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Chapter 1

Abbreviation

ADN= ammonium dinitramide

AN= ammonium nitrate

AP=ammonium perchlorate

BA= benzoic acid

BTA= bis(1H-tetrazol-5-yl)amine

BTT= 4,5-bis(1H-tetrazol-5-yl)-2H-1,2,3-triazole

BTTN= 1,2,4-butanetriol trinitrate

CED= Cohesive Energy Density
CL-20=2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
COMPASS= Condensed Phase Optimized Molecular Potentials for Atomistic Simulation Studies
Coulomb= Electrostatic interaction between point charges on atoms or atom groups
DABF= 4,4’-diamino-3,3’-bisfurazan

Desmo= desmophene

DOA= dioctyl adipate

FF= Force Field

FOX-7=1,1-diamino-2,2-nitroethylene

HEDOs= high energy density oxidizers

HMX= cyclotetramethylentetranitramin

HNS= 1,3,5-Trinitro-2-[2-(2,4,6-trinitrophenyl)ethenyl]benzene
HTPB= hydroxyl terminated polybutadiene

HNS= MADX-1= dinitro-bis-1,2,3-triazole-1,1’-diol

NaOH= sodium hydroxide

NC-= nitrocellulose

NG= nitroglycerine

NPT= constant pressure ensemble

NVT= constant volume ensemble

PETN= Pentaerythrityltetranitrat

PY X= 2,6-bis-picrylamino-3,5-dinitropyridine

PPO= polypropylene oxide

RDX= 1,3,5-trinitro-1,3,5-triazinan



TKX-50= dihydroxylammonium 5,5’-Bistetrazole-1,1’-diolate
TNC= 2,2,2-trinitroethyl carbamate

TNC-NO,= 2,2,2-trinitroethyl nitrocarbamate
TNE-NAP-NC= 2,2 2-trinitroethyl(2-nitro-2-azapropyl)nitrocarbamate
TNT= 2-methyl-1,3,5-trinitrobenzene

vdW= van-der-Waals interactions

DH= enthalpy of formation

Dt Heyy(M)= experimental enthalpy of formation

D¢H_4c(M)= calculated enthalpy of formation

S¢ [%]= average deviation

DU¢= energy of combustion

DUc:av= average energy of combustion

Epot= potential energy

Evgw = van-der-Waals energy

Ecoul= electrostatic energy

Ty= glass transition temperature
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Chapter 2

Introduction

2.1 History

Since the history of war was written down in books, store engravings or papyrus, traces of ancient
explosive mixtures and fights with the use of fire were reported. One example are the Boetians in
the early century. They improved the first flamethrower made of pitch, sulfur and coal, against the
Athenians in Delium in 424 BC.[1] They used bellows to blow a hot jet of flame which set fire to
the city walls and routed the defenders. Centuries later, the Romans used similar materials in fire
bombs or fire pots. They catapulted these containers over the walls of besieged towns. But the most
famous incendiary mixture of the antiquity was the "Greek Fire". It was invented by the Byzantines
in 672 A.C.. It was used in naval battles with great effects, as it continued burning while floating on
water. The exact formula of Greek Fire is unknown, but probably it is a mixture of sulfur, naphtha,
pitch, resin, and quicklime, which ignited and burned fiercely upon contact with water.

PHCRP T putr o9& Kok Tooak oyt T wOAO Wi TUR

Figure 2.1: Depiction of "Greek fire" in Madrid Skylitzes [2].

The first documentation of fireworks can be found in the 7th century in China. At that time
fireworks were completely unknown in Europe up to the 17th century, when the jesuit missionary
Pierre Nicolas le Chéron d’Incarville report about this method and composition of them. Whereas
the origin of black-powder is not surely documented. It was probably also invented in China in
the 9th century, but it also can be found in India and in the Muslim world.[3] However, with the
invention of with the invention of guns and gunpowders in the 14th century in Europe, the age
of explosive materials and modern warfare has begun. Between the 15th and 18th century the
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improvements were concentrated on manufacturing black powder and related applications. Since
the 19th century modern energetic materials were developed. Blackpowder was replaced by more
effective, less expensive new energetic materials. During the 19th century, more powerful propel-
lants (such as smokeless powder), better primers, various boosters or detonators, and new high
explosives were introduced. Some important compounds of these types of explosives are: ammo-
nium perchlorate, picric acid, nitroglycerin, 2-methyl-1,3,5-trinitrobenzene (TNT) and dynamite.
In the 20th century with the two World Wars the developments accelerated. With the World War
I machine gun fire, artillery barrages, firing torpedoes, laying mines, signaling and illuminating
flares were introduced. Especially TNT was used. Between the World War | and the World War
I1 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) and Pentaerythritol tetranitrate (PETN) besides sev-
eral other explosives were developed (see Figurg2.2). One remarkable development between the
wars was the introduction of a large amounts of mixtures of explosives, called composition (e.g.
COMPOSITION A: RDX, wax and hexotol; COMPOSITION B: TNT, RDX). Additionally in the
World War Il the most important changes were: the introduction of high explosive bombs, artillery
propellants, rocket propellants, high explosive artillery projectiles and antitank projectiles.

CH, -
O,N NO, ,L ONO,
r W 0,NO ONO,
N N
NO, oN~ " SN0,  O,NO
@ (b) ()

Figure 2.2: Structure of 2-methyl-1,3,5-trinitrobenzene (TNT)(a), 1,3,5-trinitroperhydro-1,3,5-
triazine (RDX)(b) and pentaerythritol tetranitrate (PETN)(c).

The nuclear bombs that ended World War 11 did not end requirements for conventional ex-
plosives and ammunition. After the Word War Il in the1950s manufacturers started to develop
explosives which were less sensitive to facilitate safe and easy handling. The polymer-bonded (or
plastic-bonded) explosives (PBX) show these properties, where the crystalline explosive is embed-
ded in a rubber-like polymeric matrix. Semtex is one of the most important and known example
of PBX. It was invented in 1966 by Stanislav Brebera, in Semtin a suburb of the city of Pardu-
bice in the Czech Republic. Later the research was focussed on high thermal stability. In 1966
hexanitrostilbene (HNS) and in 1978 triaminotrinitrobenzene (TATB) fulfilled this requirement.
Both explosives show excellent thermal stability and are therefore of great interest for the NAVY
(fuel fires) and for hot deep oil drilling applications. In particular HNS is known as a heat- and
radiation-resistant explosive which is used in heat-resistant explosives in the oil industry, with a
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melting point of ca. 320 °C.[6] FOX-7 or 1,1-diamino-2,2-dinitroethene probably is one, of the last
interesting insensitive compounds from the last two decades. It was first synthesized in 1998 by the
FOA Defence Research Establishment, Sweden.[8] Its explosive properties seem to be extremely
favorable. In the last decades environmentally friendly high energetic materials are the new trend
and in this work some of them are presented.

2.2 Definition of Energetic Materials

Energetic materials can be divided in four classes: primary explosives, secondary explosives, py-
rotechnics and propellants.[13] Primary explosives show a very rapid transition from combustion
to detonation and have high sensitivity towards impact, friction and heat. They are used as initiators
for secondary booster charges, main charges, or propellants. Secondary explosives can not be ini-
tiated simply by heat or shock, for initiation a primary explosive has to be used. The performance
is usually higher than the one of the primary explosive. Pyrotechnics, in contrast to explosives,
form solid as well as gaseous products. Pyrotechnics often consist of an oxidizers and a reducing
agent, but they may also contain a binder, a propellant charge, colorant as well as smoke or noise
generating additives.

energetic material

high primary .
explosives propellants explosives pyrotechnics
civil military || Propellant rocket
application application chatges propellants
for guns

Figure 2.3: Classification of high energetics materials [13].

Propellants are explosive materials that combust rapidly and produce a large amount of hot
gas. Propellants are divided into rocket propellants and gun propellant charges. The oldest known
propellant charge is black-powder, a mixture of 75% KNOs3, 10% sulfur and 15% charcoal dust. It
is still used as charge for military and civilian pyrotechnic munitions. Nitrocellulose (NC) powder,
an other broadly used component for propellants. It has the advantage to burn residue free. By
reacting cellulose with nitric acid, nitrocellulose is formed. Using different acid concentration, NC
is formed with different grades of nitration. Double and triple-base propellants contain in addition
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to NC nitroglycerine (NG) and nitroguanidine. Single-base propellant charges are used in weapons
from pistols to artillery weapons, instead double-base propellants are used in pistols and and high
performance guns of tanks.

ONO,
. o 0,NOQ2NO )
e 0 o o~
2NO ON02
ONO,

Figure 2.4: Stucture of nitrocellulose, NC.

Gun propellant charges in contrast to rocket propellants may not detonate but must burn in a con-
trolled manner. They can be also be classified into liquid-propellants and solid propellants. The
advantages of liquid propellants compared to solid propellants are plenty: they less heavy, cheap
to produce, less vulnerable to accidental initiation, have a high energy output per unit volume and
a high storage capacity.[5] The solid rocket propellants can further be divided into double-base
propellants and composite propellants. The rocket double-base propellants are based on NC/NG.
Instead composite propellants are a mixture of a crystalline oxidizer (e.g. ammonium perchlorate,
AP), a binder (e.g. hydroxy-terminated polybutadiene, HTPB), a plasticizer (e.g. glycidyl azide
polymer, GAP) and usually a powdered metal fuel such as aluminum. The oxidizer provides oxy-
gen for the appropriate combustion of the fuel in an oxygen deficient environment. In the past
three decades the composite propellants have been the most commonly used class for rocket. In
Table [2.] the performance of double-base propellant are compared with the one of the composite
propellant.

Table 2.1: Comparison of performances and compositions of double-base rocket propellants and
composite rocket propellants.

Solid propellant Specific impuls Isp [s] | Combustion temperature T¢ [K]
Double-base propellants
NC (12.6%) N) 200 2500
NG
Composite propellants
AP 259 4273
HTPB

Al

Other additive
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Ammonium perchlorate (see Figure[2.5] AP) is currently the mostly used oxidizers in solid rocket
boosters. Recent research [8] is focussed on the replacement of AP, due to the toxicity of this
compound.

©
®|_‘| © C') ©)
H'N"H O-Cllsjo
H O@

Figure 2.5: Structure of ammonium perchlorate.

Recent research demonstrated the decrease of thyroxin synthesis, if being exposed to AP, due to
inhibition of iodine storage, but also other secondary effects for the human, animals and also for the
environment were proved.[9] This leads to dysfunctions and affects both growth and development
of humans and animals. Furthermore AP also might be toxic to a large number of maritime life
forms of unknown magnitude. Additionally during the starting process of a rocket a big amount of
HCI is released, which causes the formation of acid rain and ozone degradation. [10] In this work
several environmentally compatible high energy dense oxidizers as possible replacements for AP
were presented and investigated.

2.3 History of Bomb Calorimetry

In 1782 Lavoisier introduced the first calorimeter. [11] It was an ice-calorimeter (see Figure [2.6)
and it was used to determine the produced heat of different chemical reactions as well as little
animals like guinea pigs.

Figure 2.6: Build-up of Lavoisier’s calorimeter 1782 [11].

15



Today many different types of calorimeters are available: differential scanning calorimeters (DSC)
to measure the heat capacity of new materials and thermal decomposition, reaction calorimeters
to measure the heat released or absorbed during a reaction and bomb calorimeters to measure the
heat of combustion of a compound. The most used calorimetric method for energetic material,
besides DSC, is the bomb calorimetry. It was developed by Pierre Berthelot around 1893. He was
a pioneer in using oxygen under pressure to complete combustion.[12] He determined the heat of
combustion of gases using bomb calorimetry, by mixing the gases was mixed with 20-25 bar of
oxygen and then ignited. Using this method it was possible to determine the energy of combustion
DU, with high accuracy.

The principle of a bomb calorimeter remained almost unchanged since Berthelot’s time. The
construction and materials were optimized and the error minimized. The standard substances like
benzoic acid show accuracies, for the combustion energy’s determination, of 0.01%.

Over the years the bomb calorimetric measurements found application in different analytical
fields, but the six major appllications are:[13]

(i) solid and liquid fuel testing

(if) waste and refuse disposal
(iii) food and metabolic studies
(iv) propellants and explosives testing
(v) fundamental thermodynamic studies
(vi) educational training

In this work, the bomb calorimetry is used for testing high energetic materials. In the past, espe-
cially in the 20th century, several studies in this field were done, mainly in the time around the first
and second world war.[14][15][16] Calorimetry was an easy and quick test to measure the heat of
combustion of a new synthesized compound. With the development of the computational chem-
istry, many properties were estimated just like the heat capacity. Nevertheless, it is still important
to perform calorimetric measurements and compare it with the computational results.

2.4 Aim of this work

To predict and evaluate the performance of energetic materials, the exact estimation of the enthalpy
of formation DsH is fundamental. The evaluation is important to check the experimental results.
Besides the predictions are helpful to plan the synthetic work and the performance of potential
new energetic materials, without previous experimental parameters. For the estimation of detona-
tion parameters (e.g. detonation velocity) of new compounds, 50-100 g are necessar. The synthesis
for this quantity can be very expensive and time-consuming, therefore the computational approach
can be of great help. For calculating the performance different codes are available (e.g. TIGER,
CHEETAH, EXPLOS5 etc.), EXPLO5 [17][18] is the used in-house program.
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Two methods for the determination of the enthalpy of formation DfH are known, using quan-
tum mechanical calculation or bomb calorimetry. Rice and coworkers [19][20] were pioneers
in the prediction of the enthalpy of formation of energetic materials using quantum mechanical
calculations. They used B3LPY/6-31G* level of theory [21][22][12], and Gaussian03 program
package.[24] In Table @a list of experimental D¢Hg,,, and calculated D+H,, enthalpies of for-
mation of common high energy materials are listed and the good accordance is shown.

Table 2.2: List of experimental DtHexp and calculated D¢H
high energy materials from [20].

calc €nthalpy of formations of common

Compounds | D¢Hey, [keal mol '] | DiH . [keal mol 1]
RDX 189 1:2 20.5
PETN 128.7 0:2 112.1
TNT 151 1:2 16.8
FOX-7 320 01 25.3
HMX 24,5 0:66 30.2
HNS 16.2 2:5 8.9
CL-20 90.2 3:11 95.5

There are several methods to calculate the enthalpy of formation DfH . The methods named

G3/G4 [25][26]] are usually highly accurate but suffer from the scaling problems, normally encoun-
tered by such theories, when applied to large molecules. In this work only a couple of molecules
were calculated using G3/G4, for the remaining compounds CBS-4M was used.[27]
Concerning the determination of the enthalpy of formation D¢H of energetic materials with bomb
calorimetric methods, only a few papers were published in the last years. The reasons may be
the delicate subject matter and the complexity of the methods. Anyway, a couple of recent works
[28][30][29] are focussed on calorimetric measurements of energetic materials. The results of these
works were used as comparison with the values of this work.

In the second part of this work, the focus is on simulation of binders, plasticizers, new oxidizers
and mixtures of them. These three compound species are ingredients of composite propellants
mixtures. In Table [2.3]some typical ingredients of composite solid propellants are listed.

Binders, e.g. HTPB cured with isocyanates, form a polyurethane network which has the func-
tion to bind the oxidizing agent and other ingredients in a solid but elastic matrix. The binders
are generally viscoelastic cross-linked elastomers. The plasticizers are added to improve process-
ing (manufacturing at low viscosity) mechanical and physical properties (decreasing of the glass
transition temperature Tg). The fillers influence the processing, burning behavior, mechanical prop-
erties and shock sensitivity.
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Table 2.3: List of typical ingredients of composite solid propellants.

Type Percent | Acronym Type chemicals
Oxidizer AP Ammonium perchlorate
20-70 AN Ammonium nitrate
ADN Ammonium dinitramine
Metal fuel | 0-30 Al Aluminium
Binder 5-18 HTPB Hydroxyl-terminated polybutadiene
CTPB Carboxyl-terminated polybutadiene
PBAN Polybutadine acrylonotrile acrylic acid
PPO Polypropylene oxide
Plasticizer 0-7 DOA Dioctyl adipate
GAP-A | Azido-terminated glycidyl azide polymer

N

HO e — OH j\/\oj
0.6 0.2 0.2 4150 ')

(@ (b)

Figure 2.7: Structure of pre-binder hydroxyl-terminated polybutadiene (a) and plasticizer dioctyl
adipate (b).

In recent works using computational methods, common binders as hydroxyl-terminated polybu-

tadiene (HTPB) with common used oxidizers (e.g. AP), plasticizers or fuels were investigated.
[31][32][33] The simulations can be helpful to compare experimental results of the glass transition
temperature for blend systems or single molecules alone. The glass transition Tg is defined as the
reversible transition in amorphous materials from a hard and relatively brittle state into a molten
or rubber-like state. The glass transition temperature has been widely used not only for describing
the position of the temperature range of a transition of particular compounds to the glassy state but
also for analyzing different specific features of the amorphous compounds.
Angell [34] proposed a scala T/Tg or analyzing the specific features revealed in the temperature
dependences of the viscosity of glass-forming melts. Additionally Ty are frequently used in rela-
tionships that characterize the glass-forming ability of compounds or the stability of the amorphous
state during heating and Tg is also often taken to be equal to the temperature corresponding to a
specific viscosity (as a rule, it is 104 P).[35]
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Figure 2.8: DSC graph of pre-binder hydroxyl-terminated polybutadiene (HTPB).

Tg is a fundamental property for rubber-like materials, like binders and plasticizers, due to the
influence to the mechanical properties. Using differential thermal analysis (DTA) and differential
scanning calorimetry (DSC), the Ty can be measured. In Figure [2.8| one example from a DSC
measurements of HTPB is presented. The graph show a bend in a range between 78.36 and

81.02 °C. In this case it is a glass to liquid transition, because the HTPB was liquid. In this
work few pre-binder and plasticizers were analyzed, and molecular dynamic simulations were
performed. Ty was simulated and if possible compared with the literature.
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Chapter 3

Theoretical Background

3.1 Calorimetry

If energy is added to or subtracted from a closed system, its internal energy DU changes according
to the first law of thermodynamics

DU =q+w (3.1)

with g being the heat and w being the work by which the system can be influenced. The work
of expansion can be expressed by integrating the pressure p dealt to the system over the volume V

i
Wexp = pdV (3.2)
Vi
with the initial (Vi) an the final volume (V). Holding the system at constant volume, Weyp is

equal zero. This means that if no additional work is applied to the system, DU is solely dependent
on the heat at constant volume gy

DU =gy (3.3)

By obtaining qy via bomb calorimetry measurements, DU can be determined. For that purpose

a sample is burned and the energy released is transferred to the surrounding water bath, which then
rises in temperature. This temperature rise DT is measured and put in relation to DU through

DU =qy =CDT (3.4)

where C is a constant being unique to the calorimeter [1] and determined via calibration with a

known standard. With DU, the heat of combustion DcH can be calculated from
D¢cH = DU + DngRT (3.5)

where Dng is the molar change of the gasses participating in the combustion, R is the ideal
gas constant and T is the temperature at which the combustion occurs. To determine Dng, the
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reaction equation of the specific combustion process has to be known. The sample is put under
oxygen pressure, hydrogen and carbon are assumed to exist only in their highest oxidized form
after combustion. Nitrogen is presumed to be released as N».[2] The reaction equation notes

b b b d
CaHpOcNg + a+ Z é (OP | aCOz(g) + §H20(|) + ENz(g) (3.6)
According to this equation, the relation for Dng results in
d b b 1 b
Dng - aCOZ(g) + zNz(g) a+ Z E 02 - E d z +C (37)

As the molecules investigated in this work contain up to 80 % nitrogen, the realeasd N, will
further react with water and form nitric acid according to the equation
5

The amount of nitric acid can be determined via titration with 0.1 M sodium hydroxide using
bromothymol blue as indicator, which leads to a corrected DU¢qyr

DUcorr =DU  (DfHuyno, VNaoH CNaoH) (3.9)

Here DfHHN03 is the enthalpy of formation of HNO3 ( 57.7 kJ/mol),[2]] cnaowH IS the concen-

tration of NaOH (0.1 M) and VnaoH IS the volume of NaOH used in the titration. With the corrected

enthalpy of combustion D;H and the reaction taking place under standard conditions, the enthalpy
of formation D¢sH of the sample can be calculated according to:

DcH = DsH (products) DfH (educts) (3.10)

Values for the enthalpies of formation of the reaction products according to equation [3.1T were
taken from the NIST database [6] and are shown in Table 3.1} Following this, the final energy of
formation notes

D{U (s)=DsH (s) DngRT (3.11)

with the gas constant R and temperature T.

Table 3.1: Enthalpies of formation of the reaction products, DsH .

Compound | D¢H [kJ/mol]

CO2 393.15
H,0 285.83
N> 0.0
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3.2 Quantum Chemical Calculations

The thermodynamic data of a given molecule can be calculated by applying quantum chemical
methods, which means solving the Time-Indipendent Electronic Schrédinger Equation (TISE)

Her Yer (i; Ra) = Ee1 (R) Yei (ri; Ra) (3.12)

where Rp represents the nuclei coordinates and r; symbolizes the electrons. Here, the electronic
Hamiltonian H considers the kinetic energy of the electrons as well as their interaction with the
cores and each other. The Hartree Fock method (HF) sets the basic algorithm for an approximate
solution of the TISE.[4] Here, the trouble causing interaction between the electrons is described as
an interaction of one electron with a potential field of the respective other electrons. While being
remarkably successful in many cases, this description still constitutes a major approximation. For
a more accurate treatment of the electron correlation, so called Post Hartree Fock methods,
such as the Maller-Plesset Perturbation Theory (MPn) for different perturbation orders n [[5],[6]],
were developed. Another factor for accuracy and computation time is the description of the wave
function Y in equation [3.12] It is composed of different atomic-centered Gaussian functions,
being called the basis set.

A method, which delivers a reasonable compromise between accuracy and computation time
is the complete basis set CBS-4M method.[7] It splits the MP2 correlation energy E(2) into a sum
of pair correlation energies

occ 2
E@ = ei(j) (3.13)
i
where i and j describe HF-occupied orbitals. These pair correlation energies ei(jz) can be ex-
pressed by the product of the coupling between i,j to virtual orbitals a,b

V3 = hijj1=rijjabi (3.14)
and the corresponding coefficients
V@
ce = ! (3.15)
egit+ej €a €
which yields in
2 virt
e = civa (3.16)
ab

This leads to the concept of the so called Pair Natural Orbitals (PNO) expansion for each of
the pair energies

PNO
2
® = camye (3.17)

a

e
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An infinite number N of PNOs would constitute a complete basis set and delivers the exact pair
energies. Since only a finite number of basis functions is accessible, the CBS method extrapolates
the energy correction. Therefore, the PNOs are splitted into ab and aa spin pairs, where the
limit for infinitive N can be noted as

lim abe(z)(N) =abe{?’ (CBS) + (25=512)jSj4 (N +dij) * (3.18)

and
Si?
1+]sj
where jSjij is the absolute overlap integral of the molecular orbitals. Based on these equations,

two point extrapolations with the first point N=1 and the second point N=Ni; are being conducted.
This leads to the second order CBS values for ab-pairs.

lim, aae’(N) = aael (CBS) + (25-512)2jSi2 (N+dij) 3 (3.19)

abe(?(CBS) = ( 25=512)jSj%(1+abd;)) (3.20)
and aa-pairs
@ 1 jsj? o\ 5
aaej; (CBS) =+( 25= 512)2]8],J 1757 (1+aadjj) 3 (3.21)

Summing up the correction to each of the pair energies gives to the total CBS( correction

DE® = (2)(035) e (Ny) (3.22)
i

where ei(jz) Nps is the pair energy obtained directly from a calculation with the full set of Ny ba-
sis functions. Corrections to higher order terms can be estimated using the second order correction
and an interference factor.[8] Using this method, basis set truncation errors can be estimated using
an extrapolation to the complete basis set limit. Because the algorithm used within this work uses
calculations up to the MP4 level of theory, it is called CBS-4M.[9] M indicates improvements to
several empirical corrections in contrast to the original CBS-4 method. The algorithm starts with a
geometry optimization and zero point energy calculation on the unrestricted HF(UHF) level with
a 3-21G™* basis set.[10] The HF energy is calculated with the 6-311+G(2df) basis [11], followed
by an MP2(CBS2) calculation with the 6-31G* basis.[12] At last, MP4 correlation energies are

calculated using the 6-31G basis ste.[13]
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3.3 Extracting Thermodynamical Quantities Out of Composite
Methods

Using the CBS-4M method, a quantum chemical calculation yields the enthalpy value H .. How-
ever, this value corresponds to the gas phase. All investigated molecules in this work were solid at
room temperature, so a translation of the enthalpy of solid state D¢Hs has to be carried out. To do
so, first the enthalpy of formation of the molecule in the gaseous state DHy is determined using

DiHg=Heps  NiHgs(A)+  niDfH(A) (3.23)
[ i
where A corresponds to the individual atoms in the molecule. The enthalpy values Hgps(A;) for
the specific atoms were calculated using the same level of theory as the molecule, and the values
for DfH(Aj) were taken from the NIST database.[6] With a known value of D¢H g, the enthalpy
of formation of the liquid or solid state DtHy can be calculated using

DtHes;1y =DiH(g)  Dsup=vapH (3.24)

Here, DgypH and DyapH are determined using

DvapH = DSvapTh (3.25)

DsubH = Coup Tm (3.26)

In accordance with the Trouton’s rule DSyap and Csyp are assumed to be constant values. It is
determined that DSyap equals 90J mol 1K 1 and Cgy, 188J mol 1K 1, Ty being the boiling point
and T, the melting point for the compound in question.[1]

If the solid probe consists of ionic species, the CBS values were calculated separately for the
respective ions. To obtain the enthalpy of formation for the salts, the lattice energy Hp has to be
considered. Therefore, at first the lattice energy U, is calculated using

UL =2l @\"’/‘_E +b (3.27)

Here, Vg7 is the volume of the elementary cell, | is the ionic strength and a and b are empirical
parameters [14], depending on the stochiometric composition of the corresponding ions (see table

3.2).

The lattice enthalpy DH, is determined by
h i

DHL=U_+ p ”7”" 2 +q % 2 RT (3.28)

where p and g are the stochiometric numbers of the ions in the neutral salt and the parameters
nx and ny, are dependent on the type of the molecules, whether it is monoatomic (ny:m = 3), linear
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Table 3.2: Empirical parameters Jenkins.

Salt (charge ratio) | | | alkJ mol nm] | b[kJ mol 1nm]
MX(L: 1) 1 1173 51.9
MoX(1: 2) 3 165.3 29.8
MXo(2 : 1) 3 1335 60.9
MX (2 : 2) 4 101.6 915

(Nx:m = 5) or non linear (ny.y = 6). The final enthalpy of formation D¢H (C*A ) for the neutral
ionic compound (composed of the ions C*A ) notes

DfH (s) =D{H (C*A )=D;H(C*)+D{H (A ) DH. (3.29)

With the enthalpy of formation for the covalent or the ionic molecule, the final energy of for-
mation for the solid state DsU (s) can be determined using the equation(3.11

28



Bibliography

[1] P. Atkins, J. de Paula, Atkins’ Physical Chemistry, Oxford University Press, 7th edition, 2002.

[2] F. D. Rossini, Experimental Thermochemistry. Measurement of Heats of Reaction, Interscience
Publishers Inc., New York, 326, 1956.

[3] P.J. Linstrom, W. G. Mallard, Eds., NIST Standard Reference Database, National Institute of
Standard and Technology, Gaithersburg MD; http://webbook.nist.gov. (March 2015)

[4] A. Szabo, N. S. Ostlund, Modern Quantum Chemistry: Introduction to Advanced Electronic
Structure Theory, Dover Publications Inc., 1996.

[5] M. Head-Gordon, J. A. Pople, M. J. Frisch Chem. Phys. Lett. 1988, 153, 503-506.

[6] R.V. Parish, Chem. Phys. Lett. 1972, 14, 91.

[7] J. W. Ochterski, G. A. Petersson, J. A. Montgomery, J. Chem. Phys. 1996, 104, 2598-26109.
[8] G. A. Petersson, M. R. Nyden, J. Chem. Phys. 1981, 75, 3423-2425.

[9] J. A. Montgomery, M. J. Frisch, J. W. Ochterski, G. A. Petersson, J. Chem. Phys. 2000, 112,
6532-6542.

[10] J. S. Binkley, J. A. Pople, W. J. Hehre, J. Am. Chem. Soc. 1980, 102, 939-947.

[11] R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, J. Chem. Phys. 1980, 72, 650-654.
[12] J. L. Chenot, J. Chem. Phys. 1973, 28, 201-207.

[13] W.J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56, 2257-2261.

[14] H. D. B. Jenkins, D. Tudela, L. Glasser, Inorg. Chem. 2002, 9, 2364-2367.

29



30



Chapter 4
Methods

4.1 Calorimetry

Calorimeters are instruments used to measure the quantity of heat. The heat of combustion is the
number of heat units liberated by a unit mass of a sample during a burning with oxygen in a defined
constant volume.[1] Thus the heat of combustion results from the heat liberated by the combustion
of all carbons and hydrogens (present in the sample) with oxygen to form carbon dioxide and
water, including the heat liberated by the oxidation of other potentially present elements such as
nitrogen.

The determination of the heat of combustion via an oxygen bomb calorimeter is carried out
using a procedure in which the heat of the sample is compared to the heat (obtained from a com-
bustion) of a similar amount of a standardizing materials like benzoic acid or paraffin oil, parafilm,
etc. The measurements are performed in a high-pressure oxygen atmosphere (30 bar) within a
metal pressure vessel ("bomb™). The energy released by this combustion is absorbed within the
calorimeter and the resulting temperature rise within the absorbing medium is noted. The heat of
combustion of the sample is calculated by multiplying the temperature rise in the calorimeter with
the previously determined heat capacity of the standardizing materials.

Any bomb calorimeter requires four essential components: (see Figure [4.1))
(i) a bomb in which the combustible charges can be burned
(ii) a bucket for holding the bomb in a measured quantity of water, together with a stirring mech-
anism
(iii) aninsulating jacket to protect the bucket from thermal stresses during the combustion process
(iv) athermometer for measuring temperature changes within the bucket.

The bomb must be a strong, thick-walled metal vessel which can be opened for inserting the
sample, removing the combustion products and cleaning. Furthermore the bomb has to be provided
with valves for flushing the bomb with oxygen under pressure and for releasing residual gases at
the end of a test. Electrodes to carry an ignition current to a fuse wire are also required.

The bucket should guarantee a complete immersion of the bomb with water (ca. 1900 mL),
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