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Summary

The polyisobutylene succinic anhydride (PIBSA) surfactants have been used for decades to attain
kinetic stability in ammonium nitrate (AN) based emulsions. There are a number of studies
concerned with the structure activity relationship and mechanism of surfactant rendered stability.
However, the reported surfactant structures are inconsistent and a relation of structure to emulsion
stability is yet to be established. This defined two main objectives of this thesis: to confirm the
structure of PIBSA surfactants (the experimental study), and to establish a direct link between the

structure and efficiency (the theoretical part).

Experimentally, based on the detailed analysis of the precursors and by chromatographic separation,
the structure of the most effective surfactant in the series, the monoethanolamine (MEA) adduct of
PIBSA (PIBSA-MEA), was resolved in this study. The proposed structure is consistent with the
products of the classic Alder-ene thermal maleation step, followed by the regioselective ring fission
of succinic anhydride. By analogy, structures were assigned to surfactants branded as PIBSA-IMIDE
and PIBSA-UREA. Based on the nuclear magnetic resonance structural assignments, a novel semi-
quantitative method was developed; and the estimated content of the surfactants, relative to the

unreacted materials in the industrial concentrates, was found to be below 27 mole percent.

The theoretical study focused on the surfactant series with known efficacy: PIBSA-MEA, PIBSA-UREA,
PIBSA-IMIDE and PIBSA-DEA. With practical application in mind, and based on our experimental
results, model surfactants with a partly truncated side chain were used to study electronic structures
with density functional theory (DFT), and to predict likely ionization states of the surfactants in the
gas phase. The order of the calculated dipole moment, which was the highest in the amide-bearing
surfactants (e.g. PIBSA-MEA and PIBSA-UREA), followed the experimental surface activity trend.
Surface affinity of the untruncated surfactants with the simulated surfaces of aqueous ammonium
nitrate, water, and growth faces of ammonium nitrate was then probed with Molecular Dynamics
using condensed phase optimised Compass force-field. Surface adsorption energies were used to
compare the efficacy. Discrimination between water and ammonium nitrate ions and the
electrostatic interactions were found to be the key factors driving the values of the interaction energy

within the surfactant-oxidizer system.
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Abbreviations and symbols

General abbreviations

1D and 2D 1- and 2-Dimensional (with reference to NMR)

A Angstrom

Anhydr. Anhydrous

APCI Atmospheric Pressure Chemical Ionization

ATR-FT-IR Attenuated Total Reflection-Fourier Transform Infrared (spectroscopy)

b.l. Bond length

b.o. Bond order

B3LYP Becke 3-Parameter (Exchange), Lee, Yang and Parr (correlation) functional

BFDH Bravais-Friedel Donnay-Harker

c2p Centre to plane distance (with reference to crystal)

ca. Circa

Calc. Calculated

CFF9X Consistent Force-Field, X=1,3 or 5

Ch. Charge

CMC Critical Micelle Concentration

COMPASS(II) Condensed-phase Optimized Molecular Potentials for Atomistic Simulation
Studies (II stands for 2nd generation)

Coord. Coordinates

COoSsy Correlation Spectroscopy (2D-NMR experiment)

Da Dalton

DEPTH Distortionless Enhancement by Polarization Transfer (NMR experiment)

Der(s). Derivative(s)

DFT Density Functional Theory

dnk Width of growth slice (with reference to crystal)

DNP Double Numerical plus polarization (potential)

DPD Dissipative Particle Dynamics

DSC Differential Scanning Calorimetry

e.g. For example

Eads Adsorption energy

viii
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Eatt
ESP
eV
Exp.
FF

fs
FT-IR
GO
GPC
Ha
HB
HG
HIP
HIPE
HLB
HMBC
HOMO
HPC
HSQC

LJ
LUMO
MALLS
Max.
MD
MHz
mL

MM

NMR
NOESY
PCFF

Attachment energy

Electrostatic Potential

Electron Volt

Experimental

Force Field

Femtosecond

Fourier Transformed Infra-Red
Geometry Optimisation

Gel Permeation Chromatography
Hartree

Hydrogen Bond

Head Group

High Internal Phase

High Internal Phase Emulsion
Hydrophobic Lipophilic Balance
Heteronuclear Multiple-Bond Correlation
Highest Occupied Molecular Orbital
High Performance Computing
Heteronuclear Single Quantum Correlation (2D-NMR experiment)
Litre

Lenard-Jones

Lowest Unoccupied Molecular Orbital
Multiple Angle Laser Light Scattering
Maximum

Molecular Dynamics

Mega Hertz

Millilitres

Molecular Mechanics

Mean Molecular weight

Nuclear Magnetic Resonance

Nuclear Overhauser Effect Spectroscopy (2D-NMR experiment)

Polymer Consistent Force Field



PDI
ppm
Prot.
ps
PXRD

Qeq
QM
RDF
Ref(s).
SC
SCF
SPC
SPC/E
Str.
TD
TLC
vdwW
w/o

wt %

Polydispersity Index

Parts per million

Protonated

Picoseconds

X-ray Powder Diffraction

Coulomb (charge)

Partial atomic charge by Rappe and Goddard’s scheme
Quantum Mechanics

Radial Distribution Function

Reference(s)

Super Cell

Self-Consistent Field

Single Point Charge (with reference to Water model)
Extended Simple Point Charge Model

Structure

Thermal decomposition

Thin Layer Chromatography

van der Waals

Water-in-oil (with reference to emulsion)

Weight percentage

Acronyms of polymers and other chemical compounds

AN
DCM
EtoAc
Hex.
HR-PIB
IB
[IB].SA
MAH
PIB
PIBSA

Ammonium Nitrate

Dichloromethane

Ethyl acetate

Hexane

Highly Reactive Polyisobutylene

[sobutyl (repeat unit in polymers)
[Isobutyl]n=number of repeat units Succinic anhydride
Maleic Anhydride

Polyisobutylene

Polyisobutylene succinic anhydride



PIBSA-bis-MEA
PIBSA-DEA
PIBSA-DEEA
PIBSA-IMIDE
PIBSA-MEA
PIBSA-UREA
PIBSI

SA

Succ.

THF

TMS

Polyisobutylenesuccin-bis-monoethanolamine
Polyisobutylenesuccin-diethanolamine
Polyisobutylenesuccin-diethylethanolamine
Polyisobutylenesuccin-imide
Polyisobutylenesuccin-monoethanolamine
Polyisobutylenesuccin-urea
Polyisobutylenesuccin-imides

Succinic anhydride

Succinic

Tetrahydrofuran

Trimethyl silane

Water

Subscripts used for designation of surfactant ionic form

a

C

YA

anionic
cationic

Zwitterionic

Subscripts used for designation of physical state

(aq)
(cr)
(8)
m
(s)

aqueous
crystalline
gaseous
liquid

solid

Xi



&
&

UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Table of contents

Theoretical and experimental studies on PIBSA-based surfactants .....cmesssmsmsessssssssssasnns i
D= = =) o iv
Presentations and POSTEIS wummmmmmmmsssssssssssssssssssssssssss s ssssasasasasas s v
ACKNOWIEAZEIMENTS wourururrrssssssssssssssssssssssssssssssssss s ss s s s sasas s e vi
N 040000 B 1 o vii
Abbreviations and SYMDOIS ... ————— viii

1 T 4 1t 0 Yo L)t ) Y |

1.1 Chemical structure of PIBSA-based surfactants..........cccocevmrieiiinir e e e 3
1.2 Role of surfactants in emulsion Stability........ccccvueiiiiiinin e 5
1.3 Molecular MOAEIlINg......ccociie it er s e e e e e e e s 9
Ti4  AITIS ittt ettt ettt et e et e R e he b et e e eE £ eR e e b ehe et e R e s benbe e e seeereanerens 12
1.5 REIEIEINCES ..uiiiti ittt ettt et et et ettt be e e et sae e b be e neesae e s e e eneenne s 13
2 Experimental studies on PIBSA-based surfactants ... 20
ADSETACT .ottt es s ss s s s s s a R AR AR AR R R 20
2.1 LILErature STUAIES .ottt s s s s s s 21
2.2 Materials and Methods. ... ss s s s ss s 23
2.3 ReSUILS aNd diSCUSSION ..ttt sssss s ssss bbbt s bbb 25
2.3.1 Structural study of surfactants and their PreCurSOors ... 25
2.3.2 ATR-FTIR analysis of PIB, PIBSA and PIBSA SUrfactants ... 34
2.3.3 Semi-quantitative analysis of PIBSA surfactants from 13C-NMR ......ccounmnenmeeneersenneniens 36
2.3.4 DSC study of PIB, PIBSA and PIBSA deriVatiVes ......cueeneneenseseisesseessessesssessssssessesseens 39

W T Y (o) () s Lol PRSP 40

Xii



SITEIT VAN PRETORIA
ITY OF PRETORIA
SITHI YA PRETORIA

3 Computational study of PIBSA-based Surfactants.........comismssssssssssssssas 43
ABSEIACE oottt sttt et et st st s he ettt e s e s et se she e he e e e £ en et e R ehe Rt eae e eneenEen e e e erens 43
3.1 LIteratUure SEUAY ..cco.ueeieeeeeeuiessie ettt ettt e et sae e et sae s e seeeneese e see e eseaneesaeees e seeennennnens 44

3.1.1 Emulsion: Aspects of composition, microstructure and stability..........cccocovviiniiiiiiinns 44
3.1.2 SUTTACTANT ...ttt ettt ettt ettt e st b e b e seeeaeeeabes sheaseenne s seeanseenns 48
3.1.3 AMMONTUIMN NEEFALE .. vttt e e e r e e e e e e reeer s 50
3.1.4 Water and water MOAelS.......coouiiiiiiiiie et e e e 53
3.1.5 Computational MOAElS.......c.ccuii i 54
T V1 oL J PP PRYRRPRIRTIN 57
TS T (o T (=3 (ST PUR R UPP PPN 58
3.3.1 General computational Methods........cccvciiiiiiiin i 58
3.3.2 Simulation of SUTACtANTS......cccci i e e e e s 59
333 Simulation of ammonium nitrate crystal growth faces.......c.ccoooe e iviininninciincnien e 61
3.3.4 Simulation of aqueous aMMONIUM NItrAtE........ccieeeieereere e e e 63
3.35 SIMULALION Of WALET ...ttt et e et e st e re e sr s s 63
3.3.6 SIaD MOAEIS ...ttt e et e e e r et ene s 64
3.3.7 Surface adSOrption SEUAIES.......cerieiiriir ettt s e e 65
3.3.8 PaN0] 0] 0028 44 =1 10 ) o L] PSP OSTRON 66
3.4  ReSults and DiSCUSSION.......ciiiireirer ettt e e e s e e s e see se e s e sreannnennns 67
34.1 Simulation of SUACLANTS......cccci i e e e e s 67
3.4.2 Simulation of ammonium nitrate crystal growth morphology.........cccocovvirviiveininernnnn. 92
343 Simulation of aqueous aMMONIUM NItrALE.......ccecvirrireirieire e e e e 98
344 SIMUIAtION Of WaLET ...t e e e e e e e e e 100
345 Surface adSOrption STUAIES.......ccerureiie i et et e e e s 100
T ST (o) ) s Lol PSPPSR 109



4 Conclusions and QUIOOK.......inmsssssssss s sssssssans 119
4.1 CONCIUSIONS tO CRAPLET 2 ..ottt tseessesss s ss s sss bbb 119
4.2 Conclusions to ChAPLET 3 ... ssssss st sssssssssssssssssssssasssssssssssnssns 122
4.3 OULIOOK ON fULUTE WOTK oottt ees s s bbb s 126
44 RETEIEIICES coueeecereetese sttt s eSS R AR R R 127

203 0120 4 6 o= 129
A2, Appendix t0 ChaPLer 2 .iimummsmmsmssmsssssssassssssssssnssssssssssssssssssssssasssssssssassssssnssssssassnssssssasssnssnssans 129
A3, Appendix t0 ChaPter 3 imimmmssemsssssssasssnsssssasssssssssssssnssassssssasssssssssasssssssssssssassasssnssasssnssnssans 144

Xiv



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

1 Introduction

Polyisobutylene succinic anhydride (PIBSA)-based surfactants (Scheme 1-1) are
functionalized amphiphilic polymers and have been used by mining industries in explosive
emulsion formulations since the late 1970’s. Their high efficiency, low environmental impact
and unique freezing properties render them suitable for a wide range of operating conditions
[1-5]. Despite the attractive price point, the four decade-long market supremacy and
unparalleled performance of currently available PIBSA-based surfactants, all leading
manufactures continue to search for better performing additives, seeking product

improvement and competitive advantages.

Experimental screening of novel emulsion additives is time-consuming and results in
large amounts of chemical waste. For example, a typical pilot scale explosive emulsion
sample for rheological and stability studies is prepared on several hundred grams scale and
monitored daily for periods of time lasting several months [6-8]. Furthermore, studies of
microstructure and interfacial interactions often rely on analytical methods, which are based
on differentiation between specific isotopic forms, and require specialized synthesis and
purification of test materials [9,10]. Despite the availability of advanced analytical
techniques, the assignments of specific interactions between similar functional groups (in
structure or size) still lack clarity and often are conjectural. For example, in X-ray diffraction
studies of ammonium nitrate solutions (explosive emulsion oxidiser phase), the ammonium
ion and water were reported indistinguishable due to their structural arrangement [9];
similarly, several overlapping areas for various emulsion components’ key infrared
vibrational frequencies (water, oxidizer phase, fuel oil and PIBSA surfactants) proved

difficult in the assignment of specific cross-component interactions [11-14].
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Scheme 1-1: PIBSA (i), PIBSA-derived surfactants (anti-clockwise i, i, vi - isomers of PIBSA-MEA; iv - PIBSA-
IMIDE; v - PIBSA-UREA; vii - PIBSA-DEA; x - PIBSA-bis-MEA) and some by-products (viii - PIBSA-MEA salt; ix -
PIB-Succinic acid)

Alternative to traditional laboratory tests, simulation models can be used to predict the
physicochemical properties and microstructure of the multicomponent systems, where
experimental data is unavailable, inaccessible or ambiguous. With recent advances in High
Performance Computing (HPC), the availability of parallelized computing codes and data
submission pipelines, high throughput screening of novel ingredients with simulation
models has become a routine practice [15,16]. Whilst the majority of useful findings
concerning novel additives are proprietary, many advances in characterization and
rheological aspects of micro-emulsions have been published [17-20]. However, successful
cases of quantitative and qualitative simulation of surfactants and interfacial phenomena in

highly concentrated emulsion explosive mixtures are lacking.
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1.1 Chemical structure of PIBSA-based surfactants

PIBSA-based surfactants are produced by the nucleophilic substitution of the succinic
ring in PIBSA, with an average molecular weight (Mn) of 950-1100 g mol-! for the PIB side
chain [1,2,21]. It was previously reported that two carbonyl groups of the anhydride are
near-equivalent, and product mixtures of equal isomers, with PIB attached to the a-position
from either of the two carbonyl groups, are obtained during substitution reactions [1,21,22].
In case of substitution with bi-functional amines (ethanolamine), in addition to some PIBSA
hydrolysis products and their adducts, succinic esters are common by-products (vi, viii and

ix, Scheme 1-1) in a slightly acidic reaction environment [1,3,21,23].

Some of the characteristic data (size, conformation of side chain and infrared
frequencies) and efficacy trends for several PIBSA-based surfactants have been reported in
these surfactants, which differ in the structure of the link between PIB and the succinic
anhydride ring, the number of isobutylene [IB] units in the PIB side chain and the relative
position of the side chain as well as the -NH-R substituent (structures ii and iii Scheme 1-1;
Scheme 1-2). Itis generally accepted that products based on PIBs with an average molecular
weight (Mn) of 1000 g mole-! are preferred in explosive emulsion formulations for their
viscosity characteristics. Some ambiguity also exists in uses of generic names of the
surfactant products. For example, Ganguly used a Lubrizol product, dubbed as ‘LZX’, and
described it as the ester/salt product (Mn = 2500 g mol-1) of the reaction of PIBSA with 2
moles of diethyl ethanolamine, with reference to explosive formulations and Lubrizol’s
patent by Forsberg [3,12]. The same product was described as a bis-MEA adduct (structure

X, Scheme 1-1) by Kovalenko, with reference to the same patent by Lubrizol [26].

Generally, PIBSA-based surfactants are produced in a stepwise reaction starting with
converting PIB to PIBSA, and then to PIBSA-derivatives. PIBSAs are produced by the thermal
reaction of high-olefin content PIB (HR-PIB) and maleic anhydride, using a process patented
in 1936 [27-30]. Alternatively, low-olefin content PIB, known as the ‘conventional PIB’, can
be used in combination with chlorine to achieve lower anhydride yields, which is
accompanied with the conventional PIB inherent variety of chain branching. From the price

differential incentive, both types of PIB and PIBSA are utilized by industry [31]. In a
3



comprehensive synthetic study on the preparation of PIBSA from HR-PIB, NMR analysis of
the products reported only 27 wt% yield in laboratory conditions, which will most likely be
further reduced during scale up and in follow-up reactions of PIBSA derivatisation [32,33].
Apart from partial infrared data [12,21,25], no other spectroscopic data has been reported

for the PIBSA-based surfactants shown in Scheme 1-1.

o
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FIB OH oH
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OH OH
IE=19
o o
Mizalova and group® / Bajapakse, 2007

Il
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16 H
OH

Scheme 1-2: Structures of PIBSA-MEA reported by various researchers. [IB] - isobutylene repeat units; *[14]; **[34].

Reymelds and group™™

The products in the thermal amination reaction of PIBSA are strongly dependant on
temperature, pH, atmosphere, and method of combining reactants. In the presence of water,
at atmospheric conditions and in the temperature range of 110-120 °C, the products are salt
derivatives (structure viii; Scheme 1-1). In an anhydrous environment, under basic pH

condition at elevated temperatures (ca. 140-160 °C) in an inert atmosphere, the products

4
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are mainly PIBSA-amide derivatives (structures ii, iii, iv, v and x; Scheme 1-1). In an
anhydrous, slightly acidic environment, ester/salt derivatives are produced [3]. Considering
that the synthesis of PIBSA-surfactants is typically a ‘one-pot reaction’, the amount and the
end-structure of the functionalized or active surfactant present in the industrial samples are

questionable.

The source of PIB, used in the production of PIBSA and PIBSA-derived surfactants, is
not always stated by the researchers and industry; and there seem to be general lack of
concern with the underlying structural differences. Presence of unreacted PIBs, solvents,
hydrocarbon oils and surfactant by-products in industrial concentrates would need to be
considered in calculations of concentration-dependant properties of surfactants. These
calculations are often based on the surfactant molar concentration, which, considering all
the factors above, appears to be somewhat ambiguous. This is clearly seen from several
studies by Masalova group, which utilised the same source of industrial concentrates of
PIBSA-MEA and reported surfactant-specific properties e.g. the critical micelle concentration
(CMC) with variability of 44-67 % (4.5 x 10> - 13.6 x 10-°), as estimated from plots using

surface tension methods [14,35,36].

Several analytical methods have been employed for an approximate estimation of
active surfactant concentration, i.e. potentiometric titration, the Walch method (IR-based)
and adaptations thereof [29,37]. These methods can not differentiate between active
surfactant, by-products and hydrolysis products. A more accurate method of analysis of the
industrial blends would be advantageous in studies of this class of surfactants. In this study
we will aim to find a reliable technique to determine the concentration of active surfactant

in the industrial surfactant blends unambiguously.

1.2 Role of surfactants in emulsion stability

Kinetic stability of High Internal Phase (HIP) explosive emulsions, which are inherently
thermodynamically unstable, can be achieved by the use of surfactants and surfactant
blends. These water-in-oil (w/0) emulsions typically consist of the oxidizer phase (i.e.
ammonium nitrate salt) dispersed as micrometre-size droplets in the continuous phase (fuel
oil), and where the content of the dispersed phase exceeds 80% of the total composition by

5
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volume. The emulsion is produced by high-speed shear mixing of the two phases, resulting
in formation of at least three kinds of interfaces: salt droplets, oil film and air bubbles.
Surfactants are typically blended with the oil phase, and upon the emulsification and droplet
refinement, they form micellar aggregates in the oil phase and monolayers at the aqueous
droplet interface (Figure 1-1). Both of these microstructural elements are critical for the
emulsion stability and shelf life [38]. Stability of emulsions is believed to be achieved through
the following mechanisms [17,18]:

- Initial droplet refinement and prevention of droplet coalescence by shielding
of two immiscible liquids or screening of unfavourable interactions by
surfactant adsorbed at the droplet interface (mechanical barrier and reduction
of surface tension) [18];

- Stabilisation of the aqueous droplets by a steric effect, rendered by surfactant
aggregated into micelles, which suppresses the capillary waves at the droplet
surface [38];

- Retardation of crystallization of supersaturated dispersed phase [40] (the
mechanism of such stabilization is not understood);

- Depression of emulsion freezing point (irreversible, concentration dependent,
not due to viscosity effects; and the mechanism is said to be surfactant

dependant and is not yet understood) [12].

The choice of surfactant for emulsion stability is usually based on various criteria.
Traditional approaches to the design of surfactants rely on multistep synthetic experiments,
characterization and evaluation of performance by studying various physicochemical
characteristics within the emulsion matrix. This is a very resource- and time-consuming as
well as capital-intensive process. Previously reported comparative surfactant performance
with respect to explosive emulsion stability can be summarized as follows:

- PIBSA-bis-MEA (x) > PIBSA-MEA (i and/or iii) [5];

- PIBSA-MEA (ii and/or iii) > PIBSA-DEA (vii) [21];

- PIBSA-UREA (v) > PIBSA-MEA (ii and/or iii) [4];

- PIBSA-MEA (i oriii) > PIBSA-UREA (v) > PIBSA-IMIDE (iv) [14,41-43].
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Fresh HIP emulsion Aged HIP emulsion

Figure 1-1: Photographic (above) images of fresh and aged HIPEs [39]. Polydispersity and spherical shapes of the droplets
are clearly visible in the micrograph of the aged emulsion (below). White arrows point towards emerging oxidizer phase

crystal in the centre of the image, and towards a coalesced emulsion droplet (bottom left).
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The exact mechanism of emulsion stabilization and superior performance of some
surfactants in the PIBSA-based surfactant class is still not completely understood. No firm
scientific evidence to substantiate vast differences in the stability rendered by the series:
PIBSA-MEA >> PISA-UREA >> PIBSA-IMIDE has been reported to date. This is mainly due to
limitations of available analytical techniques in distinguishing between the similar
functional groups in surfactant and salt ions, as well as water and the ammonium ion in the
dispersed phase [9,44]. Further complications arise from complex ionization patterns of
surfactant functional groups, pH factor-determined speciation of the emulsion matrix, the
structural integrity of different surfactants [21] and analytical instrument operating
conditions [22]. Some experimental studies of PIBSA-based and other surfactants with water
and with concentrated ammonium nitrate (AN) solutions, suggested that strong
surfactant:ammonium nitrate interactions, of either Coulombic or van der Waals nature, are
likely to result in more stable emulsions [12,21,45-47]. Furthermore, fluorescence
microscopy studies on the crystallization of ammonium nitrate and the interfacial
phenomena of several surfactant systems suggested that the nucleation rate, crystallization
and growth pattern at aqueous electrolyte interfaces are surfactant head group specific [48],
pointing at a direct interactions of the surfactant head group with the salt. To some degree,

the initial crystal growth retardation was also attributed to the surfactant.

Another point of importance is the relative interaction of surfactant head groups and
water. Reynolds reported that in the emulsions formed with water/oil/PIBSA-surfactant,
there was only 5 wt% surfactant adsorbed at the water-oil interface, and upon addition of
salt to the water phase, surface loading was tripled (12-16 wt%) [22]. Another study on
sulfonated surfactants used in the rapid removal of water to aid in the crystallization of
ammonium nitrate prill, pointed that affinity of effective dehydrating agents to water was
much higher than to salt [49]. This means that affinity of these surfactants to salt is higher
than their affinity to water. On the other hand, the reversed difference in affinity may be used
for dehydration, like in case of sulfonated surfactants, which are used for rapid removal of
water and aid crystallization of ammonium nitrate prill. This class of dehydrating surfactants

has much higher affinity to water than to ammonium nitrate salt. This difference in affinity
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of certain surfactants to water and to salt could be accessed in a computational study and

used as discriminating factor in the surfactant selection process.

Overall, gaining a better understanding of the mechanism and extent (strength) of
surfactant functional groups engagement with the oxidiser phase could assist in the
development of selection criteria for the novel surfactant candidates, based on the key head
group interactions and geometric requirements to the relative position of such functional

groups.

1.3 Molecular modelling

Theoretical prediction of the surfactant structure, properties, efficiency and
aggregation can be achieved through the application of multi-scale molecular modelling
tools [50,51]. Several successful multi-scale studies on engine oil additives, which are a
different class of PIBSA-based dispersants (PIBSI), have been reported [52,53]. It was
possible to predict aggregation properties of the highly complex oil deposits and model

efficacy of deposit scrambling additives.

In addition to the structural ambiguity, PIBSA surfactants can exist in a number of
ionisation forms, which were not previously characterised. In particular, the ionization of
amide/urea adducts is not straightforward and the exact interactions of these head groups
with aqueous salt could not be derived experimentally due analytical limitations. [21]. Using
electronic structure methods, it would be insightful to calculate electron density distribution
(partial atomic charges) and electrostatic potential maps for neutral and ionised forms of
PIBSA surfactants and compare computed molecular vibrations with the reported
experimental data (Raman and FT-IR fingerprints) [12]. To the best of our knowledge, no
computation studies of PIBSA-derivatives, used in explosive emulsions, have been reported

to date.

Besides the multiple interfaces, which exist in explosive emulsions, there are two types
of aggregates within the emulsion matrix - droplets and reversed micelles (Figure 1-2). It
was found that in the aged emulsions there was an overall depletion of surfactant loading at

the droplet interface and in the number of the reverse micelles in the oil phase [22]. This was



attributed to a chemical change in the surfactant due to hydrolysis. The effects of the
hydrolysis products on emulsion stability and crystallisation have not been evaluated in the
past, apart from the reported tendency of the PIB-succinic acid to form insoluble salts with

divalent ions (e.g. Ca2*), which destabilise the emulsion.

Modelling interactions in such complex materials could require different levels of
theory; from quantum mechanics to address electronic structure, to mesoscale calculations
of the physicochemical properties of the micrometre-size aggregates and aggregation
behaviour such as droplet coalescence (Figure 1-2) [16]. Whilst the self-assembly of
surfactants and associated properties, such as interfacial tension and critical micelle
concentration, can be accessed computationally, chemical details of the surfactants and their
ionisation forms, which can be derived from electronic structure methods, are essential for

mesoscale studies [54-56].

o *
i s

phisico- surfactants, liquid entities,

chemical demicellization flow field,
y y interaction diffusion/ adsoption | coalescense

Figure 1-2: Reverse HIP emulsion droplets with adsorbed surfactant and reverse micelles (left), from Babak [18]; scales for

molecular simulation of emulsions (right), from Krause [57].

The length scale amongst various explosive emulsion components is vastly different,
and somewhat prohibitive for ab initio electronic structure methods, which can comfortably
handle up to 100 atoms at a time. Considering the length scale of surfactants (300 atoms),
fuel oil (20-50 atoms) and saltions (up to 5 atoms), molecular modelling methods on atomic
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rather than electronic scale seems more plausible. Such methods ignore electron-electron
interactions and are known as classical methods, which are reliant on empirical potentials
to describe bonding and non-bonding interactions between atoms. Some of the
abovementioned methods are summarised below:

Quantum mechanics (QM), also known as ab initio (from first principles) level, is
aimed at simulation of the electronic structure and reactivity of molecular or small cluster
systems limited to a few hundred atoms [50,58,59]. Predicting the behaviour of large
molecules in a condensed phase, such as interactions of surfactants with an emulsion matrix,
with high-level ab initio calculations (accounting for electron correlation effect), is limited to
small clusters (mainly to “two-body” interactions), due to the overall system size. Even with
sufficient level of theory such calculations are inept at capturing polarization, which is an
inherent property of “many-body” interactions, and which are important in condensed

phases [60].

Molecular Mechanics (MM) remains a modelling method of choice on microscale
level, applicable to large chemically versatile mixtures due to its atomistic resolution and
relatively low computational cost [61-66]. The performance of the MM methods is highly
reliant on the availability of accurate and reproducible force-fields (FF). The key feature of
the FF for atomistic simulations is the ability to predict properties of mixtures without use
of adjustable parameters for the unlike pair interactions over a range of operating
temperatures and pressures [67]. One of the most advanced condense phase optimised
force-fields used for modelling of energetic materials and with extended coverage of
polymers, is Compass, which is available through the licenced materials modelling package

Materials Studio™ (BIOVIA) [60,68-70].

Mesoscale modelling, also known as Dissipative Particle Dynamics (DPD), is a
particularly useful tool, aimed at simulation of physical and chemical phenomena of complex
mixtures at the length scales in the range 10 nm-100 pm [54,66,71-74]. This is applicable to
polymer adsorption, polymer-surfactant interaction, phase separation, breakup and
coalescence of droplets in the emulsion during processing and storage, crystal/nanoparticle
growth and nucleation, bilayer stability and rapture, etc. [55,75-78]. However, for

multifunctional molecules such as PIBSA derivatives, the basis of the DPD method, i.e. the

11
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simplification of the system to a representation with fewer interaction sites, is not

straightforward. Validation derived from a more detailed approach, resolving atom-atom

interactions, is required.

1.4 Aims

The general selection process of novel surfactants (screening process) for improving the

stability of explosive emulsions can benefit from a computational model and selection

criteria, which is currently lacking. On the basis of our literature survey, the following

questions should be answered:

What is the structure and content; and what are the most likely ionization forms, of
PIBSA-based surfactants used in explosive emulsion technology?

What is the difference in surfactant rendered surface activity and subsequently, what
is the mechanism of surface stabilization?

What are the criteria to prioritise the selection of novel surfactants?

To eliminate the identified knowledge gaps, the following aims of this study were set.

Experimentally, using separation and analytical methods:

I.

ii.

Perform purification and structural characterisation of selected surfactants: PIBSA-
MEA, PIBSA-UREA and PIBSA-IMIDE;

Determine the concentration of active surfactant in the industrial surfactant blends.

Theoretically, through computer-based simulations:

iil.

iv.

Vi.

Characterise the electronic structure of surfactants via molecular modelling
methods;

Compare the calculated electronic structure of model surfactants with experimental
data;

Using simulations, elucidate the mechanism of surface stabilization rendered by the
series PIBSA-MEA, PIBSA-UREA, PIBSA-IMIDE and PIBSA-DEA and the effect of the
surfactant head groups on different components of the ammonium nitrate based
explosive emulsions.

Develop a computational framework for the screening of surfactant additives for
efficacy in stabilising explosive emulsions, and identify initial criteria for the selection

of candidates.

12
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2 Experimental studies on PIBSA-based surfactants

Abstract

Concentration of the surface active agents in industrial products is a common source of error.
In order to compare efficiency of a number of polyisobutylene succinic anhydride (PIBSA)
based surfactants, their concentration needs to be determined with a fair degree of certainty.
Industrial samples of the monoethanolamine adduct of PIBSA (PIBSA-MEA) concentrate
were used for chromatographic separation of the functionalized surfactant from the sample
matrix. Complete spectroscopic assignments were based on detailed analysis of all the
precursors and of the purified mixture of structural isomers. The structures of the double
bond isomers were consistent with the expected addition products of the classic Alder-ene
reaction derived PIBSA. The carbon-carbon connectivity of the succinamide head group to
the bulky polymer tail of PIBSA-MEA was more complicated than previously thought,
pointing towards regioselectivity in the nucleophilic substitution of PIBSA. By analogy,
further structural assignments of two other surfactants, branded as PIBSA-IMIDE and PIBSA-
UREA were made from the spectroscopic data recorded on crude industrial samples.
Detailed nuclear magnetic resonance (NMR) assignments for all three surfactants reported
here were utilized to develop a semi-quantitative 13C-NMR based method for the estimation
of the amount of the functionalized surfactant relative to the total PIB content in the
industrial concentrates. The results highlight common sources of structure- and

concentration dependent errors in high internal phase emulsion formulations.
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2.1 Literature studies

Since the early 1990s, polyisobutylene succinic anhydride (PIBSA)-based surfactants
have been used to render kinetic stability to high internal phase (HIP) water-in-oil emulsions
[1-3]. The chemical structure of these amphiphilic molecules determines the nature of their
interaction with the oil-water interface, the ability to form reverse micelles in the oil phase
and their time-stabilizing efficiency [4,5]. The effective concentrations of these surfactants
are usually determined by the emulsion stability limits, and typically are well in excess of
their critical micelle concentration (CMC), to afford total surfactant concentration in the oil
of 0.01-1.5 wt % [5,6]. Whilst the active surfactant loading at the water-oil interface is almost
independent of dilution, the concentration of reverse micelles in the oil phase is “excess
concentration”-dependent and proved to be critical for the HIP emulsion stability, especially

at elevated temperatures [7].

The industrial method of production of PIBSA-based surfactants is typically a three-
step process, starting from the manufacturing of PIB, followed by the addition of maleic
anhydride (MAH) and further substitution/addition of other functional groups. Example of
synthesis of PIBSA-MEA and PIBSA-UREA surfactants is given in Scheme 2-1 [3,8]. Further
thermal treatment of the open ring structure can result in cyclization to imide-type head
groups as in PIBSA-IMIDE surfactant. Chlorine-free PIBSAs of lower molecular weight and
with a narrow polydispersity index (PDI) are generally preferred in HIP emulsion technology

for their superior performance and viscosity characteristics.
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Scheme 2-1: Typical industrial process for preparation of PIBSA-based surfactants from HR-PIB (only major

isomers of reactants and products are shown).

The viscosity of the oil phase is one of the key physicochemical parameters and can
be greatly affected by the structure of the surfactant polar head group, average mass number
(Mn), average molecular weight (Mw), the degree of functionalization and content of surface
inactive products [9]. Mechanistic interpretation of surfactant performance is often based on
model laboratory scale preparations, which fail to reproduce the complete macromolecular
environment of the industrial mixtures, and may differ in their elementary and side reactions
[10-12]. Furthermore, high thermal stability of HR-PIBs and PIBSAs can be affected by the
duration of the exposure to the various catalysts and temperature cycles during formation

of PIB-derived products [13].
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Although most structural isomers of PIBSAs have been well characterized, the
qualitative and quantitative analysis of commercial concentrates, which also contain
unreacted starting materials, decomposition products and residual solvents, remains a
challenging task [14-19]. Thus, having a better understanding of the chemical composition
of the surfactant concentrates could be useful in quality control of the end products, choice
of the synthetic intermediates and calculations of the concentration-dependent parameters

such as the surfactant efficiency, interfacial tension and CMC.

2.2 Materials and Methods

The Glissopal® range of highly reactive (HR)-PIBs, produced by the BF3-catalyzed
process, as well as PIBSA were supplied by BASF (Midrand, RSA). Industrial samples of HR-
PIB, PIBSA, PIBSA-MEA, PIBSA-IMIDE, PIBSA-UREA surfactant concentrates and a sample of
diluent oil were supplied by a South African industry without any specifications. Reference

sample numbers discussed in the text are given in Table 2-1.

Table 2-1: Inventory of the PIBs, PIBSAs, PIBSA derivatives and additives

Reference Trade Name Description
Sample 1 Glissopal®1000 HR-PIB, Mn =1000 g/mol
Sample 2 Glissopal®1300 HR-PIB, Mn =1300 g/mol
Sample 3 Glissopal®2300 HR-PIB, Mn =2300 g/mol
Sample 4 GlissopalSA® PIBSA
Sample 5 Mosspar-H Isoparaffinic oil
Sample 6 PIB HR-PIB (unspecified Mn)
Sample 7 PIBSA PIBSA
Sample 8 PIBSA-MEA Polyisobutylene N-(2-hydroxyethyl) succinamide
Sample 9 PIBSA-IMIDE Polyisobutylene N-(2-hydroxyethyl) succinimide
Sample 10 PIBSA-UREA Polyisobutylene N-(urea) succinic acid imide

Chromatography: Sample 8 (5.02 g) was dissolved in 4 mL of hexane and purified
using a 4 x 50 cm column packed with 100 g of silica gelso. The column was packed with 500

mL of hexane (Hex), followed by elution with a stepwise gradient solvent mixture of Hex,
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dichloromethane (DCM) and ethyl acetate (EtOAc) and washed with 1 L of EtOAc. Fractions
of 6 mL aliquots were collected and combined by their relative thin layer chromatography
(TLC) retention value, using UV2s4, UVss0 and 5 wt% phosphomolybdic spray reagent for
detection. Pre-coated glass or aluminum silica gel TLC plates were used in all instances (F2s54
Merck or Sigma Aldrich). All solvents used for purification were distilled from chemically
pure solvent grades. The solvent was removed under vacuum on a rotary evaporator at 60

°C.

NMR: NMR spectra were recorded on Bruker 300 and 400 MHz instruments at
ambient temperature. All chemical shifts in the text, tables and figures are reported in
6 (ppm), referred to tetramethylsilane (TMS) as external standard and referenced to the
residual proton and carbon signals of CDCls solvent at 6 7.24 ppm and 8¢ 77.0 ppm,
respectively. Routine analysis generally involved in 1D and 2D core procedures (1H, 13C,
DEPTH, COSY, HSQC, HMBC and NOESY) was used for all samples. Samples were prepared
with 60-70 mgin 0.5 mL of CDCl3 (Merck) and filtered prior to analysis. Spectra were Fourier
transformed, phase and baseline corrected by MestreNova (version 6.0.2) automated
routines. Manual integration and selected peak normalization of the integrals by desired
peak was applied to all spectra. The integration regions were spread over a range of at least
25 times of the line width (Hz) of the peak in both directions, and the data derived from the
peak integration was taken as an average of three separate manual measurements to

minimize experimental uncertainty [21].

ATR-FTIR: Mid-infrared spectra were recorded on a Bruker 70v Fourier transform
infrared (FTIR) spectrophotometer, by placing the polymer samples in a diamond attenuated
total reflection (ATR) cell. The resolution was 2 cm-1 and 32 scans were signal-averaged in
each interferogram. Data was analyzed using OPUS software (version 7.5, Bruker). Spectra
were smoothed with a Savitzky-Golay function algorithm, base-line corrected and

normalized.

APCI-MS: Samples were introduced via the glass capillary directly into an
atmospheric pressure chemical ionization (APCI) source and mass spectra were recorded

using APCI, with drying gas temperature of 200 °C, nebulizer pressure of 1.6 bar and drying
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gas of 8.0 L/min. Mass range scanned was m/z 50-3000 with maximum accumulation time

of 0.2 min.

GPC-MALLS: Gel permeation chromatography (GPC) was carried out using a Hewlett-
Packard 1100 series chromatograph interfaced with a DAWN digital signal processing (DSP)
multi-angle laser light scattering (MALLS) (Wyatt Corp., Santa Barbara, CA) and refractive
index (RI) detector for absolute molecular weight determination. GPC was calibrated in
accordance with the universal calibration method with narrow range polystyrene standards.
Samples were prepared at +20 mg/mL, filtered (0.45 pm PTFE syringe) and injected straight
after the preparation onto a series of GPC columns (Agilent PLgel™ 10 um with pore size
105 A, Agilent PLgel MIXED-C™ and a Phenomenex Phenogel™ 5 um with a pore size of
100 A), preceded with 0.5um inline filter. Samples were eluted with distilled
tetrahydrofuran (THF) at 1 mL/min. The specific refractive increment (dn/dc) was
determined online between 0.090 to 0.100 + 0.005 (Table A2-2). The Mn, Mw and PDI were
calculated using ASTRA™ 4.73 (Wyatt Corp., Santa Barbara).

DSC: A Mettler Toledo differential scanning calorimetry (DSC) 1 instrument was used
for DSC analyses. The polymer samples were weighed to 5 - 10 mg. Samples were subjected
to a heat-cool temperature programme (-10 to 250 °C, heating/cooling rate of 10 K/min),

flow rate of 60.00 mL/min and were purged with nitrogen gas.

2.3 Results and discussion

2.3.1 Structural study of surfactants and their precursors

The PIB and PIBSA reference samples (Table 2-1) were analyzed using APCI-MS, GPC-
MALLs and 1D and 2D NMR experiments for reference purposes and for comparison to the
results previously reported for the model reactions [15,18]. Relative concentrations of
various double bond isomers in the samples of HR-PIB and PIBSA were established from the
integral values of proton resonances [19]. PIBSA-MEA was selected as a model surfactant for

purification and detailed structural studies. Structural assignments of the functionalized
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PIBSA-IMIDE and -UREA were made from the analysis of crude industrial concentrates, and

were based on the assignments of the model surfactant.
2.3.1.1 Analysis of HR-PIBs

The GPC-MALLS analysis of sample 1 gave Mn value of 1056 Da (19 isobutyl repeat
units - IB) and Mw/Mn = 1.1 (dn/dc = 0.095), which compared well with the value reported
in the BASF technical specification sheet (Tables A2-1 and A2-2); and Mn value of 975 Da (17
x IB) and Mw/Mn = 1.0 (dn/dc = 0.092) for sample 6. Such variation in Mn could lead to 10-
15 % errors in values of the concentration dependent parameters frequently based on the
assumption of the number of repeat units in the PIB side chain of the surfactant [20]. Samples
2 and 3 were also analyzed for method validation purposes and the results compared well

with the technical specification values (Table A2-2).
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Scheme 2-2: HR-PIB isomers and rearrangement products (A1-A6) and PIBSA isomers and bi-products (B1-B7).
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The APCI-MS analysis of the HR-PIB samples 1 and 6 showed main series of peaks
spaced by 56 Da (1 x IB), with sample 6 having an additional series of peaks of the PIB with
irregular carbon numbers, suggestive of a different synthetic route to that of sample 1 (Figs.
A2-1 and A2-2). The ATR-FTIR absorbance profiles for both HR-PIB samples were identical
and values are reported for cross reference purposes in Table 2-2. The 1H- and 13C-NMR
spectra of samples 1 and 6 were very similar, composing of 86 and 87 % of the exo-olefin A1,
10 % of the endo-olefin A2 and 3 and 4 % of the tetra-substituted isomers A3 and A4,

respectively (Scheme 2-2).
2.3.1.2 Analysis of PIBSAs

The GPC-MALLS analysis of sample 4 gave a Mn value of 1643 Da and Mw/Mn = 1.13
(dn/dc = 0.099), which compared well with the value reported in the BASF technical
specification sheet (Table A2-1). Sample 7 gave lower Mn value of 1420 Da and Mw/Mn =
1.40 (dn/dc = 0.098). Overall, the GPC coupled with MALLs detection resulted in Mn values
within a reasonable degree of accuracy for all PIB and PIBSA samples analysed, as compared
to the BASF in-house method with the refractive index detector. The positive ion APCI
spectrum of sample 7 showed two main series of peaks (Figure A2-3). The lower Mw series
in the region of 200-400 m/z were separated by 14 Da (-CH2-), which originate from
carbocation rearrangement leading to the anomalous carbon numbers (C3, Cs etc.). This is
more typical for the PIBSAs produced from AlCl3 catalysed PIB, as reported by Harrison [17],
but could also result from the thermal decomposition of PIB. The higher Mw series were
separated by 56 Da and differed by 98 mass units from the starting regular carbon numbers
PIB fragments (CsnHsn) with major molecular ions at m/z = 379, 435, 491 etc. The ATR-FTIR

absorbance spectra of samples 4 and 7 were absolutely identical (Table 2-2).

Few differences between PIBSA samples 4 and 7 were noted in the carbonyl and olefin
regions of the 13C-NMR spectra. Two equally strong sets of the carbonyl peaks were observed
in the spectra of sample 4 (6¢ 169.85 and 173.49 ppm; 6¢ 178.52 and 181.04 ppm), which
were assigned to the anhydride and the di-acid groups respectively, suggestive of significant
anhydride hydrolysis (structures B4 and B5, Scheme 2-2). Sample 7 presented with one set
of carbonyl peaks of the succinic anhydride (6¢ 169.85 and 173.49 ppm). Bis-adduct B6 was
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detected in both PIBSA samples, whilst B7 was not [15]. The positions of the resonances in
the olefin region in both PIBSA samples were identical (6¢c 116.92, 126.65, 135.49, 141.02,
142.62 and 143.22 ppm) and compared well with the previously reported double bond
isomers of classic Alder-ene PIBSA side chain B1 and B2 (Scheme 2-2), with 19 and 26 mol%
of exo-PIBSA isomer B1; and 7 and 20 mol% of the unreacted endo-PIB A2 respectively [14].
The unconventional PIBSA isomer B3, reported by Balzano [18] for the model thermal
maleation reaction of Glissopal®1000, with characteristic methane carbon signals at 6¢42.0
and 58.1 ppm (613.00 and 2.67 ppm), was not detected in the two commercial PIBSA samples
examined. Typically, PIBSA’s undergo another heating cycle to remove water and increase

its anhydride content prior to further derivatization.
2.3.1.3 Analysis of diluent oil

The diluent oils used in the final steps of production of PIBSA-based surfactants are
usually selected from the category of Ci4-20 hydrogenated petroleum distillates with boiling
point ranging between 220-350 °C (e.g. Mosspar-H, Ash-H or Shell P833) [21]. The industrial
diluent oil sample 5 was analyzed by 1H and 13C NMR spectroscopy (Figs. A2-7 and A2-8).
The 13C-NMR resonances were found in the region 6c 11-40 ppm, which is typical for this
hydrocarbon solvent category. Strongest peaks were situated at 6¢ 14.1, 22.7, 29.7, 32.3 ppm
(typical of n-paraffins) and at 6¢37.5 ppm (quaternary carbons of iso-paraffins). A second set
of considerably lower intensity signals appeared in groups of 2-4 around resonances at 6c
20, 27, 33 (methyl substitutions on the hydrocarbon chain), §c 39 ppm and a single peak at
6¢34.8 ppm. The appearance of the IH-NMR spectrum was almost identical to the spectrum
of n-hexane and consisted of two distinct resonances: a broad resonance at éx 1.26 ppm for
methane, methylene and crowded methyl protons and a characteristic multiplet at 61 0.86
ppm for the terminal methyl groups and other slightly more crowded germinal methyl

groups of the hydrocarbon chain.
2.3.1.4 Analysis of PIBSA-MEA industrial concentrate

The industrial grade surfactant concentrate of PIBSA-MEA (sample 8) was selected

for model studies. The GPC-measured Mn of 2552 Da (Mw/Mn = 1.5) was suggestive of

28



AN PRETORIA
F PRETORIA
| YA PRETORIA

<o<

presence of a significant amount of higher Mn fully saturated oligomers, likely to result from
the second order decomposition reactions of the PIB main chains in several synthetic cycles
[22]. The positive ion APCI-MS spectrum indicated a mixture of isomeric units separated by
56 Da, which corresponded to the isobutyl (IB) repeat unit (C4Hs) and showed a base peak at
m/z =198 Da [M+H]*, followed by a series of peaks separated by 56 mass units (Figure A2-
4). The calculated mass (Mcaic) of 1277 g/mol for the PIBSA-MEA adduct was based on the
molecular formula H(IB)n-1-C4He-(C2H3COOH)CO-NH-C2H4-OH with n = 19, for the PIB side
chain of Mn = 1064 (estimated for samples 1 and 6 from the 13C-NMR integral values).
Differences in the calculated values of Mn between the GPC and APCI-MS can be ascribed to
the source temperature of APCI-MS or the selectivity of the APCI-MS method toward the
lower molecular weight ions, as previously reported for ESI-MS experiment [17]. The time
factor in the sample preparation for the GPC analysis was also found to play an important

role, as micelle formation in THF can be a source of the overestimation of Mn [23].

Fractionation of Sample 8 (for 1H and 13C NMR data refer to Figs. A2-9 and A2-10)
afforded fractions F1-F3, which were analyzed by GPC-MALLs, APCI-MS, 1D and 2D NMR.
The yields were as follows: fraction F1 (light yellow - 1.63 g; 32.6 wt%), fraction F2 (clear -
1.18 g; 23.6 wt%) and fraction F3 (light brown - 1.2 g; 24 wt%) with total column recovery

of just over 80 wt%.

Fraction F1 was identified as a mixture of diluent oil and low molecular weight PIB
products, which is known in industry as the ‘light polymer’ or ‘light distillate’. GPC-MALLs
analysis of this fraction gave poor resolution and Mw/Mn could not be calculated. The APCI-
MS spectrum (Figure A2-5), with the base peak at m/z = 97 Da [M+H]* and several major
molecular ions at m/z = 165, 261 and 448 Da, compared well with the previously reported
data for the thermal decomposition products of PIB [17,24]. Fully saturated hydrocarbon

constituents of the diluent oil were not detected by APCI-MS due to the lack of ionization.

Examination of the !H- and 13C-NMR spectra allowed identification of several
unsaturated terminal structures of PIB by comparison with chemical shift values reported
for model olefins [13]. Other than the typical unreacted PIBs (A2-A4), tri-substituted end

group structures A5 and A6 were found to be present, with A6 in a relatively large amount
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(Scheme 2-2).1H-NMR analysis proved difficult to distinguish between resonances of various
end groups of PIB scission products, hexane and mineral oil. The TH-NMR resonances of the
tri-substituted and isopropyl end groups in PIB were observed in low field region, as
previously reported [24,25], with maximally crowded methyl protons of low Mn thermal

decomposition products (TD) resonating around 61 1.24 ppm (Figure 2-1).

Fraction F2 was identified as a mixture of functionalized PIBSA isomers C1 - C3
(Figure 2-1). GPC-MALLS analysis of this fraction gave Mn = 1616 Da and Mw/Mn = 1.51
(dn/dc = 0.092), which were within reasonable agreement with the calculated molecular
weight for a product derived from sample 6. Major molecular ions in the positive ion APCI
spectrum (m/z = 113, 198, 254, 310, 366, 422 and 478; Figure A2-6) were separated by 56
Da (base peak m/z = 198 Da [M+H]*), and the oligomers differed by 98 Da from the regular

carbon number PIB side chain (C4nHsn) fragments [17].

Major isomer C1 (Figure 2-1) was identified by 1D and 2D NMR as the exo-PIB-N-(2-
hydroxyethyl) succinamide denoted as PIBSA-MEA (olefin side chain: ¢ 143.49 and 116.08
ppm). The 13C-NMR resonance signals of the secondary amide side chain appeared at &c
41.67 for N-CHz and 60.68 ppm for O-CH2 (Figure A2-11). Two single peaks at ¢177.31 ppm
for -CH2-C=0 and 180.46 ppm for >CH-C=0 were assigned to the open ring succinic moiety.
Carbon-carbon connectivity along the PIB side chain was derived from the 13C-NMR peak
intensities and integration values, heteronuclear NMR maps and by comparison with the

previously published data by Harrison [19].
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Figure 2-1: 1H-NMR spectrum (400 MHz, CDCl3) and structures of PIBSA-MEA surfactant isomers C1-C3. Carbon

and proton (in brackets) chemical shifts are quoted in ppm.

The previously unassigned carbon shift of moderately crowed methylene group j
appeared at 6¢ 59.37 ppm (s, 2H, 61 1.34 ppm). The position of the amide proton was derived
from proton-proton coupling of the HN- and -CH2 protons in the 2D COSY plot (Ju-#, 61 3.72 -
4.24 ppm), and it was further confirmed by the NOESY experiment with a strong correlation
observed for the resonance peaks at 6x 3.72 and 4.24 ppm (Figure A2-12). The HMBC (Ju-c)
correlations of the amide-carrying carbonyl group (6¢177.31 ppm) to the succinic methylene
protons p (6n 2.49 and 2.70 ppm) and to the N-methylene protons q (6n 3.69 ppm) were
suggestive of some regioselectivity of the nucleophilic ring opening reaction, which was
previously characterized as an equal mixture of isomers, with the PIB chain adjacent or one
carbon removed from the carboxylic acid residue [2,7]. This may be due to some
intramolecular interactions, the effect of a bulky ring substituent (steric hindrance during

nucleophilic attack) or of the molecular environment of the reaction matrix.
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Key chemical shifts for the two minor isomers C2 and C3 were derived from the HSQC
and HMBS NMR maps (Figure A2-13). For the endo-PIB-N-(2-hydroxyethyl) succinamide C2,
with a tri-substituted olefin PIB side chain (6¢ 127.61 and 139.88 ppm), the methyne vinyllic
proton b’ was observed at 61 5.25 ppm and the allylic ring adjacent methylene protons a’ -
at 6w 2.14 and 2.63 ppm (6c 43.74 ppm). For the isomer C3, the ester methylene carbon q”
was observed at ¢ 60.7 ppm (0# 4.2 ppm) and the primary amine bound carbon r” - at éc¢

37.62 ppm (2H, m 6n 3.72 ppm).

The TH-NMR spectrum of the fraction F3 was characteristic of a fully saturated PIB.
Its dark brown color was consistent with the increase in the refractive index with carbon
number in the thermal decomposition (TD) products of PIB as previously reported [18,26].
Temperature cycle of the thermal maleation reaction of PIB ranges from 150-200 °C, whilst
the onset of thermal degradation of the BF3 process PIB and PIBSA is in the region of 240 °C
[18,27]. Higher order of thermal decomposition observed in this sample is likely to be due to
the prolonged exposures of feedstock to high temperature and catalysts in the production

process. Further investigation of this fraction was outside of the scope of this paper.
2.3.1.5 Structural assignments of PIBSA-IMIDE isomers

Structures of PIBSA-IMIDE isomers D1 and D2 (Figure 2-2) were assigned from the
NMR analysis of sample 9 following the chemical shift trends of the model compounds C1

and C2 (Figure 2-1).

All proton and carbon chemical shifts were very similar to PIBSA-MEA, with no
change in the chemical shift of the closed ring carbonyl groups (6¢ 177.29 and 180.43 ppm;
Figure A2-13). This could be due to the intramolecular hydrogen bond formation of the
amide hydrogen with the acid carbonyl group in PIBSA-MEA open ring structure. The
proton-proton COSY/NOESY correlation for the amide-methylene protons was absent

(Figure A2-12).
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Figure 2-2: 1H-NMR (400 MHz, CDCl3) spectrum of sample 9 and structures of PIBSA-IMIDE surfactant isomers D1

and D2. Carbon and proton (in brackets) chemical shifts are quoted in ppm.

2.3.1.6 Structural assignments of PIBSA-UREA isomers

Structures of the PIBSA-UREA adducts E1 and E2 (Figure 2-3) in sample 10 were

assigned on the basis of 1D and 2D NMR of the industrial concentrate and by the analogy to

the model compounds C1 and C2 (Figure 2-1). Sample 10 contained a large amount of diluent

oil. The slightly more pronounced downfield shift of all resonances in the head group and the

PIB chain was attributed to the electron density shift and polarization effects in the extended

partial 7-bond system of the N-acylurea group (E1). A few key chemical shifts of the minor

isomer E2 were assigned as 6c 128.19 and 140.00 ppm (d, 1H, éu 5.25 ppm) for the olefinic

resonance b’ and 8¢ 43.74 ppm (dd, 2H, ér 2.14 and 2.63 ppm) for the vinylic ring adjacent

methylene a’ (Figure A2-14).
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Figure 2-3: TH-NMR (400 MHz, CDCl3) spectrum of PIBSA-UREA (Sample 10).

2.3.2 ATR-FTIR analysis of PIB, PIBSA and PIBSA surfactants

Qualitative ATR-FTIR analysis of PIB, PIBSA, additives, industrial concentrates and
purified surfactants (Figures A2-16 to A2-23) resulted in a few interesting conclusions,
which were somewhat different from the previously reported data in terms of the functional
group assignments (Table 2-2). Adsorption band at 890 cm-! of the exocyclic double bond of
the unreacted exo-PIB A1 was observed in both PIBSA samples but not in the PIBSA
derivatives, unlike the more stable isomer A2 (endo-PIB), which was present in all of the
products of the PIB derivatization process. These findings are consistent with the 'H- and
I3C-NMR results. In PIBSA samples 4 and 7, the adsorption band of the >C=CH2 of the PIB

side chain has shifted to 920 cm-1, which is in good agreement with the predicted value [28].
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Absorption values of the carbonyl stretching in PIBSA and PIBSA derived samples
varied from 1702 - 1779 cm! depending on the type of carbonyl present, and were in good
agreement with the previously reported data [25]. The ester isomer C3 with the
characteristic adsorption at 1740 cm! was not detected by FTIR in any of the PIBSA-MEA
samples [2]. The absorption band at 1073 cm-1, previously ascribed to that of the primary C-
O(H) in acetamide [11], was also present in HR-PIB but absent from the purified PIBSA-MEA
fraction F2 (L.R. 2950, 2892, 1702, 1471, 1391, 1364, 1227, 1169, 949, 921 and 652 cm1).
The acyl (0-H) stretching of the hydrolyzed di-acid by-products B4 and B5 of PIBSA (sample
4), typically found as a broad band at 2500-3100 cm1, was not detected by the FTIR [14].

This is mainly due to the sensitivity of the instrument.

The N-H stretching vibrations of this class of amides, usually found in the region of
3140-3500 cm1, were not detected in any of the PIBSA derivatives investigated [11]. This
could be due to the tendency of these head groups to form conformational intramolecular
hydrogen bonds. Previously reported bands for an amide stretching at 1550 and 1635 cm-1
were also not observed in PIBSA-MEA or PIBSA-IMIDE samples [28].

Such detailed LR. fingerprinting of these surfactants can be particularly useful in the
FTIR guided studies of the interfacial interactions of these surfactants with the oxidizer salts
such as Ammonium Nitrate. The quantitative IR analysis of the surfactant concentrates as
proposed by Walch [25] resulted in the substantially overestimated Mn values. This is
probably due to the presence of the unreacted PIBs, higher Mn decomposition products of
PIBs and the diluent oil (sample 5 IR spectrum: 2957, 2923, 2863, 2361, 1591, 1460, 1376,
1071 and 728 cm1), as the PIB chain is unlikely to grow in the thermal maleation of PIB, ring

substitution or condensation reactions.
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Table 2-2: IR frequencies (cm'1) and assignments for HR-PIB, PIBSA and PIBSA-derivatives

HR-PIB PIBSA PIBSA MEA PIBSA IMIDE PIBSA UREA
Sample 8 Sample 9 Sample 10
Samples 4 and 7 Samples 4 and 7
PIB tail (main chain)
=CHz asym. str. - 3080
CH str. - 2980 - - -
CH str. 2950 2950 2950 2951 2950
- - - - 2923
CH str. 2892 2890 2892 2887 -
2720
CH str. 2361 2361 n.o 2361 n.o
n.a. 1591 - 1593 1591 1597
CH bend 1471 1465 1471 1471 1466
CHs swing 1388 1385 1391 1390 1387
CHs swing 1364 1360 1364 1363 1364
CH bend crowded 1227 1225 1227 1227 1227
-CHz-
n.a. 1073 1071 1070 1070 1073
>C=CHR 949 950 949 n.o. 950
C=C stretch - 920 921 921 n.o.
>C=CH, wag PIB 890 890 - - -
Head Group
sym. str. anhydr. - 1860 - - -
>C=0 1785 - 1776 1779
- - 1702 1700 1715
HzN-C=0 - - - - 1666
C=0 str. anhydr. - 1640 - - -
C-(CHz) bend - 1160 1169 1169 1169
Anhydr. - 715 - - -
N-H wag - - 652 691 635

n.o. - not observed
n.a. - not assigned

2.3.3 Semi-quantitative analysis of PIBSA surfactants from 13C-NMR

In PIBs, methyl and methylene carbons having the same degree of steric hindrance
and crowding are known to have essentially the same chemical shifts in CDCl3 regardless of
the total carbon number and chain length [26]. In the 13C-NMR spectra of HR-PIB (samples 1
and 6), there were six distinct signals in the region 6¢ 50-60 ppm. Signals of the isolated
terminal methylene at 6¢ 58.2 and its nearest neighbour at 58.8 ppm are well separated from
the bulk and from the signals near the double bond end of the PIB chain at 6¢51 or 57 ppm
for the exo-isomer C1 and at 6c 43.7 ppm for the endo-isomer C2 (Figure A2-15). Relative
values of the integrals of carbon signals at 6¢ 58.2 and 58.8 ppm were nearly the same as the
sum of integrals of the allylic methylenes of A1 and A2 PIB isomers (Table 2-3). In PIBSA
samples 4 and 7, relative intensities of these terminal methylene peaks were significantly
higher than that of the allylic and ring methylenes due to the presence of the unreacted PIBs

and its thermal decomposition products (Figure 2-4). Similar pattern was observed for the
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relative intensities of the characteristic quaternary carbon signals and geminal methyl
groups. This trend allowed to estimate the content of the surfactant in the industrial
concentrate from the relative values of the integrals of the distinct methylene carbon
resonances of the functionalized polymer to that of the isolated terminal or adjacent to

terminal methylene groups (Table 2-3).

It is assumed that NMR signal intensities scale linearly with the compound
concentration. From Figure 2-4, if the content of HR-PIB exo-isomer is x mol%, and if the
integral corresponding to the methylene carbon denoted c is normalized to 1, then x is
directly proportional to the values of the integrals corresponding to g or fcarbon signals and
amounts to 83 mol%, which is in the same range as the (86 mol%) derived from 1H-NMR.
Then the number of the corresponding IB units in the exo-PIB chain is the sum of scaled
values of integrals ¢, d + e, f, g plus 3 (for a, b and n fragments). In the current example it
equals to 19 (Mcac HR-PIB = 1064), which is slightly higher than the Mn value of 975 Da
determined by GPC. This underestimation of Mn by GPC is not uncommon considering that
the instrument was calibrated with polystyrene and not the PIB standards [29]. For PIBSA
and PIBSA derivatives, the content of the endo-isomer is higher and the carbon signal
corresponding to ¢’is more prominent. Thus the total amount of the functionalized polymer
is proportional to the sum of integrals ¢ and ¢’, and mol% of the functionalized polymer in
this example is 100x(1+0.3)/2.5 = 52, and the number of IB units in the PIB side chain of
PIBSAis 19. In case of PIBSA-MEA, the content of the functionalized polymer was calculated
to be 36 mol% and the number of IB units in the PIB side chain amounted to just over 18,
which is within reasonable agreement with the yield of chromatographic separation. The
normalization of the methylene signals of the functionalized head group p = p’ result in the
combined estimate of the exo- and endo-isomers, and corresponded well with the results

above.
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Figure 2-4: 13C-NMR (300 MHz, CDCl3) integrated spectral region from 56.5 - 60.5 ppm of PIB (sample 6 - top),
PIBSA (sample 7 - middle) and PIBSA-MEA (sample 8 bottom).

This method can prove useful in the calculations of conversion rates, and the accuracy
can be improved by calibration with diluent oils or by using an internal standard such as di-

methylformamide [17].

Relative amount of the functionalized PIBSA-MEA isomers of the total PIB sample
content was found to be in the range of 17-36 mol%; with 28-32 mol% for PIBSA-IMIDE and
22-25 mol% for PIBSA-UREA, based on analysis of the six batches of industrial surfactant
concentrates (PIBSA-MEA, PIBSA-IMIDE and PIBSA-UREA), manufactured between 2011-
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2015. Relative content of the functionalized surfactant was independent of the

manufacturing date.

Table 2-3: Normalized integration values of the 13C-NMR crowded methylene spectral peaks of PIB derivatives for

semi-quantitative analysis

PIB chain HR-PIB PIBSA PIBSA-MEA Sample | PIBSA-MEA (Sample
atom Sample 6 Sample 7 8 8 fraction F2)
label 13Cres. 6, ppm Int. 13C res. §, Int. 13C res. §, Int. 13Cres. §, Int.

value ppm value | ppm value | ppm value

ed 59.57;59.45 15.7 59.5; 59.3 29.8 59.5; 59.4; 46.4 59.51;59.37 | 18.7

f 58.88 1.2 58.8 2.5 58.84 3.8 58.82 1.5
g 58.26 1.2 58.2 2.5 58.22 4.6 58.19 1.5
c 57.04 1.0 57.1 1.0 57.19 1.0 57.17 1.0

Progressive thermal degradation from PIB to PIBSA-based derivatives was evident in
all PIBSA and industrial surfactant samples examined. The results of this study have shown
that batch-to-batch variation in the concentration of active surfactant in industrial
concentrates can be significant and should be considered when comparing surfactant
efficiency based on concentration-dependent physicochemical parameters. Poor conversion
rates and thermal decomposition products can constitute up to 65 wt% of the surfactant
concentrates, and can thus affect calculated values of CMC by up to two orders of magnitude.
Since the concentration of the functionalized surfactant in the emulsion can have a
significant effect on performance and shelf life, taking into account sample manufacturing
history and accurate estimation of the surfactant concentration in industrial products are
essential. The effects of large amounts of non-adsorbing polymers and higher Mn
decomposition products on the overall viscosity characteristics of the oil phase, and

subsequently the emulsion stability, should also be carefully considered.
2.3.4 DSC study of PIB, PIBSA and PIBSA derivatives

All polymer samples remained amorphous throughout the heating-cooling cycle. A
gradual heat flow rise was observed in samples 1, 6, 9 and 10 from 0 - 240 °C, with the PIB

samples showing the steepest climb, but no obvious phase transition. PIBSA samples 4 and
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7, crude PIBSA-MEA (sample 8) and purified PIBSA-MEA (sample 8: fraction F2) had almost
no enthalpy change in the temperature regimen used, indicating better thermal stability

(Figure A2-24).
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3 Computational study of PIBSA-based surfactants

Abstract

The objective of this section of the project was to characterise the interactions of a series of
PIBSA-based surfactants with various components of HIPE emulsions using molecular
modelling methods. The study focused on three surfactants with known efficacy: PIBSA-
MEA, PIBSA-UREA and PIBSA-IMIDE, which were compared with the well-reviewed product
PIBSA-DEA. Quantum and classical mechanics codes were used for model building, geometry
optimisation and molecular dynamics (MD) to study modes of surface adsorption; all these
codes are contained within a single platform materials modelling suite - Material Studio™.
The surface affinity of several low energy conformers of hypothetically possible ionised
forms of the polymeric surfactants i.e. neutral, protonated (cationic), deprotonated (anionic)
and zwitterionic, was probed on simulated surfaces of aqueous ammonium nitrate, pure
water, and predicted growth faces of crystalline ammonium nitrate. Averaged values of the
interaction energies were used for efficacy comparison. According to the hypothesis tested,
i.e. comparative adsorption of additives to the surface of the supersaturated solution of salt
and to water as well as crystal growth inhibition, it was found that all experimentally active
surfactants had lower adsorption energies to water than to the model salt solution. Hydrogen
bonds between ions were found to show the strongest interactions with the salt solution.
The inhibition of crystal growth was inherent only to PISA-UREA. Correlations in ab initio
calculated vibrational frequencies allowed the description of an ionisation mechanism of
amide-bearing surfactant groups. A mechanism of oxidiser phase metastability was also

proposed.
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3.1 Literature study
3.1.1 Emulsion: Aspects of composition, microstructure and stability
3.1.1.1 Composition

High internal phase emulsions (HIPEs), which are used as blasting agents, typically
consist of a large fraction (> 75 wt %) of the aqueous dispersed phase droplets containing
oxidiser salt (w), which are separated by a thin layer of the continuous or oil (o) phase, and
these are the w/o emulsions. The dispersed phase is a supersaturated solution (ca. 80 wt %)
of ammonium nitrate (NH4NO3, AN) while the oil phase contains fuel or diesel (ca. 5 wt %).
The remainder of the emulsion matrix is made up of water or oil soluble additives (ca. 15 wt
%), comprising surface active agents (surfactants), crystal habit modifiers, buffers, and
detonation catalysts. The aqueous oxidizer phase is usually buffered with citric or acetic acid
to keep the pH between 3.5-4.5, in order to support the gassing reaction and desired order
of detonation. Surfactants are used to assist with emulsification, droplet refinement and
emulsion stability. The fudge point, at which AN starts to crystallise, is used to determine the
required concentration of the salt in the emulsion, depending on the intended application.
For surface formulations, concentrations corresponding to a fudge point of ~60 °C are used.
Underground formulations are required to be more sensitive and generate higher energy

outputs.
3.1.1.2 Emulsion microstructure and length scale

From the objective of investigating the mode of interaction of PIBSA-based
surfactants and the oxidiser phase, microstructural characteristics of the emulsion would
determine the special requirements of the simulation system. Reynolds and co-workers
carried out a series of neutron diffraction experiments to investigate the microstructure of
the PIBSA-surfactant stabilised HIPEs [1,2]. Some of the relevant characteristics reflective of
the length scale of the surfactant and emulsion are summarised as follows: Droplet size,
reported as the Sauter mean diameter - Ds,, is typically 1-30 pm (1.0 x 104 to 3.0 x 105 &),

with a calculated droplet surface area of 1.3 x 10° to 1.1 x 1012 A2, Droplets are separated by
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the continuous oil film of 1000-1500 A [2,3]. The conformation(s) of the PIBSA-based
surfactants in the dielectric environment of the oxidiser phase (ca. 16) is reported to be fully
extended reaching an approximate length of 30 A [4]. The molecular area occupied by PIBSA-
based surfactant head groups at the interface, as reported by various authors, was around

140-220 A2[1,3,5-7].
3.1.1.3 Emulsion stability

The metastability of the supersaturated dispersed phase inside the emulsion droplets
is achieved with kinetic control by droplet refinement and with interface stabilisation by
surfactants. Without added surfactant, AN emulsions are short lived and tend to crystallise.
In surfactant-stabilised aged emulsions, the percentage crystallinity on aging reaches up to
30 wt % [8]. A number of laboratory-scale studies have been reported where the
performance of model emulsion formulations stabilised by various PIBSA-based surfactants
have been compared [9-13]. In the series PIBSA-MEA, PIBSA-UREA and PIBSA-IMIDE, PIBSA-
MEA stabilised emulsions have shown superior performance by remaining stable over 52
week periods [14], and emulsion stability was shown to follow the same trend as the

interfacial tension y [12]:
PIBSA-MEA (> 52 weeks) > PIBSA-UREA (17 weeks) > PIBSA-IMIDE (16 weeks)

Structure-activity investigations of a laboratory synthesised PIBSA-DEA, also
abbreviated by Ghaicha et al. as PSDA [10], were inconclusive concerning the mechanism of
surface stabilisation, but provided some useful experimental details and order of stability for
the pair PIBSA-MEA (PSMA) > PIBSA-DEA. However, a systematic study comparing various
PIBSA-based surfactants is lacking to date.

Ganguly et al. drew an analogy of the emulsified solution of NH;NO3; and metastable
supercooled water [15], with the latter presenting both modes of nucleation: bulk-
homogenous, which is initiated by thermal fluctuation of the critical nucleus, and
heterogeneous, which may be initiated by a surface, a surfactant or an impurity. Depending

on the choice of the surfactant, both modes have been observed in surfactant-stabilised
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HIPEs [16]. For homogenous nucleation, the nucleation rate (J) is inversely proportional to
the droplet average volume ( V;) and droplet lifetime (7) [17].

J x = Eq. 3-1

TVd

By contrast, in HIPEs stabilised with PIBSA surfactants, stability is higher in
emulsions with smaller droplets, and scales with the droplet surface area [14]. This is typical
of the heterogeneous type of nucleation, which occurs at one of the interfaces, and the

nucleation rate follows Eq. 3-2, where A, is the surface area of the droplets [17].
o — Eq.3-2
J <o q.

It was found that for molecular crystals like AN, the smaller the surface energy, the
slower the normal growth rate [18]. From the heterogeneous nucleation theory, the
nucleation event is believed to be a non-spontaneous event due to the energy cost of the
nuclei formation vs the free energy gain per unit volume. The critical size of nuclei (rc)
determines the absolute nucleation rate and depends on surface tension y (Eq. 3-1), where
AG; is the free energy difference between bulk liquid and solid (Eq. 3-3). Thus normal
crystal growth rates are also proportional to y. This could play a major role in the mode of
surfactant-rendered stability.

_ )
r. = Ao Eq. 3-3

The strength of the bonding at the interface is strongly dependent on the structure
and chemistry of the substrate surface. If the atomic structure of the substrate surface closely
matches a particular crystal growth plane of the nucleating phase so that lattice strain is
minimised and, in addition, the substrate presents a set of chemical functionalities that
promote strong bonding to the nucleus, then the enthalpic contribution to the interfacial free

energy becomes small, and nucleation occurs preferentially on that crystal plane [19]

It was shown that the surfactants, which are able to mediate crystal growth, affect

mainly the thermodynamics of the processes involved. Edge energy of the cluster is
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decreased due to saturation of the dangling bonds by the surfactant atoms. However, some
surfactants saturate only some dangling bonds in the newly forming cluster, which increases
the work in formation of the critical nucleus and renders remaining dangling bonds
inaccessible for growth propagation by steric hindrance. This is typically followed by the
increase in the Eedge of the surfactant cluster due to the segregation of the surfactant layer.
The latter should be considered for the multifunctional PIBSA-based surfactants, which

could form particularly strong hydrogen bonds with both ions of the salt substrate.

Results of another literature study on amphiphilic monolayer systems with
concentrated AN solutions indicated that the crystallisation of AN was influenced by the
nature of the molecules present in the monolayers [20]. The changes in the functionalities of
the polar head groups produced significant differences in nucleation as well as the growth
pattern of AN crystals, as observed by photoelectron microscopy. An additive can modify
crystal habit by creating surface defects and dislocations, which result in altering of lattice
energies. An additive that lowers the crystal lattice energy (which generally happens with
organic surface-active agents) also reduces the bond strength between the crystals and
crystal-bound water. An example of such behaviour is found for polystyrene sulfonate (PSS),
which is used in the production of AN prill [4]. Reducing the size of AN crystals to almost unit
cell, PSS possesses a unique mechanism of removing water from an AN droplet. Regardless
of the crystallising phases of AN, the PSS, being a multifunctional molecule, interacts with
various sites on the crystallising AN planes and isotopically reduces the size of the forming
crystals. However, within the emulsion context, removal of water and formation of such
crystallites would be highly undesirable and would affect detonation properties of the

emulsion.

Formation of nano-suspensions during emulsion aging in PIBSA surfactant-stabilised
emulsion formulations was reported by Malkin et al. [21]. This implies that, post the initial
retardation of crystallisation, surfactants may selectively affect fast growing faces of the salt,
resulting in formation of small isotropic crystallites. The ability of a surfactant to interact
with growth faces of crystalline material could be used as one of the stabilisation criterions

for the additive [22].
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3.1.2 Surfactant
3.1.2.1 Surface activity

Surface activity of a molecule is a measure of its ability to accumulate at the interface,
when the free energy of the adsorbed state (AGads) is significantly lower than that of the
unadsorbed state [23]. It depends on the change in the interaction energies of the surface
and the adsorbate and entropy effects [24]. A general ranking based on the capability of
functional groups of associative colloid behaviour in amphiphilic/water systems was
proposed by Laughlin [25]. He used surfactant affinity to water in his thermodynamic
classification of ‘operative’ surfactant functional groups known as hydrophilic-lipophilic
balance (HLB). According to HLB, the ‘operative’ hydrophilic groups may be organised into

five subclasses, and these were ranked in order of relative hydrophilicity as follows:
anionic ~ cationic > zwitterionic > semipolar > single bond

Charged species should be more strongly adsorbed at the interface, causing
interfacial tension to drop. Modelling of the surface interactions with various ionisation

forms of surfactant should therefore prove useful.
3.1.2.2 Surfactant ionisation and susceptibility to hydrolysis

Surfactants, which are capable of ionisation, may exist in different forms, once mixed
with water or an aqueous oxidiser phase. The head groups of the PIBSA surfactants under
consideration are mono-substituted bi-functional esters (PIBSA-DEA); bi-functional amides
(PIBSA-MEA), cyclicimides (PIBSA-IMIDE) and acylureides (PIBSA-UREA). PIBSA-IMIDE can
be considered as a non-dissociative surfactant. PIBSA derivatives with succinic acid moiety
would only partially dissociate in water due to the presence of the highly hydrophobic side
chain. In a basic environment, PIBSA-DEA may be deprotonated on the acid and/or amine
side, although the latter is a highly unlikely situation considering the relative N-H/COO-H
bond strengths. Proton removal would largely depend on the base. Deprotonation of PIBSA-
MEA and PIBSA-UREA would result in formation of the carboxylate anion only, as the amide

protons are not very acidic due to the partial double bond character of C-N. In an acidic

48



environment, the secondary amine of PIBSA-DEA is likely to undergo quaternisation [10]. In
PIBSA-MEA and PIBSA-UREA, O-protonation of the amide carbonyl would be the spatially
and energetically preferred form [26-28].

N-protonation 0-protonation (preferred site)
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Scheme 3-1: Protonation sites in amides. Two orbital alignment scenarios leading to protonation at oxygen* or
nitrogen* sites. Typical anti-orientation of carbonyl oxygen and amide proton is depicted in blue. Image adopted

from Nanubolu [28].

Furthermore, linear secondary amides have mainly anti orientation with respect to
the carbonyl oxygen and amide hydrogen, with a significant barrier to rotation (10-40 kcal
mol-D) C-N bond (Scheme 3-1). The anti orientation is more energetically favoured, which is
owed to the same electronic effects as the y-effect in hydrocarbons [29-31]. Syn-amides are
of very rear occurrence, and exist mainly in a hindered or cyclic form, like in lactams [30,32].
Both syn and anti amides are capable of ionization, where an oxygen of the amidic carbonyl
is the likely protonation site [32]. In PIBSA-UREA, the proton could associate with either of
the two carbonyl groups of the succinureide moiety. Depending on the relative nature of the
surfactant and pH environment, zwitterionic ionisation can be achieved in surfactants with

donor/acceptor head group capabilities.
3.1.2.3 Computational studies of PIBSA-based surfactants

Computational studies of PIBSA-based surfactants and especially within context of
the explosive emulsion formulations are very scarce in literature. Masalova et al. reported
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calculations of the head group size for the series PIBSA-MEA, PIBSA-UREA and PIBSA-IMIDE
using molecular mechanics ACD freeware 3-D optimisation [12]. Kovalchuk et al. reported a
DFT study of the solvation of the model linear chain hydrocarbon derivatives of succinimide,

using B3LYP as functional [33].

3.1.3 Ammonium nitrate
3.1.3.1 Solid Ammonium Nitrate

Ammonium Nitrate (AN) is a polymorphic solid which is known to exist in seven
crystalline forms in the temperature range 0 - 187 °C [34,35]. At standard atmospheric
conditions, the orthorhombic phase IV (-18 to 32 °C) and tetragonal phase II (84 - 125 °C)
are of importance to this study. The crystallographic coordinates for these two crystal phases
were reported by Lucas and Choi [36,37]. The coordinates of hydrogenous IV-AN were
derived from neutron single crystal measurements. For deuterated II-AN, Rietveld profile-
refinement of neutron diffraction measurements were done. A stable anhydrous liquid state
of AN was also found in atmospheric aerosols as supermicron size particles [38]. The lifetime
and efflorescence behaviour of such particles were simulated in laboratory conditions. The
stability of the anhydrous liquid state was found to be highly dependent on the purity of
water used in the sample preparation, and water impurities were responsible for seeding
the crystallisation of AN. Computationally, AN was stable in a molten state between T= 169-

189 °C with onset of thermal decomposition at 202 °C [39].

In PIBSA surfactant-stabilised emulsions, AN crystallises in predominantly the
tetragonal [/I-AN form, which gradually undergoes phase transition /I 2 IV [8]. This
phenomenon is believed to occur as a result of stereochemical correspondence with the
surfactant functional groups. It could be hypothesised that surfactant head groups have

different affinities to the morphologically important II-AN and IV-AN growth faces.
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3.1.3.2 Structure of aqueous Ammonium Nitrate

The density for equimolar AN:W was reported by Thompson et al. who derived
solubility and density isotherms for AN solutions in water, which covered dilute to
supersaturated concentration ranges [40]. Experimental, calculated and extrapolated

density values for AN(s), AN and AN(q) are given in Table 3-1.

Table 3-1: Calculated and experimental densities for solid and liquid phases, and aqueous solutions of AN under

normal pressure and temperature range of 255-475 K

Solution ID (molar | c (wt%) T, K Density, g cm3 Reference

ratio) AN (exp. or calc.)

IV-AN 100 255-357 1.725exp Cross ref. from [41]
II-AN 100 357 -398 1.646exp Cross ref. from [41]
I-AN 100 398 -442 1.591exp Cross ref. from [41]
AN (lonic melt) 100 442-475 1.428 - 1.408exp [39]

AN:W (2:1) 89.88 373.15 1.405calc Extrapolated from [40]
AN:W (1:1) 80.14 333.15 1.37Texp [40]

AN:W (1:2) 68.96 298.15 1.316calc Extrapolated from [40]

Conventionally the oxidiser phase has been viewed as a supersaturated solution of
ammonium nitrate salt [42,43]. Braunstein regarded an equimolar solution of AN as an ionic
melt [44]. Such systems are considered as non-dissociating for water. Protic ionic liquid
mixtures have been reported to create similar dielectric environments as neat ionic liquids,
due to a strong electrostatic screening of water by the ions, as reported for AN and methyl-
ammonium nitrate [4,45]. In the latter ionic liquid, the cation is directionally hydrogen-
bonded to water, and tetrahedral coordination of water to the network of methyl-ammonium

nitrate is reported.

One of the most generalised and widely accepted thermodynamic theories of
associative equilibria in the highly concentrated aqueous solutions of salts, is the
thermodynamic “quasi-lattice” theory of association [44], which adopts the view that only
the cation is hydrated. Some experimental and theoretical calculations suggest that the

cationic hydration energy is stronger than that of the anion. However, results of cryoscopic
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measurements for AN:W system by Keenan suggest that hydration of the nitrate anion may
well exist [46]. Peleg’s experimental results for liquid AN-W mixtures (0.4-1.4 molar ratio
range) were in agreement with Braunstein’s assumption that for an AN:W system, water is
held predominantly by the cation for up to an AN-W ratio of 1, with additional W molecules

possibly hydrating some anions [47].

The micro structure of aqueous solutions of AN was studied experimentally by X-Ray
and neutron diffraction techniques [34,48,49]. X-Ray studies of aqueous AN solutions
generally failed to differentiate between NH; and H,0 species and were thus unable to
provide a resolved local ionic structure. Study of an equimolar deuterated solution (50 mol
kg1 ND4NOs3in D20) is of particular interest for this study in terms of structural parameters
and ion coordination [48]. The results indicated that ND} and NO3 ions are stable in solution
and have relatively weak hydration shells. The separation of the nitrogen centres in this
cation-anion pair of 6.1 A was derived from 2 order difference isotopic substitution
methods. However, this study was carried out at 100 °C. The molecular dynamics and density
of such a system would be vastly different from the supercooled equimolar solution of AN
inside the microdroplets in the commercial emulsion formulations, which are kinetically

stable at ambient temperature.

Previously reported computational studies on the structural aspects of concentrated
solutions of ammonium, nitrate and water are mostly limited to small clusters of A-W1-10 or
N-Wi-10 [50-54]. Aspects of phase transition, thermal decomposition and nitrosation
reactions are also reported [39,55,56]. Several groups have worked on the development of
ammonium nitrate-specific potentials (force-fields), for the calculation of thermophysical
properties [57] and reactive force-fields, to study proton transfer reactions and

decomposition chemistry [41,53].

Simulations of AN in the gas phase have shown that the NH} — NO3 ion-pair is highly
unstable [50], and the equilibrium structure of AN in the gas phase is the nitric acid-
ammonia complex (NH; —HNO;3) [51]. However, in acidic solution, it exists almost

exclusively as NH; and NO3 ions [55], and proton transfer can be ignored. An energy

calculation on the solvated (explicit water model) ion-pair structure, with the dielectric
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permittivity of air (e ca.1), afforded a total energy that is 27.46 kcal mol-! above that of the
gas-phase hydrogen-bonded structure, suggesting that water effectively stabilised the ion-
pair. Thus water is likely to render a similar stabilisation of the ion-pair at the interface of
two low dielectric environments in the real emulsion situation, where AN ions are exposed

to the interface between oil (e.g. dodecane, € ca. 2) and air (€ ca. 1).

3.1.4 Water and water models

The microscopic nature of liquid water and water surfaces is not completely
understood and there is an on-going experimental and computational effort to advance the
knowledge, characterise and simulate its structure [58]. Many simple and complex,
polarisable and non-polarisable, tetrahedral and planar water models have been developed
in the last 50 years. For classical Molecular Dynamics (MD) simulations, a water monomer
can be treated as rigid or as flexible. In rigid models, the bond angle H-O-H and all bond
lengths are constrained to a selected set of parameters, which are often based on
experimental data or ideal geometry [59-61]. In the flexible approach, geometric parameters
are force-field dependent. The dynamic properties amongst water models can differ
significantly when simulated under the same conditions [62]. The dipole moment can be
affected by the variation of point charges, which are also known to affect the overall potential
energy of the system. For the purpose of evaluation of a specific model, the radial distribution
functions (RDF) may be compared to the reported data for some of the most widely used

models (e.g. SPC or SPC/E) and experimental results [59].

3.1.5 Computational methods
3.1.5.1 Case studies

Konkel and Myerson used Material Studio™ and Compass FF to study the efficiency of
polysorbate-type surfactants in stabilising pharmaceutical nano-suspensions [22]. Their

rapid adsorption model was based on the binding energy of the surfactant to the fast growing
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crystal faces of the drug. The results correlated well with the experimental stability and

shelf-life of various nano-suspension based drug formulations.

Scocchi simulated interatomic interactions in the nylon-6 polymer with a surface of
nanocomposite system (Cloisite 20A ) using Material Studio™ and Compass FF, which was a
compromise between accuracy and availability of the force field parameters for all atom
types present in the molecular model [63]. A slab model (pseudo 2-D periodic system) of the
optimised single polymer molecule-surface complex was used to calculate interaction
energy. The predicted structure of the polymer-clay nanocomposite system obtained from
the developed simulation procedure was in excellent agreement with previous experimental

and atomistic simulation results.

Shen and co-workers studied the effect of a solvent on growth morphology of
explosive CL-20 crystals using slab model with Compass force field in Material Studio™
package [64]. Crystal growth inhibition was predicted from the relative values of the
attachment energy to the simulated growth faces of CL-20 crystals (Eatt) and the adsorption
energy (Eads) of a solvent to the same. Predicted growth inhibition of some crystal faces by
the solvent was in good agreement with the experimentally derived morphology of CL-20,

crystallized from this solvent.
3.1.5.2 Slab model

The slab model, schematically represented in Figure 3-1, is one of the most exploited models
for surface modelling [65]. In essence, the periodic boundary conditions are applied in all
three dimensions with sufficient volume of vacuum left above the surface in one dimension
normal to the surface, to impose zero tailing of electron density between the top and bottom
of the layers in the periodic supercell. Such model can be applied to study periodic and

amorphous systems.
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Figure 3-1: Slab model reproduced from Sholl et al. [65].
3.1.5.3 Force Fields

A force-field generally expresses the potential energy of a system as a sum of valence
(geometric), cross-term, and non-bonding interactions (van der Waals and Coulombic).
There are a variety of FFs supported by the Material Studio™ simulation platform, including

several generics as well as a state of the art FF - CompassllI.

Compassll (condensed-phase-optimised molecular potentials for atomistic
simulation studies (II-second generation)) is the first force field, which was parameterised
with ab initio and empirical methods. It is based on the earlier consistent valence (CFF9X)
and polymer consistent (PCFF) Class-II force fields [66]. Its valence parameters and partial
atomic charges were derived by fitting to ab initio data; the van der Waals (vdW) parameters
were derived from MD simulations of molecular liquids, which were fitted to a wide range of
experimental observables for organic compounds containing H, C, N, O, S, P, halogen atoms
and ions, alkali metal cations, and several divalent metal cations. The functional forms of this
FF are of the consistent FF-type. The non-bond interactions in Compass include the Lennard-
Jones (L]J) 9-6 function for the van der Waals (vdW) term and Coulombic function for

electrostatic interactions (Table A3-1) [67]. There is no separate term for hydrogen bonding,
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and it is modelled by the same non-bond functions. Compassll enables an accurate and
simultaneous prediction of structural, conformational, vibrational, and thermophysical
properties for a broad range of molecules in isolation and in condensed phases. It was
specially optimised to model energetic materials, and is believed to be one of the most
accurate FFs for alkyl nitrates, despite the large discrepancy with experiment in the values

of elastic coefficients and the L] well depth parameters [68,69].

Another FF worthy of considering for the scope of the current study is the Dreiding
[70]. This is a generic all-purpose FF, which affords reasonable predictions for organic,
biological and main-group inorganic molecules, and it is accessible through a number of
computational platforms (e.g. LAMMPS). General force constants and valence parameters in
Dreiding are based on simple hybridisation rules, and bond lengths are derived from the
atomic radii. Dreiding consists of the L] potential for the vdW interactions, atomic monopoles
and a distance-dependent Coulombic term for electrostatic interactions between partial

atomic charges, and the L] 12-10 potential for hydrogen bonding (Table A3-1).
3.1.5.4 Partial atomic charges

Partial charges exist even in charge-neutral species and reflect the difference in
electronegativity between the atoms from which the molecule is composed. In classical
method-based simulations, atomic charges may be assigned by a force-field or estimated
using other available methods. In the Compassll FF, the partial charge is defined for each
atom type, and it is a collective term, which is the sum of so-called bond increments
(representing the charge separation between two valence-bonded atoms) of all atoms that
are valence-bonded to the atom in question [67]. For force fields like Dreiding, with no
inherent partial atomic charges, two methods for calculating approximate atomic point
charges (based on electronegativity) are available within Material Studio™: Gasteiger and

QEq [71,72]. Choice of the FF is often based on the accuracy of the predicted partial charges.

When evaluating performance of a FF, the Coulomb terms could be assessed through
comparison of partial charges derived from density functional theory (DFT) simulations (e.g.

Mulliken partitioning) or experimental methods (e.g. NMR chemical shifts). Mulliken charge
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analysis uses spin density and atomic overlap matrices for charge partitioning [73]. Amongst
other well-known computational methods, the Hirshfeld method of charge and spin analysis
is based on the deformation density [74], and the electrostatic potential (ESP)-fitted charge
assignment, which deduces charges from the positions of the atomic nuclei and the electron

density [75].

3.2 Aims

PIBSA-based surfactants are claimed to provide metastability to high internal phase
emulsions by means of a mechanical barrier and the reduction of surface tension of the
supersaturated dispersed solution of ammonium nitrate salt. Numerous studies of PIBSA-
surfactant stabilised emulsions were not able to elucidate ionisation behaviour in the series
PIBSA-MEA, PISA-UREA and PIBSA-IMIDE. Neither were they able to deduce the mechanism
responsible for the vast differences in stability rendered by the series. The experimental
challenges and the existing ambiguity in the structure of the modern surfactant concentrates,
as well as in the microstructure of the oxidiser phase at ambient temperatures, have
provided sufficient motivation for undertaking a multi-scale computational study to address

the following:

e To gain a better understanding of the mode of interaction of the widely used
commercial surfactants with various components of emulsion, with emphasis on the
surfactant hydrophilic functional groups by resolving atom-atom interactions with
the substrate;

e To develop a multi-scale computational model based on a single materials modelling
platform, for rapid screening and optimisation of the novel surfactants for application

in high internal phase water-in-oil emulsions.
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3.3 Models

3.3.1 General computational methods

All molecular modelling studies were carried out within a single modular platform -
Biovia Material Studio™ (version 16.1). Crystal Builder, Polymer Builder and Amorphous Cell
modules of Material Studio™ were used to construct various components of the model
systems using the CHPC cluster. Density functional theory (DFT) code DMol3 and molecular
mechanics code Forcite were used for geometry optimisation and dynamics tasks. The
Adsorption Locator module was used to study interactions of surfactants with various
surface models. Reflex module was used to plot experimental data and simulate XPD patterns
of model crystals. Morphology module was used to compute crystal growth morphology.

Detailed descriptions of parameter sets are given below for the specific tasks.
3.3.1.1 Structural characterisation and hydrogen bonding

The local structure of ions (1st, 2nd and 34) was characterised by calculation of radial
distribution functions (RDF). Models were checked for agreement with gas phase clusters
before using in liquid phase simulations. For solids, the intermolecular distance O---H limit
for hydrogen bonding was less than 2.38 A [76]. For amorphous structures, geometric
criteria for hydrogen bonding between any pairs was applied to the intermolecular distance
0---H to be less than 2.45 A, and the angle between the 0---O and O---H vectors to be less
than 30° [77]. The distance between atoms participating in hydrogen bonding can be
employed to assign the hydrogen bond strength [78].

3.3.1.2 Calculation of surface roughness

Surface roughness is a way of assessing surface irregularities, which may be present
in the form of creases and cusps, and which affects the adsorption modes of surfactants and
crystal growth. Normal crystal growth rate of a rough interface is generally higher than that
of a smooth interface [79]. Surface roughness was estimated as the ratio of the accessible
solvent surface, at a specified solvent radius, to the geometric surface area of the slab (in

amorphous structures) or as a ratio of Connolly surface area to the geometric area (for crystal
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surfaces). These are standard algorithms available in the Material Studio™ software package
[80,81]. External accessibility of solvent is determined by a flooding algorithm that fills from
the external faces of the field as implemented in Solvent task of Visualizer tools of Material
Studio™ [82]. The same set of parameters was used for solid and amorphous surfaces, with

a grid interval of 0.25 A, a van der Waals scale factor of 1 and initial solvent radius of 1.4 A.
3.3.2 Simulation of Surfactants

Simulation of PIBSA-based surfactants was based on three models, which differed by
the size of the side chain attached to the functionalised succinic moiety. The input structures
in polymeric model were based on the structures derived in Chapter 2, with 16 isobutylene
repeat units ([IB]16), connected to the succinic moiety by the isobutyl link, and ca. 220 atoms

in total. This model was used for the surface adsorption studies.

In semi-truncated model of surfactants, the side chain consisted of [IB]1-4, and had
the same head-tail connection as the polymeric model, with total number of atoms of ca. 70.

These surfactants were used for ab initio electronic structure studies.

The truncated model of surfactants had side chain reduced to the methyl-group, and

consisted of ca. 25 atoms. This model was used for the rapid surface adsorption studies.

To label various ionisation states of the surfactants (i.e. cationic, anionic and zwitterionic), a
first letter of the specific state was added after the abbreviated name of the surfactant (e.g.
in PIBSA-MEAa, letter ‘a’ stands for the deprotonated or anionic ionisation state of PIBSA-

MEA).
3.3.2.1 Polymeric and truncated model surfactants

The geometries of the polymeric and truncated model surfactants were first
optimized in Forcite using the Smart algorithm and automatic force-field atom typing and

charge assignments with Compassll (v. 1.2) [66,67,83]. For reference purposes, the

geometry of HR-PIBSA was also optimized with Dreiding force field, using automatic atom

typing and Gasteiger and QEq methods for charge assignment [66]. Electrostatic and van der
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Waals interactions were treated with the atom-based summation and cubic spline truncation

methods (cut-off = 18.5 A; spline width = 1 &; buffer width = 0.5 A).

The Quench dynamics task of the Forcite module was used to find local minima of the
polymeric surfactant structures, where searching of conformational space is done by
alternating periods of dynamics simulation with a quench period, in which the structure is
minimised using the Smart algorithm. For dynamics, atoms were assigned random velocity
profiles to, and a constant-temperature/constant volume (NVT) ensemble was used with the
Nosé-Hoover-Langevin (NHL) thermostat to maintain system temperature at 298 K [84].
Equations of motion were integrated with the Verlet algorithm with time steps of 0.1 fs and
100 step intervals between the quenches, for a total run time of 10 ps [85]. CompassII (v.
1.2) FF was used with the atom-based summation and cubic spline truncation methods with
cut-off distance of 18.5 A (spline width - 1 A; Buffer width - 0.5 A) for electrostatic and van

der Waals interactions.
3.3.2.2 Geometry optimisation for semi-truncated model surfactants

The DFT DMol3? model engine (v. 2016) with B3LYP exchange-correlation potential
and DNP basis set (file 3.5) was used for geometry optimisation calculations [86].
Convergence tolerance was set to fine (with AE =1e-5, maximum force = 0.002 Ha A-land
maximum displacement as 0.005 A), maximum iterations to 150 and maximum step size was
0.3 A. Electronic parameter settings were as follows: integration was set to fine, SCF
tolerance to fine, core treatment for all electrons, orbital cut-off to fine and solvent was set
to vacuum. Atomic charges were derived from subsequent population analyses using
Mulliken, Hirshfeld, and ESP-fitted charge analysis methods as implemented in DMol? of
Material Studio™. Bond orders were assigned using the Mayer algorithm [87]. The magnitude
of total dipole moment was calculated from the dipole moment vectors, as part of the DMol3

GO run. The DMol? GO task was run in parallel using 192 cores.
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3.3.3 Simulation of Ammonium Nitrate crystal growth faces
3.3.3.1 Initial coordinates and input structures

Unit cells of /I-AN and IV-AN were built from the crystallographic coordinates as
reported by Lucas and Choi respectively [36,37]. The coordinates of hydrogenous IV-AN
were derived from neutron single crystal measurements and for deuterated II-AN, from the
Rietveld profile-refinement of neutron diffraction measurements. For /I-AN , the structure
with ‘orientation a’ [36] of the two interchangeable orientations of II-AN was used in this
study. Reflex module of Material Studio™ was used to simulate powder diffraction patterns

for comparative analysis of the XPD patterns.
3.3.3.2 Geometry optimisation of Ammonium Nitrate crystal phases with DMol3

Geometry optimisations of II-AN and IV-AN unit cells were done using the DMol3
module (v. 2016) with lattice optimisation. B3LYP exchange-correlation potential with DNP
basis set (file 3.5) and revised Perdew, Burke and Enzerhof (RPBE) functional were used for
geometry optimisation calculations [86]. Convergence tolerance was set to fine (AE =1e-5;
max. force = 0.002 Ha A-1; max. displacement as 0.005 A; max. iterations to 50 and max. step
size was 0.3 A). Electronic parameter settings were as follows: all electrons core treatment,
restricted spin polarisation, SCF tolerance and integration grid were set to fine, orbital cut-
off was set to fine and global cut-off was set to 3.4 A. Atomic charges were derived from
subsequent population analyses using Mulliken, Hirshfeld and ESP-fitted charge analysis
methods as implemented in DMol? of Material Studio™. The DMol3 task was run in parallel

using 8 cores.
3.3.3.3 Geometry optimisation of Ammonium Nitrate crystal phases with Forcite

The Smart algorithm with ultra-fine convergence tolerance was used for geometry
optimisation as implemented in the Forcite module of Material Studio™ [88]. Automatic
force-field atom typing and charge assignments were used with CompassIl (v. 1.2) and
Gasteiger or QEq charge analysis schemes, when using the Dreiding force-field. Electrostatic

and van der Waals interactions were treated with the Ewald summation method [89,90].
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3.3.3.4 Crystal growth morphology of II-AN and 1V-AN

Crystal growth morphologies for [I-AN and IV-AN phases were calculated with
Bravais-Friedel-Donnay-Harker (BFDH) and the Growth morphology methods as
implemented in the Morphology module of the Material Studio™ modelling package

(theoretical aspects reviewed in SI-A3) [91].

Default parameters with ultra-fine calculations quality were used in the study of the
crystal morphologies of II-AN and IV-AN. Compassll (v. 1.2) FF and FF-assigned partial
atomic charges were used in all calculations. The Ewald summation method was used to treat
electrostatic interactions (accuracy of 1e-5 kcal mol'! and buffer width of 5 A). An atom-
based method was used for control of the van der Waals interactions (cut-off of 18.5 A, buffer
width of 0.5 and spline width of 1 A). The face list generator dnx minimum was set to 0.8. The
ratio of the largest diameter to the smallest diameter orthogonal to it is the calculated aspect

ratio for the predicted morphology.

Crystal growth faces with appreciable surface area were cleaved along the main face
to a width of ndnk to achieve surface depth of ca. 30 A. Growth surfaces were rebuilt as 2-D
periodic supercells to ca. 30 A a side. The 3-D slabs were constructed by adding ca. 100 A of
vacuum above the surface in the c-direction. All atoms in the slab were constrained. Slabs
were used for the adsorption studies without any further geometry optimisation. The value
of Earr was used in conjunction with the surface adsorption energy Eads to quantitatively
compare the effect of surfactants on growth of the morphologically important crystal faces

(Section 3.3.7).

3.3.4 Simulation of Aqueous Ammonium Nitrate

The selected equimolar composition of the aqueous oxidiser phase (55.5 mol kg1)
corresponded to an industrial product with a fudge point of 65 °C. The density of the solution
was calculated from the solubility and density isotherms adopted from Thompson et al. [40].

The geometries of the input structures of the ions (NO3 and NH;) and water (H,0) were
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optimised in Forcite with the Smart algorithm and ultra-fine convergence tolerance using
Compassll FF and FF-assigned atom types and partial atomic charges. These structures were

used for building a simulation cell.

The Amorphous Cell module was used to load multiple frames of the cubic simulation
cell to a specified density with 9 ion-pairs of salt and 9 molecules of water, using 2000
loading steps per frame (a=b = c ca. 10.2 A). The cell was confined along the c-lattice vector
and the Ewald summation method was used for controlling electrostatics (accuracy of 1 x
10-5 kcal mol-1; buffer width of 0.5 A). An atom-based method was used for the van der Waals
interactions (repulsive cut-off of 18.5 A and buffer width of 0.5 A). The lowest energy frame
was used to construct an orthorhombic supercell from 4 x 4 x 3 cubic cells (a=b ca. 40 A and
c =30 A). The supercell was cleaved along the (001) direction and the resultant surface was

used for the construction of a vacuum slab (denoted as “9x9x9SC”).

3.3.5 Simulation of Water

The water monomer was treated as flexible and used with Compassll FF and FF-
assigned parameters for atom types and partial charges. The starting configuration was a
cubic box with side length of ca. 30 A, which was packed using the confined layer task of
Amorphous Cell with 900 water molecules, to achieve a density of 0.997 g mol-! [60,92]. The
P1 symmetry of the initial packing was randomised using a MD run in Forcite. The simulation
cell was equilibrated at constant-volume and constant-temperature regime (NVT ensemble)
with randomly assigned atom velocities (Maxwell-Boltzmann distribution). The Newton
equations of motion were integrated with the Verlet leapfrog algorithm using a time step of
0.1 fs and 10 000 dynamics steps (1 ps) [85]. The temperature was set to 298 K and held

constant using the Nose thermostat, as implemented in Forcite [93].

Long range electrostatic interactions and van der Waals interactions were treated
with the Ewald summation method (with ultra-fine accuracy, buffer width of 0.5 A and
repulsive cut-off of 12 A). The same dynamics parameters were used in the production run,

with time step of 1 fs, and atom velocities taken from the last frame of the equilibration run
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trajectory. The bulk structure of the water simulation cell was characterised by calculating
£(HOH) and radial distribution functions (g(00), g(HH) and g(OH)) as implemented in
Materials Studio. The final frame from the MD run was used to construct the vacuum slab by
cleaving the simulation cell along the (001) plane and building a vacuum slab (denoted as

“W900”) for the surface adsorption studies.

3.3.6 Slab models

Surfaces were translated into slab models by cleaving simulated cubic or
orthorhombic cells along the (001) plane. A vacuum layer of ca. 100 A was added above the
top atomic layer of the surface in the z-direction to screen the interactions of the adsorbate
from the bottom of the surface slab. The positions of the atoms in the middle of the slab
(below and above two surfaces in the z-direction) were fixed by applying constraints to the
Cartesian and fractional coordinates using the Rattle algorithm [94]. These atoms are
inaccessible to the adsorbates and their dynamics are assumed to have little or no effect on
the surface adsorption. This allows to increase the time step and speed up the surface

adsorption simulations.

The partially constrained slab was relaxed using a GO run in Forcite with the Ewald
summation method for electrostatics and atom-based cut-off for the van der Waals
interactions. For the periodic structures of II-AN and IV-AN growth faces, fractional
positions of all the atoms within the lattice were fixed without further geometry

optimisations.

3.3.7 Surface adsorption studies

Simulated Annealing task within the Adsorption Locator module was used to simulate
the loading of the adsorbates or adsorbate mixtures into the vacuum slab, with containing a
pseudo-surface [95]. Monte Carlo searches of the configurational space of the substrate-

adsorbate system [96], which was subjected to an annealing protocol, were used to identify
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possible low energy adsorption sites [97]. The annealing protocol (with concurrent
geometry optimisation of the adsorbate) consisted of 5 heating cycles (500 steps per cycle),
using 100 000 loading steps for the polymeric and 10 000 for the truncated adsorbates. The
automated temperature control was applied with default annealing temperature cycle
parameter values of Tmax= 600 K and Tfina1= 100 K. Charges were assigned by CompassII and
long range interactions were treated with the Ewald summation method with accuracy of
1e-5 kcal mol! and buffer width of 0.5 A for Coulombic interactions; and with the atom-atom
summation method for the van der Waals interactions, which were truncated at 18.5 A (using

the cubic spline method with spline width of 1 A and buffer width of 0.5 A).

The adsorption energy Eads is composed of two parts: the energy of adsorbing the
sorbate onto the surface in its input conformation and a small deformation energy due to
relaxation of the sorbate in the presence of the surface. The adsorption energy Eads was

calculated as follows:
Eads = Etotal - (Einternal + Edeformation) Eq. 3-4

The difference between the Eads as calculated by Adsorption Locator and Eatt as calculated for
the same face by the Growth morphology predictor was used to evaluate the effect of an
adsorbate on the predicted external morphology (crystal habit), which is generated
automatically from the list of faces and centre-to-face distances. In case of |Eads|> |Eatt| the

growth inhibition of that crystal growth face by the adsorbate is said to be achieved.

3.3.8 Approximations
The approximations used in this study are listed below:

a) The use of a non-reactive force-field presumes no chemical change in the system (i.e.
proton transfer, hydrolysis etc.);

b) The pH effects in the aqueous AN phase were ignored. The pH factor was artificially
introduced into the polymer and model molecule head groups by addition or removal

of a proton;
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c) Based on the relatively close values of the dielectric constants of € (air) = 1, € (vac) =
1 and € (oil) = 2, all surface adsorption calculations were run in vacuum;

d) When modelling the interface of the emulsion droplet, the emulsion was presumed to
be mono-dispersed and the curvature of the interface was considered to be 0, based
on the relevant size of the simulation cell cross section cap area (ca. 9 x 102 A2) to the
surface area of the average emulsion droplet with dsz of 10 um (ca. 3 x 1010 A2);

e) Inavacuum slab model of the surfaces, the motion of the atoms that are a few A below
the surface were assumed to not impact the dynamics of the sorbate to any great
degree;

f) In growth morphology calculations, interactions with the crystal edges were not

considered.

3.4 Results and Discussion

3.4.1 Simulation of Surfactants

The objective of the computational study of PIBSA surfactants was to derive their
electronic structure, predict most likely ionisations states and to gain better understanding
of the structure activity relationships. Three models, with varied number of atoms in the
linear side chain, were considered. The polymeric model was based on the major product
of thermal maleation of the highly reactive (HR) PIB, and contained 16 isobutylene repeat
units ([IB]16) (Scheme 3-2). The size of these polymers (ca. 220 atoms) was prohibitive of
the high quality ab initio calculations, and some extent of the side-chain truncation was
mandatory. The semi-truncated model (ca. 70 atoms) contained 4 isobutylene repeat units
([IB]4) and was used for the ab initio calculations of the electronic structure. The fully

truncated model (ca. 25 atoms), was used for the rapid screening of surface activity.
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Q, ) Polymeric surfactant model of PIBSA ([IB]16SA: 201 atoms; Mw = 996 g/mol)

Scheme 3-2: PIBSA models in ball and stick representation. Colour legend: Hydrogen - white, Carbon - grey,

Oxygen - red and Isobutylene backbone - magenta. Yellow joints indicate place of truncation.

3.4.1.1 Geometry optimisation and calculation of partial atomic charges of semi-truncated

and truncated PIBSA with DMol3 and Forcite

The geometry of the succinic anhydride derivatives with a [IB]1-4 side chain, starting
with isobutyl succinic anhydride ([IB]1SA) and extending the side chain by one [IB] unitat a
time, was optimised with DMol3 and partial charges were assigned using Hirshfield, Mulliken
and ESP analysis methods as implemented in DMol3 (Table A3-4). The numbering scheme

and colour legends are presented in Scheme 3-3.

The effect of lengthening of the carbon side chain on the electronic density in the
succinic anhydride moiety became less pronounced after the addition of the second IB
fragment. Separate geometry optimisation run with Forcite was followed for the methyl-
substituted succinic anhydride (CH3SA) and partial atomic charges are listed in Table 3-2.
The expected difference in the electron density between C1 and C4 atoms correlated well
with the 13C-NMR results obtained in our structural studies of the industrial PIBSA samples.
The larger electron density on C4 (Aqcsqcq ca.0.1 eV) could be one of the contributing

factors to the regioselectivity observed in the industrial PIBSA derivatives (Chapter 2).
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O- Hydrogen . - Carbon . - Oxygen . - isobutylene backbone

Number scheme for semi-truncated model of PIBSA

Compassll atom types for semi-truncated model of PIBSA

Scheme 3-3: Ball and stick representations for the semi-truncated model of PIBSA ([IB]+SA) (above) and Compassll
atom types (below). Numbers on hydrogen atoms are omitted; only linear side chain carbons and oxygens are

numbered.

For the [IB]xSA and CH3SA compounds, partial charges on O atoms of the anhydride
were identical for 02 and 03 atoms and differed by 0.016 eV for O1. Quantum charge analysis
with the Mulliken method resulted in a more symmetrical density distribution, as expected,
and varied significantly from the ESP fitted distribution, whilst the Hirshfeld distribution
was largely underestimated. The geometry of the semi-truncated [IB]4SA was optimised in a
separate calculation with Forcite, using Compassll and Dreiding force fields. Partial atomic
charges were automatically assigned by Compassll; and Gasteiger and QEq charge analysis
methods were used with Dreiding force field (Table 3-2), as implemented in Materials

Studio™ [71,72].
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Table 3-2. Partial atomic charges and atom types for [IB]+SA

SITEIT VAN PRETO
ITY OF PRETO
ITHI YA PRETO

Head Compass 11 Dreiding DMol3
group Atom | Compassll, | Atom | Gasteiger, | QEq, q, | Mulliken, | Hirshfeld, | ESP, q, eV
type q, eV type q, eV eV q, eV q, eV

c1 c3’ 0.562 CR 0.272 0.614 0.610 0.221 0.577
Cc2 c43 -0.053 C3 0.059 | -0.146 -0.229 -0.005 0.137
C3 c4 -0.106 C3 0.047 | -0.242 -0.224 -0.049 -0.513
c4 c3’ 0.562 CR 0.269 0.593 0.595 0.223 0.692
01 ol= -0.450 0.2 -0.266 | -0.472 -0.385 -0.245 -0.438
02 ol= -0.450 0.2 -0.266 | -0.464 -0.386 -0.251 -0.460
03 02b -0.224 O_R -0.244 | -0.522 -0.482 -0.114 -0.396
Tail

c5 c4 -0.106 C3 -0.019 | -0.237 -0.116 -0.043 -0.592
cé c3= 0.000 C2 -0.076 0.016 0.078 0.028 0.537
Cc7 c4 -0.106 C3 -0.027 | -0.202 -0.117 -0.047 -0.683
c8 c44 0.000 C3 -0.031 0.027 -0.149 0.048 0.818
c9 c4 -0.106 C3 -0.043 | -0.181 -0.053 -0.049 -0.576
C10 c44 0.000 C3 -0.034 0.030 -0.153 0.048 0.794
Cc11 c4 -0.106 C3 -0.043 | -0.166 -0.046 -0.051 -0.514
Cc12 c44 0.000 C3 -0.038 0.030 -0.151 0.048 0.750
C13* c4 -0.159 C3 -0.060 | -0.394 -0.131 -0.098 -0.563

* For terminal methyl groups C-(CHs)s, the average value of the 3 charges is quoted.

Comparing quantum ESP fitted charges with those determined with force-fields, for
Dreiding atom types, charges calculated with QEq method were more realistic than charges
derived from the Gasteiger method. From the QEq charge analysis, the absolute value of the
electron density on carbonyl carbon C1 was higher than on C4. The same was observed for
the carbonyl oxygens 01 and O2. On other hand, Compassll-assigned charges were more
symmetrical than ESP fitted charges, placing the same charge on both carbonyl carbons and
oxygens, which is typical for CompasslI [68]. The absolute values of the charges assigned by
CompasslI to the key atoms i.e. 01 and 02, which are likely to interact with polar molecules

in the adsorption studies, were in reasonable agreement with the ESP-assigned charges.
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3.4.1.2 Calculation of partial atomic charges and valence parameters for semi-truncated

model surfactants

Valence parameters for the semi-truncated neutral forms of [[B]4SA-IMIDE, [IB]4SA-
MEA, [IB]4SA-UREA and [IB]4SA-DEA were derived from Geometry Optimisation runs with
DMok (Table 3-3).

Table 3-3: Bond distances for semi-truncated [IB]4SA-derivatives from DMol3

[1B]«SA-IMIDE

[1B]«SA-MEA

[IB]«SA-UREA

[I1B]«SA-DEA

r(C1-01)=1.2014
r(C4-02)=1.2124
r(C3-C4) = 15135 A
r(C1-N)=1.389 A
r(C4-N)=1.395A
r(N-C21) = 1.459 A

trans-conformation
r(C1-01) = 1.209 A
r(C4-02)=1.223 A
r(C3-C4)=1.523 A
r(C4-N)=1.362 A
r(N-C21) = 1.463 A
r(N-H) = 1.014 A
cis-conformation
r(C1-01) =1.209 A
r(C4-02)=1.2214
r(C3-C4) = 1.523 A

cis-trans-coformation
r(C1-01) = 1.204 A
r(C4-02) = 1.225 A
r(C4-04)=1.212A
r(C3-C4) = 1.508 A
r(C4-N1) = 1.385 A
r(C4-N1)=1.410 A
r(C4-N2) = 1.374A
r(N1-H) = 1.011 A
r(N2-Ha) = 1.007 &
r(N2-Hp) = 1.008 A

r(C1-01) = 1.209 A
r(C4-02) = 1.206 A
r(C3-C4) = 15142 A
r(C22-N) = 1.459 A
r(N-C23) = 1.463 A
r(N-H)=1.01 A

r(C4-N)=1.370 A
r(N-C21) = 1.463 A
r(N-H) = 1.011 4

[IB]4SA-IMIDE: In the equilibrium gas phase conformation of the [[B]4SA-IMIDE, the two
carbonyl groups and nitrogen atom of the imide ring (01-C1-N-C2-02) were found to lie in a
common plane, as can be clearly seen from the dihedral angles of 0° for £(02-C4-N-C21) and
39 for £(01-C1-N-C21). Weak hydrogen bond between 02 and H-03 (£(02---H-03) = 123%
2.48 A) is likely to be responsible for the elongation of the C4-02 double bond and slight
reduction in its double bond character (bond length = 1.212 A; bond order = 1.85). The
proximity of the two oxygen atoms (i.e. 02 and 03) afforded broad electronegative domain,

as can be seen from the computed electrostatic potential (Scheme 3-4).
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Scheme 3-4: Numbering and colour scheme for [IB]+SA-IMIDE (top); HOMO-LUMO isosurface (middle) and

calculated electrostatic potential (bottom).
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Quantum and FF-assigned partial atomic charges, and atom typing for the head group
of [IB]4SA-IMIDE are listed in Table 3-4. The increase in partial charge on the 02 oxygen, as
compared to [IB]4SA is due to the charge transfer from the nitrogen and the delocalisation of
electrons from its lone pair, making this site a better hydrogen bond acceptor. Two distinct
stretching vibrations for the carbonyl groups of the succinimide head group (1710 and 1840

cm1; Figure A3-1) were observed in the calculated Raman spectrum of [IB]4SA-IMIDE.

Table 3-4. Partial atomic charges and atom types for head group of [IB]+SA-IMIDE

Atom Compass I1 DMol3

number Atom type | Compassll, q, eV | Mulliken, q, eV Hirshfeld, q, eV | ESP, q, eV

C1 c3 0.450 0.568 0.189 0.476
C2 c43 -0.053 -0.234 -0.007 0.078
C3 c4 -0.106 -0.209 -0.051 -0.576
C4 c3 0.450 0.561 0.190 0.562
01 ol= -0.450 -0.464 -0.277 -0.496
02 ol= -0.450 -0.484 -0.281 -0.510
>N- n3m -0.223 -0.467 -0.031 -0.083
N-CH2-C c4 0.117 0.010 0.001 -0.355
C-CHz-0 c4o 0.054 0.178 0.024 0.190
C-0-H ozh -0.570 -0.537 -0.247 -0.631
C-O-H hlo 0.410 0.272 0.139 0.420

From Compassll representation of [[B]4SA to [IB]4IMIDE, the sp3 oxygen bridge atom
type for anhydride’ 03 (‘o2b’) was replaced by the sp3 nitrogen type (‘m3m’) for the
anhydrous amide; and three additional atom types were added for the N-ethanolamine side
chain (Table 3-4). The sp3 hybridized ‘n3m’ atom type failed to account for the succinimide
ring rigidity and for the delocalization of the electron density. Subsequently, force-field
assigned partial atomic charge on the imide nitrogen was overestimated by 0.14 eV, when
compared to the ESP-assigned charge. This resonance and intramolecular HB-stabilised

IMIDE derivative is unlikely to undergo protonation in the acidic environment.
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[IB]4SA-MEA: The minimum energy equilibrium gas phase structure of [IB]4+SA-MEA,

with intramolecular hydrogen bond (£(N-H---01) = 140°% b.l. = 2.08 A), was the expected

trans-conformation with respect to the amide hydrogen and amidic carbonyl. It presented

a classic case of the amide orbital mixing and polarisation around the amidic moiety.

Table 3-5: Partial atomic charges and atom types for head groups of [IB]4<SA-MEA, [IB]4+SA -UREA and [IB]4+SA -

DEA

Atom [IB]+-MEA [IB]4-UREA [IB]+-DEA
number Compassll DMoB Compassll DMoB3 Compassll DMol3

Atom q eV ESP, q, ESP, q, Atom q eV Atom q eV ESP, q, eV

type eV eV type type

trans cis

Cc1 c3’ | 0.495 0.570 0.513 c3’ 0.495 0.664 c3’ 0.495 0.404
C2 c43 | -0.053 0.187 0.404 c43 | -0.053 -0.034 c43 | -0.053 0.357
C3 c4 | -0106 | -0.591 -0.462 c4 | -0.106 -0.256 c4 | -0.106 -0.607
c4 c3’ | 0.450 0.730 0.733 c3’ 0.450 0.577 c3’ 0.562 0.755
Cc4’ - - - - c3” 0.532 0.758 - - -
01 ol=| -0.450 | -0.579 -0.517 ol=| -0.450 -0.503 ol=| -0.450 -0.489
02 ol= | -0.450 | -0.481 -0.586 ol=| -0.450 -0.532 ol=| -0.450 -0.569
03 o2c | -0.455 | -0.531 -0.601 ol=| -0.500 -0.533 o2c | -0.455 -0.530
03-H hlo | 0.410 0.351 0.453 hlo 0.410 0.406 hlo 0.410 0.452
04 hlo | -0.570 | -0.576 -0.628 o2c | -0.455 -0.577 02s | -0.272 -0.206
04-H o2h | 0.410 0.371 0.404 - - -
05 - - - - - - o2h | -0.570 -0.665
N/N1 n3mh | -0.574 | -0.533 -0.632 n3mh | -0.367 -0.590 n3hl | -0.727 -0.867
N/N1-H hin | 0.351 0.344 0.331 hln 0.351 0.368 hln 0.353 0.407
N2 - - - - n3mh | -0.718 -0.847 - -
N2-Ha - - - - hln 0.351 0.374 - - -
N2-Hb - - - - hln 0.351 0.399 - - -

The sp? character of the nitrogen was evident from the near trigonal planar geometry

(< (H-N-C4) = 119 °; £ (H-N-C21) = 116 °; £ (C4-N-C21) = 121 °), with carbon C21 lying just

6° off the common plane. Strong polarization of the amide moiety was supported by the

charge shift from nitrogen to carbonyl oxygen (Table 3-5), and the magnitude of the

calculated dipole moment of 6.28 Debye, which was the strongest in the series. Such
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polarization would typically lead to the formation of very strong hydrogen bonds with
neighbours and/or other polarisable molecules [27,29,30]. The protonation site of this

amide moiety is likely to be exclusively at O2.

The calculated electrostatic potential map of the trans-[IB]s#SA-MEA is shown in Scheme
3-5. In the gas phase optimised geometry, a large negatively charged domain around O2 and O4
is sterically available for hydrogen bond formation with HB-donor sites, whilst the smaller domain
on the opposite side around O1 is more sterically hindered. The geometry optimised structure
of the cis-isomer was 8.5 kcal mol-! higher in energy than the trans-isomer (Scheme A3-1).
The expected sp? geometry of nitrogen appeared somewhat distorted (£ (H-N-C4) = 112°;
£ (H-N-C21) = 115° and « (C4-N-C21) = 129°); and carbon C21 was found to lie 18° off the
common plane, which the amide nitrogen shares with the attached hydrogen and carbonyl

moiety (£(02-C4-N-C21) = 162°).

Furthermore, a larger negative charge on the nitrogen atom (qn = -0.632 eV/), when
compared to the trans-isomer, is a result of the twisted geometry and poor orbital overlap.
Such deviation from planarity and the increased sp3-character would make amidic nitrogen
prone to N-protonation; thus two possible protonation sites of cis-[IB]JaSA-MEA need to be
considered (i.e. O2 and N) [26,28,98]. This is also likely to increase its susceptibility to

hydrolysis, when compared to polarisation-stabilised amides.

A few differences were noted in the calculated Raman spectra of cis and trans isomers
of [IB]4SA-MEA, which are mainly due to the intramolecular hydrogen bond in the trans
isomer: ((C1=01) 1750cis/1710¢rans cm1; (N-H) 3740cis/3600¢rans cm1, (C-N) 3590cis/3530trans
cm! and 3830cis/3810¢rans cm1; Figure A3-2).

74



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

‘- Oxygen ‘ Nitrogen ‘ - Carbon O - Hydrogen  ------ - hydrogen bond

Z
L I
Isosurface colour map: LUMO Yellow - (-) values, blue - (+) values; HOMO - Brown - (-) values, green - (+) values

Isosurface colour map: Yellow - (-) values, blue - (+) values

Scheme 3-5: Numbering and colour scheme for [IB]«SA-MEA (top); HOMO-LUMO isosurface (middle) and

calculated electrostatic potential (bottom).
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IB]4SA-UREA: From the four possible isomers (Table 3-6), the lowest energy conformation
was cis-trans with respect of the position of the amidic hydrogen relative to the two C=0
amidic bonds. In this conformation, and similarly to cis-[IB]4SA-MEA, the 02-C4-N1-H
arrangement deviated from planar. However, the delocalisation of the lone pair electron
density on N1 over the amidic and ureide moieties (gn: = -0.590; qcs = -0.577; qoz = -0.532
eV), aids to head group polarisation (total dipole moment = 5.2 Debye) and renders N1 an

unlikely protonation site.

The additional stabilisation of this conformation is from the strong intramolecular
hydrogen bonding of the amidic carbonyl (£(04---H-03) =148°; b.l. = 1.88 A; Scheme 3-6).
Geometric arrangement of the terminal -NH2 was closer to pyramidal (£ (Ha-N2-Hp) = 115°;
£ (Hp-N2-C4’) = 114°; 2 (Ha-N2-C4’) = 120°), as previously reported for free urea, with
substantial negative charge localisation on the terminal nitrogen N2 (gnz = - 0.847 eV),
making N2 capable of acting as a hydrogen bond donor or acceptor [98]. Such a geometric
arrangement allows [IB]4SA-UREA three potential sites for protonation: 02, 04 and terminal
N2. The calculated electrostatic potential map is indicative of strong polarisation with two
oppositely charged and equally sized electron donor/acceptor domains (Scheme 3-6). Three
distinct stretching vibrations of the carbonyl groups of the succinureide head group (1720,
1820 and 1830 cm-1) and a strong N-H vibration at 3600 cm-! were present in the calculated
Raman spectrum of [IB]4SA-UREA (Figure A3-4).

76



#
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

.- Oxygen ‘ Nitrogen ' - Carbon O - Hydrogen  ------ - hydrogen bond

Electrostatic potential isosurface colour map: Yellow - (-) values, blue - (+) values

Scheme 3-6: Numbering and colour scheme for [IB]+SA-UREA (top); HOMO-LUMO isosurface (middle) and

calculated electrostatic potential (bottom).
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Table 3-6: Conformations of [IB]+SA-UREA (cis/trans position of amide hydrogen with respect to C=0), calculated
SCF Energy and total dipole moment from DMol3 calculations

Total Dipole,
Conformation Structure SCF, Ha
Debye
02
H
cis-trans RH,C N1 -1306.7790 5.49
O4)\N2H2
02
H
- - /
cis-cis RH,C N1 -1306.7750 3.23
H,N2 04
02 N2H,
trans-cis )J\ -1306.771 4.16
RH,C N1 04
H
02 04
trans-trans )J\ )J\ -1306.770 7.14
RH,C N|1 N2H,
H
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[IB]4SA-DEA: In the case of [IB]4SA-DEA, the ester carbonyl presented with a typical
bond length (C4-02) of 1.20 A and a bond order of 2. Substantial negative charge was located
on the amine nitrogen (gv = -0.867 eV), with a lone pair readily available for hydrogen
bonding or protonation, and which was also evident from the negative charged domain in
the calculated electrostatic potential isosurface (Scheme 3-7). Three other negatively
charged domains (around 01, 02 and O5) were scattered around the head group, providing
multiple hydrogen bond acceptor sites. These sites were also of a relatively smaller size than

more localized negatively charged domains in [IB]4+SA-MEA and [IB]4SA-UREA.

From the calculated Raman spectrum of [IB]4SA-DEA, three stretching vibrations of
carbonyl groups appeared at 1720, 1800 and 1830 cm-1; and a distinct peak at 3560 cm-1,
corresponding to the N-H vibration (Figure A3-5).

Based on the calculated total dipole moment of the minimum energy structures (Table 3-7),

the semi-truncated series can be arranged in the following order:

[IB]+SA-MEA-trans > [IB]+SA-UREA-cis-trans > [IB]+SA-MEA-cis PIBSA-DEA > [IB]+SA-
IMIDE

Relative internal stability in the series, based on the calculated HOMO-LUMO energy
gap renders [IB]4aSA-MEA-cis the most stable, followed by [IB]4aSA-MEA-trans, [IB]4SA-IMIDE;
with [IB]4SA-UREA-cis-trans being the least stable in the series (Table 3-7).
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Scheme 3-7: Numbering and colour scheme for [IB]+SA-DEA (top); HOMO-LUMO isosurface (middle) and

calculated electrostatic potential (bottom).
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Table 3-7: Calculated dipole moment, HOMO and LUMO energies and energy gaps for semi-truncated [IB]+SA-

derivatives
HOMO, Ha LUMO, Ha HOMO-LUMO Total dipole
gap, eV moment,
Debye
[IB]4SA-MEA(trans) -0.251445 -0.025176 6.16 6.28
[IB]4SA-MEA(cis) -0.244663 -0.014267 6.27 3.79
[IB]4SA-UREA (0204-cis-trans) -0.249878 -0.044098 5.59 5.49
[IB]4SA-IMIDE -0.255175 -0.030463 6.11 2.96
[IB]«SA-DEA -0.230427 -0.019620 5.97 3.05
[IB]4SA-MEA(trans)o-protonated -0.350168 -0.187078 4.44 63.26
[IB]4SA-MEA(trans)-protonated -0.348020 -0.202451 3.96 66.18
[IB]4SA-UREA (0204-cis-trans)oz-protonated -0.344668 -0.226920 3.20 67.65
[IB]4SA-UREA (0204-cis-trans)os-protonated -0.335355 -0.231066 2.84 77.72
[IB]«SA-DEACc -0.327925 -0.153058 4.76 81.26
[IB]«SA-DEAa -0.062685 0.106514 3.63 70.57

3.4.1.3 DFT and Forcite studies on the protonated forms of PIBSA-MEA and PIBSA-UREA

The objective of the DFT study of PIBSA-based surfactants was to predict their
geometry and partial charge distribution, as well as to gain further understanding of their
mechanism of action in HIPEs. Other incentives were to evaluate the performance of
Compassll FF, and to calculate Raman frequencies for ionised forms in aid of the
interpretation of complex spectra of the formulated emulsions. Two possible ionisation
forms of the semi-truncated forms of PIBSA-MEA and PIBSA-UREA converged with DFT

geometry optimisation, and were subsequently analysed with DMol3 and Forcite.

[IB]4MEAo-protonated: Elongation of the carbonyl double bond and loss of some double
bond character were evident from the DMol? geometry optimised structure (b.l. (02-C4) =
1.32 A); the amide bond shortened and presented with partial double bond character (b.l
(N1-C4) = 1.29 A); an intramolecular hydrogen bond of medium strength measured 1.79 A
(£ (N-H...01) = 152° Scheme 3-8). A slight decrease in bond length was observed between
C3-C4 (1.49 A) in the ionized state when compared to its native neutral form (1.52 &), with
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a significant amount of negative charge shifted from the lone pair of the amide N to the C3

carbon (4q = -0.260 eV; Table 3-8).

In the calculated Raman spectrum, the carbonyl vibration at 1810 cm-! peak has
disappeared, and the signal at 1750 cm! has increased in intensity. The peak corresponding
to the N-H vibration at 3590 cm! in the unprotonated form has shifted by 10 cm-1to a higher
wave number (Figure A3-3). A similar situation was reported by Ghaicha, where a 10 cm-1
frequency shift of the peak at 3425 cm-! towards higher frequency was observed in the FT-
IR spectrum of PIBSA-MEA monolayers at the aqueous salt interface [10,16]. This finding is
suggestive that, in the acidic environment, the PIBSA-MEA surfactant undergoes the

expected O-protonation.

With Forcite, the two possible ways of representing O-protonated carbonyl group are
depicted in Scheme 3-3 for CH3SA-MEAc. The Compassll-assigned partial atomic charges for
the partial double bond structure representation are listed in Table 3-8. The CompassII-
assigned partial charges on all heteroatoms, compared reasonably well to the quantum
distribution. However, the total charge in this force field representation was near zero,
mainly due to the differences in quantum/FF atomic charges on C2, C3 and C4 atoms (Table

3-5).

From a structure representation point of view, using a double bond for the amide-
bearing carbonyl group (C4=02) to build O-protonated amide form resulted in the different
atom type assigned to 02 (‘o). This affected the partial atomic charge on C4, which also
significantly deviated from the quantum distribution (qcs= 0.045Compassll /(). 547ESP e/, Table
3-8). The overall molecular charge in this representation was near zero (these calculations
are not included). Automatic FF atom type and charge assignments were not adequate for

this structural arrangement.
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@ Oxygen @-Nitrogen @ -Carbon () -Hydrogen ------ - hydrogen bond

[IB] 4SA-MEAN-protonated

Scheme 3-8: DMol3-optimised geometries and atom numbering of O- and N-protonated forms of [IB]+SA-MEA.

@ Oxygzen @-Nitrogen @ -Carbon () -Hydrogen ------ - hydrogen bond
CHssA'MEAO-protonated CHssA'MEAO-protonated CHSSA'MEAN—protonated
(partial double bond) (double bond)

Scheme 3-9: Compassll representation of protonated CH3-MEAc forms.
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[IB]4aMEAN-protonatea: With N-protonation of the amide and removal of partially
delocalised electrons to form an N-H bond the carbonyl group, the bond order of 02-C4
changed to 2.00. Subsequently, the b.l reduced from 1.22 A in the neutral form to 1.18 A
(Scheme 3-8). Substantial elongation of the amide bond (N-C4) and subsequent reduction in
the bond order (b.l. = 1.56 A; b.o. = 0.73) were observed as a result of ionisation. A high
intensity peak at 1950 cm1 was noted in the calculated Raman spectrum (Figure A3-3). The
absolute values of the ESP-assigned charges on the hydroxyl group were affected by

ionisation; however this effect is not reflected in the Compassll-assigned charges (Table 3-8).

Table 3-8: Partial atomic charges and atom types for the protonated forms of [IB]+MEA

[IB]4-MEAoz-protonated [IB]a-MEAN-protonated
Atom number DMol3 CompasslIl DMol3 CompassII
ESP,q,eV | Atom type q, eV ESP q, eV Atom type q, eV

Cc1 0.510 c3’ 0.495 0.474 c3’ 0.495
C2 0.436 c43 -0.053 0.468 c43 -0.053
C3 -0.727 c4 -0.106 -0.587 c4 -0.106
Cc4 0.547 c3 0.126 0.609 c3’ 0.583
c21 -0.197 c4 0.081 -0.143 c4 0.301
Cc22 0.183 c4o 0.054 0.033 c4o 0.054
01 -0.535 ol= -0.450 -0.493 ol= -0.450
02 -0.417 02h -0.437 -0.328 ol= -0.450
02-H 0.424 hlo 0.410 - - -
03 -0.563 02c -0.455 -0.563 02c -0.455
03-H 0.492 hlo 0.410 0.481 hlo 0.410
04 -0.637 02h -0.570 -0.633 02h -0.570
04-H 0.436 hlo 0.410 0.459 hlo 0.410
N -0.216 n3 -0.640 -0.273 n4+ -0.100
N-Ha 0.346 hln 0.353 0.334 hln 0.280
N-Hp - - - 0.268 hln 0.280
Net Charge, eV 1 - 0 1 - 1

The Compassll-assigned charge for the amidic nitrogen (‘n4+’ atom type) was fair,
compared to the ESP assigned charge (gnv = -0.100Compassli /-(0,273ESP eV/). The FF calculated

charges on the amide protons - Hoand Hp (‘h1n’ atom type) were in good agreement with
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the quantum distribution (qra=qu» = 0.280C0ompassll /gy, = 0.334ESP and qup = 0.268ESP eV). The
net charge on N-protonated CH3SA-MEA in the force field representation was 1 eV.

The two stable isomers of [[B]4aSA-UREA were the O-protonated forms, where the
proton is placed at either of the two acylureide carbonyl oxygens 02 or 04 (Scheme 3-10).
Geometry optimisation run with DMol3® of the N2-protonated [IB]4SA-UREA resulted in
repositioning of the proton within bonding distance of carbonyl 0O4. The FF representation

of the N-protonated form of this isomer will be considered in Section 3.4.1.4.

[IB]4UREAoz-protonated: Geometric parameters and bond orders for the O2-protonated
acylureide moiety were arranged as follows: reduction of bond orders of 02-C4 (b.o = 1.21;
b..=1.31 A) and N1-C4’ (b.o. = 0.83; b.1 1.48 A), and acquired partial double bond character
between C4-N1 (b.o. =1.38; b.l. = 1.30) and between C4’ and N2 (b.o. = 1.22; b.l = 1.34 A)
presented as expected. The high intensity peaks at 1260 and 1400 cm-! were observed on
the Raman spectrum; three distinct C-O peaks around 1800 cm-1 (1650, 1670 and 1900 cm-
1); and significantly diminished peak intensities from 3000 to 3600 cm! (Figure A3-4). This
ionisation form, in the gas phase state, had a slightly lower SFC than its 04-protonated

isomer.

In CompasslI representation (Scheme 3-11), with the partial double bonded structure
between 02-C4-N1, for the secondary amide, FF-assigned partial charges, compared
reasonably well to the quantum distribution (Table 3-7). However, the net molecular charge
in the force field representation of the 02-protonated amide was near zero, mainly due to
the parameterisation of the ‘c3’ atom type assigned to carbonyl’ C4 at the protonation site,
which subsequently affected the partial atomic charges on both adjacent atoms (i.e. €3 and
N1). When a protonated C-O group was represented with a double bond, the atom type
assigned to 02 changed to ‘0’, like in the case of [IB]4SA-MEAo-protonated; and partial atomic
charge on C4 deviated even further from the quantum distribution (qcz =
0.045Compassll /(0 531ESP el/). The overall molecular charge in this representation remained

near zero (these calculations are omitted).

85



[IB]JaUREAo4-protonated: A notable feature for this isomer was the intramolecular
hydrogen bond (b.l. = 1.42 A, £(02-H---01) =173°). The bond order for the succinamide
carbonyl (02-C4) was close to double bond character (b.o. = 1.94; b.l. = 1.22 A); the bond
order for N1-C4 was 0.92, with a reduced bond length when compared to the neutral form
(1.44 A); the bond between N1-C4’ shortened, with a reduced bond order of 1.15 (b.l. = 1.35
A); partial double bond character between C4’-04 with a bond order of 1.33 and bond length
of 1.28 A was observed. Such an arrangement around the succinamide group would allow
formation of a stronger hydrogen bond with the surface substrate due to amide bond
polarisation. The amide bond to N2 of the urea moiety (C4’-N2) was shortened and the bond
order acquired partial double bond character (b.l. 1.32 A; b.o. of 1.32), with N2 having
assumed a sp? hybridised state with £ (Ha-N2-Hb) of 119°, £ (Hb-N-C4’) of 118° and £ (Ha-N-
C4’) of 123°.

Table 3-9: Partial atomic charges and atom types for the protonated forms of [IB]4+SA-UREA

[1B]4-UREAoz-protonated [1B]4-UREAo4-protonated
Atom number DMol3 CompassIl DMol3 Compassll
ESP,q,eV | Atom type q, eV ESP q, eV Atom type q, eV

Cc1 0.647 c3’ 0.495 0.645 c3’ 0.495
C2 0.044 c43 -0.053 0.130 c43 -0.053
C3 -0.369 c4 -0.106 -0.248 c4 -0.106
C4 0.531 c3 0.126 0.637 c3’ 0.450
c4’ 0.761 c3” 0.532 0.840 c3 0.231
o1 -0.498 ol= -0.450 -0.478 ol= -0.450
02 -0.454 02c -0.437 -0.418 ol= -0.450
02-H 0.452 02h 0.410 - -

03 -0.497 02c -0.455 -0.474 02c -0.455
03-H 0.411 hlo 0.410 0.434 hlo 0.410
04 -0.470 ol= -0.500 -0.508 02c -0.436
04-H - - - 0.455 02h 0.410
N1 -0.437 n3 -0.469 -0.693 n3mh -0.455
N1-H 0.400 hin 0.353 0.413 hin 0.351
N2 -0.855 n3mh -0.718 -0.878 n3 -0.806
N2-Ha 0.423 hin 0.353 0.374 hin 0.351
N2-Hb 0.450 hin 0.353 0.399 hin 0.351
Net charge, eV 1 - 0 1 - 0
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@ Oxygen @-Nitrogen @ -Carbon () -Hydrogen ------ - hydrogen bond

[IB] 4SA-UREA04-pratonnted

Scheme 3-10: DMol3-optimised geometries and atom numbering of O-protonated forms of [IB]+SA-UREA.

The high intensity peaks at 1260 and 1560 cm1 (1270 and 1500 cm! in the molecular
form) were observed in the Raman spectrum corresponding to O-H and N-H bending
vibrations, respectively; three distinct C-O peaks around 1800 cm1 (1720, 1740 and 1840
cm-1) were ascribed to the O4-protonated amide arrangement; a characteristic high intensity
vibrational frequency peak appeared at 2310 cm-1; and flattening of the amide stretching (N-
H) and O-H peaks around 3000- 3600 cm-! was also prominent (Figure A3-4).
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@ Oxygen @-Nitrogen @ -Carbon () -Hydrogen ------ - hydrogen bond

CH3SA- UREAoz-protonated CH3SA-UREA 02-protonated CH:3SA-U. REAo4-protonated CH:3SA-U REAo4-protonated

(partial double bond) (double bond) (partial double bond) (double bond)

Scheme 3-11: Structures and various representations of semi-truncated- and truncated protonated CH3SA-UREAc.

The total charge in the FF representation for this ionisation form was near zero, and
the differences in quantum/FF atomic charges on C4’ (qc+= 0.840/0.231 eV; Table 3-9). All
N-protonated forms of the model surfactants containing atom type ‘n4+ were optimised
using automatic FF parameters for all energy contributors containing this atom type, i.e.
bond stretch, angle bend, torsion and inversion terms. The negative charge-bearing carbonyl
oxygens (0=C-0O-), present in the anionic form of PIBSA-derivatives are typed as ‘01-d’, and

FF-derived partial charges were in good agreement with the quantum distribution.

3.4.1.4 Forcite geometry optimisation of polymeric and truncated surfactant forms for

surface adsorption studies

The truncated structures of PIBSA surfactants and their ionised forms are depicted in

Scheme 3-12 and 3-13.

For PIBSA polymeric forms, the side chain contained [IB]1s repeat units linked to the
succinic moiety by isobutenyl. Overall, automatically assigned atom types and charges in the

molecular forms of the surfactants reproduced quantum distribution reasonably well.
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@ Oxygen @-Nitrogen @ -Carbon () -Hydrogen ------ - hydrogen bond
CHsSA CH3SA-MEA CH3SA-UREA CH3SA -IMIDE

CHsSucc-acid CH3SA-DEA CHsSA-bis-MEA CH3SA-DEEA

Scheme 3-12: Stick model of Compassll-optimised geometries of Methyl Succinic anhydride and derivatives

(dashed blue lines represent intramolecular hydrogen bond).

For the FF representations of the polymeric and truncated ionisation forms, the
parameters were the same as discussed in the previous sections, where the extent of side

chain on the assignment of head group charge did not affect partial charges of the head

group.
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A B
@ Oxygen @-Nitrogen @ -Carbon () -Hydrogen ------ - hydrogen bond
)
CH3SA-MEAN-protonated CH3SA-UREAN-protonated CH3SA-DEACc
CHsSA-MEAa CHsSA-UREAa CH3SA-DEAa
CH3SA-MEAz CH3SA-UREAz CH3SA-bis-MEAc*

Scheme 3-13: Stick model of Compassll-optimised geometries of various ionisation forms of Methyl Succinic
anhydride derivatives (subscripts: c-cationic form; a- anionic form; z- zwitterionic form; *-one of the two possible

ionisation sites). Dashed blue lines represent intramolecular hydrogen bond.
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Figure 3-2: Overlaid structures of the three selected low energy conformers of PIBSA-IMIDE extracted from quench

dynamics trajectory. Two of the conformers (red and blue) are almost superimposable.

The last step was to sample low energy conformations of the polymeric model
surfactants (surfactants with [IB]16SA-side chain), using quench dynamics simulations. Local
minimum energy converged conformations were extracted from the 10 ps trajectory (Figure
3-2) and used in the surface adsorption studies. The Hamiltonian energy difference between
the different conformers was less than 1 kcal mol-1. The largest contribution to the energy

came from the electrostatic and torsion energy terms.

3.4.2 Simulation of Ammonium Nitrate crystal growth morphology
3.4.2.1 Initial coordinates

Plots of the experimental coordinates of II-AN and IV-AN are depicted in Figure 3-3. For IV-
AN, values of d spacing were in excellent agreement with the experimental results [99,100].
As can be clearly seen from the Reflex-calculated XPD spectra for crystals of IV-AN compared
well to the overlaid experimental XPD spectra recorded for ground IV-AN prill, and other
experimental results [100]. However, automatic assignments of some reflections for IV-AN

were significantly different for the peaks with d values at 3.96 A, which was assigned to
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(110), 3.66 A to (011), 2.48 A to (201). 2.47 A to (002), 2.27 A to (102) and 2.26 A to (211).
The (210) reflection was listed by Reflex as absent. Calculated assignments and predicted
absent reflections were in good agreement with other experimental results reported for
orthorhombic IV-AN [101,102]. This set of experimental coordinates for IV-AN, as reported
by Choi, was used for geometry optimisation and the calculations of crystal growth

morphology [37].

H2

kH 2 \ ,H 1 \

3 L/

8A 104

IV-AN, Pmmn [37] II-AN, orientation a, P42:m [36]

Figure 3-3: Unit cells of crystal phases of V- and II-AN.

For II-AN (Figure 3-4), predicted values of 26 for the two equivalent orientations a
and b, as reported by Lucas, were identical [36]. Atomic coordinates corresponding to
orientation-a were used for geometry optimisation and the calculation of crystal growth

morphology of II-AN [99,100].
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Figure 3-4: Calculated XPD pattern for orientation a of II-AN crystal cell with Reflex-assigned reflections (left);
and growth morphology habit calculated with Compassll FF (right). Growth face indices are in brackets.

3.4.2.2 Geometry optimisation and partial atomic charges

Geometries of AN ions were optimised with Forcite, using Compassll and Dreiding
FFs. Automatically assigned atom types and partial charges are summarised in Table 3-10
and structural parameters are listed in Table A3-5. Separate geometry optimisation was

performed with DMol3 and partial charges were calculated using the ESP fit.

The values of partial atomic charges for NH} and NOj3 calculated by DMol3 were in
good agreement with literature data [39,57,103]. CompasslI-assigned charges reproduced
the quantum distribution fairly well for H,0 and NO3. The partial atomic charge for atom
type ‘n4+’ of NH} deviated significantly from the values calculated with DMol3 and from
those previously reported [57]. This could be due to the inadequate bond increment for

‘h1+’'/’'n4+’ as a result of FF parameterisation.
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Table 3-10: Partial atomic charges and atom types for Ammonium Nitrate and Water

Atom type | Compassll atom | Compassl], q, Dreiding atom [Dreiding, QEq, q, |[DMol? ESP fit, q
(ion) type [67] ev type [Z0] eV eV

N (NH4) n4+ -0.120 N_3 -0.756 -0.824
H (NH4) h1+ 0.280 H.A 0.319 0.456
N (NO3) n3- 0.661 N_R| 0.393 0.734
0 (NOs) 012 -0.554 0.2 -0.310 -0.578
0 (H20) 02* -0.820 0.3 -0.706 -0.806
H (H20) hlo 0.410 H.A 0.353 0.403

The values of partial charges calculated with the QEq method for atom types N_3 and

H_A, assigned to NH; by Dreiding FF, were in fairly good agreement with the quantum

distribution, but deviated significantly for N_R and O_3 atom types, assigned to NO3. Valence

parameters derived from Compassll were in fair agreement with the experimental values

[36,37]. Bond lengths for non-equivalent pairs N1-H1 and N1-H2, and N1-O1 and N1-02

were nearly equal from CompasslI calculations, which is typical for FF inherent utilisation of

scalar isotropic atomic polarisabilities.

Overall, the geometry optimisation of /I-AN and IV-AN crystal cells with CompasslII

resulted in a near isotropic cell contraction in all directions, which is a consequence of

shortening of intermolecular distances between ‘h1+ and ‘012 ‘ atom types (H1---01, H2---

01 and H1---02) with equivalent total reduction in unit cell volume of ca. 28 % for II-AN and

IV-AN.
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XPD Patterns for IVAN
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Figure 3-5: Calculated XPD pattern for orientation a of IV-AN crystal cell with Reflex-assigned reflections (left);
and growth morphology habit calculated with Compassll FF (right). Growth face indices are in brackets.

The most likely reason for the shortcoming of Compassll in computing the non-
bonded parameters for AN crystal forms, is the soft 6-9 function inherent to L] potential used

in CompasslI for the A-N pair [68,69].

For the purpose of this study, crystal cells were used without geometry optimisation and

partial atomic coordinates were fixed.
3.4.2.3 Calculation of crystal growth faces with MORPHOLOGY module

The crystal morphologies of II-AN and IV-AN (in vacuum) were predicted with BFDH
and Growth morphology methods, using Compassll and Dreiding FFs (Tables 3-10 and A3-6).
The choice of FF had pronounced effect on predicted crystal morphology (Figure A3-6).
Compassll was used to derive stable crystal faces, dyy;, centre-to-plane (cZp) distance
between the growth origin and the growth face, total area and Ea:t are listed in Table 3-11.

Corresponding growth morphology faces were used in surface adsorption study (Scheme
3-14).
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Table 3-11: Calculated habit faces with BFDH and Growth morphology methods for 1I- and IV-AN (in vacuum)
with Compassll

BFDH Growth morphology

hkl duki c2p Total facet | dnu c2p Total E 4+, Kcal

A distance, A | area, % distance, A | area,% | mol
IV-AN
0o 4.94 20.23 23.39 4.94 53.45 8.83 -53.45
(110) 3.95 25.32 44.67 - - - -
(101 3.75 26.69 17.04 3.75 59.40 3.84 -59.40
011 3.66 27.34 14.16 3.66 49.98 8.12 -49.98
(111) - - - 3.09 52.16 27.05 -52.16
(200 2.87 34.81 0.74 2.87 51.95 16.46 -51.95
(020 - - - 2.72 30.07 35.71 -30.07
Aspect ratio | 1.743 2.067
II-AN
(00 1) 4.93 20.27 22.83 - - - -
(110 4.04 24.73 47.02 - - - -
(101) 3.74 26.77 30.15 3.74 56.86 19.52 -56.86
111 - - - 3.1274 53.10 15.54 -53.10
11-1 - - - 3.1274 53.10 15.54 -53.10
(200 - - - 2.8596 41.15 49.40 -41.15
Aspect ratio | 1.744 1.825

The predicted growth morphology generally did not resemble the experimental
morphology, although some of the slower growing faces corresponded to the high intensity
reflections for both II-AN and IV-AN in the calculated and experimental XPD patterns (Figure
3-4 and Figure 3-5). For IV-AN, the aspect ratio of 2, calculated with Growth Morphology
method, indicated somewhat flattened crystal morphology. In practice, needle-shaped
crystals are prevalent morphological form of IV-AN in ambient conditions, and which is also

the main crystal form of AN in PIBSA - stabilized aged emulsions [4,8,102].

Based on the calculated crystal growth morphology of IV-AN, (020) appeared to be
one of the slower growing faces (lowest Eatt) and accounted for more than 35 % of the crystal

surface.
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Table 3-12: Surface roughness of 1I-AN and IV-AN growth faces

Cross section area of Solvent accessible Surface roughness
Growth face index . .
simulation cell, A2 surface area, A2 index
IV-AN
(101) 1124.68 1433.71 1.27
(111 1501.30 1697.50 1.13
(200) 806.24 943.76 1.17
(020) 851.75 917.70 1.10
(011) 844.29 1004.34 1.19
(001) 1124.69 1366.21 1.21
II-AN
(101) 863.90 1141.27 1.32
(111 883.59 925.62 1.12
(200) 846.33 958.85 1.13
U q_ L :
[I-AN (101) IV-AN (101) IV-AN (001)
1 ] I
II-AN (111) IV-AN (111) IV-AN (011)

L% § o

Souon

II-AN (200)

IV-AN (200)

IV-AN (020)

Scheme 3-14: Growth faces of II-AN and IV-AN calculated with Growth Morphology method.
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In terms of the calculated growth surface roughness (Table 3-12), the order of the
values followed the order of Eait (Table 3-11). The fastest growth face (101) had the highest
values of surface roughness for both crystal phases of AN. Crystal growth surfaces, of
approximately 30x30x30 A, were built from the predicted crystal growth faces of II-AN and

IV-AN and used for construction of vacuum slabs for the surface adsorption studies.

3.4.3 Simulation of Aqueous Ammonium Nitrate

The intramolecular parameters and numbering scheme for the geometry-optimised
input structures of ammonium nitrate and water are summarised in Table 3-13. Values of
bond lengths and angles, derived from geometry optimisation with CompasslI, were in good
agreement with those calculated with DMol? and previously reported data [53,104]. A
confined cubic simulation cell was packed with 9 ion pairs of ammonium nitrate (AN) and
nine molecules of water (W) with a density of 1.37 g mol-1. A supercell was constructed by
repeating the 9x9x9SC simulation cell four times in the a- and b-directions and three times

in the c-direction. The concentration profile for 9x9x9SC is given in Figures A3-7 and A3-8.

The total radial distribution function (RDF) was dominated by the narrow peaks
corresponding to the intramolecular interatomic distances: 0.97 A (Ow-Hw), 1.01 A (Na-Ha),
1.25 A (Nn-On), 1.49 A (Ow-Ow), 1.65 A (Ha-Ha) and 2.17 A. In the previously reported
experimental study of the deuteriorated equimolar solution of A:N:W (100 °C), the
intramolecular interactions O-D in (D20), N1-D and N2-0 were said to occur at such close
distances that it was not possible to distinguish between them from the total g(r) at 1.06(2)
A [48]. Analysis of RDFs between atom sets allowed to determine a number of key
intermolecular distances for this system: 3.43 A (Na-Naand Nn-Nv), 4.09 A (Na-Ow) and 4.55
A (Na-0w), which were fairly close to the experimental values of 3.4 and 3.5 A for Na-Na and

Nn-Nn; and 4 and 5 A for the hydration shells of ammonium and nitrate, respectively [48].
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Table 3-13: Schematic representation, numbering scheme and intramolecular geometric parameters for the

ammonium ion (NH4*), nitrate ion (NOs) and water (H20)

CompasslI
DMol3 geometric Reference geometric
NH} geometric
parameters parameters
parameters

Na-Ha = 0.957 A
Ha---Ha= 1.649 A
£ Ha-N-Ha=109.471

Na-Ha=1.025 A
Ha---Ha= 1.674 A
£ Ha-N-Ha=109.471

Na-Ha = 1.006/1.0252 A
[50]/[105]

£ Ha-N-Ha =109.5/109.47 °

NO;

Nn-On =1.257 &
On—--On=2.178 A
2 On-Nn-On =120.0°

Nn-On =1.256 A
On---On = 2.1754A
2 ON-Nn-On=120.0°

Nn-On = 1.220 A [50]

2 On-Nn-On=120.0°

Ow-Hw=0.957 A
Hw---Hw=1.514 A
£ Hw-Ow-Hw =
104.52°

Ow-Hw=0.972 A
Hw---Hw=1.521 A
£ Hw-Ow-Hw =
102.880°

Ow - Hw=1.0 A [106]

VA HW'OW'HW = 109470

The Na-Nw distribution had 2 major peaks; at 3.45 and 5.60 A. Shorter separation is
likely to be due to direct bonding between A-N ions, as previously reported [44,49]. The only

geometrically plausible structural arrangement to afford a separation of 5.6 A is if the ions
are simultaneously solvated by water Na-Ha---Ow-Hw---On-Nn, which implies hydration of the
nitrate anion. These results are in the range of the previously reported values of interatomic
distance between two nitrogen centers r(Na-Nn) in the high temperature crystal phase of V-
AN (3.8 &), molten ammonium nitrate salt (4.5 A), and in a deuterated equimolar solution of

ammonium nitrate at 100 °C (6.1 A) [34,48].
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The hydrogen bonding distance for Ha--Ow was found to be between 1.49-1.61 A,
which correlated well with the ab initio small cluster studies of an A:N:W system 1.51-1.70
A [107]; and between 1.63-1.66 for A-W clusters [108]. Based on good general agreement of
structural parameters of the periodic simulation cell it was considered as a good starting
model for surface adsorption studies. The supercell was cleaved along the (001) direction

and translated to a vacuum slab by extending the cell in the C-direction by 100 A.

3.4.4 Simulation of Water

The RDFs - g(00), g(HH) and g(OH) of W900 of the randomised amorphous
simulation cell are shown in (Figure A3-10), and compared reasonably with the
experimentally reported data for water at standard atmospheric conditions (exp./current
results): g(00) = 2.88/2.714; g(OH) = 1.85/1.77 A [59,60,62]. The results compared well
with the original rigid SPC/E model by Berendsen (model/current results): g(00) =
2.75/2.71 A; g(OH) = 1.77/1.77 A [61]. The water surface was approximated by translation
of the cleaved simulation cell by 100 A in the C-direction. The concentration profile for W900

is given in Figure A3-9.

3.4.5 Surface adsorption studies

The total interaction energies Eads for the lowest energy adsorbate-surface
arrangement for PIBSA-based polymeric and truncated surfactant models, their ionisation
and hydrolysis products, and some common surface inactive compounds are presented in
Table 3-14 and Table 3-15, for amorphous surfaces; and in Tables A3-8 and A3-8, for solid

surfaces.
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3.4.5.1 Adsorption study on surfaces of aqueous salt and water

The order of surface activity for the neutral forms of he polymeric series, which was
based on the absolute value of |Eads| to 9x9x9SC, correlated well with the experimentally
observed trend of the emulsion stability, i.e. PIBSA-MEA > PIBSA-UREA > PIBSA-IMIDE.
PIBSA-MEA exhibited the strongest interaction with the aqueous salt surface (Eads = -63.59
kcal mol-1), followed by PIBSA-UREA (Eads = -56.71 kcal mol1) and PIBSA-IMIDE (Eads = -
43.11 kcal mol1). Surface inactive compounds i.e. dodecane and HR-PIB had similarly low
affinity to either liquid surface, and could easily be differentiated from the surface active
compounds. The AEaqds between the two interfaces was relatively small (ca. 3 and 5 kcal mol-

1) respectively.

Table 3-14. Adsorption energies of PIB derivatives and their truncated forms to liquid surfaces

Neutral forms Eaas to Eaas to A Eads, Neutral forms | Eads to Eads to A Eads,

of PIBSA w900, 9x9x9SC, kcal mol-t | of CH3SA- w900, 9x9x9S(, kcal mol-?
derivatives kcal mol-! | kcal mol-1 derivatives kcal mol1 | kcal mol-!

HR-PIB -22.93 -27.91 -4.98 | Dodecane -9.12 -12.01 -2.89
HR-PIBSA -19.97 -51.07 -31.1 | CHsSA -14.03 -21.94 -7.91
HR-PIBSucc acid -31.88 -37.14 -5.26 | CHsSucc acid -20.72 -21.64 -0.92
PIBSA-MEA -49.84 -63.60 -13.76 | CHsSA-MEA -23.23 -41.67 -18.44
PIBSA-UREA -36.20 -56.72 -20.52 | CH3SA-UREA -22.75 -45.27 -22.52
PIBSA-IMIDE -28.11 -43.11 -15.00 | CH3SA-IMIDE -15.06 -24.75 -9.69
PIBSA-DEEA -35.07 -56.12 -21.05 | CHsSA-DEEA -21.99 -40.42 -18.43
PIBSA-DEA -37.16 -61.25 -24.09 | CHsSA-DEA -19.64 -32.38 -12.74
PIBSA-bis MEA -47.04 -50.49 -3.45 | CH3SA-bis MEA -24.53 -44.33 -19.8

The interaction energies of the PIBSA-MEA and PIBSA-DEA pair with the water
interface also corresponded well with the experimental trend [10], with PIBSA-MEA having

the strongest affinity to water (-49.84 kcal mol1). This could be due to the additional
stabilisation of the amide through the internal hydrogen bonding, which is lacking in the

ester derivative. This case is discussed in more details in Section 3.4.5.2.

Considering surface activity in terms of the number of functional groups in the head

of the surfactant, for PIBSA-MEA and PIBSA-bis-MEA, it was found that the additional amide
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and hydroxyl functionalities in the latter afforded reduced surface binding to aqueous salt
(Table 3-14). Conversely, for the pair PIBSA-DEA and PIBSA-DEEA (PIBSA adduct of di-ethyl
ethanolamine, Scheme 3-12), which differ by the substituents on the amine’ nitrogen,
presence of the additional hydroxyl group in the former, resulted in a slightly better surface
binding of PIBSA-DEA (AEads (9x9x9SC) = 5 kcal mol1). This picture changed significantly for
the ionised forms of these surfactants (Table 3-15), where Eads to aqueous salt became
proportional to the number of the ionisable sights. However, the relative surface activity of
PIBSA-DEEA and PIBSA-UREA were found to be within 1 kcal mol-, despite the difference in

the number of the functional groups in their head groups.

The PIB-Succinic acid, the likely hydrolysis product of PIBSA-derived surfactants, was
found to have equally low Eads to both liquid surfaces (Table 3-14, AEads = 5.26 kcal mol 1),

which is in line with its poor experimental surface activity as reported by Ghaicha [10].

From a point of view of the initial hypothesis, all surface active compounds exhibited much
lower interaction energies with water than with the aqueous salt. This criterion may be used
in the initial screening of the potential surfactant candidates. Overall, the order of surface

activity for the neutral forms of functionalised surfactants was as follows:
PIBSA-MEA > PIBSA-DEA > PIBSA-UREA ~ PIBSA-DEEA > PIBSA-IMIDE

The truncated model compounds followed a similar order of activity, although the
interaction energies were of lower magnitude than in the polymeric model and there were
some differences in the binding modes (Figure 3-6). A shift in the centre of mass and change
in the conformation of the polymeric side chain bring in additional stabilisation and result in
higher adsorption energies than in the corresponding truncated model compounds (Figure

A3-11).
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Eaas (9x9x9S5C) = -41.66 kcal mol1

Eads (W900) = -20.72 kcal mol1 Eads (W900) = -31.88 kcal mol-1

Figure 3-6: Adsorption modes of CHsSA-MEA (top left) and PIBSA-MEA (top right) to 9x9x9SC. Adsorption modes
of CHs-Succinic acid (bottom left) and PIB-Succinic acid (bottom right) to W900.

Since the Adsorption Locator code is not parallel, an average 10-fold shortening in
calculation time could be achieved for the truncated structures. When comparing the ionised
forms of surfactants (AEads), the energy difference between polymeric and truncated models
becomes less significant, than in their corresponding neutral forms, as the values of the Eads

to aqueous salt (9x9x9SC) are of much larger magnitude (Table 3-15).
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Table 3-15. Adsorption energies of the ionised polymers and their truncated forms liquid surfaces

Ionized forms of Eaasto | Eaasto AEaas, Ionized forms of Eads to Eoads to A Eads,
PIBSA derivatives wa00, 9x9x9SC, kcal CH3SA-derivatives wa00, 9x9x9SC, kcal
kcal kcal mol* | mol1 kcal kcal molt | mol1
mol-1 mol-1
PIBSA-MEAN-prot. -75.00 -159.13 84.13 | CH3SA -MEAN-prot. -50.54 -130.23 79.69
PIBSA-MEAa -72.51 -141.47 68.96 | CHsSA -MEAa -63.37 -132.32 68.95
PIBSA-MEAz -52.24 -79.72 27.48 | CH3SA -MEAz -42.83 -46.12 3.29
PIBSA-UREAN-prot. -69.94 -148.54 78.60 | CH3SA -UREA N-prot. -65.44 -146.72 81.28
PIBSA-UREAa -58.44 -145.57 87.13 | CH3SA -UREAa -52.65 -131.34 78.69
PIBSA-UREAz -32.32 -58.99 26.67 | CH3SA -UREAz -34.47 -48.69 14.22
PIBSA-DEAc -55.72 -137.32 81.60 | CH3SA -DEAc -49.92 -123.84 73.92
PIBSA-DEAa -75.59 -149.48 73.89 | CH3SA -DEAa -60.36 -130.14 69.78
PIBSA-bis-MEAN-prot. -63.59 -135.49 71.90 | CHsSA-bis-MEAN-prot. -53.53 -131.44 77.91
PIBSA-bis-MEANN-prot -299.99 -449.74 | 149.75 | CH3SA-bis-MEANN-prot. | -113.45 -253.46 | 140.01

Overall, for the tested surfactants in the polymeric model, the order of Eags was in line

with the experimental emulsion stability trend:
PIBSA-MEAN-prot. > PIBSA-UREAN-prot > PIBSA-DEA. > PIBSA-IMIDE

However, this outcome is subjective to the validity of the Compassl| force-field. Overall,
the order of the HLB theory applied to the range considered. Several most probable ionisation
forms, which could not be modelled due to the lack of FF parameterisation, will have to be

reconsidered.

All ionised surfactants shared one common feature in their binding modes, which is
binding of charge-bearing functional groups of a surfactant head group to the oppositely
charged surface ions. Unlike their unionised states, which involved at least one head group -
water interaction, ionised head groups, typically, did not bind to water. The deprotonated
(negatively charged) head groups formed strong hydrogen bonds with ammonium cations
and protonated (positively charged) head groups were hydrogen-bonded to the nitrate

anions; with the latter showing stronger adsorption energies to the aqueous salt interface
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owing to a larger charge - charge separation(4|q|). This however, is subjective to the force-

field used in this study.
3.4.5.2 PIBSA-MEA/PIBSA-DEA case study

From the study of Ghaicha and co-workers [10] on the adsorption of PIBSA-MEA and
PIBSA-DEA at the air-water and air-aqueous salt interfaces (at pH = 2; 4.6; 5.8 and 8) several
parallels could be drawn with regard to the adsorption modes observed by FT-IR, relative
molecular sizes of adsorbate head groups and the nature of surface stabilisation. However,
the exact effect of the pH on the ionisation state of the surfactants could not be determined.
Experimentally, PIBSA-DEA was said to form a stronger monolayer and occupy a smaller
area (77.2 A?) than PIBSA-MEA (81.7 A2) at the air-water interface [10]. This order is
reversed at the air-ANag-interface (55 wt %; pH = 4.7), where PIBSA-DEA occupied a larger
molecular surface area of 221 A2 vs 180 A2 for PIBSA-MEA (Table 3-15).

In relation to the molecular surface area at the air-water and air-AN interfaces, our
results were in agreement with the experimental results reported for PIBSA-DEA and PIBSA-
MEA monolayers (Figure 3-7). The Eads (9x9x9SC) for the protonated PIBSA-MEAn-protonated
was found to be the strongest amongst the ionised surfactants considered. In both polymeric
and truncated models, the adsorption mode involved strong hydrogen bonding of the
protonated amide and nitrate anion. Similarly, in PIBSA-DEA., the protonated secondary
amine was hydrogen-bonded to a nitrate anion. The distance between the surfactant bound
ions at the aqueous salt interface was smaller for the N-protonated MEA derivative than in
the protonated DEA derivative (Figure 3-7), as observed experimentally. However, this
observation could be incidental, as the exact ionisation of the amide group near the ionic
interface is not known. Better binding capacity of PIBSA-MEA with salt ions, as reported for
high surface pressure conditions, is likely to originate from the polarisation of the O-
protonated amide, which results in the increased strength of interactions with surrounding

hydrogen bond-donors/acceptors, similar to that in proteins.

In the basic environment, where the deprotonation of the succinic carboxyl is

assumed, the distance between the ions bound to the head group of the R-MEAa was found
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to be smaller than in R-DEAa, as per previously reported experimental results [10]. These
findings can be considered significant in terms of the validity of the force field and the

adsorption model, at least in the case of the unambiguously ionised PIBSA-DEA.

P

ﬁ

CH3SA-MEAn CH3SA-DEAx
rowt-owz = 10.474; Eads (W) = -23.23 kcal mol-1 rowt-owz = 5.99 A; Eads (W) = -19.63 kcal mol-!

CH3SA'MEAN-pmtonated CH3SA-DEA
rninz = 3.18 A; Eads (AN:W) = -130.23 kcal mol-! rni-nz = 8.59 A; Eads (AN:W) = -123.84 kcal mol-1

% X Ty

104 15 A
CH3SA-MEA, CH3SA-DEA,
rni-nz = 4.65 A; Eads (AN:W) = -132.32 kcal mol-. rni-nz ~ 'Ni-N3 = 9.4 A; Eads (AN:W) = - 130.14 kcal mol-!

Figure 3-7: Adsorption modes of some protonated and deprotonated forms of CHsSA-MEA and CH3SA-DEA to
W900 and to AN:W surfaces.
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3.4.5.3 Adsorption to growth faces of II-AN and IV-AN

The objective of the adsorption study to growth faces of II-AN and IV-AN was to
evaluate the potential of surfactant efficiency at crystal growth inhibition. A further incentive
was to gain insight into the experimentally observed phenomenon of predominant

crystallization of /I-AN from the PIBSA-surfactant stabilized emulsions.

In the polymeric model, for most functionalized surfactants, the difference in the
affinity to II-AN and IV-AN crystal growth faces (101), (111) and (200) was notable (Table
A3-7), and the absolute values of Eads to growth faces of II-AN were smaller than to growth
faces of IV-AN, implying stronger effect on growth retardation of the latter (Figure 3-9). The
absolute values of the adsorption energies of all experimentally efficient surfactants were
larger than the attachment energies of the corresponding growth faces of II-AN and IV-AN
(Eads>Eatt), which is suggestive of their potential efficiency at crystal growth inhibition
(Figure 3-9). By contrast, an adverse relationship (Eads<Eatt) was found for the PIB succinic
acid (HR-PIBsucc), which is known to have inferior efficacy to the amide/imide/amine-

functionalized PIBSA surfactants [6].

PIBSA-IMIDE PIBSA-MEA

Figure 3-8: Adsorption modes of PIBSA-IMIDE and PIBSA-MEA on to (011) growth surface of IV-AN. Shaded areas
show differences in the extent of surface binding, with one HB to ammonium for PIBSA-IMIDE and three HB to

ammonium and nitrate ions for PIBSA-MEA.
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Furthermore, for the cationic and anionic surfactant forms, values of the adsorption
energies to all growth faces of AN were substantially smaller than to the surface of aqueous

ammonium nitrate (Tables A3-7 and A3-8).
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Figure 3-9: Plots of Eat for II-AN and 1V-growth faces and Eads for polymeric (above) and truncated (below)

surfactant models.

This is due to the differences in the spatial arrangement of the surface ions, and more
favourable head group orientation at the aqueous ammonium nitrate surface. This
observation embeds some confidence in the CompasslII force field. The [IB]16SA-UREA had
the strongest interaction with all of the solid growth faces of II-AN and IV-AN forms, with Eqds
to (111), (011) and (001) of IV-AN having the largest absolute values, and growth inhibition
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properties as |Eads|>|Eatt|. This would likely present experimentally in the form of isotropic
crystals in the aged emulsions. PIBSA-MEA had a similar effect on faces (101), (111), (200)
and (011) for IV-AN.

The modes of adsorption of [IB]16SA-MEA and [IB]16SA-IMIDE surfactants onto (011)
growth face of IV-AN, depicted in Figure 3-8, show quite narrow domains of the interaction
of the head groups with the dangling bonds of the adjacent A and N ions. Such versatility and
wide range in adsorption modes could lead to smaller and more isotropic crystallites over
time and possibly formation of nano-suspensions, as previously reported for PIBSA-

stabilised HIPSs [21].

The N-protonated polymeric form of PIBSA-MEA had the strongest adsorption
energies to AN growth faces, which were larger than Ea:. In contrast, the protonated PIBSA-
DEA showed more selective behaviour with only one strong interaction with (101) of IVV-AN.
It would be interesting to compare these results to Eads of the more likely O-protonated
amide form of PIBSA-MEA, which were not completed due to shortcomings of the force-field

charge assignment.

Generally, stabilisation of the polymeric chain at the liquid interfaces resulted in larger
absolute values of Eads. The general trend in Eads was relatively preserved between the

polymeric and truncated surfactant models (Figure 3-9).
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4 Conclusions and Outlook

The series of surfactants, examined in this study, was amphiphilic molecules with polar
head-groups and non-polar polymeric tails. Head-groups were amide, ester and imide
derivatives of polyisobutylene succinic anhydride (PIBSA). The reported structures of these
surfactants are inconsistent and there are no reports concerning composition of the
industrial concentrates used in some experimental studies. Ambiguity in the reported
surfactant structures and variation in the available starting materials necessitated the
experimental structural studies conducted in Chapter 2. The operating environment for the
mining explosive emulsions, where this series of surfactants are used for droplet refinement
and emulsion stability, is typically acidic. The ionization states of these surfactants were not
previously reported. Subsequently, no solid evidence-based mechanism of how PIBSA-
surfactants stabilise emulsion formulations, has been proposed to date. The main objectives
of theoretical study in Chapter 3 were to predict likely ionisation forms of a series of PIBSA-
based surfactants, and to establish a relationship between surfactant structure and the

emulsion stability.

4.1 Conclusions to Chapter 2

Surfactant structure
To determine the structure of the surfactants, it was possible to purify the PIBSA-
monoethanolamine surfactant (PIBSA-MEA) from the industrial concentrate and
characterise it by means of nuclear magnetic resonance (NMR) and infrared spectroscopy as
well as mass spectrometry. By analysis of synthetic precursors, and by analogy to the
assignments of PIBSA-MEA, structural assignments were made for PIBSA-IMIDE and PIBSA-
UREA surfactants from the NMR spectra of their industrial concentrates. To the best of our
knowledge this is the first report of the complete structural assignments for these three
surfactants.
Determination of the average molecular weight (Mn) of PIBs and PIBSA with GPC-

MALLs was in good agreement with the expected values (within ca. 6 % range). However, for
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the PIBSA-derived surfactant concentrates, GPC analysis significantly overestimated the Mn
in all samples, which we believe is due to the presence of higher Mn products in the industrial
products, as previously reported [1]. Formation of surfactant aggregates in the mobile phase
of the GPC eluent, which could potentially affect the Mn, is also plausible, but a less likely
event, due to the shear effects of the stationary phase, which could even lead to C-C bond

breaking, as previously reported for high Mn PIBs [2].

Mass spectrometry proved useful in the identification of the nature of the PIB used in
the production of PIBSA-based surfactants. Ion fragments separated by 56 mu are being
characteristic of the HR-PIB precursors, and afforded higher surfactant yields than those
derived from the conventional PIB, with the characteristic ion fragments, separated by 14
mu. From the analysis of multiple batches of surfactant samples, we found that products,
manufactured from the highly reactive polyisobutylene precursors, had higher
concentrations of functionalised surfactants, than those manufactured from the

conventional PIB.

For the major PIBSA-MEA isomer, polymeric side chain was found to be connected to
the succinic moiety via the secondary methyl group of the isobutylene link (PIB-
CH2C(=CH2)CH2-Succ) with exo-double bond. An unexpected finding in the structural study
of PIBSA-MEA surfactant was the fact that only one (C-type Scheme 1.1) of the two possible
isomers was present in all of the industrial mixtures, in contrast to the expected equimolar
mixture of isomers Cand € [3,4]. This was clearly evident from the long range heteronuclear
correlation in the HMBC NMR spectrum of PIBSA-MEA. This implies that the ring-opening
reaction of PIBSA with ethanolamine is regioselective in the temperature regimen used in an
industrial process. Kinetic nature of the selectivity of the ring scission in the unsymmetrically
substituted succinic anhydrides was also reported by Galust'yan [5]. This is a first report of

the regioselectivity in nucleophilic PIBSA substitution.

A detailed assignment of the L.R. frequencies was valuable in relating previously
published results [3] of the interfacial interactions of the PIBSA-MEA surfactant with the
acidic solution of ammonium nitrate to the specific ionisation form at the carbamide oxygen

atom. This is a first report of this ionisation form of the PIBSA-MEA surfactant. The ionisation
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forms of other surfactants in the series could not be confirmed experimentally due to lack of
the interfacial data. The experimental values of Raman frequencies could be useful in
comparison to the calculated Raman intensities of PIBSA surfactants (Chapter 3) and their
ionisation forms. Unfortunately, due to time and instrument constraints, experimental

Raman spectra of PIBSA surfactants could not be recorded.
Surfactant content

To quantify the amount of the functionalized PIBSA-MEA surfactant, we capitalized
on the simplicity of the nuclear magnetic resonance 13C-NMR spectral region between 56 -
62 ppm, which is far upfield from the deshielded methylene groups situated on or close to
the succinic residue of surfactant head group. This method allowed us to derive an
approximate number of [IB] repeat units in the PIB side chain of the surfactants and to find
relative concentration of the functionalized polymers to the unreacted PIB in the industrial
concentrates. The maximum amount of the functionalized surfactant present in the
industrial concentrates was 27 mol % of the total polymer content, in the samples derived
from the HR-PIB, and less than 17 mol % in the samples derived from the conventional PIB.
This semi-quantitative method is unique in principle and can be used for analysis of mono-
or bis-substituted PIBSA-based surfactants, either in the form of concentrates or extended to

pre-diluted surfactant/oil mixtures, by introducing internal standards.
Thermal stability

The purified PIBSA-MEA was shown to have a superior thermal stability profile in the
DSC study, when compared to its polymeric precursors (i.e. PIB and PIBSA), and industrial
surfactant concentrates of PIBSA-MEA, PIBSA-UREA and PIBSA-IMIDE. The fact that the
thermal stability profile for a purified surfactant was vastly different from its concentrate
leads us to the conclusion that in a more concentrated form, the intermolecular interactions
between surfactant head-groups containing polarised amide bonds could be responsible for
the increased thermal stability of PIBSA-MEA surfactant. Such intermolecular interactions
are of great importance in the context of explosive emulsions, where only functionalized

surfactants get adsorbed at the interface as monolayers.

121



IT VAN PRETORIA
Y OF PRETORIA
HI YA PRETORIA

4.2 Conclusions to Chapter 3

Ionisation forms of surfactants from electronic structure

Based on the practical examples of PIBSA-surfactants with known efficacy in stabilising
HIPEs (i.e. PIBSA-MEA, PIBSA-UREA and PIBSA-DEA), we used the ab initio DFT code (DMol3)
to calculate geometric and electronic parameters of the model surfactants (< 100 atoms).
With focus on the surfactant head-groups, we truncated the PIB side chain to just four repeat
units ([IB]4). Their likely ionisation forms were the geometry optimised structures with the

lowest values of local energy minima.

In the gas phase, the expected trans configuration of the amide hydrogen with respect
to the carbonyl oxygen of the succinic moiety predominated over the cis in the N-
monosubstituted secondary amides, i.e. PIBSA-MEA and PIBSA-UREA. The geometric
requirement for the amide protonation at the carbonyl oxygen in [IB]4SA-MEA-trans was
satisfied, and consequently, the O-protonated isomer was found to be of lower energy than
the N-protonated form. The deviation from planarity in PIBSA-MEA-cis would likely lead to
the N-protonated amide in the acidic environment. However, there is no evidence of the
existence of the trans-cis interconversion in real systems. For PIBSA-UREA, the lowest
energy configuration of the secondary amide moiety with respect to the amidic carbonyl
(02) was trans; and with respect to the ureide carbonyl - it was cis. The [IB]4SA-UREA-(trans-
Cis)oz-protonated Was the lowest energy model ionisation form of PIBSA-UREA. Furthermore, the
sp3 hybridised terminal amide group of the [IB]4SA-UREA lacked typical secondary amide
stability, and thus, is the most obvious leaving group and likely site for surfactant

decomposition [6,7].

In the absence of a systematic experimental study, we propose the following order of
the calculated surfactant stability (based on the values of HOMO-LUMO gap), with PIBSA-
UREA and PIBSA-DEA being the most unstable in the series:

[IB]:SA-MEA >> [IB]4+SA -IMIDE > [IB]+SA -DEA > [IB]4+SA -UREA
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The order of the calculated dipole moment for the cationic and anionic forms of the
[IB]sSA-DEA ([IB]4SA-DEAc > [IB]4SA-DEAa), and for the pair [IB]4SA-DEAc >> [IB]4SA-
MEAo-protonated is in good agreement with the previously published experimental results for
the PIBSA-DEA and PIBSA-MEA [3]. Examination of the reported experimental behaviour of
the protonated forms of PIBSA-DEA and PIBSA-MEA in monolayers adsorbed at the acidic
aqueous ammonium nitrate interface, where PIBSA-MEA had higher collapse pressure than
PIBSA-DEA, was indicative of a stronger bonding to the surface by the former. We believe
that this is due to the resonance effects and polarization of the amide moiety, which lead to
a stronger hydrogen bond between the ionised head-group and the nitrate anion (NO3), as
was seen in the case of the urea nitrate crystals (b.l (C=0-H---0=N) = 1.57-1.61 A) ) [8,6,9-
11]. It is reasonable to propose that the charge- and resonance-stabilized O-protonation of
the amidic carbony], is the key structural feature responsible for the superior surface binding

of the PIBSA-MEA and PIBSA-UREA surfactants.

Formation of the ion-pairs between surfactant head-group and ammonium nitrate,
also suggested by Ghaicha, and particularly with the nitrate anion, would render it an
increased stability in a low dielectric environment at the oil-ammonium nitrate interface
[6,10]. The protonated amide group would also contribute to the overall positive surface
potential of the oxidizer phase droplets and repulsive retardation of droplet coalescence and

increased emulsion stability [3].

From the above considerations, it can be concluded that the overall surfactant
efficiency in this series is determined by the polarised nature of the secondary amide
domain, intrinsic dipole moment and surfactant stability. This mechanism of surface

stabilization seems highly plausible and a further study is required to test its validity.
Surface adsorption

In the emulsion preparation, surfactants are added to the oil phase, and during the
mixing with the oxidiser salt solution (aqueous solution of ammonium nitrate) they adsorb
onto the oxidiser salt droplets. Surfactant efficiency at stabilising explosive emulsions is
highly dependent on the structure of the head-group [3,12,13]. Our approach to the in-silico

evaluation of the surfactant efficiency at stabilising explosive emulsions was to simulate
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their adsorption onto the various components constituting the explosive emulsion (water,
oxidiser salt and oxidiser salt solution). We used Molecular Mechanics code Forcite, which is
intended for the simulation of the large systems (thousands of atoms). Forcite utilises the
force-filed potentials, which are able to resolve chemical details of the interatomic

interactions.

On the example of PIBSA, two different force-fields, i.e. Compassll and Dreiding were
compared by means of the calculated partial charges derived from the force-field and ab
initio methods (DMol3). Considering the variability of the chemical environments, and the
overall performance, both force fields had suffered a few shortcomings, which could be
attributed, mainly, to the partial atomic charge algorithms. Generally, the parameters
calculated by CompasslI force-field were in good agreement with the ab initio results and
this force-field was selected for the simulation of the polymeric surfactants and oxidiser
phase components (i.e. ammonium nitrate and water). However, Compassll lacked
parameters to accurately represent the O-protonated amide functionalities in PIBSA-MEA

and PIBSA-UREA.

Adsorption energies of the full size polymeric surfactants and non-surfactants were used
to establish the order of surfactant efficiency, which correlated well with the previously
published experimental results. By studying preferential binding sites of the surfactants to
water and to an equimolar aqueous solution of ammonium nitrate (oxidiser phase), it was

possible to draw a few mechanistic and structure-activity conclusions:

- The interaction energies of all molecular and ionised forms of surfactants with the
oxidizer phase (aqueous ammonium nitrate) were greater than their interaction
energies with water; and water was expelled from the solvation sheath of the ionised
surfactant head-groups as previously suggested by Ghaicha [3].

- The anionic and cationic surfactant forms had far greater interaction energies (Eads)
with the simulated aqueous ammonium nitrate salt than their molecular forms, and
differed significantly in their binding modes to aqueous salt and to water. This change
in the head-group conformation is consistent with the previously reported

experimental results [3]. At the aqueous ammonium nitrate surface, molecular
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(unionised) forms of the surfactant head-groups formed several hydrogen bonds with
the dangling bonds of the ammonium nitrate ions and water. Mode of surfactant
binding to water was mainly monodentate and non-specific, either via one- or two-
site hydrogen bonds to donor or acceptor sites.

- Binding modes of the ionized PIBSA-surfactants involved Coulombic interactions and
an ion-pair formation between the surfactant charge-bearing functional groups and
ammonium nitrate ions, as previously suggested from the experiment [3].

- Evaluation of the ionization forms of the surfactants containing O-protonated
secondary amide functionalities was not possible due to the lack of parameters for
such atom types in the CompasslI force-field.

- Structure-activity relationship between the different surfactant forms followed the
Laughlin’s HLB-based efficiency trend [14]:

- cationic = anionic >> zwitterionic > neutral

Furthermore, when we compared values of the adsorption energy (Eads) of surfactants to
the ammonium nitrate growth faces and the corresponding attachment energies (Eatt) for
these growth faces, only PIBSA-UREA was found to affect all growth faces of II-AN and IV-AN.
This implies that the mode of emulsion stabilization for PIBSA-based surfactants is unlikely

to be through direct crystal growth inhibition.

Finally, using fully truncated surfactant model allowed to speed up surface adsorption
calculations and proved useful in the pre-screening of the potential surfactant activity at an
interface. Although the mode of binding was not always the same between the two models
(polymeric and truncated), the trend in surface activity between the two models was very

similar, particularly for the ionized surfactant forms.

Overall, our computational framework allowed to make predictive judgments as to which
hypothesis was most valid and thus set a direction for the experimental testing of the new
candidates by providing initial guidance. From the surface adsorption study, it was possible
to differentiate between the surface active and surface inactive molecules, and the predicted
activity corresponded well with the experimental activity trends. This allowed to gain an

understanding of the relative effects of the various functional groups with respect to the
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intra- and inter-molecular interactions and to the surfaces of the individual emulsion

components. The selection criteria for surfactant candidates can be defined as follows:

1) Surfactant head group should contain a secondary amide (manual selection);

2) Surfactant should have greater adsorption energy to the aqueous ammonium nitrate
than to water (adsorption study);

3) Refining of the surfactant candidates can be based on their polarizability, calculated

dipole moment (molecular and ionised forms) and stability (ab initio study).

4.3 Outlook on future work

General

The potential of the PIB-succinamide derivatives to undergo trans/cis isomerisation at the
aqueous salt interface needs to be investigated to gain further insight to the complex
ionisation and decomposition patterns. Raman and NMR techniques, in conjunction with our
experimental and computational results, may be used to study such isomerism in solution

[15].

Modelling framework: validation and benchmarking
- Benchmarking study of PIBSA-based surfactants with various combinations of
functional groups using current simulation framework and systematic experimental

validation study is also required.

Modelling framework: steps towards improvement
- Further work needs to be done to either improve Compassll parameterisation of
ammonium nitrate and ionised forms of the amides, or to probe several alternative
force-fields;
- Rigid water models need to be considered in the surface adsorption framework;
- Large scale ab initio molecular dynamics study of equimolar solution of aqueous
ammonium nitrate is essential to gaining a better understanding of the valence and

geometric parameters in such system. The simulation cell constructed for surface
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adsorption studies could be used as the initial set of coordinates for ab initio

simulations.

Modelling framework: extension

- Obtain surfactant conformations from solvation in model oil; and incorporate model
oil (e.g. dodecane) into the oxidizer simulation cell (in place of vacuum), and run
surface adsorption calculations to understand effects of solvation on surfactant
adsorption modes;

- Study adsorption of multiple surfactants and co-surfactants using current simulation
frame-work (simplified monolayer system);

- Conduct a mesoscale study on self-assembly of PIBSA-based surfactants and compute

macroscopic physicochemical parameters (e.g. cmc).
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Appendices

A2,

Appendix to Chapter 2

Table A2-1: Technical specification of BASF products Glissopal®* and GlissopalSA®**

Properties Method Glissopal® | Glissopal® | Glissopal® | GlissopalSA®
(unit) 1000 1300 2300

Mn GPC 1000 1300 2300 -
PDI GPC 1.6 2.0 1.8 -
Alfa (exo) 13C-NMR 88 87 80 -
Beta (endo) 13C-NMR 6 7 8 -
Tetra-substituted 13C-NMR 1.5 1.5 2 -
Bis-maleation, % BASF method | - - - 16
Saponification mg KOH/g | BASF method | - - - 87
Activity, % BASF method | - - - 78
Water, mg/kg Karl-Fisher 25 25 25 -
Viscosity, mm?2/s DIN51562 4650 15000 48000 -
Viscosity, 100 C, mm?/s DIN51562 190 500 1500 480
Density, 20 C, g/cm3 DIN51757 0.89 0.89 0.90 0.92

* Technical Information Bulletin - TI/EVD 1186 e December 2005
** Technical Information Bulletin - TI/EVO 2066 e April 2013

Table A2-2: GPC-MALLs analysis of PIB and PIBSA

Reference | Trade name dn/dc | Mn Mw | PDI
Sample-1 | Glissopal®1000 | 0.095 | 1077 | 1191 | 1.1
Sample-2 Glissopal®1300 | 0.10 1378 | 2363 | 1.7
Sample-3 Glissopal®2300 | 0.10 2681 | 3607 | 1.3
Sample-4 | Glissopal®SA 0.099 | 1576 | 1920 | 1.2
Sample-6 | HR-PIB 0.092 | 1267 | 1295 | 1.0
Sample-7 | PIBSA 0.098 | 1700 | 1900 | 1.1
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Figure A2-1: Positive mode APCI mass spectra of PIB sample-6.
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Figure A2-2: Negative mode APCI mass spectra of PIB sample-6.
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Figure A2-3: Positive mode APCI mass spectra of PIBSA sample-7.
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Figure A2-4: Positive mode APCI mass spectra of PIBSA-MEA sample-8.
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Figure A2-5: Positive ion APCI mass spectra of sample-8/fraction-F1.
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Figure A2-6: Positive mode APCI mass spectra of PIBSA-MEA sample-8/fraction-F2.
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Figure A2-8: 13C-NMR (300 MHz, CDCls3) spectrum of diluent oil (sample-5).
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Figure A2-9: 'TH-NMR (400 MHz, CDCl3) spectrum of PIBSA-MEA surfactant (sample-8).
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Figure A2-10: 13C-NMR (400 MHz, CDCl3) spectrum of PIBSA-MEA surfactant (sample-8).
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Figure A2-11: 13C-NMR (400 MHz, CDCls) spectrum of purified PIBSA-MEA (sample-8/fraction F2).

F15

=5

3

5]

(¥}

a1

ez

E]

Les

i pomi

05545 445 4N 435 A0 425 A2 413 4T 403 000 33 3% 3% IW I IM 36 e I I s
o

B4 AN 43 430 428 470 4T 4N 43 a0 333\ 3w 3@ 330 36 I 3 im0
o

A ppry
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Figure A2-13: 13C-NMR (400 MHz, CDCl3) spectrum of PIBSA-IMIDE (sample-9).

T T T T T T T T
170 160 150 140 130 120 110 100

T
180

SEPIL—
S0'9kL—

99'£2)
108zl

£56EL~
9EBEL~_
£5 el
EGEVL

049 —
SEBLL—

Figure A2-14: 13C-NMR (400 MHz, CDCl3) spectrum of PIBSA-UREA (sample-10).
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FT-IR spectra
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Figure A2-16: FT-IR spectrum of MM-11-001B Lake PIB (sample 6).
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Figure A2-17: FT-IR spectrum of diluent oil (sample-5).
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Figure A2-18: FT-IR spectrum of PIBSA-IMIDE (sample-9).
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Figure A2-19: FT-IR spectrum of PIBSA-MEA concentrate (sample-8).
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Figure A2-20: FT-IR spectrum of PIBSA-MEA (sample-8/ fraction F1).
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Figure A2-21: FT-IR spectrum of PIBSA-MEA (sample-8/fraction F2).
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A3. Appendix to Chapter 3

Theoretical aspects of BFDH and Growth Morphology methods

The purely geometric BFDH method was used for rough estimation of growth morphology.
This method is based on the principle that crystal symmetry is related to possible growth
planes by means of translational symmetry operators, which treat growth of higher order
planes in preference to the lower order ones, and ease of adding a growth plane of atoms or

molecules is proportional to its thickness (Eq. 3-4).

Dyu~——  Eq 3-1
dhi
The Dnii is the center to face distance and dhki is the lattice to plain spacing. Thinner growth

planes grow faster and have larger center-to-face distance. This method does not account for

the energy of the chemical nature and bonding in the crystal[41].

More accurate Growth morphology method, which is an extension of BFDH method, was
used to deduce geometries and energetic characteristics of morphologically important
crystal growth faces of II-AN and IV-AN. The relative measure of the normal growth rate of
the [106] form is the attachment energy - E,;, which is defined as the potential energy

released on attachment of a growth slice to a growing crystal surface [41,118,119].

1

thl~ Eq 3-2

E (hkiyatt.

The attachment energy - Eatt is calculated for a series of suitable slices (h k 1), which are
deduced from a Donnay-Harker prediction Eq. 0-2, where Esiice = energy of a growth slice at
Dy, of thickness dnki, and growth rate is inversely proportional to Ea:t (Eq. 0-3).

Eqtt = Eiare — Esiice Eq. 3-3
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Table A3-1: Selected potentials and functional forms for non-bond interactions

Potential Functional form Units Description Forcefield
name
van der Waals
Lj96 [ B2 B2 Do : kcal/mol | Equilibrium well depth COMPASS
— o o
E—DDZ(—) —3(—) - 1l
| \E R Ro: A Equilibrium distance
E:- Distance offset
Lj126 [ R, 12 R, & Do : kcal/mol | Equilibrium well depth Dreiding
£=0o(7) -2(3)
¢ L R R Ro: A Equilibrium distance
Morse Dispers " Ce Cs : kcal/mol | Dispersion C6 parameter COMPASS
ion E = Dy[x* — 2X]f, — (1_1':;)% /A6 "
where: Do : keal/mol | Equilibrium well depth
viR
X =exp| —= (— - 1) Ro: A Equilibrium distance
2\R,
1 R:A Morse Dispersion switching
f.= distance
* 1+exp(20(R—R,))
y:- Unitless scaling factor
Hydrogen Bond
Lj12 10 R, 12 R, 10 Do : kcal/mol | Equilibrium well depth Dreiding
E=D, 5(—) — 6(—) cos*®
R R Ro: A Equilibrium distance
Coulombic
Shielded q:4q R, qi,qj:e Dreiding
E=0——+—
(LIN-R-¢€) cR? - - -
€:- Relative dielectric constant
where:
C = 332.0647/(kcal/mol)A/e? is a unit Ro: A Equilibrium distance
conversion factor
Ro=14
Coulombic E=C q:9;
(CONST-¢) =R qi, qj: e COMPASS
where: - - : I
C = 332.0647 /(kcal/mol)A /e is a unit €:- Relative dielectric constant
conversion factor
Bond Increment Charges
Simple =5 5 dij: e Bond increment charge COMPASS
g; = 6; + i : .
- between bonded particlesi |II
i and j
oie Charge associated with the

ForcefieldType on i
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Table A3-2: Calculated partial atomic charges for individual Ammonium and Nitrate ions (gas phase)

Atom Chargea, eV Chargeb, eV Charges, eV

NH -0.774701 -0.744 -0.6553
H 0.443675 0.443 0.41384
NO 0.896259 0.898 0.6329
0 -0.632086 -0.632 -0.5464

a. From Compassll [76];
b. From restricted electrostatic potential (RESP) fit in AMBER package [76];
c.  From empirical fitting of NH} and NO3 parameters with GULP code [114];

Table A3-3: Forcite GO optimization convergence criteria

Value Coarse Medium Fine Ultra-fine
Energy (kcal/mol) 0.002 0.001 1x104 2x10-5
Max. force (kcal/mol/A) 2.5 0.5 0.005 0.001
Max. stress (GPa) 2.5 0.5 0.005 0.001
Max. displacement (A) 0.05 0.015 0.001 1x10-5

Table A3-4: Partial atomic charges for the truncated side chain succinic anhydride forms as derived from ESP fit

analysis in DMol3 and Forcite (Compassll)

HG- -CHs -[IB]1 -[1B]2 -[1B]3 -[1B]4
Head group Compassll q, Dmol3 ESP q, Dmol3 ESP q, Dmol3 ESP q, Dmol3 ESP q, Dmol3 ESP q,
eV eV ev eV eV eV

C1 0.562 0.566 0.549 0.568 0.572 0.574
Cc2 -0.053 0.256 0.156 0.183 0.139 0.137
C3 -0.106 -0.461 -0.446 -0.471 -0.509 -0.513
C4 0.562 0.692 0.683 0.664 0.689 0.692
01 -0.450 -0.453 -0.437 -0.443 -0.436 -0.438
02 -0.450 -0.466 -0.466 -0.457 -0.458 -0.460
03 -0.224 -0.391 -0.391 -0.385 -0.397 -0.396
Tail

C5 -0.159 -0.476 -0.518 -0.501 -0.582 -0.592
Ccé - - 0.516 0.461 0.474 0.537
C7 - - -0.649 -0.630 -0.542 -0.683
C8 - - - 0.786 0.822 0.818
C9 - - - -0.608 -0.621 -0.576
C10 - - - - 0.800 0.794
C11 - - - - -0.620 -0.514
C12 - - - - - 0.750
C13 - - - - - -0.563
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Isosurface colour map: LUMO Yellow - (-) values, blue - (+) values; HOMO - Brown - (-) values, green - (+) values

Isosurface colour map: Yellow - (-) values, blue - (+) values

Scheme A3-1: Numbering and colour scheme for [IB]+SA-MEA-cis conformation (top); HOMO-LUMO isosurface
(middle) and calculated electrostatic potential (bottom).
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[IB]4-SA-IMIDE DMol3 Raman Spectrum

Lorentzian smearing : 20.00 cm-1

Temperature :10.00 K
Incident light : 514.50 nm

w0004

b

[=

2

O 0.003

2

m

==

= onononz

@

[

@

8

L o.om

.
3200 3600 3300 3000 ZFon 2400 z1o0 1500 1500 1200 200

Wavelength (cm-1)

Figure A3-1: Calculated Raman spectrum for [IB]+SA-IMIDE.
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[IB]4-SA-MEA-trans DMol3 Raman Spectrum

Lorentzian smearing : 20.00 cm-1 | Temperature : 10.00 K
Incident light : 514.50 nm
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[IB]4-SA-MEA-cis DMol3 Raman Spectrum

Lorentzian smearing : 20.00 cm-1 | Temperature : 10.00 K
Incident light : 514.50 nm
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Figure A3-2: Calculated Raman spectrum for [IB]+SA-MEA-trans and [IB]4SA-MEA-cis conformations.
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[1B]4-SA-MEA-O2-protonated DMol3 Raman Spectrum
Lorentzian smearing : 20.00 cm-1
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[1B]4-S5A-MEA-N-protonated DMol3 Raman Spectrum

Lorentzian smearing : 20.00 cm-1 | Temperature ; 10.00 K
Incident light : 514.50 nm
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Figure A3-3: Calculated Raman Spectrafor [IB]4SA'MEA, [1B]4SA-MEAOZ-pmtanuted and[IB]4SA'UREAN-pmtanated.
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[IB]4-SA-UREA DMol3 Raman Spectrum
Lorentzian smearing : 20.00 cm-1 | Temperature : 10.00 K
Incident light : 514.50 nm
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Figure A3-4: Calculated Raman spectra for [IB]+SA-UREA, [IB]4+SA-UREAo2-protonated and [IB]4SA-UREAo4-protonated.
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[IB]4-SA-DEA DMol3 Raman Spectrum

Lorentzian smearing : 20.00 cm-1 | Temperature : 10.00 K
Incident light : 514.50 nm
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[IB]4-SA-DEAc DMol3 Raman Spectrum
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Figure A3-5: Calculated Raman spectra for [IB]4+SA-DEA, [IB]4+SA-DEAc and [IB]+SA-DEAa.
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Table A3-5: Experimental and calculated geometric parameters for I1I-AN and [V-AN

IV- NH4NO3 II-NH4NOs3
From Calc. Calc. Calc. From Calc. Calc. Calc.
exp. CASTEP [57] | DMoBB Compass | exp. CASTEP [57] | DMoB3 Compass
(Choi (this II (this (Lucas (this II (this
1972) work) work) 1979) work) work)
Cell
parameters
a 5.745 5.8008 6.029 5.208 5.7193 5.7808 6.0641 5.179
b 5.438 5.4072 5.822 4.731 5.7193 5.7808 6.0641 5.179
c 4.942 5.0362 5.1843 4.283 49326 4.8355 5.1029 4352
Vol, A3 154.394 | 157.96 181.973 105.529 161.347 161.591 187.65 116.729
N1-H1 0.987 1.0352 1.0368 1.008 0.9880 1.0352 1.036 1.008
N1-H2 0.992 1.0296 1.0302 1.009 0.9880 - - -
N2-01 1.226 1.2882 1.301 1.250 1.239 1.2366 1.283 1.253
N2-02 1.222 1.2425 1.259 1.249 1.212 1.2652 1.250 1.251
Angles
¢H1-N1-H1 | 115.7 111.4 110976 | 109.8 109.527
¢H1-N1-H2 | 107.9 109.2 109.188 109.6 109.47 109.5 109.527 109.75
¢H2-N1-H2 | 109.4 108.5 109.087 108.3 109.360
201-N2-02 | 120.0 118.9 118.960 119.7 120.8 120.0 120.114 120.2
202-N2-02 | 120.0 122.1 122.079 120.7 118.4 119.9 119.771 120.2
Close
contacts
N1-H1---01
H1---01 2.050 2.057 2.168 1.71 2.658 2.705 2.634 2.084
N1---01 2971 nr** 3.324 2.646 3.069 nr** 3.059 4.207
£N1-H1--- | 1544 1.519 150.50 141.41 105.2 102.9 104.716 125.380
01
N1-H2..01
H2---01 2.161 2.107 2.303 1.71 - - - -
N1---01 3.147 - 3.324 3.786 - - - -
£ N-H---0 172.6 171.9 170.45 169.59 - - - -
N1-H1..02
H1---02 2.326 231 2.351 1.891 2.022*% | 1.880 1.957 1.554
N1---02 3.200 nr** 3.145 2.788 2.982 nr+* 2.987 2.445
£ N1-H1--- | 147.0 148.7 151.259 146.5 163.3 169.5 170.17 143.99
02

*Experimental data for ND4NOs

**not reported

***From unit cell with replotted experimental coordinates
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Table A3-6: Calculated habit faces with BEDH and Growth morphology methods with Dreiding FF for II-AN and

IV-AN (in vacuum)
BFDH Growth morphology
hkl dhia c2p Total facet dhia c2p Total facet | E
distance, A | area, % distance, A | area, % (Total),

kcal mol -1

IV-AN

(001 4.94 20.23 23.39 4.942 23.31 3.09 -23.31

(110 3.95 25.32 44.67 - - - -

(101 3.75 26.69 17.04 3.75 24.18 24.84 -24.17

(011 3.66 27.34 14.16 3.66 19.72 43.68 -19.72

(111) - - - 3.08 29.31 2.217 -29.31

(200 2.87 34.81 0.74 2.87 29.02 10.19 -29.02

(020) - - - 2.72 23.63 11.36 -23.63

(210) - - - 2.26 31.65 4.609 -31.65

Aspect ratio 1.743 1.849

II-AN

(001 4.93 20.27 22.83 - - -

(110 4.04 24.73 47.02 - - - -

(101 30.15 3.74 -22.02 56.48 -22.02

(111 - - - 3.13 -26.36 5.60 -26.36

(11-1) - - - 3.13 -26.36 5.60 -26.36

(200 - - - 2.85 -23.31 32.24 -23.31

Aspect ratio 1.744 1.499

154

Figure A3-6: Growth morphology calculated crystal habit of IV-AN with Dreiding (left) and Compassl| (right)

force-fields.
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Figure A3-7: Concentration profiles for center atoms for Compassll aqueous ammonium nitrate (1:1:1) supercell

(9x9x95C).
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Figure A3-8: Concentration profile for Compassll aqueous ammonium nitrate (1:1:1) supercell (9x9x9SC).
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Figure A3-9. Concentration profile for Compassll water supercell (W900).
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Figure A3-10: Calculated radial distribution functions for Compassll water simulation cell (W900).
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Table A3-7. Adsorption energies of PIB-based polymers to growth faces of 1I- and IV-AN in vacuum slab model

Eads to (101), Eaas to (111), Eads to (200), Eads to Eads to Eads to
kcal mol-! kcal mol-! kcal mol-1 (020), (011), (001),
kcal moll | kcal mol- | kcal
1 mol-1
ANII ANIV ANII ANIV ANII ANIV ANIV
Eatt, kcal mol-1 -56.86 -59.40 -53.10 -52.16 -41.15 -51.95 -30.07 -49.98 -53.45
HR-PIB -26.30 -15.29 -27.05 -26.26 -26.48 -26.92 -27.74 -28.26 -26.52
HR-PIBSA -37.03 -55.86 -37.86 -51.03 -51.60 -46.55 -51.53 -50.99 -54.16
HR-PIBSucc -44.79 -45.71 -54.13 -47.12 -44.62 -49.57 -44.77 -59.00 -64.74
PIBSA-MEAn -58.71 -75.31 -69.53 -42.83 -59.55 -69.05 -37.66 -40.94 -41.26
PIBSA-MEAN-proton. -57.17 -78.43 -80.78 -84.39 -77.19 -56.52 -60.13 -59.14 -78.75
PIBSA-MEAa -65.23 -85.21 -71.49 -72.69 -60.67 -59.92 -72.17 -77.80 -84.62
PIBSA-MEAz -85.43 -87.81 -72.44 -71.03 -68.24 -85.56 -70.63 -83.22 -90.75
PIBSA-UREAn -55.40 -68.56 -55.06 -79.31 -44.20 -62.19 -37.34 -75.60 -84.83
PIBSA-UREACc -68.78 -68.06 -52.01 -74.04 -60.15 -62.24 -52.78 -57.98 -96.16
PIBSA-UREAa -57.75 -75.67 -62.40 -53.89 -50.23 -47.10 -51.05 -78.44 -83.90
PIBSA-UREAz -73.07 -82.08 -70.26 -70.78 -55.11 -57.18 -58.34 -81.69 -100.66
PIBSA-IMIDE -50.90 -57.70 -51.92 -50.51 -49.21 -55.77 -49.55 -48.46 -50.90
PIBSA-DEEA -52.64 -63.70 -45.52 -54.23 -34.97 -57.20 -47.49 -78.33 -67.50
PIBSA-DEAn -68.20 -79.14 -51.79 -61.79 -48.63 -66.36 -55.44 -74.47 -58.50
PIBSA-DEAc -52.54 -75.18 -49.07 -58.54 -46.82 -52.20 -47.46 -65.68 -40.51

Table A3-8: Adsorption energies of truncated surfactants to growth faces of II- and IV-AN in vacuum slab model

Eags, to (101), Eads to (111) ,kcal | Eadsto (200), Eaqgs to Eads to Eads to
kcal mol-1 mol-1 kcal mol-1 (020), (011), (001)
kcal kcal kcal
mol-1 mol-1 mol-1

IIAN IVAN IIAN IVAN [IAN IVAN IVAN
Eatt, kcal mol-1 -56.86 | -59.40 | -53.10 -52.16 | -41.15 | -51.95 | -30.07 -49.98 -53.45
Dodecane* -13.18 -13.49 -149 | -11.47 -14.1 -13.26 -14.15 -14.69 | -14.31
Hz20 -20.91 -18.97 -20.75 -20.32 -17.34 | -17.66 -15.42 -21.88 | -28.86
NHa* -30.28 -23.18 -22.20 | -2746 | -13.31 -12.00 -13.05 -40.67 | -65.01
NOs- -43.00 -46.32 -27.99 | -32.07 -18.92 -18.89 -14.48 -42.53 | -36.50
CH3COOH -24.11 -27.24 2524 | -2481 -20.91 -20.42 -27.13 -24.15 | -27.13
CHsSucc-acid -32.91 -36.20 -36.33 -37.13 -32.18 -28.02 -24.20 -24.25 | -49.47
CHsSA -26.47 -27.28 -20.59 | -21.53 -19.62 -18.67 -17.33 -24.25 | -19.15
CH3SA -MEAn -40.46 -51.33 -34.51 -35.49 -32.67 | -40.00 -23.19 -38.76 | -42.22
CH3SA -MEAa -58.15 -62.65 -49.77 | -51.36 | -33.21 -37.45 -28.51 -55.59 | -59.66
CH3SA -UREAn -50.69 -45.21 -44.55 -45.43 -36.05 -32.52 -27.72 -38.34 | -62.02
CH3SA -UREAa -41.88 -52.28 -42.86 | -49.01 -32.91 -31.76 -32.13 -52.93 | -66.58
CHsSA -IMIDE -21.55 -38.81 -35.14 | -26.39 -27.85 -25.37 -21.27 -30.74 | -38.85
CH3SA -DEEA -35.65 -37.61 -39.20 | -33.65 -21.41 -30.10 -25.34 -38.29 | -25.16
CH3SA -DEAn -41.57 -39.75 -32.68 | -34.80 -33.22 -32.87 -25.92 -37.27 | -57.81
CH3SA -DEAc -36.41 -45.23 -38.66 | -36.09 -25.80 -34.15 -37.38 -44.82 | -39.69
CH3SA -bisMEAn -43.19 -47.54 -44.54 | -36.81 -35.87 -35.64 -28.39 -3597 | -41.89
CHsSA -bisMEAc -50.35 -45.34 -53.86 | -55.15 -32.61 -36.22 -29.87 -61.71 | -42.90
CH3SA -bisMEA2c -80.46 | -49.42 -47.16 | -88.56 | -57.02 -38.72 -35.24 -96.06 | -51.10
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Figure A3-11: Plot of Eads for neutral forms of polymeric and truncated surfactants to amorphous surfaces
(W900 and 9x9x95C).
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