earth, and all nations have access to it. Hydrogen

combusts via the reaction

H2 + O2 −→ 2 H2O , (2.1)

releasing 120 kJ/g of energy. This reaction creates neither greenhouse gases nor air

pollutants (although small amounts of NOx are produced with ambient air rather

than pure O2 [28]). The chemical energy of a fuel is based on the energy released

when unpaired valence electrons react with other atoms, and hydrogen has the highest

possible ratio of valence electrons to protons [18]. Consequently, pure hydrogen has

three times the chemical energy density of liquid hydrocarbons [38] and almost seven

times that of coal. So 1 kg of hydrogen contains the same energy content as 3 kg

of gasoline, but burning that amount of gasoline also produces 9 kg of CO2 [28]. In

addition to energy storage density, the energy released from Reaction (2.1) can be

harnessed at 60% efficiency compared to 22% and 45% for gasoline and diesel internal

combustion engines [35]. Existing internal combustion engines can even be modified

to run more efficiently on hydrogen.

In short, hydrogen is an ideal fuel because it is clean, potentially renewable, and

efficient. However, despite the obvious promise, hydrogen storage materials face a

number of barriers and require significant progress in order to be competitive with
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fossil fuels.

2.3 Existing Problems

Implementation of a hydrogen economy faces barriers in each of the areas of hydrogen

production, storage, and use.

Less than 1% of hydrogen on Earth is present in its molecular form H2; most

hydrogen is chemically bound in water and hydrocarbons. Currently, most molecular

H2 is produced from fossil fuels like natural gas through steam reforming [20], which

obviously does nothing to reduce dependence on fossil fuels. Any practical method

to produce hydrogen for future use would need to be scalable to large quantities

(150 megatons of hydrogen would be needed annually to meet projected transporta-

tion demands by 2040 [35]). Direct use of sunlight to split water in to H2 and O2

would be ideal, but existing technologies are expensive and inefficient [37]. One prob-

lem is that most of the sunlight reaching Earth requires a material with a band gap

below 1.7 eV for efficient absorption, whereas most semiconductors that can survive

exposure to water have band gaps around 3 eV [35]. There is also active research

studying biological processes that produce hydrogen, such as photosynthesis, in order

to understand the molecular processes, potentially leading to a hydrogen production

system that imitates nature [35]. More recently, advances in electrocatalytic water

splitting have made great strides towards cheap, scalable hydrogen production [39].

Proton-exchange membrane (PEM) fuel cells use Reaction (2.1) to generate power

while producing only clean water as a by-product [21]. The PEM fuel cell (dia-

grammed in Figure 2.2) works by separately supplying H2 and O2 gases to both

electrodes of the fuel cell, where they are oxidized and reduced, respectively. The an-

ode side oxidizes H2, releasing two electrons that travel through the circuit, providing

a DC current. The remaining two protons are able to traverse the proton-exchange

15



Figure 2.2: Diagram of a PEM fuel cell. H2

is delivered to the anode, which splits the H2

and strips electrons. Electrons pass through
the circuit to the motor while remaining pro-
tons pass through the electrolyte. Separately,
O2 is delivered to the cathode, where it is split
and reacts with protons and electrons to form
H2O, which escapes as the final product.
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are needed for the combustion engine version or 4 kg hydrogen for 
an electric car with a fuel cell.

Hydrogen is a molecular gas. At room temperature and 
atmospheric pressure, 4 kg of hydrogen occupies a volume of 45 m3.
This corresponds to a balloon of 5 m diameter — hardly a practical
solution for a vehicle (Table 1). In the following we will focus on 
the question of compacting hydrogen, looking at the materials, tech-
nology and safety aspects (Fig. 1).

Conventional hydrogen storage
Classical high-pressure tanks made of fairly cheap steel are tested up to
300 bar and regularly filled up to 200 bar in most countries. To store
our 4 kg hydrogen still requires an internal volume of 225 litres (about
60 gallons) or 5 tanks of 45 litres each. Novel high-pressure tanks made
of carbon-fibre-reinforced composite materials are being developed;
these are tested up to 600 bar and filled up to 450 bar for regular use.
But they need a special inert inner coating to prevent the high-
pressure hydrogen reacting with the polymer. Consequently, another
approach is to use hydrogen-inert aluminium tanks and to strengthen
them with external carbon-fibre coatings. Spherical containers slight-
ly smaller than 60 cm in diameter would be able to carry our 4 kg, but
for practical fabrication a cylindrical shape is preferred. 

These high-pressure containers, when full, would contain about
4% hydrogen by mass, but with significant disadvantages: the fuel
would be available at a pressure dropping from 450 bar to zero over-
pressure, so additional pressure control would be essential. 
High-pressure vessels present a considerable risk — the compression
itself is the most dangerous and complicated part. In Japan such 
vessels are prohibited on the roads in ordinary cars. .

Condensation into liquid or even solid hydrogen is, of course,
particularly attractive from the point of view of increasing the mass

per container volume. The density of liquid hydrogen is 70.8 kg m–3

(70.6 kg m–3 for solid hydrogen). But the condensation temperature
of hydrogen at 1 bar is –252 !C and the vaporization enthalpy at the
boiling point amounts to 452 kJ kg–1. As the critical temperature of
hydrogen is –241 !C (above this temperature hydrogen is gaseous),
liquid hydrogen containers are open systems to prevent strong 
overpressure. Therefore, heat transfer through the container leads
directly to the loss of hydrogen. Larger containers have a smaller sur-
face to volume ratio than small containers, so the loss of hydrogen is
smaller. The continuously evaporated hydrogen may be catalytically
burnt with air in the overpressure safety system of the container or
collected again in a metal hydride. (Solid hydrogen is a molecular
insulating solid; under high pressure it transforms into metallic, 
possibly even superconducting hydrogen4 with Tc of 200–300 !C.) 

Cryotechniques for cooling and superinsulated low temperature
storage units were developed and proven in space technology. Liquid
hydrogen is a fuel in the launching process of the Space Shuttle and in
Ariane. A Lockheed military-type aircraft and a Tupolev supersonic
aircraft have been flown with engines fuelled by liquid hydrogen.
BMW have built an automated liquid-hydrogen filling station, and
developed and tested several cars running with hydrogen in newly
designed vessels to reduce losses by evaporation to below 1.5 mass%
per day(BMW, personal communication).

Hydrocarbons with a molecular mass of at least 60 g mol–1 are 
liquid at room temperature with a density close to 1,000 kg m–3. The
number of hydrogen atoms per carbon atom can vary in hydrocar-
bons owing to their ability to change from "-bonds to #-bonds.
Hydrocarbons can be burnt completely by oxidation of carbon into
CO2 and of hydrogen into H2O; some can also be considered as a 
liquid storage medium for hydrogen if they can be hydrogenated and
dehydrogenated; that is, if their ratio of hydrogen to carbon atoms
can be adapted reversibly. Cyclohexane (C6H12), for example,
reversibly desorbs six hydrogen atoms (7.1 mass%) and forms 
benzene (C6H6). Stationary hydrogenation and dehydrogenation
under steady-state conditions are managed in numerous chemical
plants, but the on-board process under variable conditions is another
matter. We do not consider hydrogen storage in NH3 (5.9 mass%)to
be realistic, owing to the corrosive nature of ammonia.

Hydrogen adsorption on solids of large surface area
Hydrogen adsorbs at solid surfaces depending on the applied pres-
sure and the temperature. The variation of attractive surface forces as
a function of distance from the surface decides whether van der
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Mg2NiH4 LaNi5H6 H2 (liquid) H2 (200 bar)

Figure 1Volume of 4 kg of
hydrogen compacted in different
ways, with size relative to the size of
a car. (Image of car courtesy of
Toyota press information, 33rd
Tokyo Motor Show, 1999.) 

Table 1 Physical and chemical properties of hydrogen, methane and petrol
Properties Hydrogen (H2) Methane (CH4) Petrol (–CH2–)
Lower heating value (kWh kg–1) 33.33 13.9 12.4

Self-ignition temperature (!C) 585 540 228–501

Flame temperature (!C) 2,045 1875 2,200

Ignition limits in air (Vol%) 4–75 5.3–15 1.0–7.6

Minimal ignition energy (mW s) 0.02 0.29 0.24

Flame propagation in air (m s–1) 2.65 0.4 0.4

Diffusion coefficient in air (cm2 s–1) 0.61 0.16 0.05

Toxicity No No High

Figure 2.3: Volume of 4 kg of hydrogen stored using different storage methods in
comparison to the size of a car. Hydrogen at standard conditions would required a
balloon of 5 m in diameter. Reprinted with permission from Reference [20], c© 2001
Nature Publishing Group.

membrane and reach the cathode. On the cathode side, O2 reduction splits the oxygen

molecule, and O atoms join with protons that have traversed the PEM and electrons

from the circuit to form H2O and be channeled away from the fuel cell. One problem

with current PEM fuel cells is the slow speed of the oxygen reduction reaction at the

cathode. Improving the PEM cell requires tuning the kinetics of the oxygen reduction

reaction to increase the reaction speed. Unfortunately, the most effective catalyst for

this reaction is Pt, which is expensive, accounting for a significant portion of the total

cost of the fuel cell. Consequently, researchers are putting a great deal of effort into

developing inexpensive and high-performing membrane materials, which is currently

the most expensive piece of the fuel cell [40]. Overall, a 2014 estimate put the cost of

a fuel cell system at $50/kW, whereas the DOE goal is $30/kW [40], contributing to

why usage is likely the smallest barrier to the implementation of a hydrogen economy.

Challenges in hydrogen storage relate mostly to safety, efficiency, and cost. While

hydrogen in its molecular form (H2) has a very high energy density by weight, it has

a very low energy density by volume. Section 2.1 mentions that a typical car would

17



require a 5 m balloon of uncompressed hydrogen to travel ∼ 400 km. Other forms

of storage have much more favorable volumetric densities (see Figure 2.3 for a visual

comparison). The remainder of this chapter discusses the different categories of these

more volume-efficient storage materials.

2.4 The Way Forward

Presented with the problems listed above, the reader could be forgiven for doubting

the usefulness of basic research aimed at developing a practical hydrogen economy.

But, to butcher clichés, even in the darkness, hope springs eternal.

Consider grid-scale energy storage: Hydrogen could be used to store overgener-

ated energy produced at peak times to be distributed when demand outpaces pro-

duction. In this scenario, the energy storage facility could be stationary and the

storage medium’s volumetric hydrogen density becomes much less important for the

energy storage system to be practical. Indeed, existing regenerative hydrogen fuel

cell (RHFC) technology performs as well as batteries in terms of energy return on

investment when storing overgeneration from wind turbines [41].

Even for mobile applications, the DOE has laid down a set of goals for hydrogen

storage materials to meet before they should be considered for commercialization.

Those goals (both ultimate goals and targets for 2017) are given in Table 2.1 and

provide benchmarks for the materials that I work on.
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Table 2.1: Technical system targets: Onboard hydrogen

storage for light-duty fuel cell vehicles.a Reproduced from

Reference [42].
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ing capacity, and all other balance-of-plant components. All capacities are defined as usable capacities

that could be delivered to the fuel cell power plant. All targets must be met at the end of service life

(approximately 1500 cycles or 5000 operation hours, equivalent of 150,000 miles).
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Table 2.1: (continued)

b Capacities are defined as the usable quantity of hydrogen deliverable to the powerplant divided by the

total mass/volume of the complete storage system, including all stored hydrogen, media, reactants (e.g.,

water for hydrolysis-based systems), and system components. Tank designs that are conformable and have

the ability to be efficiently package onboard vehicles may be beneficial even if they do not meet the full

volumetric capacity targets. Capacities must be met at end of service life.

c Hydrogen threshold cost is independent of pathway and is defined as the untaxed cost of hydrogen pro-

duced, delivered and dispensed to the vehicle. [] For material-based storage technologies, the impact of

the technology on the hydrogen threshold cost, e.g., off-board cooling, off-board regeneration of chemical

hydrogen storage materials, etc., must be taken into account.

d Stated ambient temperature plus full solar load (i.e., full exposure to direct sunlight). No allowable perfor-

mance degradation from −20◦C to 40◦C. Allowable degradation outside these limits is to be determined.

e Onboard efficiency is the energy efficiency for delivering hydrogen from the storage system to the fuel cell

powerplant, i.e., accounting for any energy required for operating pumps, blowers, compressors, heating,

etc. required for hydrogen release. Well-to-powerplant efficiency includes onboard efficiency plus off-

board efficiency, i.e., accounting for the energy efficiency of hydrogen production, delivery, liquefaction,

compression, dispensing, regeneration of chemical hydrogen storage materials, etc. as appropriate. H2A

and HDSAM analyses should be used for projecting off-board efficiencies.

f Hydrogen storage systems must be able to deliver hydrogen meeting acceptable hydrogen quality standards

for fuel cell vehicles (see SAE J2719 and ISO/PDTS 14687-2). Note that some storage technologies may

produce contaminants for which effects are unknown and not addressed by the published standards; these

will be addressed by system engineering design on a case-by-case basis as more information becomes

available.

g Total hydrogen lost into the environment as H2; relates to hydrogen accumulation in enclosed spaces.

Storage system must comply with applicable standards for vehicular tanks including but not limited to

SAE J2579 and the United Nations Global Technical Regulation. This includes any coating or enclosure

that incorporates the envelope of the storage system.

h Total hydrogen lost from the storage system, including leaked or vented hydrogen; relates to loss of range.

These targets cover just about every metric that could be imagined to describe a

hydrogen storage material’s performance. For mobile applications, space and weight

are at a premium, so prospective materials are judged based on their gravimetric and

volumetric hydrogen densities. Figure 2.4 compares how various potential hydrogen

storage materials perform in terms of gravimetric and volumetric density, with larger

numbers being desirable for each metric. It is important that a material performs

well in these metrics because it is possible to improve the material’s kinetic or ther-
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REVIEW FEATURE

Six different hydrogen storage methods have been

described here. Alongside well-established, high-pressure

cylinders for laboratory applications and liquid hydrogen

storage methods for air and space applications, metal

hydrides and complex hydrides offer a safe and efficient way

to store hydrogen. Further research and technical

development will lead to higher volumetric and gravimetric

hydrogen density. The best materials known today show a

volumetric storage density of 150 kg·m-3, which can still be

improved by approximately 50% according to theoretical

estimations. Fig. 7 shows the volumetric versus gravimetric

hydrogen density for the various materials reviewed in this

article. MT
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Fig. 7 Volumetric and gravimetric hydrogen density of some selected hydrides. Mg2FeH6

shows the highest known volumetric hydrogen density of 150 kg·m-3, which is more than
double that of liquid hydrogen. BaReH9 has the largest H/M ratio of 4.5, i.e. 4.5 hydrogen
atoms per metal atom. LiBH4 exhibits the highest gravimetric hydrogen density of 
18 mass%. Pressurized gas storage is shown for steel (tensile strength !v = 460 MPa,
density 6500 kg·m-3) and a hypothetical composite material (!v = 1500 MPa, density
3000 kg·m-3).

Figure 2.4: Comparison of the material-level volumetric and
gravimetric storage density of different hydrogen storage mate-
rials. Materials in red are simple metal hydrides, magenta are
complex metal hydrides, and green are non-metal hydrides. Re-
produced with permission from Reference [32], c© 2003 Elsevier
Science Ltd.

modynamic performance (typically at the cost of storage density), but the material’s

maximum hydrogen content cannot be improved.

Another target specifies desired thermodynamic performance. For ideal reversibil-

ity, the Gibbs free energy change for hydrogen release should be as near as possible to

0 kJ/mol H2, although candidate materials frequently deviate from that ideal by tens

of kJ/mol H2 [43]. The released gas will have positive entropy, requiring a slightly

endothermic hydrogen release process (ideally 20–50 kJ/mol H2) [21,28,44]. Consid-

ering the thermodynamic constraints as well as a possible kinetic barrier to hydrogen

release determines the temperature required for hydrogen release, which is another

important constraint (see the desirable box in Figure 2.5). Beyond these basic ma-

terials properties, other targets concern the safety, cost, and long-term durability of

the entire hydrogen storage system

One important caveat to consider when discussing these desired properties is that
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Figure 2.5: Gravimetric storage density versus H2 access temperature. H2 is released
from the labeled materials above the temperature marked on the x-axis. The dashed
box indicates the capacity and temperature ranges targeted by the DOE. Reproduced
from Reference [45].

the DOE targets for gravimetric and volumetric density account for the stored hy-

drogen, the storage material, and also any other infrastructure (tank, pipes, cooling

system, etc.) needed to make the whole system function. However, when hydrogen

storage materials are described in the research literature, usually only the material-

level properties are being studied, so listed storage densities consider just the stored

hydrogen and storage material. Further, these listed densities often assume the best-

case scenario, meaning that practical storage densities will be lower. These are addi-

tional reasons that material densities should aim to exceed the DOE targets.

Some of the best candidate materials are listed in Figures 2.4 and 2.5, but how

do they function on a practical level? The rest of this chapter gives a brief overview

of the three main categories of hydrogen storage methods and highlights a few of the
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Figure 2.6: Schematic of a high-pressure tank for storing gaseous hydrogen.
Reproduced with permission from Reference [48], c© 2007 Elsevier B. V.

best choices currently available.

2.5 Pure Hydrogen

Storing pure, compressed hydrogen is the method of choice in existing hydrogen fuel

cell vehicle fleets, partially due to simplicity; simply open the tank to access the

hydrogen and then pump more hydrogen in to refuel. However, to combat H2 gas’s

light and sparse nature, either very high pressures or very low temperatures are

needed in order to carry sufficient amounts of hydrogen without invoking chemical

interactions in the storage tank. Pressurization and cooling have been combined in

a technique called cryo-compression, that allows for greater hydrogen densities than

either compression or cooling alone [23,46,47].

In the pure compression regime, hydrogen can be compressed in a single large tank

(e.g. the tank illustrated in Figure 2.6) or in many capillaries. A single large storage

tank must be designed to store hydrogen under pressure while being as light, safe, and

inexpensive as possible [49]. Aluminum has historically been used for this purpose,

but more advanced (and expensive) carbon fiber reinforced plastic containers have
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been developed that are stronger, and thus safer [50]. Safety can also be improved

by storing hydrogen in many individual capillaries, as an individual capillary failure

is not catastrophic. This approach also allows the use of more inexpensive materials,

although overall hydrogen storage densities suffer [51].

In the pure cooling regime, temperatures of 20 K are required to liquefy hydrogen,

significantly increasing its volumetric density [52, 53]. However, the cooling process

requires a significant amount of energy and also introduces the problem of hydrogen

boil-off, wherein ambient heat allows some of the liquid hydrogen to evaporate, caus-

ing pressure build-up in the storage tank that must be vented to prevent damage to

the tank.

Combining compression with cooling, compressed hydrogen gas at 77 K is three

times as dense as compressed hydrogen at room temperature. To maintain these

temperatures, a compression storage tank must also be equipped with thermal insu-

lation, but the increased density is usually worth the additional weight [54]. 77 K

is also around the ideal operating temperature for many adsorption-based hydrogen

storage materials (discussed in Section 2.6), allowing the possibility of combining

cryo-compressed hydrogen with adsorbent materials [55]. Compressed liquid hydro-

gen can meet the DOE’s hydrogen density targets, but is still not a cost-effective

hydrogen storage system [23]. Further research is underway to change that.

2.6 Porous Materials

The second category of hydrogen storage materials is porous materials that store

hydrogen by bonding it to surfaces via physisorption. Hydrogen molecules contained

this way are called adsorbed molecules, and can in the right circumstances be cajoled

into bonding to these surfaces at greater density than would otherwise be possible

without high pressure. In order to do that, these porous materials must have very
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high internal surface areas [23,25,56].

Unfortunately, these physisorption bonds rely on van der Waals interactions, which

are weaker than covalent or ionic bonds, and adsorption-based hydrogen storage usu-

ally requires low temperature. One of the biggest challenges in adsorption-based

hydrogen storage is to find or design a material where the adsorption interaction

is as strong as possible. A porous material operating between 1.5 and 30 bar at

room temperature ideally has an average adsorption enthalpy of about 15.1 kJ/mol

or 150 meV [57], compared with kBT ≈ 25 meV at room temperature.

Hydrogen storage in adsorption-based materials is generally fully reversible and

enjoys favorable kinetics, but often suffers from unfavorable thermodynamics. In

addition, these porous materials also struggle in terms of gravimetric density since

the material’s internal surfaces are typically built from atoms heaver than hydrogen.

2.6.1 Metal-Organic Framework Materials

Metal-organic framework (MOF) materials are crystalline structures consisting of

metal clusters connected with organic linkers (two examples are shown in Figure 2.7).

H2 molecules adsorb to the exposed metals in MOFs and these materials can display

impressive hydrogen storage capacities (≥ 10 wt% at 77 K). Additionally, MOFs can

frequently be synthesized in solution through straightforward, scalable processes [58].

Figure 2.8 summarizes how MOF-5 performs against myriad DOE targets. As is the

case with most materials being considered for hydrogen storage, MOFs perform very

well in some respects, but require significant progress in other metrics before they

can be commercialized.

Since hydrogen adsorbs to exposed metal sites, one method for improving hydrogen

storage density is to try and impregnate the MOF with additional metal ions try and

pack in as many metal sites as possible [60], but typically the number of exposed metal

ions correlates with internal surface area, where MOFs perform extremely well. Before
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Figure 2.7: (left) Structure of MOF-5. The metal clusters are shown by blue tetra-
hedra and the linkers are the benzene-like structures, repeating periodically in all
three dimensions and forming a regular solid. The large grey sphere is not part of the
structure, but shows the large pore in the middle of the structure. (right) Structure
of MOF-74, with six H2 molecules attached in its channel. The hexagonal structure of
MOF-74 is clearly visible. Reproduced with permission from Reference [17], c© 2015
John Wiley & Sons, Ltd.

MOFs, the material with the greatest known internal surface area had 2030 m2/g of

surface, whereas MOFs can have upwards of 3000 m2/g [56]. These adsorption bonds

are still weak, however, and another avenue for research is to find or engineer a MOF

with adsorption interactions stronger than the aforementioned 150 meV.

2.6.2 Other Nanostructures

Take the porous structure of MOFs and shrink the material down so that pores are on

the order of a nanometer in diameter; like MOFs, nanostructures store hydrogen by

physisorption. These structures generally suffer from the same limitations as MOFs

in that the materials can store impressive amounts of hydrogen, but usually require

low temperatures to do so.

Carbon is known for being able to adsorb gases, and many carbon-based nanos-

tructures have been studied as potential hydrogen storage materials. For example, ac-

tivated carbons are combinations of graphite and amorphous carbons with high inter-
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Figure 2.8: Spider plot showing the performance of MOF-5 against various DOE
targets. The area shaded blue shows what portion of the targets the prospective
material meets. Reproduced from Reference [59].

Figure 2.9: Packing of (6,0) nanotubes with hydrogen molecules adsorbed at (a)
0.1 bar, (b) 1.0 bar, and (c) 100 bar. Reproduced with permission from Reference [61].
c© 2011 WILEY-VCH Verlag GmbH & Co.
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nal surface area, and are easily and cheaply prepared from agricultural waste [27,62].

Hydrogen can also adsorb to the (inside or outside) surfaces of carbon nanotubes,

leading to hydrogen storage materials like that shown in Figure 2.9 [61, 63, 64].

Fullerenes of various sizes can be used as cages to contain hydrogen as well [65].

And of course, hydrogen (in the form of H2 or H) can be bound to the plentiful sur-

face of graphene [66, 67]. In addition, metal nanoparticles can be added to decorate

any of these nanostructures with additional binding sites [68].

Beyond carbon, other light elements (frequently with alternating boron and ni-

trogen) can also be used to construct materials with similar nanostructure designed

to maximize hydrogen adsorption [23].

2.7 Chemical Storage

The third big category of hydrogen storage materials use chemical storage. These ma-

terials already include hydrogen in their chemical structure and can have extremely

high hydrogen storage densities; for example, NH3BH3 contains 19.6 wt% hydrogen.

In order to release the stored hydrogen, these materials are usually heated to a tem-

perature where the material’s chemical structure decomposes, at which point gaseous

H2 can form and be released. This process is usually not reversible on-board, which

is a significant barrier to chemical hydrogen storage gaining widespread use.

Beyond reversibility, chemical hydrogen storage encounters almost opposite prob-

lems from adsorption-based storage. Where the adsorption interaction is measured in

meV, the covalent nature of chemical bonds means that chemically-stored hydrogen

has bonds measured in eV. The need to break and reform these stronger, covalent

bonds can result in large kinetic barriers even when the decomposition has desirable

thermodynamics, but breaking and forming these bonds may also require or release

a lot of heat. Nonetheless, these materials’ potential for excellent hydrogen storage
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Figure 2.10: Spider plots showing the performance of NaAlH4 against various DOE
targets. The area shaded blue shows what portion of the targets the prospective
material meets. Reproduced from Reference [59].

density makes them very attractive candidates.

Simple metal hydrides (MHx where M is a metal) and intermetallic hydrides

(AmBnHx where A and B are different metals) contain only metal and hydrogen

and may be attractive because of relatively moderate hydrogen release conditions

[30,69,70]. For example, sodium alanate (NaAlH4, performance against DOE targets

summarized in Figure 2.10) releases 3.7 wt% hydrogen at 1 atm and 306 K [23]. These

simple metal hydrides can also be reversible, which is not common among chemical

hydrogen storage materials.

Rather than bonding directly with a metal, complex metal hydrides store hydrogen

in polyatomic anion units, like [BH4]−. Usually, these polyatomic ion units are based

on nitrogen (in the case of amides and imides) or boron (in borohydrides) and the
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Figure 2.11: Spider plots showing the performance of an AB slurry against various
DOE targets. The area shaded blue shows what portion of the targets the prospective
material meets. Reproduced from Reference [59].

metals are light (such as Li or Mg) [30, 69, 71]. Borohydrides (based around the

[BH4]− unit) are especially hydrogen-dense compared to simple metal hydrides; but

as usual, the tradeoff of that storage density is reduced accessibility, and like many

other complex metal hydrides display poor thermodynamic and kinetic properties

for hydrogen release [72–76]. There are many ongoing projects aiming to improve

the thermodynamics and kinetics of hydrogen release in complex metal hydrides [77–

80]. Borohydrides in particular show promising characteristics as hydrogen storage

materials, but significant progress must be made to improve their thermodynamics

and kinetics before they can be commercialized.

Other materials eschew metals entirely and are composed of hydrogen as well

as just boron and/or nitrogen, such as NH3BH3 (ammonia borane or AB, perfor-
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(see Fig. 1, column 1 for an overview of the properties of
conventional metal hydrides). In some cases, the crystal
structure of the metal does not topologically change upon
insertion of H atoms into interstitial sites, and thus these
hydrides are referred to as interstitial hydrides. Examples of
interstitial hydrides include PdH, (Vi–Ti–Fe)H2 and LaNi5Hx

(see Table 2, reactions 1 and 2). In other cases, a new
structural type is formed upon hydrogen incorporation.
Examples of these so-called structural hydrides include
MgH2 and AlH3 (Table 2, reactions 3 and 9).

Conventional metal hydrides have been studied for various
hydrogen storage applications for more than a half century.
For use in automotive applications, however, the gravi-
metric density of these materials is generally too low, or the
thermodynamics of H bonding is either too strong or too
weak for easy hydrogen insertion/removal (we discuss thermo-
dynamics in more detail below). For example, alane (AlH3)
contains a large amount of hydrogen by weight (B10 wt%).
However, due to a weak binding energy, reflected in the low
5–8 kJ/mol H2 enthalpy (DH) for H2 desorption (Table 2), it is
impossible to directly recharge alane from Al and H2

using moderate pressures. Magnesium hydride (MgH2) also
possesses a reasonably high gravimetric capacity, but
su!ers from the opposite problem in that the binding energy
of this compound is too strong (DH = 66–75 kJ/mol H2),

24

requiring B290 1C to desorb H2 at 0.1 MPa. On the other
hand, metal hydrides with more moderate binding energies,
such as VH2 and LaNi5Hx, have good thermodynamics

(DH B30–43 J/mol H2, Table 2), but are comprised of heavy
transition and rare earth metals, and therefore have limited
gravimetric densities.
E!orts at improving hydrogen capacity and reaction

enthalpy of conventional metal hydrides have largely focused
on alloying with other elements, and several categories of
conventional metal hydrides have been developed: BCC-type
alloys (e.g. Fe–Ti, Ti–Mo and V-based), AB5 alloys
(e.g., LaNi5-type), AB2 alloys (e.g., Ti(Zr)–Mn-based), and
Mg-based alloys (e.g., those based on Mg–Al, Mg2Ni, Mg2Cu,
Mg2FeH6, Mg2CoH5 and Mg7Ti(Pd,Sc)H12.7).

25–27 Fig. 1 and
reactions 1–3 and 9 of Table 2 provide a summary of the
conventional metal hydride category. A more detailed review
of the properties of conventional metal hydrides can be found
elsewhere.27,28

Complex hydrides

The term ‘‘complex hydrides’’ is used to describe a class of
ionic hydrogen-containing compounds which are composed of
metal cations (e.g. often lightweight alkali or alkaline earth Li,
Na, Mg, or Ca cations) and hydrogen-containing ‘‘complex’’
anions such as borohydrides (BH4

!),29–31 alanates (AlH4
!),32

and amides (NH2
!).33 In this anionic complex, hydrogen

atoms are covalently bonded to central atoms, for example
boron, aluminium or nitrogen (see Fig. 1, column 2).
As a consequence, complex hydrides are grouped under the
chemisorptive hydrogen storage mechanism. Examples of

Fig. 1 Overview of the properties of the major hydrogen storage materials classes. Trends for technical challenges for each class are delineated by

color code: Red indicates significant challenges remain towards achieving DOE targets; Green signifies satisfactory performance; Yellow indicates

some improvement is required. Trends and reaction enthalpies are meant to be generally descriptive for the entire class; exceptions are possible for

individual materials. Reversibility and thermodynamic attributes are di!erentiated according to a practical on-board perspective: reversibility is

taken as the potential for each class of materials to be capable of being reversed on-board, whereas thermodynamics dictates the reasonableness of

the theoretical operating temperature and pressure conditions for hydrogen charge and discharge. The ‘spillover’ concept (see section IV) applies

for sorbent systems and extends the desorption enthalpy for these compounds into the on-board reversible region (dashed line in bottom panel).
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Figure 2.12: Comparison of different hydrogen storage materials. The
color indicates in which areas certain materials perform satisfactory
(green), in which areas they need some improvement (yellow), and in
which areas significant challenges remain (red) to meet the DOE tar-
gets specified in Section 2.4. In addition, an estimate for the hydrogen
desorption enthalpy is given, which, for on-board reversible storage,
needs to fall into a particular window, as discussed in Section 2.4. Re-
produced with permission from Reference [21], c© 2009 Royal Society
of Chemistry.

mance against DOE targets summarized in Figure 2.11). These are some of the most

hydrogen-dense materials out there (AB features 19.6 wt% hydrogen), and intense

efforts are underway to improve these materials’ thermodynamics, kinetics and re-

versibility [81,82].

2.8 Summary

The past few sections have discussed three very different ways to store hydrogen. As is

usually the case, each of those three—mechanical storage, adsorption-based storage,
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and chemical storage—has strengths and weaknesses (summarized in Figure 2.12).

Mechanical storage is relatively simple with existing technology, though ideal storage

densities are difficult to achieve. Adsorption-based storage binds molecular hydrogen

to surfaces via weak physisorption interactions, leaving it accessible, but requiring

either low temperatures and/or high pressure to achieve adequate storage densities.

Chemical storage incorporates hydrogen into the material’s chemical structure for

a much stronger bond and potentially excellent storage density, but at the cost of

accessibility.
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Chapter 3

Computational Methods

3.1 Electronic Structure

The basic electronic structure theory used in my research has already been studied

and implemented by giants in the field. This brief overview is taken from several

sources, but mostly follows the excellent texts by each of Marder [83], Martin [84],

Giannozzi [85], and Burke [86].

The road to computationally feasible quantum mechanics begins at the time-in-

dependent Schrödinger equation:

ĤΨ = EΨ . (3.1)

Here, Ĥ refers to the Hamiltonian describing all contributions to the energy in the sys-

tem and Ψ is the many-body wave function Ψ({r,R}) ≡ Ψ(r1, r2, . . . , rN ,R1,R2, . . . ,RM),

including the N electrons and M nuclei. In SI units the Hamiltonian looks like this:

Ĥ =−
∑
i

~2

2me

∇2
i +

1

2

∑
i 6=j

1

4πε0

e2

|ri − rj|
−
∑
i,I

1

4πε0

ZIe
2

|ri −RI |

−
∑
I

~2

2mI

∇2
I +

1

2

∑
I 6=J

1

4πε0

ZIZJe
2

|RI −RJ |
.

(3.2)
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The lower and upper case indices refer to the system’s electrons and nuclei, respec-

tively. The five terms in this Hamiltonian describe the kinetic energy of the electrons

and nuclei as well as the coulombic interaction between each pair of particles.

A first step in simplifying this Hamiltonian is to consider that the forces on nuclei

and electrons will be the same order of magnitude, but a proton is nearly 2,000

times more massive than an electron. Consequently, the acceleration of nuclei will

be negligible compared to acceleration of the electrons and we can say that as nuclei

move, the electrons can more or less instantaneously return to a state of equilibrium.

This is called the Born-Oppenheimer or adiabatic approximation and the result is

that 1/mI is very small and the term describing the kinetic energy of the nuclei in

Equation (3.2) can be considered small compared to the others. This is not a perfect

approximation, as it can fail when describing the extremely light hydrogen. Methods

for including nuclear quantum effects of hydrogen exist [87], but they are not discussed

here. The adiabatic approximation is good for many purposes and this discussion will

henceforth neglect the nuclear kinetic energy.

Rearranging the remaining terms leaves this expression:

Ĥ = T̂ + V̂ext + Û + EII . (3.3)

The equations become less cluttered with the adoption of Hartree atomic units ~ =

me = e = 1/4πε0 = 1. Written out individually, each of these terms are:

T̂ =
∑
i

−1

2
∇2
i , (3.4)

where T̂ is the kinetic energy of the electrons,

V̂ext =
∑
i,I

VI(|ri −RI |) , (3.5)
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where V̂ext is the energy due to interactions between the electrons and the atomic

nuclei and VI describes the potential energy surface for a single electron i around

nucleus I,

Û =
1

2

∑
i 6=j

1

|ri − rj|
, (3.6)

where Û is the energy due to interactions between all electrons i and j, and EII

contains the interactions between nuclei (as well as any additional effects that are

relevant to the whole system but do not affect the electrons). Much of the rest of this

discussion will neglect EII , since most of the computational complexity comes from

the electronic portion of the Hamiltonian.

The real difficulty in practically solving the Schrödinger equation for a system of

many atoms comes from the interactions between electrons, Equation (3.6). These

interactions create a many-body problem since the wave function of each electron

depends on the position of every other electron. Much of condensed matter theory is

built upon different methods used to approximate the interactions between electrons.

3.2 Density Functional Theory

3.2.1 Hohenberg–Kohn Theorems

Hohenberg and Kohn formulated density functional theory as an exact theory of many

body systems [88]. They start with a system of electrons and fixed nuclei, described

by the Hamiltonian

Ĥ = −1

2

∑
i

∇2
i +

∑
i

Vext(ri) +
1

2

∑
i 6=j

1

|ri − rj|
, (3.7)

or Ĥ = T̂ + Û + V̂ , with a ground-state wave function Ψ, which has a total charge

density n(r). Then consider a system with a slightly different Hamiltonian, Ĥ′ =
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T̂ + Û + V̂ ′, where V̂ and V̂ ′ do not differ by a constant (that is, V̂ − V̂ ′ 6= constant).

The first piece of Hohenberg and Kohn’s result arises from first assuming that n(r) is

also the ground-state electronic density. If that assumption is true, then the following

statement is also true:

E ′ = 〈Ψ′|Ĥ′|Ψ′〉 < 〈Ψ|Ĥ′|Ψ〉 = 〈Ψ|Ĥ + V̂ ′ − V̂ |Ψ〉 , (3.8)

which means that

E ′ < E +

∫
(V (r)− V ′(r))n(r)dr . (3.9)

However, by performing the same analysis with flipped prime and unprimed quanti-

ties, the opposite relationship is achieved, creating an absurd result. Consequently,

the underlying assumption must be false. This is how Hohenberg and Kohn proved

that no two different potentials can have the same ground-state electron density.

This allowed them to say that the external potential V is uniquely determined

by the ground-state charge density n(r). And since the Hamiltonian is then fully

determined, then the wave functions for all states are also determined. Therefore

all properties of the system are completely determined given only the ground-state

density n(r). That makes the ground-state energy a functional E[n(r)] of n(r),

E[n(r)] = 〈Ψ|T̂ + Û + V̂ |Ψ〉 = 〈Ψ|T̂ + Û |Ψ〉+ 〈Ψ|V̂ |Ψ〉

= F [n(r)] +

∫
n(r)V (r)dr .

(3.10)

Hohenberg and Kohn’s second theorem states that this functional F [n(r)] is universal.

Since the functional as defined in Equation (3.10) does not depend on the external

potential, it makes sense that F [n(r)] should be the same for any electronic system.

The exact ground-state energy of the system is the global minimum value of E[n(r)],

and the density n(r) that minimizes the energy functional is the exact ground-state

density.
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E[n(r)] can be minimized for a given external potential V (r) keeping the number

of particles fixed by minimizing E[n(r)] − µN , where µ = ∂E/∂N is the chemical

potential. This results in the Euler-Lagrange equation

δF

δn(r)
+ V (r) = µ , (3.11)

where δ indicates a functional derivative. So according to the Hohenberg–Kohn the-

orems, knowing the charge density of a system of electrons is in principle sufficient

to extract all of the properties of the system. Unfortunately, the universal functional

F [n(r)] is not known.

3.2.2 Thomas–Fermi Theory

Thomas–Fermi (TF) theory is the first practicable density functional theory, dating

from 1927 [89, 90]. In this theory, the universal functional F [n] is approximated by

the local approximation for the kinetic energy of a non-interacting uniform gas plus

the Hartree energy

FTF[n] = As

∫
n5/3(r)dr +

1

2

∫∫
n(r)n(r′)

|r− r′|
drdr′ , (3.12)

where As = (3/10)(3π2)2/3. The Thomas–Fermi theory is an excellent first step

towards a good approximation of the universal functional, but because it treats the

kinetic energy as a functional of the density, and local approximations of kinetic

energy are prone to significant errors, overall accuracy suffers. Fortunately, better

versions of density functional theory were eventually developed.
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3.2.3 The Kohn–Sham Ansatz

Instead of wrangling the whole system of interacting electrons, Kohn and Sham de-

cided to replace the physical system with a set of non-interacting electrons with the

same total charge density as the original system [91]. The new Kohn–Sham (KS)

particles have orthonormal orbitals resulting from a single Slater determinant that

solve the single-particle Schrödinger equation,

(
− 1

2
∇2 + VKS(r)

)
ψi(r) = εiψi(r) , (3.13)

and sum together to form the original charge density

n(r) =
N∑
i=1

|ψi(r)|2 , (3.14)

where εi is the individual particle’s energy and the sum is over all states filled by

N total electrons. VKS in Equation (3.13) is the unique potential having n(r) as

its ground state. Because the potential is the same for all wave functions satisfying

Equation (3.14), the KS wave function is the one that minimizes the kinetic energy.

Now, the universal energy functional can be written down as

F [n(r)] = T [n(r)] + Vext[n(r)] + EH[n(r)] + Exc[n(r)] , (3.15)

where T is again the kinetic energy term, Vext is the nucleus-electron interaction

energy, EH is the electron-electron repulsion energy, and Exc accounts for electron

self-interaction as well as the many-body correlation interactions, which are otherwise

lost when considering an ensemble of noninteracting particles.

In order to be exactly correct, T is a functional of the density, but it is practically
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calculated as a sum of the kinetic energies of the KS particles,

T = −1

2

∑
i

〈ψi|∇2|ψi〉 . (3.16)

The electron-electron repulsion energy in this case is explicitly a functional of the

density,

EH[n(r)] =
1

2

∫∫
n(r)n(r′)

|r− r′|
drdr′ . (3.17)

Note that this EH includes a non-physical self-interaction. The corrective term gets

shoved into the exchange-correlation functional Exc, which is where we put all of the

stickiest bits of the problem (like the aforementioned many-body correlation interac-

tions). However, this exchange-correlation accounts for a relatively small portion of

the system’s total energy, most of which is now exactly known and calculable.

Unfortunately, the precise form of Exc is not known, making it necessary to ap-

proximate the exchange and correlation energies. Indeed, many different approxima-

tions have emerged over the years, each of which performs well in some situations

and poorly in others. These approximations mostly fit within three different cate-

gories: Local approximations, semi-local approximations, and a category containing

everything else.

The local density approximation (LDA) has an exchange-correlation functional of

the form

ELDA
xc [n(r)] =

∫
F (n(r))dr , (3.18)

where F is some function of the charge density. Note that this and any of the other

categories of functionals can be extended to incorporate two spin states simply be act-

ing on two separate charge densities (one for spin up, the other spin down). The LDA

yields the exactly correct energy in a homogeneous electron gas, and generally per-

forms well in metals, where the “electron sea” qualitatively resembles a homogeneous

electron gas. However, the LDA does not work so well for other systems, e.g. organic
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materials. In order to better account for how the charge density varies in space, a

semi-local approach can be more accurate. The generalized gradient approximation

(GGA) yields an exchange-correlation functional of the form

EGGA
xc [n(r)] =

∫
F (n(r), |∇n(r)|)dr , (3.19)

where F is now a function of the gradient of the charge density as well as the density

itself.

Yet another approach is to allow the functional to be explicitly non-local with

respect to the density. This can be done with a functional of the form

Enon-local
xc [n(r)] =

1

2

∫∫
n(r)Φ(r, r′)n(r′)drdr′ , (3.20)

where Φ(r, r′) is a kernel function that determines how the two points r and r′ in-

teract. This is the approach taken by the so-called van der Waals density functional

(vdW-DF) [92,93], which is very successful in materials where weak van der Waals in-

teractions are important. For this reason, the majority of the original work described

in Part II has been carried out with DFT using the vdW-DF exchange-correlation

functional.

3.3 Practical Calculations

Knowing in principle how to calculate the total energy of a material based on the

total electron charge density and the positions of its nuclei is excellent progress, but

there are still a few steps required in order to practically do so. One of these very

important steps is the choice of what functions to use as a basis set for representing

the Kohn–Sham particles.

Arrangements in crystals are described by a periodically repeating unit cell. Other
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systems, either isolated molecules or non-periodic systems like fluids, can still be

approximated with a repeating unit cell. In considering a periodic cell, it is frequently

advantageous to use a plane-wave basis set. In a crystal with lattice vectors R and

reciprocal lattice vectors G, Kohn–Sham wave functions are determined by a band

index and a Bloch vector k in the Brillouin zone. The plane wave basis set takes the

form

〈r|k + G〉 =
1

Ω
ei(k+G)·r , (3.21)

where Ω is the unit cell volume and ~
2me
|k + G|2 ≤ Ecut, where Ecut is a cutoff on

the plane wave’s kinetic energy. This set of plane waves is easy to use in that it is

orthonormal by construction, makes matrix elements of the Hamiltonian with a simple

form, and the individual functions are determined simply by the crystal structure and

energy cutoff.

Unfortunately, plane waves are not very good at reproducing localized behaviors,

which are quite important for describing core electrons. Luckily, individual core

states make relatively small contributions to chemical bonding properties. The main

effect of these core states on the outer, valence electrons is to screen them from the

nuclear potential. This is not always a good assumption, but the way many DFT

implementations (and all of those used in Part II) get around trying to model the

core states with plane waves is to replace the bare nuclear potential with a new

“pseudopotential” that already includes the behavior of the core electrons.

So, given some charge density and a crystal structure, I have presented the basic

tools used to calculate the total energy of the system. However, the total energy of

the system is unlikely to be useful in isolation. The rest of this chapter describes

several sorts of useful calculations.
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3.3.1 Structural Optimization

One of the most useful applications of DFT is to find the ground-state structure for

a system of atoms. To do that requires minimizing the total energy with respect to

the atomic positions Ri. This is relatively easy given the gradient of the energy with

respect to the atomic coordinates, which is called a Hellmann-Feynman force, defined

as

Fi = − d

dRi

〈Ψ|Ĥ|Ψ〉 = −〈Ψ| ∂Ĥ
∂Ri

|Ψ〉 , (3.22)

which can be re-written within DFT as

Fi = −
∫
n(r)

∂VKS(r)

∂Ri

dr− ∂EII
∂Ri

. (3.23)

These Hellman-Feynman forces can be calculated for each atomic nucleus. If the

structure is not at a local energy minimum, the force vector Fi on an atom is likely to

be nonzero. Each atom can then be moved some distance in the direction of Fi, and a

new electron density calculated for that arrangement of ions, which will have different

(hopefully smaller) Hellman-Feynman forces. This process can be repeated until all

forces drop below a given threshold, at which point the whole structure is at a local

minimum in the energy landscape. If the initial structure was a good guess, then

the local minimum is also likely to be the global minimum for the system, making it

the ground-state structure. Without an excellent starting guess, it is possible that a

simple gradient descent algorithm could get stuck in an undesirable local minimum;

in this case, some perturbation could be applied to the atomic positions in order to

escape the local minimum.
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3.3.2 Molecular Dynamics

In addition to finding stable structures through optimization, it may also be instruc-

tive to simulate the dynamics of a material, or simulate its behavior over a period of

time. To do that, molecular dynamics involves treating the nuclear ions as classical

particles that obey the simulation’s equations of motion, which can be integrated nu-

merically over discrete time steps δt to project the simulation forward in time. One

simple numerical solution is the Velocity Verlet algorithm,

Vi(t+ δt) = Vi(t) +
δt

2Mi

[Fi(t) + Fi(t+ δt)] (3.24)

Ri(t+ δt) = Ri(t) + δtVi(t) +
δt2

2Mi

Fi(t) , (3.25)

where Vi and Ri are the velocity and position of ion i, respectively, and Fi are the

forces acting on ion i.

It is typically assumed that molecular dynamics occurs in the adiabatic approx-

imation, which is to say that as the nuclear ions move, the electrons are always

in equilibrium around them. In quantum molecular dynamics, these forces Fi are

usually (but not necessarily) the same Hellmann-Feynman forces calculated in Equa-

tion (3.23).

In classical MD, the forces acting on each ion are calculated with classical force-

field potentials. These take into account specified interactions with nearby atoms;

the classical force fields are not as accurate as quantum calculations, but are make

calculations much faster, allowing the simulation of much larger systems over much

longer time scales.

Rather than perform a full, self-consistent electronic structure calculation at each

time step, Car–Parrinello MD (CPMD) uses a Lagrangian that treats both ionic and
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electronic degrees of freedom:

L =
µ

2

∑
k

∫
|ψ̇k(r)|2dr +

1

2

∑
i

MiṘ
2

i − Etot({R}, {ψ})

+
∑
k,l

Λkl

(∫
ψ∗k(r)ψl(r)dr− δkl

)
,

(3.26)

which generates equations of motion for both ions and electronic degrees of freedom:

µψ̈k = Hψk −
∑
l

Λklψl (3.27)

MiR̈i = −∂Etot

∂Ri

, (3.28)

where µ is a fictitious electronic mass, and Λkl are Lagrange multipliers that enforce

orthonormality. The electronic degrees of freedom are typically expansion coefficients

of the Kohn–Sham orbitals into plane waves. In CPMD, ions and electronic degrees of

freedom are projected forward in time with classical MD methods, but with appropri-

ate values of µ and δt, the electrons very nearly follow the adiabatic approximation.

This allows CPMD to be faster than MD with electronic structure brought to full

self-consistent convergence at each time step, without losing a great deal of accuracy.

3.3.3 The Nudged Elastic Band Method

When studying a chemical reaction, both thermodynamics and kinetics play impor-

tant roles in determining reaction rates at varying temperature. While the ther-

modynamics and kinetics of the reaction are both experimentally measurable, the

thermodynamics are typically much easier to simulate than the kinetics.

Thermodynamics can be determined by optimizing crystal structures to local en-

ergy minima that correspond to the chemical reaction’s reactants and products and

comparing the total energy of the structures. The enthalpy change that occurs in the
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system (∆H, or reaction enthalpy) determines whether the reaction gains or loses

heat,

∆H = Hproducts −Hreactants , (3.29)

while a negative, positive, or zero value for the change in the Gibbs free energy,

∆G = ∆H − T∆S , (3.30)

determines whether the reaction moves forward, backward, or is at equilibrium, re-

spectively, where T and ∆S correspond to the temperature and change in entropy,

respectively.

If the chemical reaction is considered as a path from point A to point B on a

potential energy surface, the reaction pathway traverses the path between the two

points that minimizes the amount of energy required to make the journey. Most

of the work in Part II considers kinetics as they relate to an activation energy Ea,

defined as the difference in total energy between the structure corresponding to the

reactants at point A and the structure corresponding to the point with the greatest

potential energy along the reaction pathway, called a transition state.

The structures corresponding to the reactants and products are easy to find be-

cause they correspond to local minima on the energy surface. A nearby structure

can be optimized to find the local minimum energy structure. Finding the transition-

state structure is more challenging, since it sits at a saddle point on the energy surface

and optimizing a nearby structure will result in returning to either the reactants or

products.

One method of finding the transition state is to perform what is called a nudged

elastic band (NEB) calculation. The NEB method creates some number of image

structures at points along a guessed reaction pathway, connected by springs. Each of

these image structures is then optimized so that ions feel Hellmann-Feynman forces
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as normal, but also the force of a spring connecting its position in image i to its

position in images i ± 1. As the images are optimized, the path that they traverse

should converge to the true reaction pathway, with the spring forces ensuring that

the images are equally spaced along the path.

The highest-energy image can be taken to be the transition state, but there is no

mechanism enforcing that this highest-energy image actually lies at the saddle point

on the energy landscape corresponding to the transition state. Climbing-image NEB

fixes this problem by allowing the highest-energy image to climb the energy surface

in order to find the true transition-state structure.
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Chapter 4

Positional Disorder in Ammonia

Borane at Ambient Conditions

E. Welchman, P. Giannozzi, and T. Thonhauser

I performed all calculations and analysis necessary for this project. This research is

published in Reference [94]; all text, figures and tables in this chapter are reproduced

with permission. c© 2014 by the American Physical Society. Any stylistic variations

result from the demands of the journal.
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Abstract: We solve a long-standing experimental discrepancy of NH3BH3, which—

as a molecule—has a three-fold rotational axis, but in its crystallized form at room

temperature shows a four-fold symmetry around the same axis, creating a geometric

incompatibility. To explain this peculiar experimental result, we study the dynamics

of this system with ab initio Car-Parrinello molecular dynamics and nudged-elastic

band simulations. We find that rotations, rather than spatial static disorder, at

angular velocities of 2 rev/ps—a time-scale too small to be resolved by standard ex-

perimental techniques—are responsible for the four-fold symmetry.

4.1 Introduction

Ammonia borane NH3BH3 has drawn significant interest in recent years because of

its potential as a hydrogen storage material, with a gravimetric storage density of

19.6 mass% [44, 81, 82, 95–98]. The structure of its solid phase has been explored

previously [99–104], but the literature does not agree about the hydrogen behavior

at room temperature. The molecule consists of a dative B–N bond and a trio of H

atoms (henceforth referred to as a ‘halo’) bonded to each of those two atoms, forming

an hourglass shape, visible in Figure 4.1. At low temperatures (0 ∼ 225 K), the solid

exhibits an orthorhombic structure with space group Pmn21. Heated above 225 K, it

undergoes a phase transition to a body-centered tetragonal structure with space group

I 4mm. It is this room-temperature phase that exhibits unexpected experimental

results: while the molecule itself has a three-fold symmetry about the B–N axis,

neutron [102, 105] and X-ray [103, 106, 107] diffraction on the solid reveal a four-

fold symmetry about the same axis, creating a geometric incompatibility within the

structure. Investigating the dynamics of the system with ab initio methods, we find

that the individual halos are rotating with angular velocity on the order of 0.7 deg/fs≈
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2 rev/ps, such that standard experiments can only probe the time averaged positions,

leading to the tetragonal host structure with four-fold symmetry.

The precise behavior of these hydrogen halos has been the subject of several studies

over three decades. In 1983, Reynhardt and Hoon [99] found three-fold reorientations

of the BH3 and NH3 groups with a tunneling frequency of 1.4 MHz in the orthorhombic

phase. Penner et al. [100] found in 1999 that these groups reoriented independently.

Deciphering the behavior in the tetragonal structure has been less straightforward.

In the same 1983 study, Reynhardt and Hoon concluded that the BH3, and possibly

the NH3 groups, rotate freely. Brown et al. [102] found that they could describe the

disorder entirely with three-fold jump diffusion. Bowden et al. tried using a larger

unit cell to model the same disorder as spatial variation rather than higher-order

rotation; however, they found no evidence to support this model [103], leaving this

disagreement unresolved in the literature. The present study aims to elucidate how

the hydrogen halos behave in the solid, especially in the high-temperature, tetragonal

structure. To this end, we find thermal barriers to rotation in gas phase as well as

both orthorhombic and tetragonal phases. We supplement these findings with ab

initio molecular dynamics simulations to track individual halos’ behavior.

4.2 Computational Methods

Our ab initio simulations are at the density functional theory level, using a plane-

wave basis. Since ammonia borane is a strong van der Waals complex [107, 108],

the inclusion of van der Waals forces is essential [101, 109, 110]; we thus use vdW-

DF1 [92, 111, 112] (i.e. revPBE exchange and LDA correlation in addition to the

nonlocal contribution) as the exchange-correlation functional for all calculations. Car-

Parrinello molecular dynamics (CPMD) was performed with the CP code (part of

Quantum-Espresso version 5.0.2; the vdW-DF capability in CP is a new feature,
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Figure 4.1: Structure of the high-temperature,
body-centered tetragonal phase of NH3BH3. Note
that the locations of H atoms in this figure are not
indicative of experimental results, but just one pos-
sibility of how the halos could be oriented in the
solid.

which we have just implemented) [113], using ultrasoft pseudopotentials and wave

function and density cutoffs of 475 and 5700 eV. The CPMD simulations used an

electronic convergence of 10−8 eV, a fictitious electron mass of 400 a.u., and a time

step of 5 a.u. We further used a 2×2×2 supercell, accommodating 16 molecules, and

started from the experimental lattice constants [103] at 297 and 90 K for tetragonal

and orthorhombic phases, respectively. Similar calculations have been done previously

[114], but with a different functional and at much higher temperature. Climbing image

nudged-elastic band (NEB) simulations to find precise rotational barriers for halos

and entire molecules were performed with Vasp (version 5.3.3) [115, 116], utilizing

PAW potentials and a cutoff of 500 eV. For solid phase barrier calculations, we used

a 4 × 4 × 4 k-point mesh and 8 images for NEB calculations. In the gas phase, we

used only the gamma point and 16 images. Note that nuclear quantum effects have

not been taken into account. Further information, in particular including structural

information for all our simulations, can be found in the Supplementary Materials.
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4.3 Results

We begin by investigating the barriers for rotations in different situations, i.e. the

gas-phase molecule and the orthorhombic and tetragonal solid phases. Depending

on the situation, we performed two kinds of simulations: “fixed” labels simulations

where the geometry of the cell as well as the halo has been fixed and the entire halo or

molecule is rotated around the axis in a rigid manner. “NEB” refers to the transition

state formalism of the nudged-elastic band method, where the geometry of the halo

can change and adapt along the path, allowing it to lower its energy. While the latter

is preferable due to its higher accuracy for barriers, we also use the former i) in order

to compare to previous quantum-chemistry calculations; and ii) for the tetragonal

high-temperature phase, in which NEB leads to unphysical deformations, as all DFT

ground-state simulations are technically done at 0 K and the structure attempts to

mimic the orthorhombic phase. Results are summarized in Table 4.1 and detailed

curves for the barriers can be found in the Supplementary Materials.

The situation in the gas-phase molecule is the simplest. Completing a fixed rota-

tion of one halo results in a thermal barrier of 84.7 meV, within 5% of an empirical

estimate [117] and in very good agreement with quantum-chemistry calculations [118],

validating our methodology. NEB calculations necessarily decrease the estimate of

the barrier, in this case yielding a value of 79.1 meV.

In a crystalline environment, dihydrogen bonds between molecules affect how each

molecule behaves. In the orthorhombic phase, the dihydrogen bond network creates

a 67.5 meV barrier to rotating the entire molecule (NEB). This barrier is low enough

that molecules in a crystal can reorient at some rate, given enough temperature. It is

interesting to see that a calculation with fixed halo geometry results in a much higher

barrier, attesting to the fact that the rotating halo and its surroundings prefer to

undergo significant deformation and reorientation during the rotation. For instance,

the orientation of the B-N axis prefers to precess as the B halo is rotated in an attempt
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Table 4.1: Numerical values for calculated rotational barriers in meV and values given
in the literature. Error bars for experimental values in the literature typically range
from 5 to 10 meV.

fixed NEB literature

gas phase
one halo 84.7 79.1 89.8,a∗ 86.7b‡

orthorhombic phase
N halo 106.6 94.9 100,c∗ 142,d∗ 82.7,e∗ 131.6f†‡

B halo 443.9 102.9 260,c∗ 259,d∗ 397f†

molecule 403.4 67.5 328f†

tetragonal phase
N halo 60.1 75.7,d∗ 50.8e∗

B halo 61.9 60.8,c∗ 61.1,d∗ 50.8e∗

molecule 19.4
aReference 117, bReference 118, cReference 99, dReference 100, eReference 102, fReference
119
†DFT (B3LYP), ‡quantum chemistry, ∗experiment

to maximize the strength of dihydrogen bonds with its neighbors.

The ease of the rotation process is dependent on which individual halo is rotated.

Our calculations for the N halo barriers are in good agreement with experimental

findings (summarized in Table 4.1). Accuracy for the B halo is more difficult to

gauge. Our results for a fixed rotation are in agreement with a previous theoretical

study [119], but experimental values line up almost exactly halfway between our

calculations for fixed rotation and NEB barriers. Regardless of the magnitude of the

difference, we find that the BH3 group faces a larger barrier to rotation than the NH3

group, in agreement with the literature.

In the high-temperature tetragonal phase, the rotation of either halo has essen-

tially the same barrier of ∼61 meV, in good agreement with the literature (again

see Table 4.1). But, even more important, rotating the entire molecule requires just

19.4 meV. This barrier is easily overcome at ambient conditions (kBT = 25 meV at

room temperature). Previous studies have argued that NH3 and BH3 groups rotate

freely [99] and that the molecule rotates as a whole [100]. Our evidence supports a
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combination of both explanations. The barrier to rotating the whole molecule is low

enough that it can occur freely at room temperature. The torsional barrier for each

group also allows them to rotate independently; since these barriers are within 2 meV,

this rate should be equivalent between the groups, leading atoms in both groups to

move at the same rate, as seen experimentally [102]. Based on the barriers in Ta-

ble 4.1, from the Arrhenius equation we estimate (assuming the same pre-exponential

factor for all rotations) that whole-molecule rotation occurs at about five times the

rate of individual halo rotations at room temperature and approximately 20 and 30

times the rate for rotating individual halos in the low-temperature phase.

Also of note is that torsional barriers in the orthorhombic phase are larger than

those of an isolated molecule, whereas the torsional barriers in the tetragonal phase

are lower. This result alone shows that in the low-temperature phase rotation is

suppressed, while it is encouraged in the high-temperature phase.

With the knowledge of the barriers, we now move to the analysis of the dynamics of

the crystalline phase. We performed CPMD simulations in both the orthorhombic (at

4, 77, and 220 K) and tetragonal (at 220, 297, and 380 K) phases in order to study the

motion of H atoms in the NH3 and BH3 groups. We used 1 ps for thermalization of the

system and thereafter performed 20 ps production runs. Analyzing the corresponding

trajectories leads to the initial (obvious) conclusion that halos rotate more rapidly at

higher temperatures.

To substantiate this claim, we calculated for each H atom in the simulation the

angular velocity about the nearest B–N axis. We then averaged the absolute value

of this angular velocity—otherwise there is a lot of cancellation, as halos rotate in

both directions—over all H atoms in the simulation to measure how rapidly the

halos are rotating in each frame of the simulation. The results of this calculation

are shown in Figure 4.2, confirming the idea that H atoms rotate more quickly at

higher temperatures and giving quantitative values for the speed of their rotation, in
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Figure 4.2: Average angular velocity among H atoms at each frame
in the simulation. The plot shows a running average over 50 frames.
Note that this analysis only captures the angular velocity—motion
of the single hydrogen atoms in a direction parallel to the B–N bond
is not captured here, making up for some of the “missing” kinetic
energy and keeping the temperature constant.
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Figure 4.3: Heat maps of the location of all three
H atoms in one N-group halo over the course of
CPMD simulations. The corresponding B-group
heat maps look very similar. Positions have been
flattened into a plane perpendicular to the B–N
axis. Motion along this axis is not apparent in these
plots. Each map is 3× 3 Å2.

qualitative agreement with the barriers found earlier. It is important to note that in

simulating the tetragonal supercell, the B–N axes typically maintain an instantaneous

tilt between 5 and 20 degrees from vertical. At 297 and 380 K, the average orientation

is vertical, whereas at 220 K there appears to be a correlation between neighbors

similar to that found in the low-temperature phase. Consequently, the dynamics of

the 220 K simulations are qualitatively very similar.

The order of magnitude for rotations is found to be 0.7 deg/fs ≈ 2 rev/ps at room

temperature. As such, halos can easily rotate 120 deg in 0.2 ps. Unless experiments
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can be performed with a resolution smaller than this, they will see time-averaged

positions, and halos (with a three-fold symmetry) start looking like rings, as described

below. Experiments will thus pick up the symmetry of the tetragonal host lattice,

explaining the four-fold symmetry.

Casual observation of the simulations reveals that halos in the high-temperature

phase are unlikely to undergo full revolutions in a short burst. Rather, a more accurate

description of the qualitative behavior is that—as a halo moves close to a neighboring

halo—they will rotate some amount in order to form a dihydrogen bond. The halo

will then move closer to a different neighbor and adopt a different alignment. A halo

equally far from all of its neighbors will also follow the realignment of the opposite halo

of the same molecule. Because the molecules are constantly oscillating in the crystal

structure due to thermal energy, these reorientation processes result in a constantly

shifting dihydrogen bond network.

This analysis above describes how rapidly H atoms rotate about their native

molecules, but does not describe where they are. To give a more systematic estimate

of hydrogen position over time, we provide “heat maps” in Figure 4.3 that describe

what angular positions the H atoms inhabit over the course of a whole simulation.

Each heat map shows the occupation density for all three H atoms in a particular

halo. These heat maps demonstrate a clear pattern of increasing positional disorder

at higher temperature. The three-fold symmetry inherent in the molecular structure

is apparent in the maps from the orthorhombic phase. This symmetry becomes much

less clear in the tetragonal phase, indicating that rotation represents a significant

source of the disorder found experimentally. Furthermore, the occupational density

in the higher-temperature structure is much more spread out angularly, indicating

that reorientation is not limited to 120-degree jumps, as concluded by Brown et

al. [102], but is a more fluid process.
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4.4 Conclusions

In summary, we have calculated torsional and rotational barriers for NH3BH3 in the

gas phase and both low- and high-temperature crystalline structures. In addition, we

have studied the dynamics of the crystalline phase explicitly with CPMD simulations.

Our calculations indicate that in the low-temperature orthorhombic phase, the BH3

and NH3 groups reorient along a three-fold rotational potential at different rates.

Both entire-molecule and independent reorientations contribute to the experimental

rates found previously. In the high-temperature tetragonal phase, on the other hand,

the barrier to entire-molecule rotation is low enough that thermal energy in ambient

conditions allows the molecule to overcome the three-fold rotational potential. Con-

sequently, the molecule is able to rotate freely with angular velocities on the order of

2 rev/ps. By quantifying the speed of those rotations, we thus resolve a long-standing

experimental discrepancy, where a molecule with three-fold symmetry shows four-fold

symmetry around the same axis in its crystalline form.
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Abstract: We present ab initio results for substitutions intended to lower the hy-

drogen desorption temperature of NH3BH3, a promising hydrogen-storage material.

Substitutions have already been investigated with significant success recently, but in

all cases a less electronegative element is substituted for the protic hydrogen in the

NH3 group of NH3BH3. We propose a different route, substituting the hydridic hydro-

gen in the BH3 group with a more electronegative element. To keep the gravimetric

density high, we focus on the second period elements C, N, O, and F, all with higher

electronegativities compared to H. In addition, we investigate Cu and S as possible

substitutions. Our main results include Bader charge analyses, hydrogen binding en-

ergies, and kinetic barriers for the hydrogen release reaction in the gas phase as well

as in the solid. While the different substituents show varying effects on the kinetic

barrier and desorption temperature, we identify Cu as a very promising substituent,

which lowers the reaction barrier by approximately 38% compared to pure NH3BH3

resulting in a significantly reduced hydrogen desorption temperature.

5.1 Introduction

One of the greatest technical challenges facing society is the need to end our depen-

dence on fossil fuels. Shifting to hydrogen as an alternative energy carrier presents

an ideal solution, but is not yet practical, as hydrogen storage is one of the remain-

ing bottlenecks in the technology [18, 19]. The US Department of Energy has set

target densities for hydrogen storage [121], and while traditional approaches such as

pressurized tanks fall short of these targets, approaches based on molecular materi-

als such as ammonia borane (NH3BH3 or AB) reach and even surpass them [17, 28].

Amongst such materials, AB has been the subject of myriad studies and is one of

the most promising hydrogen storage materials with a gravimetric storage density of
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19.6 mass% [44,81,82,95–97].

Unfortunately, besides its favorable gravimetric hydrogen storage density, NH3BH3

releases its hydrogen only at elevated temperatures (6.5 mass% at 100◦C, correspond-

ing to the release of one H2 per NH3BH3 unit, and 13 mass% at 140◦C) [122–124].

One of the most notable advances in this area was the substitution of a protic hy-

drogen in the NH3 group with a Group I metal to form an alkali-metal amidoborane

(MNH2BH3 whereM = Li, Na) [82]. These materials demonstrate hydrogen desorp-

tion temperatures significantly lower than that of NH3BH3—90◦C with 10.9 mass%

and 8.9 mass% for Li and Na, respectively. However, further lowering is desirable,

since the maximum operating temperature for a proton-exchange membrane fuel cell

is around 80◦C [21].

To this end, we propose a similar, albeit different, modification to the material’s

molecular structure. Rather than substitute a metal for a protic hydrogen in the

NH3 group, we instead replace a hydridic hydrogen in the BH3 group with a more

electron-accepting element. To keep the gravimetric density high, we focus on the

second period elements with the corresponding electronegativities C (2.55), N (3.05),

O (3.44), and F (3.98), all higher than the value of 2.20 for H [125]. We also consider

using Cu (1.90) and S (2.58) as substituents. Cu is included because its single 4s

electron (but otherwise closed shells) makes it electronically similar to H. The elec-

tronegativity of Cu is actually lower than that of H, but we find that in the monomer,

Cu still prefers to bind to the BH3 group rather than the NH3 group by 0.19 eV. We

include S for reasons that will be elaborated on later. Note that these kinds of sub-

stitutions have not yet been tried in the hydridic group, as their synthesis is more

complicated.1 Also note that substitutions of the protic hydrogen in the NH3 group

are more straightforward in principle and “less intrusive” to the electronic structure,

as all alkali metals have a single s electron in their outer shell and H has already the

1W. Mao, private communication.
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highest electronegativity of all alkali metals. On the other hand, our proposed sub-

stitutions of the hydridic hydrogen in the BH3 group are likely to create radicals and

constitute an unconventional and major rearrangement of the bonding and charge

density in the entire molecule. The complexity of this bonding, in particular in the

solid, does not follow simple models such as the valence bond model. Nonetheless,

according to our calculations, all substitutions create stable molecules with appropri-

ate cohesive energies and no imaginary modes in their vibrational spectra, indicating

that their synthesis is in principle possible.

Several studies have aimed to investigate the hydrogen desorption mechanism for

both NH3BH3 and the alkali-metal amidoboranes using experiments, density func-

tional theory, and quantum chemistry [110, 122, 124, 126–129]. The computational

parts of these studies have focused mostly on the interactions of molecules in the gas

phase. We aim here to take full advantage of density functional theory in a plane-wave

implementation and study not only gas-phase effects, but also the release and forma-

tion of molecular hydrogen in the solid state, taking into account the effects of nearby

molecules on the reaction. To this end, this manuscript is organized into two main

sections: First, we examine only gas-phase structures in order to validate our meth-

ods as well as filter out substituents from our list that yield less desirable results.

Then, we examine the solid phase, again filtering out substituents, and encourage

the synthesis of the structures that show improved hydrogen desorption properties

compared to NH3BH3.

5.2 Computational Details

We performed ab initio calculations at the density functional theory (DFT) level as

implemented in the plane-wave code Vasp (version 5.3.3) [115, 116]. Since ammonia

borane is a strong van der Waals complex [107, 108], it is crucial to include van der
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Waals forces in our simulations. Thus, we performed all calculations with the vdW-

DF1 [92,111,112,130] exchange-correlation functional (i.e. revPBE exchange and LDA

correlation in addition to the truly nonlocal correlation) with PAW pseudopotentials

and an energy cutoff of 500 eV. Calculations in the gas phase were done in a 12 Å

cubic box at the Γ-point. All structures were optimized until the forces on each atom

were less than 1 meV/Å. All calculations were performed spin-polarized, as some of

our substitutions result in unpaired electrons.

In the solid, structure searches were carried out using the Universal Structure Pre-

dictor: Evolutionary Xtallography (USPEX) [131–133], with structural optimizations

done in Vasp. We performed structure searches with two molecules per unit cell to

correspond with the ground state structure of pure AB. In addition to randomly-

generated structures, we also included seed structures generated by modifying the

low-temperature phase of pure AB. Each search spanned five generations, totaling

over 150 structural optimizations per substituent. Because lattice parameters were

allowed to (and did) vary, k-point meshes differed between structures, but their den-

sity was kept constant, i.e. the number of k-points ki in a given reciprocal space

dimension was given by ki = (0.1 × li)
−1 where li is the length of a lattice vector.

Each structure was optimized until all ionic forces dropped below 10 meV/Å. The

DOS was calculated in a 2×2×2 supercell with at least 5×5×5 k-points.

Nudged elastic band (NEB) calculations were also performed in Vasp, utilizing

the climbing image implementation from the Vtst Tools package [134,135]. For the

solid phase, these calculations were performed on 2 × 2 × 2 supercells to minimize

finite-size effects, with either 5 or 7 intermediate images, each converged to forces of

less than 50 meV/Å.

At low temperatures (0 to 225 K), NH3BH3 exhibits an orthorhombic structure

with space group Pmn21. Heated above 225 K, it undergoes a phase transition to a

body-centered tetragonal structure with space group I 4mm. In both cases there are
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two NH3BH3 molecules per conventional unit cell and the main difference is that the

N–B backbone of the molecules are parallel in the high-temperature phase, while they

are slightly tilted with respect to each other in the low-temperature phase. Although

we are mostly interested in hydrogen desorption at room temperature or higher,

the room-temperature phase is not accessible for standard transition state searches,

as it tries to relax towards the low-temperature phase. As such, we performed all

calculations in the low-temperature phase.

5.3 H2 Desorption in the Gas Phase

5.3.1 Structure Analysis

The first step in examining the prospective materials that result from our proposed

substitutions is optimizing the molecules’s structures in the gas phase. For the pur-

poses of this investigation, we focused on materials with hydrogen desorption prop-

erties similar to those of AB, so we preferentially selected only the substituents that

formed NH3BH2X molecules, retaining AB’s original molecular shape, to continue

study. We eliminated C and N from our original candidate pool at this stage because

simple structural optimizations indicated that these substitutions did not allow for

the formation of the NH3BH2X geometry. Those substitutions, due to their strong

radical nature, resulted in a complete rearrangement of atoms in the BH3 group. Also

note that for each of the substituents used, our calculations indicate that substitution

is energetically favorable in the B-group relative to substitution in the N-group of an

isolated molecule.

We found binding energies for each atom in gas phase molecules with O, F, S,

and Cu substitutions, given in Table 5.1. Since hydrogen is a very light element,

zero-point energy (ZPE) corrections can play an important role; we thus report the

raw binding energies as well as the ZPE corrected values. We expect that a successful
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Figure 5.1: Diagram of an NH3BH3

molecule, including designations used to
refer to each H atom. All substitutions
were done at the B3 position.

substitution would lower the strength with which H atoms bind to the molecule,

making this information a crude indication of the magnitude of a substituent’s effect

on the molecule. The F substitution appears to have little effect on the binding

energies compared to the H reference, while O, S, and Cu elicit significant changes. O

and S reduce the binding energies of H atoms on the B side of the molecule whereas,

interestingly, Cu affects the N side more significantly.

Although charge partitioning schemes are not unique, we can gain insight into the

reasons for these changes in binding energies by looking at the Bader charge analysis

of an isolated molecule in gas phase (shown in Table 5.2). As expected, in the pure

AB case, B donates three electrons to the H atoms bound to it and N takes the

3 electrons from the H atoms bound to it, but there is very little charge transfer

between the two ends of the molecule. In this picture, H atoms in the B group are

nearly perfectly accepting one electron. F and S substitutions do little to change the

picture, but O and Cu substitutions have stronger effects.

The O atom takes a greater share of the charge from the nearby H atoms, resulting

in a large decrease in these H atoms’ binding energies, lengthening of the B–N bond

(see Table 5.3), and a correspondingly large decrease in the gas phase H2 desorption

barrier (see Section 5.3.2 and Table 5.4). While this is the desired effect, it is actually

overshooting to a point where the O-substituted molecule becomes unstable in the
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Table 5.1: Binding energies [eV] of atoms in gas phase molecules NH3BH2X with X
= H, F, O, S, Cu. H itself is not a substitution, resulting in the original NH3BH3

molecule, but is given here for reference. Atom designations correspond to those in
Figure 5.1 and substituent atoms always replace the H in position B3. The two tables
show binding energies before and after zero-point energy corrections are taken into
account.
Binding energy of selected atom [eV]
X N1 N2 N3 B1 B2 B3sub

Href 4.140 4.140 4.140 4.592 4.592 4.592
F 4.137 4.138 4.138 4.609 4.609 6.962
O 4.296 4.297 4.297 1.058 1.058 6.120
S 3.924 4.175 4.175 1.982 1.982 4.336
Cu 2.638 2.610 2.610 4.391 4.391 2.659

Binding energies including ZPE [eV]
X N1 N2 N3 B1 B2 B3sub

Href 3.660 3.660 3.660 4.274 4.274 4.274
F 3.684 3.684 3.684 4.291 4.291 6.789
O 3.923 3.923 3.923 0.873 0.873 6.054
S 3.534 3.732 3.732 1.749 1.749 4.239
Cu 2.270 2.246 2.246 4.095 4.095 2.562

Table 5.2: Bader charge analysis [in units of e] for isolated gas phase molecules of
NH3BH2X . Numbers given demonstrate the change in charge after the substitution is
made at position B3 and reflect the number of electrons gained relative to the neutral
atom.
X N1 N2 N3 N B B1 B2 B3sub

Href −1.00 −1.00 −1.00 2.96 −3.00 0.99 1.01 1.03
F −1.00 −1.00 −1.00 2.97 −3.00 1.04 1.03 0.97
O −1.00 −1.00 −1.00 2.94 −3.00 0.88 0.87 1.30
S −1.00 −1.00 −1.00 3.00 −3.00 0.98 0.98 1.03
Cu −1.00 −1.00 −1.00 3.01 −2.47 1.12 1.12 0.22
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Table 5.3: Interatomic distances [Å] in the molecule as well as the solid phase struc-
tures of NH3BH2X . An asterisk indicates that results are given for a structure derived
from the pure NH3BH3 structure, which may not be the absolute ground state.

Interatomic distances in the molecule [Å]
X H–N N–B B–H B–X
Href 1.02 1.69 1.21 1.21
F 1.02 1.70 1.21 1.43
O 1.02 1.81 1.23 1.35
S 1.02 1.69 1.21 1.85
Cu 1.02 1.67 1.21 2.02

Interatomic distances in the solid [Å]
X H–N N–B B–H B–X
Href 1.02 1.62 1.22 1.22
F∗ 1.03 1.61 1.21 1.48
S∗ 1.03 1.63 1.21 1.92
Cu 1.03 1.65 1.24 2.18

solid phase, releasing hydrogen near 0 K. We would expect S to produce a similar, but

less pronounced effect in terms of altering the molecule’s electronic structure. The

charge analysis and binding energies support this hypothesis, with S taking more

charge than its neighbor H atoms and significantly lowering these H atoms’ binding

energies, although displaying a higher H2 desorption barrier (again, see Table 5.4).

Clearly, the overall effect of these substitutions cannot be fully explained with changes

in the molecule’s charge density or binding energies alone.

Where O and S caused a decrease in the binding energies of H atoms in the B

group, Cu substitution results in a decrease of binding energies for H atoms in the N

group. The Cu substitution’s effect on the Bader charge is similarly distinctive, with

B donating 2.47 electrons, of which Cu takes only 0.22. Note that in the gas-phase

molecule Cu acts in the rather atypical role of electron acceptor, which is the result

of its only interaction, i.e. with the electron donor B.
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Table 5.4: Hydrogen desorption barriers
∆Egas and ZPE corrected values ∆Egas

ZPE

[eV] from a single gas-phase molecule of
NH3BH2X resulting in NH2BHX and H2.

X ∆Egas ∆Egas
ZPE

Href 1.706 1.522
F 1.675 1.490
O 1.014 0.853
S 1.812 1.618
Cu 1.697 1.503

5.3.2 H2 Release Barriers in the Gas Phase

In the gas phase, we performed NEB calculations to find the amount of energy required

to remove two H atoms from NH3BH3 to produce NH2BH2 and H2 as well as the

corresponding reaction in substituted NH3BH2X ; results are collected in Table 5.4

and Figure 5.2. In the standard AB molecule, the 1.522 eV barrier compares very well

with the values found in the literature (1.6 eV [129], 1.48 eV [126], and 1.67 eV [126]).

The most apparent change here is the aforementioned barrier decrease for the O

substitution. Whereas other substitutions alter the barrier by no more than 0.1 eV,

O causes a drop of about 0.7 eV. Notably, the resulting barrier is almost the same as

the binding energy for B1 and B2 hydrogen in the molecule (see Table 5.1).

In addition to the kinetic reaction barriers, Figure 5.2 also reveals the thermody-

namics of the hydrogen release reaction. Our value for ∆H in pure AB is in agreement

with numbers in the literature (−0.27 eV versus 0.08 eV [128] and −0.10 eV [126]

before the inclusion of ZPE and −0.56 eV versus −0.25 eV [128], −0.29 eV [136],

and −0.30 eV [137] after the ZPE is included). We find that the reaction is slightly

exothermic in all cases and most substituents result in an energy release of approx-

imately 0.51 eV to 0.56 eV per molecule; only the F substitution is slightly more

exothermic at 0.75 eV.

While decreasing the H2 desorption barrier for an isolated molecule is a good

68



-1

-0.5

0

0.5

1

1.5

2

R
el

at
iv

e 
E

ne
rg

y 
 [e

V
]

Reactants Products

H
ref

F
O
S
Cu

Figure 5.2: Illustration of the kinetics and thermo-
dynamics in the desorption of H2 from NH3BH2X
with X = H, F, O, S, and Cu in the gas phase.

indication of improved desorption properties, a better indication is how the material

performs in the solid, which we discuss next.

5.4 H2 Desorption in the Bulk

Other studies have focused on hydrogen desorption of monomers and dimers in the

gas phase of NH3BH3 [126,129]. However, with a plane-wave implementation of DFT

we have the ability to find transition states for hydrogen desorption in the solid phase

of NH3BH3, which is what we ultimately want to know, accounting for effects of the

entire environment on the reaction.

5.4.1 Structure Search and Analysis

None of the proposed NH3BH2X structures have been synthesized as of yet. There-

fore, we must find a prospective ground-state structure to simulate the hydrogen des-

orption reaction. To that end, we first performed an initial directed structure search

for F, O, Cu, and S substitutions by modifying the experimental low-temperature
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ground state of AB. The F, Cu, and S substitutions resulted in (meta)stable candi-

date structures that we could use to estimate desorption barriers, with no imaginary

frequencies in their vibrational spectra. We include results for these structures in

the following tables, but show them with asterisks in order to indicate that theses

structures are derived from NH3BH3. The O substitution produced a structure where

the NH3BH2Xmolecule is not computationally stable, with H2 desorption occurring

spontaneously during structural optimization. From this result, we can say that an O

substitution seems to make some of the H atoms in the molecule easier to access (as

already evident from Table 5.1), however the effect is too strong. This is the reason

S was included in the list of possible substituents; we want to lower the barrier to H2

desorption, and ideally the effect of S would be similar to, but less pronounced than

that of O.

In addition, we have also performed a randomized structure search using the US-

PEX package. A first search was done with pure AB, verifying that the method found

the experimental low-temperature ground-state structure [103]. Further searches were

done for F, O, Cu, and S substitutions. The primary objective of these searches was to

find structures that maintained the basic geometry of the original NH3BH3 molecule,

for best comparison with un-doped AB as they are more likely to retain the hydrogen

desorption properties of AB. Searches with F, O, and S substitutions found that the

most energetically favorable structures significantly deviate from the desired molecu-

lar geometry. For this reason, we only show the Cu structures used (see Figure 5.3),

which maintain the molecular geometry we tried to preserve.

Table 5.3 shows interatomic distances within a molecule in gas and solid phases,

revealing a pattern of lengthening B–X bonds and contracting B–N bonds when a

molecule is affected by its surroundings in the solid. Table 5.5 presents a Bader charge

analysis for the solid structures, similar to that done on the gas phase structures in

Table 5.2. Note that in the solid, Cu atoms are able to interact with the Cu atoms
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a) b) c)

Figure 5.3: Structures found for the Cu-substituted material and used to calculate the
H2 desorption barriers given in Table 5.7. Structure a) is a supercell of the structure
resulting from the randomized structure search. b) and c) are stable modifications
only possible in a larger unit cell. All three structures are within ∼50 meV per
molecule energetically and could potentially coexist in the solid, while also maintain-
ing the molecular geometry of NH3BH3. Blue atoms are Cu, green are B, purple are
N, and pink are H.

Table 5.5: Bader charge analysis [in units of e] for solid-phase structures of NH3BH2X .
Numbers given demonstrate the change in charge after the substitution is made at
position B3 and reflect the number of electrons gained relative to the neutral atom.
The Cu structure used for these calculations is shown in Figure 5.3c).

X N1 N2 N3 N B B1 B2 B3sub

Href −1.00 −1.00 −1.00 3.07 −3.00 0.98 0.98 0.97
F∗ −1.00 −1.00 −1.00 3.07 −3.00 1.03 0.97 0.93
S∗ −1.00 −1.00 −1.00 3.11 −3.00 1.02 1.05 0.83
Cu −1.00 −1.00 −1.00 3.11 −2.04 1.05 0.99 −0.11

of neighboring molecules in addition to B and now act in their more typical role as

electron donors rather than acceptors in the gas phase.

Table 5.6 shows that hydrogen binding energies increase in solid pure AB relative

to binding energies in a gas phase molecule. This holds true for each case except for

the Cu-substituted material, where having neighboring molecules makes the hydrogen

bind much more weakly than it does in pure AB.

We also include an analysis of each structure’s total density of states (TDOS)

and partial density of states (PDOS) in Figure 5.4. Some similarities carry over

between all four materials; for instance, the leftmost feature in each plot (in the

−8.5 eV to −5.5 eV window) is dominated by H s and N p states. Looking at pure
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Table 5.6: Binding energies [eV] of atoms in solid phase molecules NH3BH2X with X
= H, F, S, Cu. The two tables show hydrogen binding energies before and after ZPE
corrections are taken into account. Note that S and Cu structures contain inequivalent
atoms, so two sets of binding energies are given for each. The Cu structure used for
these calculations is shown in Figure 5.3c).

Binding energy of selected atom [eV]
X N1 N2 N3 B1 B2
Href 4.990 4.973 4.975 4.916 4.915
F* 5.544 5.033 5.033 5.110 5.106
S* 3.821 3.832 3.824 3.836 3.847
S* 4.044 4.039 4.041 3.671 3.671
Cu 2.688 2.686 2.684 3.835 3.835
Cu 2.619 2.620 2.620 3.788 3.785

Binding energies including ZPE [eV]
X N1 N2 N3 B1 B2
Href 4.591 4.581 4.595 4.651 4.656
F* 5.268 4.774 4.774 5.030 5.030
S* 3.634 3.645 3.637 3.687 3.698
S* 3.846 3.841 3.843 3.535 3.535
Cu 2.133 2.131 2.129 3.356 3.356
Cu 2.053 2.054 2.054 3.317 3.314

AB and F substitution, we find that the states in the −4.5 eV to −1 eV window

are p type—originating from N and B in the first and mostly from F in the latter.

Most importantly, the feature nearest the Fermi energy is in both cases dominated

by H s states. This similarity in their DOS leads to the already observed similarity

in binding energies in Table 5.6, but also to very similar thermodynamics and kinet-

ics, as discussed in the next section. In contrast, the states near the Fermi level in

the S and Cu cases are composed mostly of S p and Cu d. In fact, the Cu d states

dominate the TDOS down to −3 eV, as can be seen from the Cu PDOS. This dissim-

ilarity in the DOS to pure AB also leads to significant differences in binding energies,

thermodynamics, and kinetics.
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Figure 5.4: Total density of states (TDOS) for the solid-phase
structures of NH3BH2X with X = H, F, S, and Cu; X is indi-
cated in the corner of each pannel. The partial density of states
(PDOS) of the substituent X atoms are filled in with red. All
energies are given relative to the Fermi level.

5.4.2 H2 Release Barriers in the Bulk

While the precise desorption pathways for AB have long remained mysterious, the sim-

plest form of this reaction could in general occur in two ways: either two H atoms come

together from opposite ends of an AB molecule to form H2 in an intra-molecular reac-

tion, or H2 could form from H atoms in neighboring molecules in an inter-molecular

reaction. One recent theoretical study [127] used enthalpy of formation calculations

to conclude that inter-molecular desorption pathways are more energetically favor-

able, but did not consider kinetic barriers. Another study [114] performed molecular

dynamics simulations, observed an intra-molecular desorption event, and found an en-
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Table 5.7: Hydrogen desorption barriers ∆Esolid and ∆Esolid
ZPE [eV] in the solid phase

of NH3BH2X resulting in one interstitial molecular H2 in the supercell.

Intra-molecular Inter-molecular
X ∆Esolid ∆Esolid

ZPE ∆Esolid ∆Esolid
ZPE

Href 2.436 2.144 2.916 2.524
F∗ 2.378 2.228 2.880 2.656
S∗ 2.418 2.235 2.353 2.323
Cu 2.021 1.624 1.540 1.338

ergy barrier for the process, but did not consider inter-molecular processes. A more

recent experiment found that AB molecules polymerize in a “head-to-tail” manner

through a dehydrocyclization reaction [123], concluding that initial H2 desorption

occurs through inter-molecular interactions. We consider both possibilities. We per-

formed NEB calculations to find the energy barrier to both intra- and inter-molecular

forms of H2 desorption. These calculations were performed in a 2× 2× 2 supercell in

order to minimize inaccuracies from mirror-image effects. We have considered many

possible combinations of H atoms and pathways for each reaction and the lowest

barriers found in each category are shown in Table 5.7 and Figure 5.5. The two end-

points shown in Figure 5.5 represent the relative energetics of the system before and

after the H2 molecule diffuses out of the material. There could be a small barrier for

diffusion, which we did not consider.

From our transition-state searches in pure AB, we find support for the conclu-

sion [127] that the inter-molecular desorption process is more thermodynamically

favorable, but we also find significantly lower kinetic barriers for the intra-molecular

reaction, indicating that the intra-molecular process is more likely to occur than the

inter-molecular process. Paralleling the pattern in binding energies, these barriers

are larger than those found for the gas-phase molecules, and that this holds true for

each substituent except Cu. The additional height of these barriers is due to dis-

ruption of the material’s dihydrogen bond network, which is much more rigid in the

low-temperature phase we are using for our simulations. In a previous study [94],
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Figure 5.5: Illustration of the kinetics and thermodynamics
in the desorption of H2 from NH3BH2X with X = H, F, O,
S, and Cu in the solid phase via intra- and inter-molecular
pathways, resulting in one molecule of H2 in the supercell,
with the two plateaus at the end of the reaction indicating
the relative energy of the system before and after the H2

molecule diffuses out of the material.

we found that significant barriers to disrupting this network (by rotating molecules,

for instance) do not exist in the room-temperature phase of pure AB, where the

desorption reaction occurs experimentally.

However, the most striking result in Table 5.7 is that the kinetic barriers for H2

desorption in the Cu-substituted material are significantly lower than those of pure

AB. For intra-molecular desorption, the Cu substitution reduces the barrier by 24%.

On the other hand, the barrier for inter-molecular desorption is even lower, suggesting

that the material switches desorption mechanisms when going from the unsubstituted

case to the Cu-substituted case. In that light, Cu-substitution reduces the barrier

by 38% compared to pure AB. It is also important to consider the thermodynamics

of both reactions. An ideal hydrogen storage material has a slightly endothermic

reaction, around 0.4 eV [28]. The Cu-substituted inter-molecular desorption process

gets very close to this value after diffusion (0.376 eV), but the intra-molecular process
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is slightly exothermic. Considering both kinetic barriers and thermodynamics, we

thus conclude that the true hydrogen-release is likely to use both channels.

Finally, with the help of the Arrhenius equation, which gives the reaction rate

constant k in terms of a pre-exponential factor A, the temperature T , and the bar-

rier heights ∆E as k = A exp(−∆E/RT ), we can roughly estimate the new hydro-

gen desorption temperatures. Experimentally, pure AB (we use H here to indicate

the “H-substituted” or reference material) starts its hydrogen desorption reaction

around TH = 100◦C [81]. From our calculations, we estimate that the barrier for

this reaction is 2.144 eV. If we want the reaction for the Cu-substituted case to

proceed with the same rate, we can equate the corresponding rate constants and

find AH exp(−∆EH/RTH) = ACu exp(−∆ECu/RTCu). Considering only the intra-

molecular desorption and the barrier reduction of 0.52 eV or 24%, it is reasonable

to assume that the pre-exponential factors are approximately the same, leading to

TCu = 10◦C. When comparing intra- and inter-molecular desorption mechanisms, as-

suming that the pre-exponential factors stay the same is more of an approximation,

and leads to TCu = −40◦C. In either case, and even allowing for a more complex

decomposition mechanism in pure AB, we thus conclude that NH3BH2Cu likely has a

significantly decreased H2 desorption temperature and is a very promising hydrogen

storage material that could potentially fulfill the required DOE targets [121] if it can

be synthesized.

5.5 Conclusions

We examined the effects of substituting C, N, O, F, S, and Cu for one protic H

atom in the BH3 group of AB by simulating H2 desorption barriers in both isolated

molecules and solid structures. While some of the substituents result in structures

that were not interesting to us or were undesirable—for example, O substitution
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creates a stable molecule, but shows spontaneous H2 desorption when put together

to form a solid—we found that the Cu substitution is very promising. It lowers the

hydrogen desorption barrier significantly compared to pure AB, potentially improving

on an already attractive hydrogen storage material. We thus encourage the synthesis

of NH3BH2Cu so that the possibility can be tested.
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Abstract: Ammoniation in metal borohydrides (MBs) with the formM(BH4)x has

been shown to lower their decomposition temperatures with M of low electronega-

tivity (χp . 1.6), but raise it for high-χp MBs (χp & 1.6). Although this behavior

is just as desired, an understanding of the mechanisms that cause it is still lacking.

Using ab initio methods, we elucidate those mechanisms and find that ammoniation

always causes thermodynamic destabilization, explaining the observed lower decom-

position temperatures for low-χp MBs. For high-χp MBs, we find that ammoniation

blocks B2H6 formation—the preferred decomposition mechanism in these MBs—and

thus kinetically stabilizes those phases. The shift in decomposition pathway that

causes the distinct change from destabilization to stabilization around χp = 1.6 thus

coincides with the onset of B2H6 formation in MBs. Furthermore, with our analysis

we are also able to explain why these materials release either H2 or NH3 gas upon

decomposition. We find that NH3 is much more strongly coordinated with higher-χp

metals and direct H2 formation/release becomes more favorable in these materials.

Our findings are of importance for unraveling the hydrogen release mechanisms in

an important new and promising class of hydrogen storage materials, allowing for a

guided tuning of their chemistry to further improve their properties.

6.1 Introduction

Hydrogen is an ideal energy carrier in a clean energy system [17, 18, 28], but there

is no known material to economically and safely store hydrogen in a package suffi-

ciently small and hydrogen-dense for use in mobile applications. In the search for

a material that meets the US Department of Energy’s targets for a practical hy-

drogen storage material [19, 121], metal borohydrides (MBs) have seen a surge of

interest [139–144] and remain one of the most promising classes of hydrogen storage

79



materials [145]. In recent years, various studies have found that these metal borohy-

drides typically demonstrate improved hydrogen storage properties when complexed

with ammonia, forming a new class of materials called metal borohydride ammoniates

(MBAs) [146–151]. Generally, MBAs tend to release hydrogen gas at more practical

temperatures and greater purity than their plain MB counterparts [146]. Further-

more, recent experiments have mixed various MBAs with MBs or ammonia borane

(NH3BH3) to tune the H2 release temperature and purity [152,153].

Looking at the available experimental data for a large number of MBAs, a clear

pattern emerges between the Pauling electronegativity χp of the metalM inM(BH4)x

and the material’s decomposition temperature [43]. As can be seen in Figure 6.1,

ammoniating a MB lowers the decomposition temperature of an MBA based on a

metal with electronegativity χp . 1.6, but stabilizes an MBA based on a high-

electronegativity metal with χp & 1.6. While this experimental observation con-

stitutes significant progress towards improved hydrogen storage materials, the un-

derlying mechanism causing it is not understood. As such, further systematic im-

provements beyond simple trial-and-error attempts are challenging. In this paper,

we present possible solutions and describe mechanisms that cause the ammoniation

to “magically” destabilize just those MBs that need it, while stabilizing those that

benefit from a higher decomposition temperature.

Focusing on decomposition temperature alone, however, oversimplifies the un-

derstanding of how these materials decompose. There are competing decomposition

mechanisms for each of these materials, resulting in different gaseous products—

mostly either NH3 or H2. These products have been included in Figure 6.1 and split

the destabilized set of materials into two distinct groups: those with low electroneg-

ativity (χp . 1.2) that release mostly NH3 in open systems and those with medium

electronegativity (1.2 . χp . 1.6) that may release NH3 at lower temperatures and

then transition to releasing mostly H2 at higher temperatures.
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In the decomposition pathway releasing ammonia, the thermodynamics are such

that releasing ammonia gas is more favorable than remaining in the MBA structure

[154]. As we will discuss in detail below, our data indicates that the ammonia is more

weakly bound to the metal in MBAs where M has lower electronegativity. At the

temperature where this process occurs, the remaining MBA (or plain MB) is below

its decomposition temperature, and the MBA will not break down further. In high-

electronegativity MBs (χp & 1.6), ammoniation raises the material’s decomposition

temperature relative to the plain MB and it was suggested that this behavior is linked

to the creation of a heteropolar dihydrogen bond network between the negatively

charged Hδ− in [BH4]− and positively charged Hδ+ in NH3 [155]. It is also known

that the MBs in this category often decompose to release diborane (B2H6) [156],
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but this diborane is not released as a gaseous product in the presence of NH3 [157].

Instead, it likely acts as an intermediate, reacting with NH3 to form boron nitrides

as well as H2 [142–144].

The decomposition of most MBs is a complicated process that is difficult to model

with ab initio methods, as the correct intermediate structures are often unknown.

Jena et al. have tried to identify likely intermediate structures in the borohydride de-

composition by simulating the structures of BnHm clusters [158]. In the specific con-

text of Mg borohydrides, Wolverton and co-workers have used a Monte Carlo-based

structure-search method to find the most likely intermediate structures. [159] An-

other approach to explaining decomposition mechanisms in complex metal hydrides

has been to simulate native defect formation in e.g. LiNH2 [160] and LiBH4 [161].

While these approaches have provided valuable insight and understanding of the de-

composition processes in complex metal hydrides, the results may not directly apply

to MBAs. A greater understanding of precisely how and why these materials decom-

pose will yield insight into how to design an ideal hydrogen storage medium from this

already attractive class of materials.

This work aims to elucidate various aspects of the underlying mechanisms respon-

sible for the decomposition processes in MBAs. To this end, this manuscript is struc-

tured in the follwing way: First, we examine the dihydrogen bond network of these

materials and find that it varies slightly with electronegativity, but cannot explain

the sharp distinction between destabilization and stabilization observed in Figure 6.1.

Next, we analyze the thermodynamical stability and find that ammoniation always

leads to a lowering of stability. While that explains the lowering of materials with

χp . 1.6 in Figure 6.1, it does not explain the stabilization for χp & 1.6. Finally,

directly simulating the hydrogen release process, we find that those high-χp mate-

rials get kinetically stabilized in that ammoniation blocks the usual decomposition

pathway. The exact mechanism is material dependent and we will explain it on a
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case-by-case basis.

6.2 Computational Details

We performed calculations using density-functional theory (DFT) as implemented

in vasp [115, 116, 162], using the included projector augmented wave (PAW) pseu-

dopotentials and a plane wave energy cutoff of 500 eV. We converged self-consistent

energies to at least 10−5 eV and relaxed all atomic positions until all forces dropped

below 10 meV/Å. Because of different unit cell sizes, k-point meshes varied, but all

used Γ centered Monkhorst-Pack meshes automatically generated in vasp with at

least 20b k-points in each direction, where b is the length of the reciprocal lattice vec-

tor in Å−1. We used the vdW-DF1 density-functional [111, 112, 130, 163] to properly

account for the van der Waals interactions in the dihydrogen bond networks in these

materials.

We performed transition-state searches in vasp using the climbing image nudged

elastic band (NEB) method implemented in the vtst package [134, 135]. In the

case of B2H6 formation, we generated end-point structures for these calculations by

bringing together nearby BH4 molecules in the ground-state structures in a directed

perturbation of the system to form a stable B2H6 molecule in the structure. This was

done through an automated process that first moved the BH4 molecules away from

the metal cation or cations to which they were coordinated and then formed a B2H6

molecule along the axis between the moved BH4 molecules. The remaining two H

atoms were moved to the original locations of the BH4 molecules. These structures

were then allowed to relax until all ionic forces dropped below 10 meV/Å.

In most cases, crystal structures are taken from experiment, but in some cases

we drew from theoretical work. Corresponding references are given in Table 6.1. For

transition-state searches, we expanded any structures containing only one formula
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Table 6.1: Sources for the starting structures of MBs and MBAs studied in this work.

MB / MBA Reference MB/ MBA Reference
Sr(BH4)2·4NH3 157 Mg(BH4)2·2NH3 155
Sr(BH4)2·2NH3 157 Mg(BH4)2 164
Sr(BH4)2·NH3 157 Zr(BH4)4·8NH3 165
Sr(BH4)2 166 Zr(BH4)4 167
Ca(BH4)2·4NH3 157 Mn(BH4)2·3NH3 168
Ca(BH4)2·2NH3 157 Mn(BH4)2·2NH3 168
Ca(BH4)2·NH3 157 Mn(BH4)2 156
Ca(BH4)2 169 Al(BH4)3·6NH3 170
Y(BH4)3·7NH3 154 Al(BH4)3 156
Y(BH4)3·6NH3 154 Zn(BH4)2·2NH3 148
Y(BH4)3·5NH3 154 Zn(BH4)2 156
Y(BH4)3·4NH3 154 NaZn(BH4)3·2NH3 171
Y(BH4)3·2NH3 154 Li2Mg(BH4)4·6NH3 172
Y(BH4)3·NH3 154 Li2Al(BH4)5·6NH3 173
Y(BH4)3 174

unit into a 2×2×2 supercell in order to avoid too much distortion in the crystal

structure.

6.3 Results and Discussion

6.3.1 Examining the Dihydrogen Bond Network

A first attempt to explain the peculiar effect that ammoniation has on the decompo-

sition in Figure 6.1 is to study the dihydrogen bond networks in these materials. All

MBA materials contain networks of heteropolar dihydrogen bonds (Hδ−···Hδ+) and it

has been suggested that the proximity of the protic N–H and hydridic B–H allows H2

creation through the simple combination of Hδ+ and Hδ− [146, 155]. In low-χp ma-

terials, this combination process is suspected to be a possible hydrogen production

mechanism [168], and it was proposed that stabilization of high-χp materials may be

due to shielding of the metal [149,168]. The dihydrogen bonds clearly play some role

in determining the stability of these materials, as well as their decomposition, and
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Figure 6.2: (top) Bader charge [in units of e] on [BH4]− an-
ions relative to a neutral BH4 molecule vs. χp of the metal
cation with which they are coordinated. A perfect [BH4]−

anion would show a charge of −1. (bottom) Bader charge
on Hδ− in [BH4]− anions relative to a neutral H atom. Er-
ror bars indicate one standard deviation from the mean.
Dashed lines indicate linear fits for the mean values for
MBAs.

further investigation is warranted.

We start by analyzing these interactions through a charge partitioning scheme

and study how charge is distributed between the H atoms and the small molecules

in which they reside. Figures 6.2 and 6.3 show the Bader charge [175, 176] of BH4

and NH3 molecules in all MBAs from Table 6.1 relative to neutral molecules of the

same composition. The plots show that the metal’s electronegativity weakly affects

the charge distribution in these molecules. Higher electronegativity results in weaker

[BH4]− anions and NH3 molecules that begin to share charge with other constituents

of the material.

On the level of individual H atoms, Figure 6.2 shows that some materials demon-
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strate relatively large variations in the charge held by H atoms in the same molecule.

This variation is likely due to how the molecules stack to form a crystal structure; the

structure of Al(BH4)3 is built from Al(BH4)3 units where each BH4 coordinates to

only one Al atom, but the BH4 units in Zn(BH4)2 act as bridges between multiple Zn

atoms. Consequently, the charge on a BH4 anion in Al(BH4)3 is more concentrated

on one side of the molecule, giving the H atoms in Al(BH4)3 a larger variation in

charge than those in Zn(BH4)2.

We also investigated the effect of H···H bond length on how much charge builds

up on the H atoms in these materials; one might expect that shorter bond lengths

would draw stronger relative charges for Hδ+ and Hδ−. Figure 6.4 shows that Hδ+ in
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NH3 on average does draw more charge when involved in shorter dihydrogen bonds,

but the relationship is weak and Hδ− shows no relationship at all. To demonstrate

the strength of this relationship, we modeled the dihydrogen bond as a Coulomb

interaction (q1q2/r
2 with calculated Bader charges of Hδ+ and Hδ− as q1 and q2).

Figure 6.5 shows that the data points fall almost perfectly along a fit generated by

using the average Hδ+ and Hδ− charges that we calculated from all MBAs included in

Table 6.1. Thus, bond length has a weak effect on charge buildup on Hδ+ atoms, and

the corresponding increase in the electrostatic force across the bond is very small.

This means that there is almost no additional charge polarization across the NH3 and

[BH4]− molecules due to short dihydrogen bond lengths and any significant effects

are localized to the electron clouds around the H atoms.

To summarize, χp and the specific geometry of the structure are more important

for determining the charge distribution in the material than bond lengths. These

results indicate that the dihydrogen bond network is very similar between different
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MBAs. While the dihydrogen bond network may play an important role in the

decomposition process, that role does not appear to be linked in an obvious way with

χp. It follows that variations (by themselves) in the dihydrogen bond network from

one MBA to another cannot explain the distinct destabilizing/stabilizing effect of

ammoniation observable in Figure 6.1.

6.3.2 Examining Thermodynamic Stability

Moving beyond the dihydrogen bond network, we next examine the thermodynamics

of the ammoniation process by calculating the energy of formation for both MB

and MBA materials relative to their constituents in their natural states (i.e. the

appropriate, separate amounts of solid M and B, and gaseous N2 and H2). The

results are given in Table 6.2 and shown graphically in Figure 6.6.

The primary result from these data is that all MBAs are thermodynamically

destabilized relative to their plain MB counterparts. Furthermore, sequential events

of NH3 release from the same structure typically results in a MBA with lower energy

of formation per atom. For instance, Sr(BH4)2·4NH3 may decompose by releasing
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Table 6.2: Pauling electronegativity χp, calculated energy of formation ∆Eatom [eV per
atom], and experimentally observed decomposition temperature Tdec [◦C] for selected
MBAs and their plain MB counterparts, relative to the constituent atoms in their
natural states.
MBAs releasing mostly NH3

Formula χp ∆Eatom Tdec

Sr(BH4)2·4NH3 0.95 −0.130 14
Sr(BH4)2·2NH3 0.95 −0.298 130
Sr(BH4)2·NH3 0.95 −0.432 150
Sr(BH4)2 0.95 −0.643 400
Ca(BH4)2·4NH3 1.00 −0.309 85
Ca(BH4)2·2NH3 1.00 −0.286 160
Ca(BH4)2·NH3 1.00 −0.414 225
Ca(BH4)2 1.00 −0.622 380
Y(BH4)3·7NH3 1.22 −0.069 70
Y(BH4)3·6NH3 1.22 −0.066 80
Y(BH4)3·5NH3 1.22 −0.097 110
Mn(BH4)2·3NH3 1.55 −0.016 80

MBAs releasing mostly H2

Formula χp ∆Eatom Tdec

Y(BH4)3·4NH3 1.22 −0.171 165
Y(BH4)3·2NH3 1.22 −0.316 190
Y(BH4)3·NH3 1.22 −0.409 195
Y(BH4)3 1.22 −0.680 200
Mg(BH4)2·2NH3 1.31 −0.131 205
Mg(BH4)2 1.31 −0.339 260
Zr(BH4)4·8NH3 1.33 −0.024 60
Zr(BH4)4 1.33 −0.423 250
Mn(BH4)2·2NH3 1.55 −0.074 135
Mn(BH4)2 1.55 −0.238 155
Al(BH4)3·6NH3 1.61 −0.057 167
Al(BH4)3 1.61 −0.345 15
Zn(BH4)2·2NH3 1.65 −0.087 131
Zn(BH4)2 1.65 −0.249 −35
NaZn(BH4)3·2NH3 0.93, 1.65 −0.190 133
Li2Mg(BH4)4·6NH3 0.98, 1.31 −0.140 80
Li2Al(BH4)5·6NH3 0.98, 1.61 −0.180 138

2NH3, leaving Sr(BH4)2·2NH3, which has a lower energy of formation per atom.

Note that NH3 release in these materials is frequently accompanied by an en-

dothermic event [157, 168], whereas lowering energy per atom seems to point to an
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Figure 6.6: Energy of formation per atom for pure MBs and
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states. Red and green spots indicate MBAs that release
NH3 and H2 upon decomposition, respectively. The size of
the symbol indicates the number of NH3 molecules in the
material per metal. In all cases studied, the ammoniated
MB is destabilized by the addition of the NH3. See also
Table 6.2.

exothermic process. However, reaction energies for the reaction

M(BH4)x · yNH3 −→M(BH4)x · (y − z)NH3 + zNH3 (6.1)

are positive, correctly indicating endothermic processes.

The thermodynamic destabilization resulting from ammoniation generally ex-

plains the lowering of decomposition temperatures for MBAs observed in Figure 6.1.

However, it does not explain the increase of decomposition temperatures in high-χp

MBAs. As a result, we must conclude that high-χp MBAs are stabilized kinetically

rather than thermodynamically. We discuss the corresponding pathways and kinetics

of the decomposition processes in the next section.
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6.3.3 Examining Decomposition Processes

The processes by which these MBAs decompose have not been clearly determined ex-

perimentally. The possible pathways range from simple direct formation of H2 from

Hδ+ and Hδ− to very complex interactions forming boron nitrides similar to those

found in the decomposition of NH3BH3. The observed final products are typically

amorphous and poorly characterized. This uncertainty makes the decomposition pro-

cess difficult to model; without good guidelines from experiment the possible search

space is vast.

One recent theoretical study [177] simulated the decomposition of LiBH4·NH3

and Mg(BH4)2·2NH3 and suggests that the decomposition process begins with the

NH3 drifting away from the M(BH4)x, allowing the M(BH4)x to polymerize with

its neighbors. Then Hδ+ in NH3 attacks Hδ− from [BH4]−. While those findings are

valuable, it is unclear whether they can be generalized to materials with M of very

different electronegativities. As mentioned in Section 6.3.1, the direct combination of

Hδ+ and Hδ− has been suggested to be a possible hydrogen production mechanism in

low-χp materials [168], and simulated in a few MBAs [178], but in high-χp materials,

the direct H2 creation pathway would compete with the B2H6 creation pathway from

the plain MB. B2H6 release is always suppressed in the ammoniated materials [154],

but it is not immediately obvious whether this is because the diborane production

pathway has been circumvented or because the produced B2H6 react immediately

with the NH3. To elucidate these issues, we simulate each of the broad categories

mentioned above—NH3 release, direct H2 formation, and B2H6 formation—and find

that each of them becomes the dominating pathway for low-, mid-, and high-χp values,

respectively.
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NH3 Release

Low-χp materials release NH3 preferentially to H2 or B2H6 and some mid-χp materials

release NH3 as they are heated before switching to H2 release—see Figure 6.1. In order

for an MBA to release NH3, the NH3 must escape the metal to which it is coordinated

and then escape as a gas.

We quantitatively studied the behavior of the M-NH3 bond by approximating

it as a spring. For small displacements of NH3 with respect to M, we calculated

the total energy of the system and based on the increase in energy relative to the

ground state we extracted a spring constant from Hooke’s law. The results (depicted

in Figure 6.7) show that the NH3 molecules face much steeper potential surfaces in

high-χp materials, agreeing with the conventional wisdom [146, 170]. This means

that NH3 in low-χp MBAs can escape more easily, explaining why these materials

can decompose at lower temperatures compared to plain MBs by releasing NH3,

whereas the high-χp MBAs do not—see Figure 6.1. Going from low-χp values to higher

ones, we also see in Figure 6.7 that the NH3 release becomes energetically more and

more expensive, suggesting that eventually there will be a change in decomposition

mechanism once an energetically more favorable pathway becomes available.

In addition to NH3 formation, we must also consider how the NH3 escapes the

material before it can be released as a gas. This kind of process may first occur

near the surface of the material, creating vacancy defects in the material. Similarly

to how Li+ diffuses through LiBH4 as it decomposes by hopping between vacancy

defects [161], we suggest that NH3 may be able to migrate to the surface through

such vacancies.

Direct H2 Formation

Direct H2 formation has been suggested as dehydrogenation pathway [168, 178] and

can become a more energetically favorable alternative to NH3 release. We modeled
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Figure 6.7: Average spring constants for the M–NH3 bond
modeled as a harmonic oscillator, as extracted from short
fixed-displacement motion. Red and green spots indicate
MBAs that release NH3 and H2 upon decomposition, re-
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direct H2 formation from the Hδ+ and Hδ− pairs that make up the dihydrogen bond

network by generating structures that would be similar to transition states for the

reaction. We did this by moving Hδ+ and Hδ− from one dihydrogen bond to a sepa-

ration of 0.74 Å along the axis between them and holding their positions fixed while

optimizing the rest of the structure. We did this relaxation for each dihydrogen bond

under 2.5 Å; the lowest resulting energies are shown in Fig 6.8. NEB calculations

revealed that there is no kinetic barrier between the ground state structures and the

ones that we generated, so we use these energies to approximate the cost of direct H2

production.

Typically, this procedure resulted in the BH3 shifting to recapture the Hδ− and

the remaining NH2 shortening its distance to the metal cation, with the net result

of a BH3H2, and the H2 would only need to break away from the [BH3]− and diffuse
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Figure 6.8: Estimate of transition state energy for the direct
H2 formation pathway. Red and green spots indicate MBAs
that release NH3 and H2 upon decomposition, respectively.
The symbol size indicates the number of NH3 molecules in
the material per metal.

out of the material. This result suggests that in an MBA, H is easier to liberate from

NH3 than from [BH4]− regardless of the metal’s χp.

Interestingly, Figure 6.8 shows a negative relationship between χp and the barrier

to direct H2 creation; while direct H2 release is very expensive in low-χp MBAs, it

becomes significantly more favorable for higher-χp materials. One important note that

may not be evident in the plot is that structures where the metal is directly bound

only to NH3 (e.g. Zr(BH4)4·8NH3 or Al(BH4)3·6NH3) tend to have lower-energy

transition states than the structures where theM(BH4)x units are maintained. This

may have to do with BH4 units being less restricted in their movements when they

are not coordinated with any particular metal.

In combination with the previous section we conclude that for low-χp MBAs the

direct H2 release is energetically expensive (Figure 6.8) whereas NH3 release is fa-
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vorable (Figure 6.7). Going to higher χp values, there is a crossover in those two

behaviors and for high-χp we find that NH3 release is now energetically very expen-

sive, while direct H2 release has become more favorable. This crossover nicely explains

the shift from NH3 release to H2 observed in Figure 6.1. However, it does not explain

higher decomposition temperatures after ammoniation for high-χp materials, which

we will further explore in the last section.

B2H6 Production Followed by H2 Release

Up to this point we have found that ammoniation theromodynamically destabilizes

all MBs. In addition, the previous two sections help understand the shift in release

product as a function of χp. But, why do high-χp MBs with M = Al and Zn get

stabilized upon ammoniation? As we will show, the ammoniation blocks the standard

decomposition pathway that these materials prefer, thus kinetically stabilizing those

MBAs. We know from the last section that direct H2 release becomes favorable

at mid-χp values, but it remains energetically quite expensive. Another pathway

for MBAs to decompose is through the formation of B2H6. Previous studies show

a strong correlation between χp [43], formation enthalpy [156], and decomposition

through B2H6 production for MBs. They also show that this pathway opens up

for χp & 1.6, where it becomes—as we will show below—an energetically favorable

alternative to direct H2 formation.

Jepsen and coworkers note that B2H6 release is always suppressed in the presence

of NH3, where the two react to form ammine metal borohydrides, suggesting that

B2H6 may be an intermediate in the H2 release pathway [157]. These materials have

a higher decomposition temperature after the ammoniation process, but at the higher

temperature where the MBA begins to decompose, the same B2H6 formation process
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may occur. A very low kinetic barrier of only ∼ 0.7 eV was found for the reaction [179]

B2H6 + NH3 −→ NH2BH2 + BH3 + H2 , (6.2)

making B2H6 formation followed by H2 release energetically favorable over direct H2

formation.

If the kinetic barrier to reaction (6.2) remains small in the MBA environment,

then the only other possible bottleneck in MBA decomposition through the B2H6

release pathway is the formation of the B2H6 intermediate itself. We performed a

transition state search using the NEB method to find the kinetic barriers to B2H6

production in selected MBAs, as well as the materials’ plain MB counterparts. To

find realistic endpoints, we simulated perturbing the system in configuration space

by pulling nearby BH4 units together and allowing the system to relax to a local

energy minimum. We performed this process over 250 times and while the relaxations

sometimes yielded the desired B2H6, it more often resulted in the creation of B2H7—a

structure that has been observed experimentally [180] and considered as a potential

metastable intermediate in Mg(BH4)2 decomposition [159]. While B2H6 can lead to

hydrogen release via reaction (6.2) with a barrier of ∼ 0.7 eV, we found no such

reaction with B2H7. Instead, using NEB calculation we found that the reaction

[B2H7]− + NH3 −→ NH3BH3 + [BH4]− (6.3)

has a barrier of only 0.75 eV relative to the NH3 and [B2H7]− molecules by themselves

in the gas phase—and is thus equally favorable as reaction (6.2). After this reaction,

the NH3BH3 is free to decompose on its own (pure NH3BH3 decomposes to NH2BH2,

releasing H2 at around 100 ◦C, facing a kinetic barrier of about 1.5 eV in the gas

phase [120, 126]) or interact further with [BH4]− or NH3. In either case, a similar

boron nitride may be formed through the direct H2 formation pathway.

96



In addition to the low reaction barrier, any produced borane must diffuse to

the surface in order to escape the system. While we have not performed diffusion

simulations in these materials, we argue that the kinetic barrier for this diffusion

should increase in MBAs because the dihydrogen bond network creates a steeper

potential surface that the molecules would need to traverse, potentially trapping the

molecules in the material until they react with NH3.

So, both B2H6 and B2H7 can eventually produce molecular hydrogen via reactions

(6.2) and (6.3) with barriers of only ∼ 0.7 eV and the formation of B2H6 and B2H7

themselves might now be the rate-limiting step. We thus calculated and report kinetic

barriers to the creation of both B2H6 and B2H7 in Figure 6.9. We did not calculate

kinetic barriers to endpoints that we found were ≥ 3 eV above the ground state

structure. We find that the kinetic barriers decrease in higher χp materials, making

this pathway viable for χp & 1.6, as suggested previously [43, 156]. In particular,

for these high-χp values, this pathway becomes more favorable than direct H2 release

(compare Figs. 6.8 and 6.9). It only remains to investigate the effect of ammoniation

on this pathway and we analyze the two cases M = Al and Zn separately.

In Al(BH4)3·6NH3, the ammoniation drastically increases the barrier for B2H7 for-

mation and we could not even find a pathway for B2H6 formation. Ammoniation has

thus made this decomposition pathway practically inaccessible below the material’s

decomposition temperature, kinetically stabilizing the Al case. B2H6 formation in

Zn(BH4)2·2NH3 faces only a slightly increased barrier upon ammoniation, but a sig-

nificantly decreased barrier for B2H7 formation, pushing the system towards reaction

(6.3). The decomposition is then governed by the hydrogen release from NH3BH3,

which occurs around 100 ◦C [120, 126] and explains the stabilization seen for Zn in

Figure 6.1.

The difference between Al and Zn may be due to whether the [BH4]− anions are

able to transfer H− as they form B2H6. In Zn(BH4)2·2NH3, the BH4 are still coordi-
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nated with the metal, making the electron transfer simple, but in Al(BH4)3·6NH3, the

NH3 molecules may act as neutral ligands, preventing reduction of the metal. Roedern

and Jensen made a similar assertion in the case of transition-metal MBAs [149].

The reasons differ for Al and Zn, but in both cases, the B2H6 formation pathway

that dominates decomposition in the plain MB becomes unavailable after ammonia-

tion, leading to a higher decomposition temperature observed in Figure 6.1.

6.4 Conclusions

We have examined the decomposition processes of MBAs in order to explain why the

ammoniation process results in lower decomposition temperatures in materials with

low-χp metals and higher ones for those with high-χp metals.

We found that the dihydrogen bond networks remain very similar between low

and high-χp materials and cannot explain the sharp distinction between them in
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terms of the effect of ammoniation. We also found that the ammoniation process

always thermodynamically destabilizes MBs, while—at the same time—a few high-χp

materials get kinetically stabilized through a shift in decomposition mechanism. We

examined three possible decomposition mechanisms: NH3 release, direct H2 release,

and B2H6 or B2H7 formation followed by H2 release. At low-χp, NH3 is weakly bound

to the metal and the material decomposes by releasing it. Going to mid-χp values, the

release of NH3 becomes less favorable and the materials switch to direct H2 release,

which becomes more favorable with higher χp. Finally, for χp & 1.6, the production

of B2H6 or B2H7 formation becomes more favorable than direct H2 release, resulting

in indirect H2 release via case-by-case mechanisms. For the special cases of Al and Zn

MBs, we further found that this pathway becomes inaccessible upon ammoniation and

those phases get kinetically stabilized. In Al(BH4)3·6NH3, NH3 shields the metal from

being reduced, preventing the electron transfer that occurs in B2H6 formation, leaving

direct H2 formation as the only available decomposition pathway. In Zn(BH4)2·2NH3,

B2H7 formation becomes more favorable, leading to the formation of NH3BH3 rather

than B2H6. We can thus explain the peculiar stabilization effect of ammoniation in

MBs and link it to the exact onset of diborane production.

These insights into how ammoniation affects decomposition processes in MBs can

be used to design new mixed-metal MBA materials that decompose in a more desir-

able fashion or suggest better catalysts for decomposition, perhaps resulting in more

reversible hydrogen storage materials.
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Abstract: Combining X-ray diffraction, Raman spectroscopy, and ab initio simula-

tions we characterize an extremely hydrogen-rich phase with the formula (NH3BH3)(H2)x

(x = 1.5). This phase was formed by compressing ammonia borane (AB, NH3BH3)

in an environment with excess of molecular hydrogen (H2). This compound can store

a total of 26.8 wt% hydrogen, both as molecular hydrogen and chemically bonded

hydrogen in AB, making it one of the most hydrogen-rich solids currently known.

The new compound possesses a layered AB structure where additional H2 molecules

reside in channels created through the weaving of AB layers. The unconventional

dihydrogen bonding network of the new compound is significantly modified from its

parent AB phase and contains H· · ·H contacts between adjacent AB molecules and

between AB and H2 molecules. H–H can be either a proton donor or a proton acceptor

that forms new types of dihydrogen bonding with the host AB molecules, which are

depicted as H–H· · ·H–B or H–H· · ·H–N, respectively. This study not only demon-

strates the strategy and the promise of using pressure for new materials synthesis,

but also unleashes the power of combining experiments and ab initio calculations

for elucidating novel structures and unusual bonding configurations in dense low-Z

materials.

7.1 Introduction

Low-Z hydrogen-rich phases display a variety of bonding interactions including ionic,

covalent and hydrogen bonding and exhibit a rich set of unusual physical properties

including superionicity [182] and superconductivity [183]. Compression enables the

formation of novel H2-bearing molecular compounds and opens many opportunities

for studying unique inter- and intra-molecular bonding interactions and emergent

properties. Molecular hydrogen forms van der Waals compounds with molecules like
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CH4 [184], H2O [185], H2S [186], SiH4 [187, 188], Xe [189], Ar [190] at high pres-

sure and these otherwise-unattainable compounds show a range of pressure-induced

intermolecular interactions and pressure-perturbed intramolecular covalent bond.

Ammonia borane (AB, NH3BH3), a low-Z hydrogen-rich molecular solid, has at-

tracted much attention not only due to its remarkably high hydrogen content, but also

due to its unique and unconventional hydrogen bonding network [191]. AB contains

19.6 wt% hydrogen content, and shows step-wise thermolysis of H2 as well as promise

for reversible H2 uptake [192–194]. Two-thirds of its hydrogen (13.1 wt%) can be re-

leased with moderate temperature up to 160 ◦C, and a myriad of research has demon-

strated the potential to lower the decomposition temperature, increase the dehydro-

genation rate, or release >2 equivalent of H2 through catalysis [120,153,195–197].

The unusual bonding system associated with solid AB, which is classified as dihy-

drogen bonding network, represents a unique class of intermolecular H· · ·H interac-

tions involving protonic H in NH and hydridic H in BH of adjacent molecules [198].

Dihydrogen bonding is thought to play a major role in assembling the AB molecular

crystal by self-association. The presence of dihydrogen bonding in AB affects the

dehydrogenation processes in the condensed phase to be significantly different from

its gas phase. A number of studies attempted to understand how the dihydrogen

bonding network as well as the associated properties of AB evolve as a function of

temperature and/or pressure [199–204]. Strikingly, AB was further found to be able

to interact and form novel molecular compounds with molecular hydrogen at high

pressure which involve strong intermolecular interactions between H2 molecules and

ionic AB molecules [200,205]. However, the exact stoichiometry, the precise structure,

and the nature of the inter- and intra-molecular bonding of the compound(s) remain

elusive due to the great challenges to fully characterize the dense low-Z hydrogen-rich

phases at the extreme of pressure in situ.

Here we report the structure and unconventional dihydrogen bonding of an AB-

102



H2 compound with the chemical formula (NH3BH3)(H2)x (x = 1.5). This compound

stores a total of 26.8 wt% hydrogen, both as molecular hydrogen and chemically

bonded hydrogen in AB with a ratio of 1:2. We determined the chemical formula and

the crystal structure of this AB-H2 phase through a combination of high-pressure

X-ray diffraction (XRD) and Raman spectroscopy, and a thorough ab initio structure

search. Bonding analysis shows that this new compound possesses an unconventional

dihydrogen bonding network where H· · ·H contacts are present not only between

adjacent AB molecules but also between AB and H2 molecules. H–H can serve as

either a proton donor or a proton acceptor that interacts with the host AB molecules,

which is depicted as H–H· · ·H–B or H–H· · ·H–N, respectively. These types of bonding

are unique compared to all previously reported H2-bearing molecular compounds

and exceptional for hydrogen-rich materials. As hydrogen bonding is ubiquitous in

Nature and plays a key role in numerous physical, chemical, and biological processes,

understanding and identifying new types of hydrogen bonding remain to be central

research activities in all physical sciences.

7.2 Experimental and Modeling Details

7.2.1 Materials

The AB compound was synthesized at Los Alamos Neutron Science Center, Los

Alamos National Laboratory, and used as received. Details of its synthesis can be

found in our earlier report [108].

7.2.2 High-Pressure Sample preparation

A symmetric diamond anvil cell (DAC) with 500-µm diamond culets was used for

compressing AB in an environment with excess of molecular H2. Polycrystalline AB

samples together with small ruby chips for pressure calibration [206] were loaded into
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a 200-µm-diameter sample chamber drilled in a Be-Cu gasket. The DAC was then

inserted into a gas-loading system where H2 compressed to ∼15000 psi was added to

the sample chamber. The use of a Be-Cu gasket can maximally hold H2 in a DAC.

Once a protective surface layer is formed, the reaction or escape of H2 out of a Be-Cu

gasket is negligible. The reaction between AB and H2 can occur at pressures as low

as 6.2 GPa. The reaction kinetics and progress at different pressures are complicated

and can be affected by several factors. For instance, the metal gasket that we use

for containing the sample at high pressure can undergo plastic deformation and flow

upon compression, which appeared to accelerate the reaction process. Detailed infor-

mation about the sample loading and evidence for reaction onset and progress toward

completion can be found in our earlier report [205]. All experimental measurements

were performed at room temperature.

7.2.3 High-pressure Synchrotron XRD Measurements

The reaction between AB and H2 at 6.2 GPa was very sluggish. To ensure the com-

pleteness of the reaction and the homogeneity of the new phase across the sample

chamber, AB and H2 were allowed to react over the course of four months, and

the pressure was kept invariably. The completion of the reaction was initially veri-

fied based on the Raman measurements where Raman spectra of the H2 vibron, NH

stretching, and BH stretching regions do not show further changes with time. The ho-

mogeneity of the reacted new phase throughout the sample chamber was evidenced by

the comparable Raman spectra among different locations (Figure S1). High-pressure

synchrotron XRD measurements were performed after another two months.

To obtain a good diffraction pattern on a sample completely consisting of light

elements, high-pressure angle dispersive XRD experiments were performed at the un-

dulator beamline of 16ID-B of the Advanced Photon Source (APS), Argonne Na-

tional Laboratory (ANL). Diffraction patterns were collected at a wavelength of
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λ = 0.40747 Å with an X-ray beam size of 5×5 µm2. Within a scan box of 60×60 µm2

centered at the sample (Figure S1), diffraction images were recorded on a MAR CCD

detector at every spot with a step size of 5 µm as the DAC holder was perpendicu-

lar to the X-ray beam and a step size of 10 µm as the DAC holder was rotated by

±1 or ±2 degree, respectively. The exposure time was 30 s per image. Diffraction

patterns showing reflections from the gasket or strong diamond secondary reflections

were discarded. A total of 300 high-quality diffraction images were chosen for sum-

mation to obtain a 2D Debye-Scherrer pattern (Figure S2). The 2D pattern and the

caked XRD pattern (Figure S3) show some textures which reduce the reliability of

the experimental diffraction intensity. We can also see some spotty Debye rings from

these two patterns especially the latter one, which likely result from the growth of the

crystallite size as the reaction took place and partially destroyed the powder nature

of the original AB sample. In addition, some Debye rings also present unevenness

azimuthally which may be reasoned by the preferred orientation of crystallites due

to the layered structural nature of the new phase which we will discuss in the fol-

lowing section. This summed 2D pattern was integrated using the software package

FIT2D [207]. Jade 5 was further used to index the integrated diffraction pattern and

refine the lattice parameters. A smallest unit cell in a monoclinic crystal system was

determined to be most probable with a = 7.556, b = 7.225, c = 7.963 Å, β = 98.05◦,

and unit cell volume of 430.4 Å3. This unit cell was used as the input for our ab initio

structure search and was held constant throughout the structure search.

7.2.4 Ab Initio Structure Search

The structure search investigated the cell containing six AB molecules with seven

different ratios of AB:H2 ranging from 1:1 to 1:2 (i.e., six to twelve H2 molecules). To

find the most rationalized crystal structure of this AB-H2 compound, we have per-

formed a thorough ab initio structure search using the genetic algorithm implemented
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in USPEX [131,133,208]. For each composition, the search ran for 10 generations of

20 structures each, totaling 1400 structures among all searches. Each of the struc-

tures was optimized at the density functional theory level using VASP [115,116,162].

We used the vdW-DF [93, 111, 112, 163] exchange-correlation functional because of

the important role of van der Waals interactions in this system [94, 104, 203]. We

used VASP with PAW pseudopotentials and a 600 eV plane wave energy cutoff and

force convergence of 10 meV/Å. All calculations used a 2 × 2 × 2 k-point mesh and

correspond to T = 0 K.

7.2.5 Vibrational Spectra Calculation

We used VASP to calculate vibrational frequencies, using 0.015 Å finite displacements.

We used the same PAW pseudopotentials with a 600 eV plane wave energy cutoff and

2 × 2 × 2 k-point mesh. Note that not all the simulated vibrational frequencies are

Raman-active.

7.3 Results and Discussion

At 6.2 GPa, pure AB crystallizes in an orthorhombic Cmc21 structure with lattice

parameters a = 5.9010 Å, b = 6.1984 Å, and c = 5.4657 Å [104]. It can be visualized

as a layered structure with layers stacking along the c axis, where within the layer, the

B-N axes for all of the molecules align in the same direction, while in adjacent layers,

they align ±37.5◦ with respect to the c axis. With four AB molecules in one unit cell,

the molecular volume of pure AB at 6.2 GPa is approximately 50 Å3. The unit cell

volume of the new AB-H2 phase and the AB molecular volume at 6.2 GPa justify our

ab initio structure search that investigated the monoclinic unit cell containing six AB

molecules with seven different ratios of AB:H2 ranging from 1:1 to 1:2. This selected

composition range also matches with our previous estimate of additional H2 uptake
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Figure 7.1: A) Unit cell of the AB-H2 compound containing six AB molecules and
nine additional H2 molecules. N, B, and H atoms are shown as purple, green, and
pink, respectively. B) A view down the b axis showing the ayers of AB molecules
parallel to the (100) surface. C) A view down the channels between layers of AB
molecules where additional H2 molecules reside. The weaving of layers is apparent
from this angle, giving the structure the appearance of a chain-link fence.

in the new phase through optical microscopy and Raman spectroscopy [205].

For the purposes of the structure search, we only considered energetics in the

fitness function, but structures were separately evaluated based on how well they

duplicated the experimental XRD pattern. Strikingly, not only is the structure we

present here found to be the lowest in energy, but also its simulated XRD pattern

matches the experimental pattern the best among all the structures considered. This

most probable structure has an AB:H2 ratio of 1:1.5 and a total of six AB molecules

and nine additional H2 molecules in the unit cell (Figure 7.1). From our ab initio

simulations, we also find that there are several structures that are energetically very

close to the structure we report here, although they do not reproduce the experimental

XRD pattern like the present structure does. The simulated XRD pattern (Figure 7.2)

of the new phase agrees well with our experimental results. Crystal growth during

reaction, the preferred orientation of the new phase, and the different Debye-Waller

factors involved in the experiment and simulation could account for the slight intensity

mismatch between experimental and simulated XRD patterns. In addition, there is a

possibility that the reacted sample is not 100% pure which could further explain the

small difference of the two diffraction patterns (Figure 7.2).
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Figure 7.2: Comparison between the experimental XRD
pattern and the simulated pattern for the AB-H2 phase.
Experimental X-ray wavelength is 0.40747 Å.

In this AB(H2)x (x = 1.5) phase, AB molecules keep stacking into a layered

structure with layers parallel to the (100) surface (Figure 7.1B). Looking down the

layers with an angle about 45◦ to the (100) surface normal, we observe channels

created by the weaving of layers where additional H2 molecules reside (Figure 7.1C).

Although AB molecules are tilted with respect to one another, the tilting becomes

much less extreme than in pure AB, dropping from 75◦ (±37.5◦ with respect to the c

axis) to 31.7◦ on average with all molecules’ B–N axes aligned in the same quadrant

in the ab plane (Figure 7.4). We propose that as H2 molecules start to interact with

AB molecules, the originally layered AB structure becomes less rigid and channels

between layers get forced open to accommodate H2 as AB molecules reorient. This

new compound is only stable at high pressure and the additionally absorbed molecular

H2 starts to escape as pressure decreases below 4.5 GPa. Interestingly, the host AB

lattice does not return to the orthorhombic Cmc21 structure instantaneously. The

disrupted AB network that is rebuilt to assist additional H2 uptake may explain the
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Figure 7.3: Experimental Raman spectra (shown as lines)
and predicted Raman modes (shown as ticks) in the H2 vi-
brant, NH stretching, and BH stretching regions. The black
lines in the three panels represent the vibrational modes
before AB and H2 react, while the red lines represent the
vibrational modes in the new (NH3BH3)(H2)x (x = 1.5)
compound. The arrows show the major changes of the Ra-
man spectra due to the formation of the new phase. For the
simulated vibrational modes, the black ticks are from free
H2 (left panel) and pure AB in the Cmc21 phase at 6.2 GPa
(middle and right panels), and the red ticks are from the
new AB-H2 compound.
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Figure 7.4: Visual ensembles [209] of the tilting of AB
molecules. All AB molecules are superimposed one atom
the other from (A) the new AB-H2 structure and (B) the
Cmc21 AB phase at 6.2 GPa.

irreversibility of the H2 absorption and desorption processes.

In pure AB structures, the intermolecular interactions that are mainly manifested

by the dihydrogen bonding between adjacent AB molecules stabilize this solid-state

material and result in a high melting point of 104◦C compared to the isoelectronic

compound ethane which melts at −181◦C [104,106,198,210]. At 6.2 GPa, AB in the

Cmc21 phase has dihydrogen bonds as short as 1.90 Å with oppositely charged H

atoms in neighboring molecules. As AB and H2 react to form the new compound, the

geometric characteristics of individual AB molecules remain comparable to those in

Cmc21. All AB molecules in the AB-H2 structure maintain their close-to-staggered

conformation. None of the average bond lengths in the AB molecules including B–N,

B–H, and N–H bonds change more than 0.01 Å. However, the dihydrogen bonding

network has been significantly modified in the AB-H2 phase with some of the dihydro-

gen bonds being as short as 1.6 Å (Figure 7.5A). All H atoms in AB molecules appear

to coordinate with an oppositely charged H atom from a neighboring AB molecule

or an H2 molecule. The 1.6 Å H· · ·H contacts are among the shortest dihydrogen

bonds reported [211] and are between AB molecules, likely because of the presence of

protonic-hydridic H interaction at opposite ends of adjacent AB molecules. Similar
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Figure 7.5: (A) Dihydrogen bonding distances versus bonding angle. Circles indicate
contacts between H atoms that are both part of adjacent AB molecules. Squares
indicate contacts between AB molecules and H2 molecules. (B) A subset of Fig-
ure 7.5A showing the dihydrogen bonding between AB and H2 molecules only. The
open squares are contacts between the seven longer H2 molecules and AB molecules,
while the filled squares are contacts between the two shorter H2 molecules and AB
molecules. It clearly shows that H2 molecules of longer bond length tend to have
shorter dihydrogen bonding contacts with AB molecules, suggesting stronger inter-
molecular interactions between these H2 molecules and the AB host.

to pure AB structures, the dihydrogen bonds between the host AB molecules show

a more linear N–H· · ·H component and a more bent B–H· · ·H bonding, suggesting

that the protonic H in NH interacts with the B–H bond as a unit instead of just the

hydridic H in BH.

As molecular H2 forms this van der Waals compound with AB, dihydrogen bonds

between AB and H2 molecules as short as 2 Å are also constructed throughout the

network (Figure 7.4B). Interestingly, based on Bader charge partitioning [175, 176],

we find that these H2 molecules are weakly polarized. If the individual H atoms are

treated as point charges, we find an average H2 polarization of 0.07 Debye. These

H2 molecules can act as either proton donors or proton acceptors that form uncon-

ventional dihydrogen bonding with the host that can be described as H–H· · ·H–B or

H–H· · ·H–N, respectively. These types of bonding are unique compared to all previ-

ously reported hydrogen-rich solids and direct the molecular crystal’s architecture. As

a consequence, the intramolecular covalent bond of H2 is weakened. Detailed analysis
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of the bond length of the nine H2 molecules incorporated in the AB-H2 unit cell shows

that they can be divided into two groups (Figure S4). One group containing seven

H2 molecules shows an average of 0.3% elongation of the molecular H2 bond length,

which results in the observed substantial softening with modes just below 4200 cm−1

and a split of the H2 vibrons (Figure 7.3, left panel). The bond-length elongation

and bond-strength softening are likely attributable to the stronger intermolecular in-

teractions between AB and these H2 molecules that aid in their stabilization in the

new phase, as supported by their shorter H· · ·H distances to the AB molecules (Fig-

ure 7.5B). The other group of the remaining two H2 molecules is more loosely bound

to the AB molecules and does not show significant covalent bond weakening.

These bonding characteristics are supported by the comparison of the experimen-

tal Raman spectra and predicted vibrational modes for pure AB and AB-H2 structures

(Figure 7.3). We find a systematic deviation between the frequencies of our simulated

vibrational modes and our experimental spectra, which we compensate with a linear

frequency scaling [212, 213] s = kν + d, where s is the scaling factor, ν is the simu-

lated frequency, and k = −2.99 × 10−5 and d = 1.08. We find excellent agreement

especially in the H2 vibron and NH stretching regions. Experimentally, the onset of

the reaction between AB and H2 at 6.2 GPa was first recognized by the appearance

of a new soft H2 vibron that is 70 cm−1 below the main Q1(1) vibron of the free

H2, followed by the splitting of NH and BH stretching modes [205]. In fact, the AB-

H2 compound also contained a second, higher-frequency H2 vibron which overlapped

with the free H2 vibron at 6.2 GPa and only became visible at higher pressures due to

its larger blue shift with pressure than the free H2 vibron. The simulated H2 vibrons

of the AB-H2 compound not only predict the appearance of the soft H2 vibron, but

also reveal the higher-frequency set of modes that are not yet visible at this pressure

experimentally. The behavior of these H2 vibrons can be well understood as we map

out the intermolecular interactions between AB and H2 molecules and the different
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H2 environments as discussed above.

The structural complexity of this new phase also explains the increased spectral

intricacy of the experimental and simulated Raman spectra in the NH and BH stretch-

ing regions. In the NH stretching region, we match the two existing peaks from the

pure AB structure and also find vibrational modes corresponding to the three new

peaks from the AB-H2 structure. The modeled frequencies also reflect the experimen-

tally observed broadening when absorbing the additional H2 molecules. In the BH

stretching region, at first sight, our simulated spectrum from pure AB appears to miss

the lower-frequency peak observed experimentally. However, further analysis reveals

that our calculated lower-frequency peak has been upshifted by ∼ 75 cm−1 and is

thus in close proximity to the higher-frequency band around 2490 cm−1. From out

calculations, we can clearly distinguish the two peaks through the character of their

eigenvectors—in the lower-frequency peak multiple B–H stretches about one B atom

occur in phase, whereas in the higher-frequency peak they are out of phase, which

accounts for the slight gap in simulated frequencies. Encouragingly, the calculated

spectra of the new AB-H2 structure predicts each of the experimental peaks present

in AB-H2, especially the additional peak indicated in the right panel of Figure 7.3.

The broadening of the peak around 2500 cm−1 when compared against the pure AB

spectrum is also captured. Given that the Raman spectrum was not included in the

fitness function for the structure search, the excellent match between simulation and

experiment provides strong evidence that we have identified a ground-state structure

of the material at this chemical composition.

7.4 Conclusions

To the best of our knowledge, this is the first exact structure reported for such a

hydrogen-rich phase including a total of 26.8 wt% hydrogen. Except pure H2, the
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only compound that has been reported to contain a higher hydrogen content than

this AB-H2 phase is a methane-hydrogen complex (CH4)(H2)4 [184], for which the

structure and bonding are still poorly understood. Nevertheless, we also must point

out that for systems such as H2O-H2 [214], CH4-H2 [184], compounds with varying

compositions have been identified to be stable at high pressure. We believe there are

other potential stoichiometric AB(H2)x (x 6= 1.5) compounds that can be stabilized

at varying pressure and temperature conditions, which awaits further studies. Our

approach of combining XRD, Raman spectroscopy, and ab initio simulations to char-

acterize the structure and bonding of a system consisting of all light elements paves

the way for advanced materials identification and provides a strategy for pressure-

assisted materials synthesis and design that can be widely applied to other energy

materials systems.
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Chapter 8

5-fold Increase of Hydrogen

Uptake in MOF74 through

Linker Decorations

C. A. Arter, S. Zuluaga, D. Harrison, E. Welchman, and T. Thonhauser

I performed Bader charge calculations for this project and wrote the script to calcu-

late the radial distribution function. This research is published in Reference [215]; all

text, figures, and tables are reproduced with permission. c© 2016 by the American

Physical Society. Any stylistic variations result from the demands of the journal.
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Abstract: We present ab initio results for linker decorations in Mg-MOF74—i.e.

attaching various metals M = Li, Na, K, Sc, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Pd, Ag,

and Pt near the ring of the linker—creating new strong adsorption sites and thus

maximizing small molecule uptake. We find that in most cases these decorations in-

fluence the overall form and structure of Mg-MOF74 only marginally. After the initial

screening we chose metals that bind favorably to the linker and further investigate

adsorption of H2, CO2, and H2O for M = Li, Na, K, and Sc. For the case of H2 we

show that up to 24 additional guest molecules can be adsorbed in the MOF unit cell,

with binding energies comparable to the original open-metal sites at the six corners

of the channel. This leads to a 5-fold increase of the molecule uptake in Mg-MOF74,

with tremendous impact on many applications in general and hydrogen storage in

particular—where the gravimetric hydrogen density increases from 1.63 mass% to

7.28 mass% and the volumetric density from 15.10 g H2 L−1 to 75.50 g H2 L−1.

8.1 Introduction

With the growing interest in gas storage, separation, and sensing, metal organic

framework (MOF) materials have become the focus of intense research, as their nano-

porous nature and extraordinary affinity for adsorption of small molecules make them

ideal for these technologically important applications [216–218]. In addition, their

modular building-block nature allows for an unprecedented tune-ability, which can be

utilized to tailor their properties to desired needs, with remarkable success [219–225].

One property of much interest for many applications such as gas separation and

storage is the small-molecule uptake of MOFs. Although MOFs have been declared

DOE’s top priority at its 2012 Hydrogen and Fuel Cells Program Annual Review

Meeting due to their favorable H2 desorption characteristics [226], unfortunately, their
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gravimetric H2 storage density lags behind other classes of materials [17]. To fully

utilize the potential of MOFs for many applications in general—and for hydrogen

storage in particular—it is thus highly desirable to maximize their small-molecule

uptake and storage capacity.

In this letter, we focus on one particular MOF, i.e. MOF74 [X2(dobdc), X = Mg2+,

Zn2+, Ni2+, Co2+, and dobdc = 2,5-dihydroxybenzenedicarboxylic acid], and show

that the small-molecule uptake can be significantly increased by a simple linker dec-

oration. To maximize the gravimetric storage density, we focus on the lightest repre-

sentative of the isostructural series X -MOF74, i.e. Mg-MOF74, which exhibits hexag-

onal channels with under-coordinated open-metal sites at the corners, forming the six

main adsorption sites in the unit cell (see Figure 8.1). Although secondary adsorption

sites exist near the linker [227], they typically bind the guest molecules much more

weakly. We thus seek to introduce additional adsorption sites, comparable in binding

strength to the original under-coordinated open-metal sites. To this end, we consider

two different linker decorations, which we call center (c) and outside (o), where we

attach metal atoms M near the ring of the 2,5-dihydroxybenzenedicarboxylic acid

linker of MOF74, as depicted in Figure 8.1. These decorations were motivated by

other organometallic compounds and metalloligands [228–233], as well as successful

modifications in other MOFs [60, 234–245]. Our selection of metals M = Li, Na, K,

Sc, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Pd, Ag, and Pt was influenced by previous studies

that investigate metal interactions with benzene [246–250]. In this paper, we show

that a number of these metals favorably bind to the linker and, in turn, form new

and strong adsorption sites that can bind several additional guest molecules.

Synthesizing our proposed linker decorations may be possible with molecular beam

methods that utilize a combination of laser-vaporization methods and flow-tube re-

actors, which have been successful in creating very similar transition-metal benzene

complexes [251]. It is also possible to use condensation methods, which have been used
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Decoration 
center

Decoration 
outside

top view of linker

top view of linker

Figure 8.1: MOF74 with modified linker 2,5-dihydroxybenzenedicar-
boxylic acid. (top) Decoration center, where one metal atom is attached
on each side of the linker, directly above and below the center of the
ring. (bottom) Decoration outside, where one metal atom is attached on
each side of the linker, outside the ring of the linker. Carbon atoms are
depicted as grey, oxygen is red, hydrogen is white, and the additional
metals are blue. The six original open-metal sites are visible as green in
the corners of each channel.
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to synthesize other Li-benzene structures [252]. Solvent methods may provide more

success in creating our modified linkers due to the larger yield compared to molecular

beam methods as well as the lower temperatures needed to form the organometallic

structures. However, the most promising route may be to synthesize the decorations

in situ, as recently demonstrated successfully for Li and Na in another MOF [245].

8.2 Computational Details

To study the binding in modified MOF74 we performed ab initio calculations at

the density functional theory level, as implemented in quantum-espresso [113].

To account for van der Waals interactions, which play an important role in adsorp-

tion in MOFs [253–256], we employed the newly developed spin-polarized exchange-

correlation functional svdW-DF-cx [111, 112, 130, 163]. We used norm-conserving

pseudopotentials with a plane-wave cutoff of 1088 eV, resulting in a convergence to

within 1 meV for energy differences. We used Hubbard U corrections for the localized

d electrons of Cr, Mn, Fe, Ni, and Cu with the corresponding U values of 3.5, 4, 4,

6.4, and 4 eV [253,257,258]. Mg-MOF74 has a primitive rhombohedral unit cell with

space group R3̄ and 54 atoms; starting from the experimental atom positions and

lattice parameters of a = 15.117 Å and α = 117.742◦ [221,259], we added metals and

guest molecules as appropriate, relaxing all geometries until the forces on all atoms

were less than 5 meV/Å. As a result of our relaxation, bond lengths differ from the

experimental structure on average by approximately 2% (with a standard deviation

of less than 1%). As even our highest loading of hydrogen generated only negligi-

ble pressure, further relaxations of the unit cell parameters upon loading were not

necessary. Ab initio Car-Parrinello molecular dynamics (CPMD) simulations were

performed with the cp code of quantum-espresso [113], using a fictitious electron

mass of 400 a.u. and a time step of 5 a.u. The simulations ran for 20 ps, the first ps
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Table 8.1: Binding energy ∆E [eV per metal atom] of the various metals M to the
MOF at decoration center (c) and outside (o), see Figure 8.1. ∆Ecluster [eV per metal
atom] indicates how much more favorable the binding to the decoration is compared
to forming a small metal cluster.

M ∆Ec ∆Ec
cluster ∆Eo ∆Eo

cluster

Li −1.313 −0.423 −1.834 −0.944
Na −0.824 −0.269 −1.166 −0.611
K −1.179 −0.726 −1.517 −1.064
Sc −2.324 −1.316 −2.163 −1.155

of which was used for thermalization.

8.3 Results and Discussion

8.3.1 Metal Screening

In order to pre-screen the long list of possible metals mentioned above for our two

decorations, we calculated their binding energies to the linker, particularly focusing

on the center decoration depicted in Figure 8.1. Note that this decoration is also

stable in the gas-phase linker with nearly identical binding energies and we will use

this fact later to estimate the favorable influence of the MOF environment on small-

molecule adsorption; decoration outside only exists in the MOF and is not stable in

the gas-phase linker, as the metal atom is located between the linker and its nearest

periodic replica. In our pre-screening we found that Cr, Ni, Cu, Zn, and Ag do not

bind. In addition, we found that Pd and Pt result in a very strong binding and

warping of the linker, as those atoms bind closer to a carbon of the ring; we do not

consider those metals either. Finally, we find that the heavy elements Mn, Fe, and Rb

also bind favorably to the linker. However, a priori, it was not clear which ones will

bind well, so we considered them all. Now, that we have already found several light

metals that bind favorably, to keep the gravimetric storage density high we focus on

the shortened list of M = Li, Na, K, and Sc; the binding energies of those metals
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Table 8.2: Atomic radii r [Å], [260] binding distances d [Å], and calculated Bader
charges q [in units of e, showing electron loss relative to the neutral unit] for eachM
at decoration center (c) and outside (o). For c the distance is measured to the center
of the linker ring (dcM−C6

) and for o it is measured to the nearest oxygen (doM−O).

M r dcM−C6
qc doM−O qo

Li 1.67 1.65 0.84 1.84 0.89
Na 1.90 2.37 0.52 2.43 0.88
K 2.43 2.56 0.58 2.71 0.83
Sc 1.84 2.19 0.61 2.33 0.78

are listed in Table 8.1. Binding energies are generally strong and on the order of eV.

For Li, Na, and K decoration outside shows stronger binding compared to decoration

center. However, part of that difference is alleviated when guest molecules bind more

favorable to the center decoration, as described below. As such, we expect that under

practical circumstances a mixture of both decorations might occur. In addition, we

give in Table 8.1 values for ∆Ecluster, which show the energy difference of forming

the six decorations via binding to the MOF linkers versus binding to themselves and

forming a small six-atom metal cluster; all numbers are negative, indicating that the

decorations are stable with respect to cluster formation.

The binding characteristics of the various metals can be further analyzed and

Table 8.2 reports the distances at which the metal M binds to the MOF as well as

the Bader charge [175,176] associated with that metal after adsorption. While charge

partitioning schemes in general are not unique, one can still gain useful, qualitative

information. The distance reported for the center decoration is the distance from the

metal atom to the center of the linker ring; for the outside decoration it is the distance

from the metal to the closest oxygen atom found at the end of the adjacent linkers (in

this case the metal sits in-between two linkers and binds to the two oxygens of those

linkers with the same binding distance). As can be seen, these distances correlate

very well with the atomic radii—even for Sc, which is different in nature with its

single d electron compared to Li, Na, and K with single s electrons. The Bader
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charges in Table 8.2 tell us how many electrons each metal is giving up when binding.

The correlation is generally as expected—closer binding distances show more loss of

charge—but the relation is not strictly monotonic. Comparing the Bader charges to

the binding energies in Table 8.1, we see that it correlates well for the alkali metals

on the center decoration. However, it also suggests that the binding mechanism is

different for the transition metal Sc, as it binds strongly but only gives up little

charge. The variation in the Bader charge for the outside decoration is significantly

less compared to the center decoration and correlations to binding distances and

energies are thus less clear. Finally, the electron loss of the metal in the outside

decoration is typically significantly more compared to the center decoration, which

is a result of the difference in the Pauli electronegativity of the atoms the metal

interacts with in both cases, i.e. O (3.44) vs. C (2.55) [125]. This also partly explains

the typically stronger binding of the outside decoration.

It is also interesting to assess the effect of the decoration on the structure of

the MOF itself. From our gas-phase simulations (see the supplemental material),

we know that some metal decorations can deform and warp the gas-phase linker.

However, inside the MOF, the linker is structurally stabilized by the surrounding

MOF—except in the case of Pd and Pt, as mentioned above. In summary, we find

that the decoration at site center causes a distortion with an average bond-length

change of 1.4% (with a standard deviation of 1.3%); the outside decoration causes

larger bond-length changes of 2.9% (with a standard deviation of 1.9%). As expected,

the distortion is very localized and the largest changes in bond-lengths for decoration

center occur in the linker ring—where we find bond-length changes around 4%—and

for decoration outside near the Mg metal sites with almost 5%.
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Table 8.3: Binding energy ∆E [eV per guest molecule] of one H2, CO2, and H2O
molecule to each metal of decoration center (c) and outside (o). In comparison, the
corresponding binding energies of those molecules at the open-metal sites are −0.15,
−0.50, and −0.79 eV, respectively [254].

M H2 CO2 H2O
∆Ec ∆Eo ∆Ec ∆Eo ∆Ec ∆Eo

Li −0.240 −0.218 −0.620 −1.336 −1.018 −0.956
Na −0.080 −0.190 −0.655 −1.941 −0.899 −0.975
K −0.240 −0.131 −0.668 −2.084 −0.967 −0.891
Sc +0.096 −0.077 −1.061 −2.342 −0.981 −1.130

Table 8.4: Same as Table 8.3, except that the open-metal sites at the corners are
now in addition occupied with a guest molecule of the same kind. There are 12 guest
molecules, 6 at the open-metal sites and 6 at the decorations.

M H2 CO2 H2O
∆Ec ∆Eo ∆Ec ∆Eo ∆Ec ∆Eo

Li −0.191 −0.178 −1.200 −0.942 −1.058 −1.058
Na −0.081 −0.166 −0.862 −0.756 −0.970 −0.949
K −0.196 −0.175 −1.044 −0.871 −0.981 −0.885
Sc −0.046 −0.183 −1.511 −1.768 −0.898 −1.159

8.3.2 Small-Molecule Uptake

We now turn to the effect of the linker decorations on small-molecule uptake. Tables

8.3 and 8.4 show the binding energy of H2, CO2, and H2O to our two linker dec-

orations. Zero-point and vibrational-enthalpy corrections at room temperature are

typically small for these molecules in MOF74 [254]. In Table 8.3 we report the binding

energy of one guest molecule to each decoration. While we started by pointing each

guest molecule away from the decoration and toward the center of the channel, we

found that for certain cases (c and o of H2 bound to Li; o of CO2 bound to Li, Na, K,

and Sc) after optimization the guest molecule binds between the decoration and the

open-metal sites in the corners of the channel. This double-binding process allows for

a very strong adsorption and in some cases even chemisorption. The relative binding

strengths between the center and outside decoration varies with adsorbate and metal.

However, the fact that for CO2 the outside decoration always shows much more fa-
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Table 8.5: Same as Table 8.2, but in addition we also show the distance dM−X from
the metal M to the closest atom of the adsorbate X for X = H2, CO2, and H2O.
Values for electron loss larger than 1.00—which we found twice for Sc as an artifact
of the Bader charge analysis—are reported as 1.00, indicating that Sc has completely
lost its 3d electron.
M dcM−C6

dcM−X qc doM−O doM−X qo

X = H2

Li 1.65 1.97 0.87 1.87 2.18 0.89
Na 2.29 2.60 0.67 2.45 2.92 0.88
K 2.51 3.22 0.79 2.72 2.97 0.85
Sc 2.15 2.35 0.80 2.29 2.30 0.97

X = CO2

Li 1.72 1.97 0.88 1.94 2.01 0.89
Na 2.31 2.33 0.87 2.51 2.21 0.89
K 2.56 2.77 0.84 3.46 2.65 0.88
Sc 2.15 2.40 1.00 2.25 2.17 1.00

X = H2O
Li 1.76 1.87 0.88 1.93 1.92 0.89
Na 2.44 2.45 0.85 1.93 2.33 0.90
K 2.64 2.83 0.83 2.89 2.84 0.85
Sc 2.24 2.35 0.90 2.26 2.31 0.95

vorable binding in Table 8.3 is an artifact of this double-binding and is resolved in

Table 8.4, where double-binding was carefully avoided as discussed below. The length

of the CO2 molecule combined with the location of the metal in the outside decoration

(see Figure 8.1) makes this arrangement very susceptible to double-binding.

Comparing the binding energies in Tables 8.3 an 8.4 to the original binding energies

of H2, CO2, and H2O at the open-metal sites of −0.15, −0.50, and −0.79 eV [254],

we see that we have created very attractive new binding sites. Note that H2 in the

Sc case does not bind to the center decoration, as indicated by the positive binding

energy.

The binding of the various guest molecules has been further analyzed in Table 8.5,

where we show the corresponding binding distances and Bader charges after adsorp-

tion. Comparing with Table 8.2, the change in dcM−C6
and doM−O upon adsorption of
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the guest molecule shows no simple trend. However, the case of H2 on Li is important

for the discussion in Section 8.3.4, so we point out here that the adsorption of H2

elongates the metal–MOF bond (and thus weakens it) more so for the outside deco-

ration compared to the center one. Also, as expected, upon adsorption in all cases

the electron loss of the metal increases, as some electron density is now also used for

binding the guest molecule. This effect is more noticeable for the center decoration.

Furthermore, the electron loss of the metal generally follows to following behavior: It

starts with a value of approximately 0.88 e for Li, then this value drops and reaches

its lowest value either for Na or K, to then finally reach its highest value for Sc. At

least for the alkali metals, comparing Table 8.2 and 8.5, the change in q upon ad-

sorption increases from Li to Na and K, as suggested by the electronegativities of the

metals [125]. However, Sc—with its 3d electron—does not adhere to that pattern.

Finally, the distance from the metal to the guest molecule dM−X does consistently

follow the pattern of atomic radii in Table 8.2.

The double-binding of one guest molecule to a decoration and the open-metal site

at the same time does not increase the number of binding sites and is undesirable for

our purpose. This does not happen if we increase the guest molecule partial pressure

such that the open-metal sites are also occupied with another guest molecule. We

report in Table 8.4 the average binding energy of a guest molecule to the decoration

while another guest molecule of the same kind is adsorbed at the open-metal sites at

the corners. In this scenario, there are 12 guest molecules in the unit cell, six at a

decoration and six at the open metal sites. Note that for this partial pressure of guest

molecules, this is the ground state for almost all cases in Table 8.4.1 In other words,

it is typically energetically favorable at higher loadings to bind more guest molecules

(both at open-metal sites and decorations) rather than binding some of them strongly

through double-binding and not binding the others at all. As an example, looking at

1CO2 binding to a Na and K outside decoration is an exception, where double-binding is the
ground state even for higher partial CO2 pressures.
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Table 8.6: Average binding energy per guest molecule ∆Eavg [eV] and incremental
binding energy ∆Einc [eV], i.e. the increase in binding energy upon adsorption of each
additional guest molecule, for the binding of n H2 molecules at the center (c) and
outside (o) decorations. The open-metal sites are occupied with one H2 molecule to
prevent double binding.

n ∆Ec
avg ∆Ec

inc ∆Eo
avg ∆Eo

inc

1 −0.191 −0.191 −0.178 −0.178
2 −0.187 −0.179 −0.165 −0.139
3 −0.166 −0.101 −0.155 −0.126
4 −0.155 −0.114 −0.145 −0.106

the Li center decoration with H2 loading: With 12 H2 molecules in the unit cell we

can either bind 6 of them strongly through double-binding, leaving no open binding

sites for the remaining 6, who thus remain unbound. This results in an overall binding

energy of −0.240× 6 = −1.44 eV (see Table 8.3). On the other hand, we can break

the double-binding and allow all 12 H2 molecules to bind, resulting in a much more

favorable overall binding energy of −0.191 × 12 = −2.29 eV (see Table 8.4), which

thus becomes the ground state at higher hydrogen partial pressure.

Tables 8.3 and 8.4 show that we have truly created additional, attractive bind-

ing sites, doubling the number of binding sites compared to the unmodified system.

It is also interesting to see that in several instances CO2 binds more strongly than

water—a well sought-after property for effective carbon-capturing applications [255].

In general, binding energies and distances of our Li-decorated linker and adsorbed hy-

drogen are comparable to ab initio studies on metallized graphene [261,262], aromatic

carbon compounds [263], alkali-metal doped carbon nanotubes [232], organolithium

nanostructures [229] and other Li-decorated MOFs [234–236, 242, 264], see the sup-

plemental material.
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8.3.3 High-Loading Case of Hydrogen

Up to now, we have only attached one guest molecule per decoration. However,

it has been shown that similar decorations can bind more than one guest molecule

[229, 231–235, 242, 261, 262, 264]. We now seek to bind several guest molecules per

decoration and thus maximize the overall molecule uptake. To keep the gravimetric

storage density high, we focus on the Li decoration only and study as an example

the binding of several H2 molecules. Table 8.6 shows the average binding energy per

guest molecule ∆Eavg and the incremental binding energy ∆Einc, i.e. the increase in

binding energy upon adsorption of each additional guest molecule; binding geometries

are depicted in the supplemental material. It is immediately apparent that the Li

decoration can bind up to four H2 molecules with strength similar to the −0.15 eV

of the open-metal site [254]. Of particular interest is the incremental binding energy,

showing that each additional H2 molecule still binds with a significant binding energy.

Although, as expected, the incremental binding energy decreases with an increase of

bound H2 molecules, it is still very favorable even for four H2. The system thus

favorably binds up to 24 additional guest molecules, i.e. 4 molecules each at the

6 added Li decorations, in addition to the 6 H2 molecules at the open-metal sites.

Interestingly, when loading the MOF with 24 additional hydrogen molecules, the

calculated pressure increases only insignificantly in comparison to the empty MOF.

Throughout the loading we also noticed that the distance from the Li decoration to

the linker ring changes from 1.65 Å (no loading) to 1.69 Å (full loading), see Table

I in the supplemental material; other structural impacts of the loading are negligible

and bond lengths change only on the order of 0.5 % on average. We also studied

situations with more than four additional H2 molecules per Li decoration, but the

incremental binding energy becomes less favorable and eventually the system also

develops a small but noticeable pressure.

As expected, for both decorations the incremental binding energy decreases with
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the addition of more H2—with the exception of three H2 on the center decoration.

Looking at the Table II in the supplemental material sheds light on this peculiarity.

For low loading (one and two H2) the hydrogen molecules for both decorations stay

close to either the original metal site or the new Li site, so that there is always an

interaction with a nearby metal. However, when adding the third H2, we see that in

the center decoration some molecules are pushed towards the middle of the channel

and are very loosely bound without any direct metal interaction, resulting in the low

incremental binding energy in this case. Note that this is not the case for the outside

decoration, where the asymmetry of the Li site provides for more room. Looking

at the last row of that table, we see that now six H2 molecules are pushed towards

the middle of the channel—they now gain lateral interactions with each other, which

more than compensates for the loss of interactions with nearby metals and increases

the incremental binding energy again.

It is interesting to compare the binding to the center decoration in the MOF and

gas-phase linker;2 all binding geometries/energies are given in the supplemental ma-

terial. We find that even the gas-phase linker can favorably bind four H2 molecules.

In the MOF cavity however, the binding is more interesting. While the first three

H2 molecules can be said to bind to the decoration, the fourth molecule binds with

−0.114 eV towards the center of the channel (see Table 8.6 and supplemental ma-

terial), significantly stronger than the −0.080 eV to the gas-phase linker. It is thus

the MOF cavity, together with the decoration and lateral interactions with other

hydrogen molecules, that create this favorable binding for the fourth molecule. To

verify this effect, we also performed simulations with the same number of hydrogen

molecules, but without the decoration, and find that the incremental binding energy

of the fourth molecule is only −0.058 eV.

The unmodified Mg-MOF74, assuming one H2 molecule per open-metal site, has a

2The outside decoration is not stable in the gas phase, so the comparison cannot be done in that
case.
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gravimetric hydrogen storage density of 1.63 mass%. When adding the Li decoration

with n H2 molecules attached to it, this number increases to 3.05 (n = 1), 4.50

(n = 2), 5.91 (n = 3), and 7.28 mass% (n = 4). The volumetric density also increases

drastically—the unmodified Mg-MOF74 has a value of 15.10 g H2 L−1 for six H2

molecules located at the six open-metal sites—and our Li decorations with additional

4 H2 molecules per site reaches even 75.50 g H2 L−1, i.e. a 5-fold increase.

8.3.4 Finite Temperature Behavior

To investigate the hydrogen uptake and stability of our proposed Li decorations in

real-world situations, we study them at 1 bar and 77 K, 200 K, and 298 K using ab

initio CPMD simulations. We model the high-loading regime with one H2 molecule

at each open-metal site and 4 H2 molecules at each Li decoration. In Figure 8.2

we plot the corresponding Li–H radial distribution functions gLi–H(r). For the cen-

ter decoration we see that the arrangement is stable up to room temperature. At

77 K the integral of the first peak shows that there are 3.1 H2 molecules in the im-

mediate proximity of the Li. The small peak at 3 Å corresponds to the hydrogens

in the linker and is thus not of interest. The peak around 4 Å corresponds to the

H2 molecules from the nearest neighbor Mg metal sites as well as an additional H2

molecule towards the center of the pore. Once we reach the peak around 5 Å, we

start to encounter H2 molecules from other Li adsorption sites, and by the time we

reach the peak around 8 Å and 11 Å, we have hit all the H2 molecules inside the

pore as well as some from surrounding pores. At higher temperatures, the first peak

still integrates to 2.75 H2 molecules. But, the remaining hydrogen molecules—due

to thermal fluctuations—distribute now more evenly across the pore and the radial

distribution function flattens at around 4 Å. However, the loss of structure in gLi–H(r)

does not indicate that the hydrogen molecules are not bound—we know from the

incremental binding energy in Table 8.6 that all H2 molecules bind favorably to the
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Figure 8.2: Li–H radial distribution functions gLi–H(r)
for the center and outside decorations at 1 bar and tem-
peratures of 77 K, 200 K, and 298 K. The 298 K radial
distribution function for the outside decoration is not
shown, as this decoration becomes unstable at that tem-
perature.

system with significant binding energy.

A similar analysis can be done for the outside decoration. The main difference,

however, is that this decoration is not stable at room temperature and throughout the

simulation at that temperature we observe Li detaching from the linker. At first, this

result seems surprising, as Table 8.1 shows that Li is bound to the linker considerably

stronger in this scenario and one would expect that the center decoration becomes

unstable before the outside one does. However, that table only shows the binding

of Li by itself and increased loading with H2 weakens that binding in different ways

for both decorations. Comparing Table 8.2 and 8.5 we see that adsorption of H2

has no noticeable effect on the metal–MOF bond in case of the center decoration,

where dcM−C6
remains unchanged. On the other hand, for the outside decoration

the adsorption of already one hydrogen molecule leads to a noticeable elongation of

the bond length doM−O, indicating a weakening of that bond and explaining why the

outside decoration becomes unstable before the center one does under high hydrogen
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loading conditions.

8.4 Conclusions

In summary, we propose linker decorations for MOF74, i.e. the binding of a metal

above and below the linker’s ring, to create new strong adsorption sites. We show

that this simple decoration increases the small-molecule uptake significantly, as each

of them can bind several additional guest molecules. When using Li to create new

adsorption sites, we find that its binding of guest molecules is comparable in strength

to the already existing open-metal sites. For the case of hydrogen storage, we find

further that up to four additional hydrogen molecules can be adsorbed per Li site,

increasing the hydrogen uptake by a factor of 5.

CAA and SZ were supported by DOE Grant No. DE–FG02–08ER46491 and were

responsible for all MOF aspects of this study. DH an EW were supported by NSF

Grant No. DMR–1145968 and supported all hydrogen storage aspects of this study.

131



Chapter 9

H4-Alkanes: A New Class of

Hydrogen Storage

Material?

D. Harrison, E. Welchman, and T. Thonhauser

I performed some early calculations for this project, wrote the script to calculate

the radial distribution function, and helped to edit the manuscript. This research is

published in Reference [265]; all text, figures, and tables reproduced with permission.

c© 2017 Elsevier B. V. Any stylistic variations result from the demands of the journal.
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Abstract: The methane-based material (H2)4CH4, also called H4M for short, is

in essence a methane molecule with 4 physisorbed H2 molecules. While H4M has

exceptionally high hydrogen storage densities when it forms a molecular solid, unfor-

tunately, this solid is only stable at impractically high pressures and/or low tempera-

tures. To overcome this limitation, we show through simulations that longer alkanes

(methane is the shortest alkane) also form stable structures that still physisorb 4 H2

molecules per carbon atom; we call those structures H4-alkanes. We further show

via molecular dynamics simulations that the stability field of molecular solids formed

from H4-alkanes increases remarkably with chain length compared to H4M, just as

it does for regular alkanes. From our simulations of H4-alkanes with lengths 1, 4,

10, and 20, we see that e.g. for the 20-carbon the stability field is doubled at higher

pressures. While even longer chains show only insignificant improvements, we discuss

various other options to stabilize H4-alkanes more. Our proof-of-principle results lay

the groundwork to show that H4-alkanes can become viable hydrogen storage mate-

rials.

9.1 Introduction

In the search for a clean and renewable replacement for fossil fuels, using hydrogen as

an energy carrier represents the ideal solution [23,24,35]. Unfortunately, hydrogen is

not practical for mobile applications in its natural state because of its low volumetric

density. Many potential approaches and materials for solving this problem have

been explored [17,28], but (H2)4CH4—also known as H4M—demonstrates the largest

volumetric and gravimetric densities of any known hydrogen storage material [64,214];

its 50.2 mass% (33.3 mass% without the hydrogen in CH4) and 0.15 kg H2/L far exceed

the ultimate gravimetric and volumetric density targets for hydrogen storage materials
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Figure 9.1: A single (H2)4CH4 molecule.
This material is also called H4M, as four
hydrogen molecules are bound to one
methane.

set by the Department of Energy (DOE) [21, 121, 266]. H4M was first discovered

almost two decades ago [267] and contains four H2 molecules bound to a CH4 methane

molecule by van der Waals interactions, see Figure 9.1. Unfortunately, H4M requires

extreme conditions to remain stable (65 K at ambient pressure or 5–6 GPa at ambient

temperature) [268, 269] and despite its great promise has seen little study beyond

property characterization. Due to the narrow stability range of H4M, any attempt to

harness its high storage densities requires further stabilization. To this end, previous

work has attempted to use external agents such as metal organic frameworks, carbon

nanotubes, boron nitride nanotubes, graphite, or hexagonal boron nitride [64, 270].

Although relatively little work has been done on H4M specifically, other relevant

works include investigations of high-pressure systems and the extensive work done on

clathrates, a class of materials to which H4M is related [188,271–275].

Rather than try to improve the stability of H4M directly, we instead use H4M as

the inspiration to study a new class of materials. Alkanes are hydrocarbon chains of

the form CnH2n+2. Of particular interest is their increase in melting and boiling point

with chain length n, as seen in Figure 9.2. For example, as chain length increases
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Figure 9.2: Melting and boiling temperatures for alkanes
as a function of chain length n. Data taken from standard
organic chemistry textbook [276].

from n = 1 to n = 6, the melting and boiling temperatures increase by over 100 and

200 ◦C, respectively [276]. This increase in the melting/boiling temperatures is due

to the additional long-range interactions among the longer chains. Because H4M is

essentially an alkane chain with n = 1 (i.e. methane) and 4 physisorbed H2 molecules,

we hypothesize that if we physisorb 4 H2 per carbon atom to a longer alkane chain, it

would form a stable compound with a higher melting point than H4M. This results in

a new class of materials of the form (H2)4nCnH2n+2, which we call H4-alkanes. In the

following, we show that such materials can be stable and that the stability of these

materials increases with chain length, analogous to how the stability of regular alkane

chains increases with length. To this end, we calculate the phase diagrams of several

H4-alkanes of various lengths. In particular, we determine the melting temperatures

of chains with lengths n = 1, 4, 10, and 20 for pressures ranging from 0 GPa to

6 GPa in increments of 1 GPa. These chain lengths were chosen because they are

representatives of gaseous (n = 4), liquid (n = 10), and solid alkanes (n = 20) under

ambient conditions; even chain lengths n were chosen because they show a larger

increase of stability going from n − 1 to n compared to odd ones (see e.g. the step-

structure in the blue line in Figure 9.2). We will refer to H4-alkanes of length n as

“n-carbon,” except for the case of n = 1, which we will continue to call H4M.
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9.2 Computational Details

9.2.1 Structure Searches

Structure searches for the various H4-alkanes with n = 1, 4, 10, and 20 were per-

formed with the structure search program Universal Structure Predictor: Evolution-

ary Xtallography (Uspex) [131–133,208] in conjunction with the program Large-Scale

Atomic/Molecular Massively Parallel Simulator (Lammps) [277]. The potential used

was the Adaptive Intermolecular Reactive Empirical Bond Order (Airebo) poten-

tial [278,279], which is specifically parameterized for hydrocarbons; a value of 3.0 was

used for the Lennard–Jones sigma scale factor. Note that the Airebo potential does

not include three-body dispersive interactions, which can have small but noticeable

effects [280]. Uspex was configured to run a three-dimensional molecular structure

search—with the two constituent molecules being the alkane and hydrogen molecule—

with a population size of 20 at each generation [133]. Structures kept from previous

generations were re-relaxed and a stopping criteria of 6 generations was used; that is,

if the same structure had the lowest energy for 6 consecutive generations, the struc-

ture search was ended. Due to their smaller size, 8 and 4 alkane molecules (and the

corresponding number of hydrogen molecules) were used for H4M and the 4-carbon,

respectively, while for the 10-carbon and 20-carbon 2 alkane molecules were used per

unit cell. For each generation, the structures produced by Uspex were relaxed in

Lammps, first by running a short molecular dynamics (MD) simulation at 10–50 K

(increasing linearly) and 6 GPa for 0.5 ps before using the conjugate gradient method

(again with the simulation cell at a pressure of 6 GPa).

9.2.2 Molecular Dynamics Modeling

The best (i.e. lowest energy) structures obtained from the structure search were then

used as the starting structure for our MD simulations, again using Lammps in con-
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junction with the Airebo potential. A time-step of 0.5 fs was used. For each H4-

alkane, a supercell was created such that the length of each unit cell vector was at

least 19 Å, resulting in at least 2200 atoms per unit cell. Many MD simulations were

then performed on the system at a variety of temperatures and pressures, with pres-

sure ranging from 1 atm to 60,000 atm in increments of 10,000 atm (i.e. ∼0 GPa to

6 GPa in increments of 1 GPa) and temperatures being probed in increments of 10 K

until a clear criteria of melting was fulfilled. Every simulation was run for a total of

11 ns, with the first nanosecond being used for equilibration and the remaining 10 for

analyzing melting criteria.

9.2.3 Criteria for Melting

Rather than using the radial distribution function—a standard method for identify-

ing melting in a material—we designed a simple, non-graphical order parameter to

streamline the process of identifying melting in a large number of simulations. We

used the following criteria: if the standard deviation in any of the lattice angles α,

β, or γ was greater than 5◦ (with data taken over the last 10 nanoseconds of our

MD run), it was considered to be a liquid. The justification for this criteria is that

liquids have zero shear modulus, and the shear modulus is essentially a shear stress

divided by the resultant change in angle, so we expect a large increase in the standard

deviation of the lattice angles after the material melts. We found this criteria to agree

very well with the loss of long-range order in the alkane-alkane center-of-mass radial

distribution plots for all of our H4-alkanes. As an example, the standard deviations

of (α, β, γ) in degrees for the 4-carbon at 6 GPa and 230 K and 240 K (with radial

distribution functions shown in Figure 9.3) were (0.295, 0.306, 0.236) and (12.280,

14.325, 16.223), respectively. Compared to Figure 9.3, we can see that the loss of

structure going from 230 K to 240 K corresponds very well with a sharp increase in

the variance of the lattice angles. We explicitly show how the lattice angle behavior
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Figure 9.3: Alkane-alkane center-of-mass radial distribution
function g(r) of the 4-carbon at 6 GPa and 230 K and 240 K.
While the material at 240 K exhibits a complete loss of long-
range order at 7 Å and can thus be considered molten, at 230 K
there is order out to 15 Å and beyond, indicating a solid phase.
The units of the y-axis are normalized so that 1 corresponds to
the average density.

changes upon melting in Figure 9.4, where we plot γ over the full MD run. We see

this same degree of correspondence between radial distribution function and angle

variance at all of the pressures we have studied (0 to 6 GPa). For a few selected cases

we have also studied the energy vs. temperature behavior and saw ‘jumps’ at the

phase transitions. However, the melting temperatures derived from this approach co-

incide exactly with the temperatures found by our method of analyzing the deviation

in lattice angles, which we find computationally easier to monitor and automate.

Another way of determining melting would be with a two-phase calculation, where

one phase is in the solid state and the other phase is in the liquid state. Below and

above the melting temperature, one of the phases grows while the other shrinks. This

process is not applicable here, as the unit cells are already very large for the longer

chains and alkanes become very “waxy” structures as the chains get longer, resulting

in a slow moving of the phase boundary. In addition, the structures of the liquid state

of H4-alkane are not known either and would require structure searches at elevated

138



0 2 4 6 8 10

Time  [ns]

80

90

100

110

120

130

140

150

γ
  

[°
]

230 K
240 K

Figure 9.4: Lattice angle γ of the 4-carbon over a full MD run
at 6 GPa. A clear transition is visible, introducing a significant
deviation, when the temperature changes from 230 K to 240 K.
The occurrence of this distinct feature coincides exactly with
the change in the radial distribution function in Figure 9.3 and
thus provides a convenient metric for determining whether a
particular H4-alkane is molten or solid.

temperatures, for which no clear path exists.

9.3 Results and Discussion

9.3.1 H4-Alkane Structures

Our goal in performing a structure search for H4M or any of the other H4-alkanes

was not foremost to find the true ground-state structures and global minimum, but

to have a consistent method for generating a reasonable starting structure for our

MD simulations. Nonetheless, we briefly discuss here the structures found for H4M

and the other H4-alkanes, shown in Figure 9.5. Note that simply putting H4-alkanes

more or less arbitrarily into a large unit cell results in a lot of chain-breaking, which

the structure search avoids.

Although the true structure of H4M remains unknown, previous investigations

have suggested highly ordered structures (e.g. body-centered tetragonal or body-
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a) b)

c) d)

Figure 9.5: Structures found for a) H4M, b) 4-carbon, c) 10-carbon, and d) 20-
carbon. Certain carbon atoms have been color-coded so that it is clear which chains
are distinct and which are periodic images.
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centered orthogonal) [64, 267, 281]. In contrast, although we find an approximately

orthorhombic unit cell, it is not body-centered. Note that Reference [281] screened

many different randomly generated structures using classical force fields, whereas

Reference [64] did not generate random structures, but instead compared several

high-symmetry structures using DFT. In contrast, we used an evolutionary random

structure search algorithm in conjunction with Lammps. Comparing the energy of

our H4M structure to a body-centered orthogonal structure (such as suggested by Ref-

erence [281]) at a pressure of 6 GPa upon relaxation using Lammps, we find the struc-

tures to be nearly isoenergetic, with an energy difference of less than 4 meV/atom.

For the other H4-alkanes we find that, as the chain length increases, there is more

order among the chains. The 4-carbon structures seem to have aligned alkane slabs

with alternating tilt, whereas in the 10-carbon structure the alkane chains are pointed

in the same direction, although with an offset to one another. The 20-carbon structure

is most ordered, with the alkane chains mostly in alignment with one another, forming

a rhombus.

9.3.2 Comparison with Experiment

To test our approach, we first perform a structure search and MD simulations for H4M

to find its phase diagram, which can be compared with experiment. In Figure 9.6,

we find near exact agreement of the phase diagram for lower pressures, although our

results increasingly under-predict the melting temperature compared to experiment

as the pressure increases. This error is likely due to the Airebo potential being

optimized for lower pressures. Even so, the error is still very reasonable for melting

temperatures calculated with empirical force fields, especially considering we are more

interested in trends, i.e. differences, in melting temperatures as chain length increases,

rather than their absolute values.
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Figure 9.6: Calculated phase diagram for H4M compared to ex-
perimental data taken from Mao et al [268,269]. The experimen-
tal melting curve is defined by the points where H4M solidified
upon temperature decrease.

9.3.3 Phase Diagram of H4-Alkanes

The most pertinent results of our study are collected in Figure 9.7, where we depict

the phase diagrams for the various H4-alkanes. We do see a clear trend of increasing

phase stability and melting temperature as chain length increases. For the 20-carbon

at 6 GPa the increase is over 200 K (relative to H4M), i.e. a doubling of the stability

field. From comparing the melting temperatures at lower pressures to those at higher

pressures, we see that, although there is a significant increase in melting temperature

compared to H4M for the longer chains at higher pressures (i.e. 2–6 GPa), there is

almost no difference or even a decrease in melting temperature at lower pressures.

To verify that this decrease is not merely an artifact of the Airebo potential used,

we also calculated the melting temperatures for pure butane (n = 4) and octane

(n = 8) at ambient pressures after performing an abbreviated structure search, finding

melting temperatures of 190 K and 290 K. Although these values are ∼60 K above the
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experimental values (see Figure 9.2), they still show a consistent stabilization with

chain length. The most reasonable explanation for the decrease in stability at ambient

pressure is that there are competing interactions between the increased stability seen

in the longer chains when they are aligned properly and the decreased stability from

H2 molecules serving as a barrier to intra-chain interactions. In order to benefit

from the intra-chain interactions for the longer chains, they need to be oriented in a

specific manner (i.e. aligned with each other as seen in Figure 9.5d). To maintain this

orientation requires higher pressures, which is perhaps why these longer chains are

less stable at ambient pressure. This case differs from that of regular alkanes due to

the hydrogen molecules between the chains, which function as a barrier to intra-chain

interactions.

As a side note, a 60-carbon structure was also studied, although due to its size it

was necessary to generate the structure randomly with Packmol [282]. No significant

improvement was found over the 20-carbon; analysis of the 60-carbon structures near

the end of the molecular dynamics simulations showed significant chain breaking. It

is possible that there is little improvement in H4-alkane stability after a certain chain

length due to chain breaking. Also note that in Figure 9.7, except for H4M, there are

no data points at 1 GPa. This is because for all of the structures other than H4M we

could not obtain complete and reliable MD trajectories. This most likely signifies an

instability of the structures at that particular pressure and possibly suggests a more

complicated phase transition.

Despite the significant improvement we see for the longer chains at high pres-

sures, the lack of stabilization at ambient pressures makes H4-alkanes still not practi-

cal for automotive applications of hydrogen storage, where even high-pressure tanks

are typically limited to no more than 0.1 GPa. Nonetheless, we see our work as a

proof-of-principle that longer chains significantly increase the stability field of H4-

alkanes and almost double it for the 20-carbon. Another point of importance is that
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Figure 9.7: Calculated phase diagrams for several lengths
of H4-alkanes.

certain nonlinear alkane isomers, such as the cycloalkanes, have higher melting tem-

peratures than the straight alkanes. It is possible that when H4-alkanes are created

from these nonlinear alkanes, they would have higher melting temperatures. How-

ever, for simplicity, as the number of possible isomers tremendously grows with chain

length, in this work we restricted ourselves to linear alkane chains. Furthermore, an

almost limitless number of structures exist with only slightly higher energy, which

show intermingling of the chains, which would further significantly increase the melt-

ing temperature, but are unfortunately difficult to produce with a structure search

algorithm.

Several other unexplored avenues also provide hope for hydrogen storage appli-

cations of H4-alkanes (or derivative materials). The simplest is modifying the H4-

alkanes via adding stabilizing molecules or doping it. Another possibility is remov-

ing hydrogen from the system, which has exceptional hydrogen content anyway and

would not drastically suffer from some hydrogen reduction. As hydrogen is removed,

H4-alkanes must approach the higher stability of pure alkanes (similarly, we would
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expect the structures to become increasingly less stable as more than 4 H2 molecules

are added per carbon atom). Assuming the transition from the stability of H4-alkanes

to regular alkanes increases monotonically, it is likely that a class of materials such

as H2-alkanes (with 2 H2 per carbon) would have significantly increased stability. It

is also worth mentioning that hydrogen can also be produced through decomposing

alkanes themselves [283,284]. Finally, the overall phase diagram of the binary molec-

ular system H2 + CH4 is very interesting, but also highly complex—see Figure 1 in

Reference [267]. It is thus conceivable that other hydrogen-rich phases exist that may

have more favorable stability than H4-alkanes.

9.4 Conclusions

The material H4M has exceptional hydrogen storage density, but unfortunately re-

quires very high pressures and/or low temperature to be stable. To overcome this

shortcoming, we use the H4M structure and the increasing stability of regular alkane

chains as inspiration and predict the possible formation of structures known as H4-

alkanes (i.e. alkane chains with 4 physisorbed H2 molecules per carbon atom). We use

a structure search methodology to find candidate structures for H4-alkanes of length

1, 4, 10, and 20 and our MD simulations show a significant increase in stability for

the longer chains at higher pressures. We see our work as proof-of-principle that

encourages further research to stabilize H4-alkanes even more and thus realize their

potential for practical hydrogen storage applications.
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GmbH & Co. Any stylistic variations result from the demands of the journal.
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Abstract: Organic field-effect transistor (OFET) performance is dictated by its

composition and geometry, as well as the quality of the organic semiconductor (OSC)

film, which strongly depends on purity and microstructure. When present, impurities

and defects give rise to trap states in the bandgap of the OSC, lowering device per-

formance. Here, 2,8-difluoro-5,11-bis(triethylsilylethynyl)-anthradithiophene is used

as a model system to study the mechanism responsible for performance degradation

in OFETs due to isomer coexistence. The density of trapping states is evaluated

through temperature dependent current-voltage measurements, and it is discovered

that OFETs containing a mixture of syn- and anti-isomers exhibit a discrete trapping

state detected as a peak located at ∼ 0.4 eV above the valence-band edge, which is

absent in the samples fabricated on single-isomer films. Ultraviolet photoelectron

spectroscopy measurements and density functional theory calculations do not point

to a significant difference in electronic band structure between individual isomers.

Instead, it is proposed that the dipole moment of the syn-isomer present in the host

crystal of the anti-isomer locally polarizes the neighboring molecules, inducing ener-

getic disorder. The isomers can be separated by applying gentle mechanical vibrations

during film crystallization, as confirmed by the suppression of the peak and improve-

ment in device performance.

A.1 Introduction

Organic semiconducting materials have emerged as an increasingly desirable and vi-

able component of electronic devices, expanding the technologies towards applications

that are impossible or not economically viable using current technologies. Due to

their favorable processing conditions, which typically include moderate temperatures

and ambient pressure, these compounds have applications that are not possible with
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their inorganic counterparts, namely, placement on flexible substrates. Many organic

semiconductors are soluble in common solvents and can be deposited by a variety

of solution fabrication techniques such as ink-jet printing, drop-casting, spin-coating,

doctor-blading, and more [286–289]. These have the benefit of lower fabrication costs

and faster deposition rates when compared to vapor deposition methods.

The field has witnessed significant improvements over the past decades as the re-

sult of advances in material design and the development of novel processing techniques

that promote the formation of high-quality films. Currently, charge carrier mobil-

ity exceeds the value of 10 cm2V−1s−1 in several organic semiconductors [290–292].

This performance, however, remains scarce since impurities and defects present in

organic semiconductors promote the formation of electronic gap states, which give

rise to trapping sites for the free charge carriers, therefore reducing the electrical

conductivity. The microstructure of the thin-film, which incorporates the details of

defects ranging from macroscopic domains and grain-boundaries to the degree of or-

der at the molecular level, was recognized to critically impact charge transport in

these materials. Therefore, significant research effort is dedicated towards control-

ling the microstructure of the film to reduce the defect density and improve device

performance [293, 294]. Ingenious processing methods take advantage of the weak

van der Waals intermolecular interactions common to organic semiconductors, which

allows for the microstructure to be altered by external factors such as the deposition

method, the speed of crystallization, etc. Modifying the details of film deposition

has become a versatile tool for improving device performance, with impressive re-

sults being achieved [295–299]. Quite a bit of work is dedicated to identifying and

minimizing the effect of impurities on the electrical properties of organic semicon-

ductors [300–302]. With the exception of a few reports, however, the impact of the

isomer structure and/or co-existence has been mostly unexplored. In anthradithio-

phene (ADT), for example, organic field-effect transistor (OFET) devices fabricated
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on the anti-isomer surpassed those based on syn-isomer by more than one order of

magnitude in measured mobility [303]. A more recent study focused on ADT deriva-

tives also reported a higher field-effect mobility, µ, in the pure anti-isomer and found

that both types of pure isomer devices outperformed the mix-isomer sample [304].

That publication reports µ values of 2.0, 2.2, and 4.7 cm2V−1s−1 for OFET de-

vices of the mix, syn, and anti-isomers, of 2,8-difluoro-5,11-bis(triethylsilylethynyl)

anthradithiophene (diF-TES ADT) and 2.3, 2.7, and 6.2 cm2V−1s−1 in 2,8-difluoro-

5,11-bis(triethylgermylethynyl) anthradithiophene. In addition, research into other

aromatic molecules, as well as polymers of isomeric monomers, indicates a general

disparity in performance between isomers of the same compound [305–308]. These

differences can be as large as one or two orders of magnitude in mobility, and often

energetic shifts are observed in the highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO). This is the case in the work by Osaka

et al., focused on polymers based on four isomers of naphthodithiophenes, and in

a study by Brusso et al. based on 2D tetrathienoanthracene-based isomeric semi-

conductors [306, 308]. Geerts and co-workers have found impressive charge carrier

mobility modulation in didodecyl[1]benzothieno[3,2- b][1]benzothiophene isomers as

a result of variations in the crystal and electronic structures [309]. Theoretical work

done by Thorley and Risko proposes that a “disordermer” is present in the syn-isomer

of benzodithiophene and this is absent in the more ordered anti-isomer [310].

In this study, we show for the first time direct evidence that the lowering of per-

formance in mix-isomer samples originates from the presence of additional gap states

introduced by the isomer co-existence. By combining OFET electrical measurements,

density of states (DOS) analysis, ultraviolet photoemission spectroscopy (UPS), and

density functional theory (DFT) calculations, we identify the nature of and quantify

the gap state introduced by the guest isomer in the lattice of the host isomer. We

further eliminate this state by applying gentle vibrations during film crystallization,
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Figure A.1: OFET I–V measurements. a–c) Transfer sweeps in the saturation regime,
with VDS = −40 V, for a sample of 40/60 mix of a) syn and anti-isomers, b) pure
sun-isomer, and c) pure anti-isomer. The left axis (blue) shows the experimental
points as symbols and the slope used in mobility calculations as a black line. d–f)
Transport plots of 40/60 mix of d) syn and anti-isomers, e) pure sun-isomer, and f)
pure anti-isomer. The chemical structures are included as insets. The L/W ratios
are: 75/450, 100/160, and 25/340, respectively.

which allows for the two phases to phase separate while still in solution.

A.2 Results and Discussion

We have designed a set of experiments that allowed us to correlate the OFET device

performance with the composition of the organic semiconductor film at the interface

with the dielectric layer. The studied OFET devices utilized either one of the pure

isomers or a 40/60 mixture of the syn and anti-isomers of the semiconductor diF-TES

ADT (the chemical structure of the organic semiconductor is shown as an inset in

Figure A.1a–c), which was deposited using the solvent-assisted crystallization (SAC)

method [311]. The details on the synthesis of the pure isomers were reported else-

where [304]. No significant differences were observed in the crystal appearance (see

Figure S1, Supporting Information). Analysis of the OFET’s electrical characteris-
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tics, however (see Figure A.1), reveals a trend in performance that agrees well with

previous reports. Here we plot the evolution of the drain current ID with the gate-

source voltage VGS in the saturation regime (drain-source voltage VDS = ?40 V) for

a representative device made using the isomer mixture (Figure A.1a), the syn-isomer

(Figure A.1b), and the anti-isomer (Figure A.1c). The mobilities µ extracted from

these graphs are 0.06 cm2V−1s−1, 0.14 cm2V−1s−1, and 0.7 cm2V−1s−1, for the devices

of the mix, syn, and anti-isomers, respectively. We note that these mobilities are lower

than those reported on the same type of organic semiconductor layer, but with a top

gate Cytop dielectric [304]. This is due to the greater interfacial trap densities and

larger contact resistance characteristic to the bottom-gate, bottomcontact OFETs on

the SiO2 dielectric [312]. Our choice of dielectric and device geometry, however, was

strategic in order to inflate the overall trap density for better detection sensitivity.

The subthreshold swing, S, and interfacial trap density, Nit, provide information

about the trap density at the semiconductor/ dielectric interface. The subthreshold

swing indicates how quickly a device transitions from the “off” to “on” state while

the Nit, which is directly proportional to S, relates a slower turn-on to a higher trap

density, according to the equation

Nit =
Ci
e2

(
Se

kBT ln(10)
− 1

)
(A.1)

where Ci represents the areal capacitance of the dielectric, e is the elemental charge,

kB is the Boltzmann constant, and T is the absolute temperature. The mix, syn, and

anti-isomer devices of Figure 1 showed S values of 1.17 V dec−1, 0.89 V dec−1, and

0.65 V dec−1, respectively, and Nit of 2.05 × 1012 cm−2eV−1, 1.53 × 1012 cm−2eV−1,

and 1.10×1012 cm−2eV−1, respectively, as summarized in Table A.1. The low density

of interfacial traps is also reflected in the reduced hysteresis recorded in the electrical

characteristics (see Figure S2, Supporting Information) and minimal changes induced
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Table A.1: Summary of device performance parameters.

µ VT S Nit

[cm2V−1s−1] [V] [V dec−1] [1012 cm−2eV−1]
Mix 0.059 −0.70 1.17 2.05
Syn 0.14 −4.4 0.89 1.53
Anti 0.70 −2.8 0.65 1.10

in the electrical properties upon applying bias stress (see Figure S3, Supporting In-

formation). Figure A.1d–f shows the evolution of the drain current with the applied

source-drain voltage, VDS, for the devices fabricated on mix, syn, and anti-diF-TES

ADT. A transition from the linear to saturation regime can be clearly observed in

each plot. The contact resistance was estimated from similar graphs taken at dif-

ferent channel lengths using the gated transmission line method, and the following

values were obtained: Rc = 224 Ωm in mix-isomer devices, Rc = 663 Ωm in syn,

and Rc = 292 Ωm in anti devices [313, 314]. The larger contact resistance in the syn

OFETs may partially impact the mobility values found in these devices. This value,

however, exceeds that determined for the mix-isomer samples.

A.2.1 DOS Analysis

The positions of atoms and molecules in a crystal lattice dictate the electronic states

of the crystalline structure. Impurities, structural defects, and thermal fluctuations

may disrupt the lattice, thereby influencing the local electronic polarization around

such sites [315]. If a specific type of defect occurs with an increased probability or if

an impurity possesses an electronic state within the band gap of the host material,

it will act as a discrete trapping state. Random defects and fluctuations broaden the

band gap DOS. While the Nit provides a useful comparison, it only gives the total

interfacial trap density, without any details of the energetics of the trap distribution

within the band gap. In order to obtain more detailed information about the energetic

spectra of the trapping states, we calculated the DOS of trapping states present in
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the semiconductor gap for each type of device.

The DOS calculations were performed following the method developed by Kalb

et al., in which the drain current is measured in the linear regime, as modulated by a

sweeping gate-source voltage, at different temperatures (see Figure S4a, Supporting

Information) [316]. The activation energies, Ea, were extracted from the Arrhenius

plots according to the equation for field-effect conductivity (Figure S4b, Supporting

Information)

σ(VGS) =
L

W

ID

VDS

= A exp

(
− Ea

kBT

)
(A.2)

as a function of the gate-source voltage, VGS (Figure S4c, Supporting Information),

where W and L are the channel width and length, respectively. Finally, the DOS

(N(E)) was obtained from the equation

N(E) ≈ d

dEa

[
ε0ε

2
i

εsl2
Ug

(
dEa

dUg

)−1
]

(A.3)

where εi and εs are the dielectric constants of the insulator and semiconductor, respec-

tively (3.9 for SiO2 and 3 for diF-TES ADT), and Ug is defined as Ug = |VGS − VFB|,

where VFB represents the flat-band voltage. The results are shown in Figure A.2. In

the left panel (Figure A.2a), the DOS of an OFET made from a mix-isomer start-

ing material of typically available purity is shown as a solid black line. A discrete

electronic gap state is clearly observed, as indicated by the presence of a peak in the

DOS at ≈0.4 eV from the valence band. A similar device fabricated from ultrahigh

purity, mix-isomer was measured and the DOS is also shown in Figure A.2a (red

dotted line). We observed that in this sample the overall trap densities decrease, as

expected, but the peak is still present. These OFETs were processed in a nitrogen

glove box and followed immediately by electrical measurements under vacuum. This

suggests that the gap state origin does not come from a particular impurity, such as

synthesis precursors or oxygen, like in the case of rubrene and pentacene, but likely
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Figure A.2: DOS spectra of a 40/60 mix of syn and anti-isomers
of regular purity (black) and ultrahigh purity (red, dashed). b)
DOS spectra of the pure syn-isomer (green dot-dashed line) and
anti-isomer (blue short dashed line). The same black curve of the
mix sample is used as reference.

Table A.2: Summary of device performance parameters.

E1 E2 AG Epeak σ
[meV] [meV] [1018 cm−3eV−1] [eV] [eV]

Mix 20 88 7.7 0.38 0.025
Syn 28 170 – – –
Anti 27 74 – – –

from the presence of one isomer in the lattice of the other [316, 317]. To test our

hypothesis, we performed similar measurements in devices fabricated with pure syn

and anti-isomers as starting materials, and we plotted the results against the same

curve in Figure A.2b in green and blue, respectively (here, the results on a simi-

lar purity mix-isomer sample are included in black). Indeed, the peak vanished in

the pure-isomer devices, which correlates with the improvements observed in device

properties.

In the following, we will have a closer look at the DOS presented in Figure A.2b.

Each curve was fitted to a double exponential with the addition of a Gaussian distri-

bution to the mix-isomer curve according to

Nfit = N1 exp

(
− E

E1

)
+N2 exp

(
− E

E2

)
+ AG exp

(
−(E − Epeak)2

2σ2

)
(A.4)
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Figure A.3: Molecular arrangement energy: a) molecular orientation and spacing for
the lowest energy structure and b) configuration energies for 131 different combina-
tions of 16 anti and sun-isomer molecules. The red line marks the lowest energy for
each ratio.

Here, N1, N2, and AG are the two exponential and Gaussian amplitudes, respectively,

E1 and E2 are the characteristic energies of exponentials, Epeak is the position of the

Gaussian peak, and σ is the standard deviation. The summary of the exponential

slopes and Gaussian parameters can be found in Table A.2. Interestingly, the modeled

DOS of the mix-isomer OFET includes a discrete Gaussian peak at 0.38 eV that is

not present in the DOS spectra of the pure syn or anti-isomers. This value agrees

well with our estimation of the trap energy based on the location of the maximum

exhibited by our experimental curve. Note that the fitting parameters may vary

slightly from sample to sample because of differences in the distribution of tail states

resulting from grain boundaries, order within the grain, thermal fluctuations, etc.

Nevertheless, the mix-isomer samples always exhibit a peak around 0.4 eV, which is

absent in the pure isomer devices.

A.2.2 Electronic Structure Calculations

We turned to DFT calculations to understand the mechanism responsible for the for-

mation of the discrete trapping state in the mix-isomer sample. We created supercells

from the experimental structure of the anti-isomer (which is much lower in energy
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than either the experimental structure of the syn-isomer or the 40/60 mixture) [304].

This disordered crystal structure contains atomic positions for two orientations of the

anti-isomer, one being the orientation shown in Figure A.3a (with sulfur atoms facing

away from the neighboring molecules) and the other appearing as if the molecule

has been rotated by 180◦ about the ADT’s long axis. Further, we treated the ex-

treme ends of the molecule independently, using positions from each of these two

anti-orientations to create syn-isomers. There are two combinations to use, resulting

in two possible syn-isomer orientations, related by the same 180◦ rotation as the anti-

orientations. By choosing one of these four orientations for each of the 16 molecules

in a 4 × 4 × 1 supercell, we simulated different stacking regimes and isomer concen-

trations within a single crystal. Some regimes were hand-selected, and others were

randomly generated, for a total of 131 structures.

We find that the total energy of the structure (shown in Figure A.3b) is mostly

determined by how many of each of the four orientations it contains. For example,

we made one series of these hand-selected structures by modifying the lowest energy

structure in the plot (where each molecule has the arrangement shown in Figure A.3a).

Starting with the lowest energy structure, we successively changed one molecule into a

syn-isomer, with each of these structures falling almost exactly along the dashed line

in Figure A.3b. That the composition of the structure explains most of the energy

difference indicates that neighboring molecules’ orientations only weakly affect the

system’s energetics. Consequently, the anti-orientation in Figure A.3a is preferred,

regardless of how the molecule’s neighbors are oriented.

A.2.3 Ultraviolet Photoelectron Spectroscopy Measurements

Organic semiconductor layers formed from the SAC method of diF-TES-ADT syn,

anti, and mix-isomers were measured by UPS to determine their electronic properties

(Figure A.4). The work function was determined in the low kinetic energy region
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Figure A.4: The surface work function (left) and highest occupied
molecular orbitals (right) electronic energy levels of the syn, anti,
and mix-isomers of diF-TES ADT derived from UPS. Spectra are
vertically offset for clarity.

of the UPS spectrum, specifically in the secondary electron cutoff region. The work

function of the syn, anti, and mix-isomer SAC crystals is determined as 4.4±0.05 eV,

4.5 ± 0.05 eV, and 4.5 ± 0.05 eV, respectively. The HOMOs are determined from

the high kinetic (low binding) energy region of the spectrum, and multiple HOMOs

are clearly resolved when compared to an earlier report indicating that the materials

in this study are of higher molecular quality and/or of dissimilar structural quality

[314]. The HOMO position was estimated using the low binding energy onset of the

HOMO of the syn, anti, and mix-isomer SAC crystals, which are 0.68 ± 0.05 eV,

0.66 ± 0.05 eV, and 0.63 ± 0.05 eV, respectively. Thus, the ionization potential was

estimated as 5.1± 0.1 eV, 5.2± 0.1 eV, 5.1± 0.1 eV for the syn, anti, and mix-isomer

crystals, respectively, and are all nominally identical. We found that—although each

isomer packs differently as a solid—this modification does not give rise to significantly

different electronic energy levels and is indistinguishable within the resolution of the
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Figure A.5: Total density of states from DFT for the anti-
isomer (black solid line) and syn-isomer (red dashed line).

physical measurement [304].

The two isomers exhibit subtle differences in molecular packing, which may yield

different band structures. Any shift in the HOMO/LUMO levels will generate states

that may occupy within the band gap of the other isomer. However, our UPS mea-

surements (Figure A.4) and DFT calculations (Figure A.5) suggest that there was

no appreciable difference in the energy band edges between the syn and anti-isomers

and, therefore, the origin of the trap located at ∼0.4 eV cannot be explained by band

structures alone.

A.2.4 Dipole Moment Influence on HOMO of Surrounding

Material

Nakayama et al. and Pernstich et al. proposed a mechanism in which the local dipole

moment of a guest compound may introduce energetic disorder in the host material

[318, 319]. They showed that molecules containing a net dipole, such as water or

rubrene endoperoxide, could locally polarize the surrounding nonpolar molecules such

as rubrene, and locally elevate its HOMO. In our case, while the anti-isomer does not

have a permanent dipole moment because of its symmetry, the synisomer exhibits

an internal molecular dipole of 0.76 D. By integrating over the Gaussian peak in
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the DOS, however, we approximated the content of the trapping state at ∼400 ppm

(6.6 × 10−4 mol L−1) for the film described in Figure A.2, which indicates that this

unoccupied state is only moderately denser than that of the rest of the tail states.

The measurements performed on a large set of devices showed consistent results, with

the trap concentration varying between 400 and 1000 ppm and the position of the

Gaussian peak being located between 220 and 410 meV. Such a spread most likely is

the result of different film qualities. Therefore, if the trap originates from the polar

nature of the syn-molecules altering the polarization of the host anti-molecules, then

the concentration of the syn-molecules among the anti should be very low in the

transistor channel. Otherwise, the mixing would elevate the density of the trapping

state to be comparable to that of the HOMO. This is probably achieved during film

crystallization, when an inhomogeneous separation of the starting 40/60 mix may

occur such that the crystal grains of the active OFET channel dominantly contain

one isomer (at least at the interface with the dielectric). Indeed, this is confirmed by

our DFT calculations shown in Figure A.3b, which indicate that it is energetically

favorable for the anti-isomer to be secluded from the syn-isomer molecules [304]. The

organic layer fabricated using the SAC process crystallizes over a period of several

hours, and this lengthy process promotes the growth of highly ordered, large crystal

grains, providing advantageous conditions for this phase separation.

A.2.5 Isomer Separation Through Device Processing

Since the isomer separation is a complex synthetic task which, in general, has mod-

erate yields, we were interested in achieving this objective through thin-film process-

ing [303, 320–322]. We thus employed our vibration-assisted crystallization (VAC)

method, in which the semiconductor solution is perturbed with gentle vibrations

applied during film growth in a direction perpendicular to the substrate [297]. In

an earlier report, we showed that this procedure yields lower trap densities and en-
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Figure A.6: a) Vibration-assisted crystallization of mix-isomer (red short-dashed).
b) Mobility dependence on orientation of vibration during film crystallization for
VAC OFETs. c) Vibration orientation adjustments for samples prepared by the VAC
method.
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hanced device performance by promoting molecular assembly in a lowest potential

energy configuration. In that study, we only accessed the total density of interfacial

traps, with no details about their nature or the energetic distribution. Here, the

DOS analysis allowed us to gather this information. We fabricated OFET devices of

mix-isomer diF-TES ADT using VAC and the DOS curve is shown in Figure A.6a in

red dotted lines. The results obtained on similar SAC samples are shown in black, as

a reference. This figure highlights two features of the VAC process. First, an over-

all lowering of the trap density can be observed (highlighted as the green checkered

area), which results from the fact that a larger fraction of the molecules can reach the

configuration corresponding to the global energy minimum instead of local minima,

as we have discussed in detail elsewhere [297]. Second, the lack of the signature trap

state peak (gray striped area) indicates that only one type of isomer is present at the

interface with the dielectric, and thus there is a greater degree of separation between

the syn and anti-isomers compared to the SAC devices.

Identifying how the separation occurs based on thin-film structural measurements

is challenging due to the fact that the two components are very similar. For this

reason, we fabricated devices in which the orientation of vibration was varied between

0◦ and 90◦, where the angle is defined between the vibration direction and the surface

normal. The results are shown in Figure A.6b for 0◦, 30◦, 60◦, and 90◦, where we

plot the evolution of the device mobility as a function of the substrate orientation,

normalized by the value corresponding to 0◦. Details on the sample orientation are

provided in Figure A.6c. We found that the mobility decreases as the vibration

is applied more in-plane with the substrate. This suggests that a vertical phase

separation of the isomers occurs, in which the denser syn-isomer segregates at the

bottom. Such separation is also encouraged by the polarity and hydrophilicity of the

SiO2 surface, which favors assembly of the more polar syn-isomer molecules [323].
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A.3 Conclusion

In conclusion, we showed that an isomer can induce electronic states in the band gap of

the other isomer when they co-exist in the active layer of an OFET device. In the case

of diF-TES ADT, the discrete trap state is likely the result of the permanent dipole of

the syn-isomer that locally polarizes the neighboring, nonpolar anti-isomer molecules,

introducing energetic disorder and lowering device performance. Our results thus

provide insight into the observed improvement in mobility of single isomer OFETs

over that of the mix isomer. Further, we show that this trapping state can be avoided

by fabricating devices from single isomers as starting materials or by phase separation

of the mix during crystallization by way of the VAC method.

A.4 Experimental Section

OFET Fabrication: The OFET devices examined in this study were fabricated on

highly doped silicon that was both the substrate and the gate electrode with a 200 nm

layer of thermally oxidized SiO2, which was the gate dielectric. Source and drain elec-

trodes of Au with a Ti adhesion layer were e-beam evaporated and patterned by either

photolithography or shadow masks to form the bottom contacts. Before depositing

the semiconductor layer, this testbed was soaked in hot acetone and isopropyl alcohol

for 10 min each, followed by a 10 min UV/ozone cleaning and a deionized water rinse.

The contacts were treated with pentafluorobenzenethiol (PFBT) (Sigma-Aldrich) by

submersion in 30 × 10−3 m PFBT in ethanol for 30 min and followed by sonication

in fresh ethanol. The organic semiconductor layer consisting of the syn-isomer, anti-

isomer, or a 40/60 mix of the two was deposited by the SAC method, which involves

drop-casting 0.1%–0.5% solution of diF-TES ADT in chlorobenzene onto the testbed

placed in a petri dish, with an additional 250 µL of chlorobenzene surrounding the

sample, which was then covered and allowed to crystallize in the dark [311]. In par-
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allel, we also fabricated devices by using our recently developed VAC method, for

which 75 Hz mechanical vibrations were supplied to the crystallization chamber by

two audio speakers [297]. For these samples the direction of vibration was set to

0◦, 30◦, 60◦, or 90◦ as measured between the substrate normal and the axis of the

co-facing speakers, as shown in Figure A.6c.

Electrical Characterization: The OFET electrical characteristics were measured

under vacuum (10−6 torr) with an Agilent 4155C Semiconductor Parameter Analyzer

connected to a low-temperature probe station. The field-effect mobility was extracted

from the saturation regime, at VDS = −40 V, using the equation

ID =
W

L

Ci
2
µ (VGS − VT)2 (A.5)

where VT is the threshold voltage [324].

Electronic Structure Determination Via Density Functional Theory : Total energy

calculations were performed in the 16-molecule, 4×4×1 supercell at the DFT level as

implemented in the Vienna ab initio simulation package (VASP), using the vdW-DF1

exchangecorrelation functional [111, 112, 115, 116, 130, 162, 163]. For each structure,

one self-consistent calculation was performed at the gamma point, with a total energy

convergence of 10−6 eV and a 500 eV plane wave energy cutoff.

The dipole moment of each isomer was calculated at the DFT level in VASP, again

using the vdW-DF1 functional at the gamma point, with a total energy convergence

of 10−6 eV and a 500 eV energy cutoff. With each isomer treated as an isolated

molecule, 15 Å of vacuum in each direction proved enough to converge the moments.

The total density of states (TDOS, Figure A.5) was calculated using the full-

potential linearized augmented plane-wave code Wien2k [325]. Using only the gamma

point, RKmax was set to 7 and muffin-tin radii were chosen to be 1.69 (Si), 1.13 (C),

0.62 (H), 1.68 (S), and 1.35 (F) bohr, resulting in a plane wave cutoff of about
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1700 eV. Within the muffin-tin, spherical harmonics were used up to l = 10. The

PBE exchange-correlation functional was used and the relative energy level alignment

was verified by comparing the energy of sulfur 1s states, which are about 2400 eV

below the Fermi level. Note that the band gap is typically underestimated within

standard DFT.

Electronic Structure Determination Via Ultraviolet Photoelectron Spectroscopy :

UPS measurements were performed with a commercial instrument equipped with an

He discharge lamp (21.12 eV) and a hemispherical electron energy analyzer (Epass =

5 eV, 55 µm aperture), and an applied −5.5 V bias to the sample.1 The energy scale

was calibrated by measuring the Fermi edge of a clean Au surface. Two spots on

each sample were measured and averaged, and care was taken to ensure that only one

crystal was analyzed.
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and A. Linares-Solano, Hydrogen storage on chemically activated carbons

and carbon nanomaterials at high pressures, Carbon 45, 293 (2007), doi:

10.1016/j.carbon.2006.09.022.

173



[63] Y. L. Chen, B. Liu, J. Wu, Y. Huang, H. Jiang, and K. C. Hwang, Mechanics

of hydrogen storage in carbon nanotubes, J. Mech. Phys. Solids 56, 3224 (2008),

doi: 10.1016/j.jmps.2008.07.007.

[64] Q. Li and T. Thonhauser, A theoretical study of the hydrogen-storage potential of

(H2)4CH4 in metal organic framework materials and carbon nanotubes, J. Phys.

Condens. Matter 24, 424204 (2012), doi: 10.1088/0953-8984/24/42/424204.

[65] O. V. Pupysheva, A. A. Farajian, and B. I. Yakobson, Fullerene nanocage ca-

pacity for hydrogen storage, Nano Lett. 8, 767 (2008), doi: 10.1021/nl071436g.

[66] V. Tozzini and V. Pellegrini, Prospects for hydrogen storage in graphene, Phys.

Chem. Chem. Phys. 15, 80 (2013), doi: 10.1039/c2cp42538f.

[67] D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V. Morozov, P. Blake, M. P. Hal-

sall, A. C. Ferrari, D. W. Boukhvalov, M. I. Katsnelson, A. K. Geim, et al., Con-

trol of graphene’s properties by reversible hydrogenation: Evidence for graphane,

Science 323, 610 (2009), doi: 10.1126/science.1167130.

[68] L. Wang and R. T. Yang, Hydrogen storage properties of carbons doped with

ruthenium, platinum, and nickel nanoparticles, J. Phys. Chem. C 112, 12486

(2008), doi: 10.1021/jp803093w.

[69] I. P. Jain, C. Lal, and A. Jain, Hydrogen storage in Mg: A most

promising material, Int. J. Hydrogen Energy 35, 5133 (2010), doi:

10.1016/j.ijhydene.2009.08.088.
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[162] J. Klimeš, D. R. Bowler, and A. Michaelides, Van der Waals density func-

tionals applied to solids, Phys. Rev. B 83, 195131 (2011), doi: 10.1103/Phys-

RevB.83.195131.

[163] T. Thonhauser, S. Zuluaga, C. A. Arter, K. Berland, E. Schröder, and
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