THE ENERGY AND EFFECT OF IONIZATION ON CLUSTER
FORMATION AND POST IONIZATION DYNAMICS OF
ENERGETIC MATERIALS:

A DENSITY FUNCTIONAL STUDY ON (C3HsNgOg).

by
Giiven Kiyak
B.S., Chemistry, Anadolu University, 2007

Submitted to the Institute for Graduate Studies in
Science and Engineering in partial fulfillment of
the requirements for the degree of

Master of Science

Graduate Program in Chemistry
Bogazici University

2011



To my family



ACKNOWLEDGMENTS

I would like to express my most sincere gratitude to my thesis supervisor Assist.
Prof. Fatma Ahu Akin for her endless attention and scientific guidance throughout this

study. | appreciate her support and useful comments throughout the work.

I would extend my thanks to Prof. Viktorya Aviyente for her helpful and

constructive review of the final manuscript.

I wish to express my thanks to Prof. Tiirkan Haliloglu for her careful and

constructive review of the final manuscript.

| thank my friends, Tugce Nihal Gevrek , Elif Kilig Iyilik, Ozgiil Gok, Saltuk Hanay,
Eun Ju Park, Melike Eceoglu, Nuray Yildirim, Gamze Tanriver, Pelin Ertiirk, Nazli Boke,
Ozlem Ipek Kaloglu, Sinem Kocaoglan, Hasan Hiiseyin ince, Murat Burak Tiirk, Esra
Bozkurt, Jesmi Cavusoglu, Nergiz Cengiz for their companionship. |1 would like to thank
the members of the faculty in Bogazici University Chemistry Department, especially Hiilya
Metiner for her invaluable helps.

Finally, my deepest thanks go to my whole family for their endless love, support and

encouragement throughout these years.

This research has been supported by The Scientific and Technological Research
Council of Turkey (TUBITAK) (110T485)



ABSTRACT

THE ENERGY AND EFFECT OF IONIZATION ON CLUSTER
FORMATION AND POST IONIZATION DYNAMICS OF
ENERGETIC MATERIALS: ADENSITY FUNCTIONAL STUDY ON
C3HeNeOs

In this work, structures and energetics of (CsHgNgOg)2 and [(CsHsNsOs)2]” molecules
have been investigated via computational chemistry methods. Using Density Functional
Theory, the neutral and positively charged dimer structures of C3HgN¢Os have been
calculated. The adiabatic and vertical ionization energies have been bracketed between 8
and 10 eV. The dominant dissociation pathways have been identified. Possibilities for
further clustering have been investigated. A sum of 33 neutrals and 27 cations have been
found. These structures coexist within an energy range of 30 kJ/mol. Cations are
encountered in the form of charge-dipole complexes and proton-transfer complexes while

the neutrals are brought together by long range dispersion forces.
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OZET

YUKSEK ENERJILi MADDELERDE ENERJi, KUMELENME
OLUSUMUNDA IYONIZASYON ETKIiSi VE iYONLASMA SONRASI
DINAMIKLER: C;HsNsOs UZERINE YOGUNLUK FONKSIYONEL
CALISMASI

Bu calismada (C3HeNgOs)2 Ve [(CsHeNsOs)2]" molekiil yapilari ve enerjileri hesapsal
kimya yontemleriyle incelenmistir. Yogunluk fonksiyonel teorisi kullanilarak notr ve
pozitif yiikli C3HgNgOg dimer yapilar1 hesaplanmistir. Yapilan hesaplamalar C3HgNgOg
molekiiliine ait dimer yapilarinin adiabatik ve dikey iyonlasma enerjilerinin 8 ve 10 eV
degerleri arasinda degistigini gostermektedir. Dimer yapilarinda gozlenen dominant
ayrisma yolu gosterilmistir. C3HgNgOg molekiiliiniin daha ileri diizeydeki kiimelenme
olasiliklar1 incelenmistir. Bu ¢alismada 33 noétr ve 27 katyon dimeri incelenmistir. Bu
dimer yapilarmin enerjileri 30 kJ/mol araligindadir. Katyonlarda ion-dipol ve proton
transfer komplekslerine rastlanirken nétr dimerler dispersiyon kuvvetleriyle birarada

tutulmaktadir.
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1. INTRODUCTION

1.1. Energetic Materials

The C3HgNgOg is an important chemical agent as a result of its use in explosive
materials and propellants [1]. This molecule is classified as an energetic molecule. Like all
energetic molecules, its detection is of paramount importance. Such molecules, however,
are difficult to detect as intact because they decompose by the slightest energetic stimulus
as their ring structure is already strained and the N-N bonds are labile. In addition, they
have low vapor pressure in solid solutions [2]. The C3HgNOs molecule consists of the
three NO, groups bonded to the nitrogen atoms of a triazine ring (Figure 1.1). The
conformers of C3HgNgOg are distinguished mainly by the arrangement of nitro groups

relative to the ring atoms of the C3HgNgOg molecule.

[M M-M]+
Femtosecond pulse laser
irradiation [M+] [M+]
\\ / [M-M]+
Nanosecond pulse laser (Mcluster 0u40
irradiation |

N

G
\ O‘Q”NVN‘IE’O
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Figure 1.1. Shematic representation of the two step LDI.

During laser-desorption-ionization mass spectrometry (LDPI-MS) experiments,
energetic molecules like the C3HgNgOg molecule become reactive and decompose via
electronic excitation or vibrational excitation due to interaction with the laser field.
Quantitative analysis of the C3HgN¢Os molecule depends on the ability to keep the

molecule intact during passage into the gas phase and ionization without overloading its



electronic, vibrational and rotational states with excess internal energy. Due to
decomposition problems, the ionization energy of the intact C3HgNgOg molecule could not
be measured. The decomposition occurs faster than the detection timescales and decimates
the heterocyclic ring thereby reducing the intensity of the [CsHsNgOg]" ion below the
detection limits. It is therefore necessary to find a marker for molecular detection of
C3HgNgOs rather than fragments such as [NO]" that are common to all energetic

compounds.

The calculation strategies followed in this work are closely related to the actual
experimental detection process of the energetic materials. Being mostly in solid form or in
solid mixtures, the compounds have to be brought into the gas phase by laser ablation, and
ionized by multiphoton ionization by two separate lasers in two separate steps. Then the
ions have to be detected by mass spectrometry. The fate of a molecule going through this
treatment is described briefly below.

1.2. Laser Desorption lonization

Laser Desorption (LD) is formation of gas-phase neutral species by the interaction
of a pulsed laser with a solid or liquid material. The objective is to vaporize the sample
material without fragmentation, often as a tool of sample introduction for mass

spectrometry.

Laser Desorption lonization (LDI) occurs when the sample directly absorbs energy
from the laser and heats up via direct or secondary thermal changes, therefore generating
desorbed ions. Both ablation and desorption occur simultaneously. In MALDI, a more
commonly known variant of LDI, there is very little fragmentation however, this is only
possible when analytes are mixed with a matrix [3]. The matrix absorbs the energy
provided by the laser and delivers some of this energy to the analyte by non-radiative
energy transfer. The most important drawback in MALDI is that the matrix is a magic
concoction of laser absorbers and solvents which ultimately can enhance or suppress ion

creation. It also is not suitable for off-site measurements [4-9].



When a surface is ablated, more neutrals are ejected than ions. To take advantage of
this, LDI has been modified to separate the ablation and ionization processes. Two-step
LDI requires two laser pulses. The first laser pulse ushers the sample into the vapor phase.
Molecules in this vapor phase carry thermal energy dependent on the laser fluence and
wavelength, their vibrational and electronic degrees of freedom, heat capacity, and the
plume density. The second laser pulse is adjusted in energy and wavelength to study
various photochemical responses or to create ions [13]. For this reason, any computational

approach targeting ion structures should start with the identification of the neutrals.

1.2.1. Femtosecond lonization/Dissociation

There are two ways that have been shown to create intact ions from the neutral
molecules: multiphoton ionization (MPI) and ionization by a single vacuum ultraviolet
(VUV) photon carrying around 10.5 eV energy. Nitro-compounds tend to dissociate
quickly after photoexcitation by a nanosecond laser, which greatly reduces the probability
for the absorption of the additional photons necessary for ionization. The resulting
photofragments are not specific enough to identify the parent molecule. These two
methods have been applied to energetic materials as the second step in the two-step

analysis.

The major difference observed between the two time regimes was the detection of
the parent molecular ion when femtosecond laser pulses were employed. It has been shown
that femtosecond laser ionization is capable of producing parent ion and characteristic
high-mass fragment ions for both organics [10] and inherently labile nitro-aromatic
molecules [11-12]. Fragmentation is reduced and more chemospecific detection is possible.
The reason lies in the difference between timescales of electronic motion and nuclear
motion. In MPI the laser interacts with the molecules for a time interval which is shorter
than the rotational timescales of molecules. The femtosecond pulse width of 100 fs or
smaller is also appropriate for bypassing molecular dissociation channels and brings the

molecule straight to the ionization continuum.

Single-photon ionization by a VUV laser with a photon energy of 10.5 eV is high
enough to ionize all organic molecules in one step except methane, ethane and

acetylene[14]. Given that the ionization potentials of most organic molecules lie between



7 and 13 eV, VUV sources can be considered as a “universal detector” [15, 16]. So VUV

lasers can be seen as a possible soft-ionization source for organic compounds.

Once the neutrals are formed, the ions produced by either of the two techniques
above will initially have the same geometry as the neutral since ionization occurs very fast
compared to the geometrical rearrangements that follow it. Therefore the energy needed
for ionization will be the vertical ionization energy which is the energy difference between
the neutral and the cation of the same geometry. Vertical ionization sets the higher limit for
ionization energy. The cation produced from the neutral will most likely change geometry
to reach the nearest potential energy well. Its position on the multidimensional potential
energy surface of the cation is determined by the neutral geometry. This in turn determines
whether there are barrierless dissociation pathways on the cation energy landscape. If such
pathways exist there will be high probability of fragmentation in the source or during flight
time. In a computational strategy the neutral structure is computed, ionized and allowed to
relax in subsequent steps. This provides a glimpse into these ionization and fragmentation

processes and such a strategy is always employed in photoelectron spectroscopy studies.

1.3. Time-of-Flight Mass Spectrometry

In time-of-flight (TOF) mass spectrometry, ions of different m/z are dispersed in
time during their flight along a field free drift path of a known length provided that all the
ions start their journey at the same time [17]. The ions are then detected by an ion detector.
Mass of the molecule or any molecular fragments can be determined by measuring the time
of flight between ionization and detection; heavy ions travel slower than the small ions [11,
18-20]. The times of flight vary with the length of the flight tube and the accelerating
voltages used in the instrument however, flight times around 10 seconds are typical. If an
ion is detected after flight of such time length, it also means that the ion did not dissociate
within that time. If parent ions are detected rather than fragments then it means that the
previous ionization and ablation did not impart as much energy to allow fragmentation, and
the cation that formed from the neutral was stable. Computationally, geometries of cations
in situations where they are (i) locked at the neutral geometry, (ii) relaxed to cation
potential energy minimum and, (iii) fragmented should all be considered. Flight-times of

10® seconds are too long compared to molecular internal vibrational relaxation and



dissociation timescales for labile molecules and any of the three situations could possibly

occur.

1.4. Literature Work

Early experimental work on energetic compounds focussed on the unimolecular
dissociation products of C3HgNgOgs upon thermal and electronic excitation, mechanisms of
dissociation and dependence of the branching ratios of different mechanisms on
experimental conditions. The 1970 mass spectrometry study of J. Stals [21] concentrated
on the interaction of C3HgNgOs with high energy electrons, C3HgNgOg production,
dissociation and identification of the dissociation products. The results indicated that
thermal and photochemical ionization and electron impact yield similar ionic products. It
was suggested that the decomposition occurs through different mechanisms due to strong
molecular interactions in the solid form prior to ablation. The dissociation pathways of the
C3HsNgOs" ion have been predicted by computational methods, taking the bonding
characteristics and charge distributions into account. Later mass spectrometry studies of
the thermal decomposition products of solid C3HgNgOs [22, 23] showed that the C3HgNgOg
crystals decompose via four distincts pathways. It was suggested that after ionization into
the C3HegNeOg™ ion, the molecule dissociates through rearrangements initiated by the
cleavage of the C-N, N-N, ve C-H bonds within the ring structure. This hypothesis was
tested by studies employing different experimental methodologies [11, 24-33].

The recent simultaneous thermogravimetry controlled beam mass spectrometry,
optical microscopy, time-lapse microscopy and scanning electron microscopy study of S.
Maharrey and R. Behrens is the most thorough and instructive study on the thermal
decomposition of C3HgNgOg to date [31]. This study showed that at temperatures below
the melting point of solid C3HgNgOg, decomposition initially occurs in the gas phase during
sublimation. The gaseous decomposition products at the solid-air interface initiate new
decomposition processes at the solid C3HgNgOg surface by interacting with the surface

molecules.

The computational studies on this topic initially focussed on the dissociation of

thermally excited rather than ionized neutral nitroaromatic molecules [34-42]. The



C3HsNsOg molecule has been one of the molecules studied. Dissociation mechanisms have
been proposed based on the products observed during the mass spectrometry and infrared
spectroscopy investigations since the observed decomposition products and their intensities
have been different in each experimental study. The studies mentioned above did not

correlate ion formation with the dimer formation.

Short-lived [(CsHeNsOs)n]" cations have been observed in recent laser-desorption
ionization mass spectrometry experiments [43]. Experimental variables such as laser light
parameters, physical and chemical properties of the substrates from which the surface of
which the C3HgNgOg was desorbed, and the packing density of the solid C3HgNgOg wWere
found to affect the results. It is imperative that the problems of surface and gas-phase
mechanisms for energy release and charge-transfer be tackled by a theoretical approach.
Such studies are necessary to understand how experimental conditions will affect the
detection of these heat sensitive compounds and achieve control of these conditions to

maximize the molecular marker densities.



2. AIM OF THE STUDY

A wide variety of spectroscopic [46-48] and mass spectroscopic methods [11, 44, 45,
49] have been employed in probing energetic compounds but are limited to the detection of
NO markers from the compounds in the mixture. A number of experimental and theoretical
studies on the fragmentation pattern of C3HgNgOg are reported [50]. However, there is a
limited number of research on the cluster formation of C3HgNgOs.

Specifically, the potential of the neutral (C3HgNgOg). cluster as a marker or a
precursor to the molecular ion, C3HgNgOg" is of interest. Each (CsHgNgOg), dimer could
produce the ionized dimer or monomer CsHgNgOs" ion which is the molecular ion marker
with m/z of 222 atomic mass units. Since there will be more degrees of freedom in a dimer
than a monomer into which ablation energy can be partitioned, producing the marker via
an indirect route could leave an internally cold and therefore detectable C3HgNgOs" ion for
subsequent mass spectrometric investigation. It is therefore important to assess the
possibility of the presence of the (C3HgNsgOg). complex in the ablation plume. Such a
possibility could be determined computationally via calculation of the complexation
energy of the complexes of monomer isomers and their interactions within the complex. It
is also important to take formation of higher complexes such as (C3HgNgOg)s into

consideration because this process reduces the quantity of the (C3HgNgOg)2. complex.

The other important information is on the fate of the neutral dimer when it ionizes.
If the neutral dimer is produced intact after ablation, ionization could cause decomposition.
Based on how destructive the decomposition is, one may not observe dimer cation.
Furthermore, monomer cation may not even be produced. Consequently, even though
neutrals may be produced, the intact dimer or monomer ion signatures may diminish in the

source or during the free flight in a mass spectrometer.

The objective of this thesis is to elucidate theoretically the structures of the
C3HgNgOg dimers and to investigate their presence as plausible markers in the detection of
C3HgsNgOs. The dominant intermolecular interactions responsible for dimer formation and

the interactions observed in intact dimer cations have been investigated. From the



difference between the electronic and zero-point energies of the complexes and those of
the individual monomer conformers, the complexation energies have been calculated.
Vertical and adiabatic ionization energies have been calculated and compared to the
monomer ionization energies. Possibility of higher complexation has been investigated by
following the fate of dipole moments as the monomers become complexes. This study has

been carried out by using density functional theory.



3. THEORY

3.1. Density Functional Theory

The basis for Density Functional Theory (DFT) is the proof by Hohenberg and Kohn
that the ground state electronic energy is determined completely by the electron density p.
In other words, there exist a one-to-one correspondence between the electron density of a
system and the energy. Quoting directly from the Hohenberg-Kohn paper first theorem
states that “the external potential V,,.(¥) is (to within a constant) a unique functional of
p(1); since in turn Ve, (¥) fixes H we see that full many particle ground state is a unique

functional of p(¥).

The electron density is defined as:

p(x) =nYaum, [ JIW,y,2, %2, .., 2, Mgy, o, M) |2 dx; .. dzy (3.1)
P(l'):nzan mg f . fl\ll(l‘, Ip,...Iy, rnsl:---arnsn)l2 er drn (32)

where mg and X,y,z are the spatial coordinates of electrons. In Equation 3.2, the vector

notation for the spatial variables is used [51].

According to the Hohenberg and Kohn [52] theorem an energy functional E°[p(r)]

exists which achieves a minimum value for the exact ground state electron density p°(r)

E°[p] = [v(r) p(r)dr + F[p], (33)

F[p] = T[p] + Veelp] (3.4)

F[p] is a universal functional in which T[p] represents the kinetic energy contribution

and V.. [p] the electron-electron interaction term [53].
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The importance of the Hohenberg-Kohn [52] theorem is best shown by comparing it
with the wavefunction approach. A wave function for an N electron system contains 4N
variables, three spatial and one spin coordinate for each electron. The electron density is
the square of the wavefunction, integrated over N-1 electron coordinates, and each electron
density only depends on three spatial coordinates independent of the number of electrons.
While the complexity of a wave function increases exponentially with the number of
electrons, the electron density has the same number of variables, independent of the system
size. The only problem is that although it has been proven that each different density yields
a different ground state energy, the functional connecting these two quantities is not
known. The objective of DFT method is to find functionals connecting the electron density
with the energy [54, 55].

A note on semantics: a function is a prescription for producing a number from a set
of variables (coordinates). A functional is a prescription for producing a number from a
function, which in turn depends on variables. A wavefunction and the electron density are
thus functions, while the energy depending on a wave function or electron density is a

functional.

The success of modern DFT methods is based on the suggestion by Kohn and Sham
in 1965 that the electron kinetic energy should be calculated from an auxiliary set of
orbitals used for representing the electron density [56]. The exchange correlation energy ,
which is a rather small fraction of the total energy, is then the only unknown functional,
and even relatively crude approximations for this term provide quite accurate
computational models. The simplest model is the local density approximation, where the
electron density is assumed to be slowly varying, such that the exchange-correlation
energy can be calculated using formulas derived for a uniform electron density. A
significant improvement in the accuracy can be obtained by making the exchange
correlation dependent also on the first derivative of the density, and further refinements
also add the second derivative and mix Hartree-Fock exchange into the functional. Density
functional theory is conceptually and computationally is very similar to Hartree-Fock
theory , but provides much better results. The main problem in DFT is the inability to
systematically improve the results and the known failure to describe certain important

features, such as van der Waals interactions [57].
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The foundation for the use of DFT methods in computational chemistry is the
introduction of orbitals, as suggested by Kohn and Sham, ‘KS’ [56]. The idea in the KS
formalism is to split the kinetic energy functional into two parts, one which can be
calculated exactly and a small correction term. The price to be paid is that the orbitals are
re-introduced, thereby increasing the complexity from 3 to 3N variables, and that electron

correlation re-emerges as a separate term.
The key to Kohn-Sham theory is to calculate the kinetic energy under the assumption

of non-interacting electrons [57]. The kinetic energy term for a noninteracting system is

given by
Tylpl = S3e (o] £ (35)

In order to separate the kinetic and exchange correlation terms the universal

functional is written as

Flp] = Ts[p] + J[p]+Exclp] (3.6)
The electronic energy may be rewritten as
Eprrlp] = Enelp] + Ts[p] + J[p]+Exc[p] (3.7)

Exclpl = (Tlp] = Ts[p]) + (Veelp] —JIpD) (38)
The Exc[p] term is called exchange correlation energy [52, 56]. The first parenthesis
in Equation 3.8 may be considered as the kinetic correlation energy, while the last contains

both potential correlation and exchange energy [57].

The Kohn sham effective potential is defined by

3J(p) , 3Exc(p) ' ' ,
Verr(r) = V(1) + 22 4 2D (1) 4 [ L v+ vy (1) (39)
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With the exchange correlation potential equal to

5Exc (p)
Vie(r) =25 (3.10)

Therefore for a given v «(r) one obtains the p(r) by solving the N one electron

equations
1g2
[— SV + Veff(l')] 0; = &Q; (3.11)

The independent orbitals ¢, are known as Kohn-Sham orbitals and give the exact

density by

N/2

p(®) =2 |o,°
i=1

if the exact form of this functional is known. However , the exact form of this functional is
not known and approximate forms are developed starting with the Local Density

Approximation. The exchange functional is given by

Ex “PA[p] = —Cx [p ()3 dr (3.12)

with Cx being a constant.The LDA method underestimates the exchange energy by about

10 per cent and does not have the correct asymptotic behavior.

One of the earliest and most popular Generalized Gradient Approximation (GGA)

exchange functional was proposed by A. D. Becke (B88) as a gradient corrected functional

AR B8 = —gp'/ i (3.14)

1+6[3X sinh~1x
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_|Vpl
p4/3

The B parameter is determined by fitting to known data for the rare gas atoms using
the dimensionless gradient variable x. The B88 exchange functional has the correct
asymptotic behavior for the energy density, but not for the exchange potential [58]. It
reduces the error in the exchange energy by almost two orders of magnitude and thus
represents a substantial improvement for a simple functional form containing only one

adjustable parameter.

The adiabatic connection formula connects the non-interacting Kohn-Sham reference

system (A =0) to the fully-interacting real system (A =1) and is given by
Exc = J, Ukcdh (3.15)

where A is the interelectronic coupling-strength parameter and U%. is the potential
energy of exchange-correlation at intermediate coupling strength. The adiabatic connection
formula can be approximated by

1 1
Exc =3 EZ +2 uLbA (3.16)
SinceU?, = E&*°t, the exact exchange energy of the Slater determinant of the Kohn-
Sham orbitals, and UL, = ULPA [59].

The closed shell Lee-Yang-Parr(LYP) correlation functional [60] is given by

1 _ 1 1 -
Ec = —f—_l{p +bp 3 [CFPS/3 ~ 2ty + (—tw+—vzp>] ecr 1/3}dr
1+dp /3 9 18

(3.17)
_1vpm)I* 1

Y8 p(n) 8

2
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The mixing of LDA, B88, EZ*¢t and the gradient-corrected correlation functional to

give the hybrid functional [61] involves three parameters.

Exc = ELPA 4 g, (Eg¥act — ELDAY) 4 g AE, B88 4 g AE, Mon-local (3.18)

B88

where AEg is the Becke’s gradient correction to the exchange functional. In the

Ec non-local

B3LYP functional, the gradient-correction (A ) to the correlation functional is
included in LYP. However, LYP contains also a local correlation term which must be

subtracted to yield the correction term only.

AE, non-local _ E(L:.YP _ EXWN (319)

where EYWN is the Vosko-Wilk-Nusair correlation functional, a parameterized form
of the LDA correlation energy based on Monte Carlo calculations. The empirical
coefficients are a0=0.20, ax=0.72 and ac=0.81 [62].

3.2. Basis Sets

A basis set is the set of mathematical functions from which the wave function is
constructed. Each molecular orbital in the HF theory is expressed as a linear combination
of basis functions. The full HF wave functions expressed as a slater determinant formed
from the individual occupied molecular orbitals.In the abstract,the HF limit is achieved by
use of an infinite basis set, which necessarily permits an optimal description of the electron
probability density. In practice, however, one cannot make use of an infinite basis set.Thus
much work has gone into identifying mathematical functions that allow wave functions to
approach the HF limit arbitrarily closely in as efficient a manner as possible [63]. There are
two types of set of basis functions for atomic Hartree-Fock calculations, Slater-type

functions and Gaussian-type functions.
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Standard basis sets for electronic structure calculations employ linear combinations
of Gaussian functions to form the orbitals. Basis sets assign a group of basis functions to
each atom within a molecule in order to approximate its orbitals. These basis functions
themselves are composed of a linear combination of Gaussian functions,such basis
functions are referred to as contracted functions, and the component gaussian functions are
referred to as primitives. A basis function consisting of a single Gaussian function is

named uncontracted.

Gaussian functions are closely related to exponential functions, which are of the form
of exact solutions to the one-electron hydrogen atom, and comprise a polynomial in the

Cartesian coordinates (x, y, and z) followed by an exponential in r°.

Basis sets are classified according to the number and types of basis functions that
they contain. Generally, larger basis sets impose fewer constraints on electrons and more

accurately approximate exact molecular orbitals [64, 65].

3.2.1. Minimal Basis Sets

Minimal basis sets contain minimum number of basis functions needed for each
atom and they use fixed-size atomic-type orbitals. The STO-3G basis set is a minimal basis
set. It uses three Gaussian primitives per basis function which accounts for the ‘3G’ in its
name. In addition, “STO” stands for ‘Slater type orbitals’, implying that STO-3G basis set

approximate Slater orbitals with Gaussian functions [64].

3.2.2. Split Valence Basis Sets

Split valance basis sets are larger basis sets than minimal basis sets, in which the
number of basis functions per atom are increased. Split valance basis sets represent core
atomic orbitals by one set of functions and valance atomic orbitals by two sets of functions.
For this purpose, hydrogen is provided by two s-type functions, and main-group elements
are provided two sets of valance s- and p-type functions.
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3-21G and 6-31G basis sets are the simplest ones among the split valance basis set,
having two sizes of basis functions for each valance orbital. In the case of 3-21G split
valance basis set, each core atomic orbital is expanded in terms of three Gaussians and also
two and one Gaussians for inner and outer valance atomic orbitals, respectively. 6-31G

basis sets are constructed in a similar manner, with core orbitals represented in terms of six

Gaussians and valance orbitals split into three and one Gaussian components Split-
valence basis set splits only the valence orbitals in this way, whereas double zeta basis also

have split core orbitals.

The double zeta basis sets, such as Dunning-Huzinaga basis set (D95) form all
molecular orbitals from linear combinations of two sizes of functions for each atomic
orbital. use linear combinations of two sizes of functions for each atomic orbital to form
the molecular orbitals. Similarly, triple zeta basis sets, such as 6-311G, use three sizes of
contracted functions for each orbital type, being written in terms of three, one and one

Gaussians, respectively [64, 65].

3.2.3. Polarized Basis Sets

Polarized basis sets add orbitals with angular momentum what is required for the
ground-state to the description of each atom. Thus, polarized basis sets allow orbitals to
change their shape. In polarized basis sets, d functions are added to all heavy atoms is
designated with a “*’ or ‘(d)’ and f functions to transition metals. Polarization can be added

to hydrogen atoms as well, this would be done by “**’ or ‘(d,p)’.

6-31G* (6-31G(d)), 6-31G** (6-31G(d,p)), are among the simplest polarized basis
sets. Both 6-31G* and 6-31G** polarized basis sets are constructed from 6-31G basis set,
by adding a set of d-type polarization functions to heavy (non-hydrogen) atoms in the
former one and by adding p functions to hydrogen atoms in addition to the d functions on

heavy atoms in the latter one [64].
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3.2.4. Diffuse Functions

Diffuse functions are large-size versions of s- and p-type functions as opposed to the
standard valence-size functions. They allow orbitals to occupy a larger region of space.
Basis sets with diffuse functions are important for systems where electrons are relatively
far from the nucleus: molecules with lone pairs, anions and other systems with significant
negative charge, systems in their excited states, and systems with low ionization

potentials,description of absolute acidities, and so on.

In such situations, basis sets are needed to be supplemented by diffuse s- and p-type
functions on either heavy atoms designated by ‘+ or hydrogen atoms designated by ‘++’.
The 6-31+G (d) basis set is the 6-31G (d) basis set with diffuse functions added to heavy
atoms. The double plus version, 6-31++G (d), adds diffuse functions to the hydrogen
atoms as well [64].
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4. METHODOLOGY

The geometries of the C3HgNgOgs dimers were calculated by Becke3-Lee-Yang-Parr
(B3LYP) hybrid density functional level of theory using the 6-31+G(d,p) basis set. The
conformational preferences of the monomers relative to each other were chosen according
to both dipole moment approach and Frontier Orbital approach. All of the calculations in

this study were performed by using the Gaussian 03 program [66].

The first phase of the processes which are followed throughout this study are
illustrated schematically in Figure 4.1. Initially the homodimers are brought together in
combinations of I-1, II-11, and H1I-111 by taking into dipole moment approach and frontier
orbital approach. The geometries were fully optimized at the B3LYP/6-31+G(d,p) level.
All dimers in this study were in their ground electronic states. Frequencies were calculated
to confirm that the structure was a local or global minimum. Unless reported otherwise, the
sum of the electronic and zero-point energies calculated at this level were used to calculate
the complexation energies and the ionization potentials. Molecular orbitals calculated at

this level were also reported.

The complexation energies were calculated using the electronic energies of neutral
dimers corrected for the basis set superposition error (BSSE). The largest magnitude of
complexation energy is around 40 kJ/mol and the maximum BSSE error is about 10
kJ/mol, 25% of the complexation energy, and could cause errors in energy ordering and
stability arguments.

The second part of this study consisting of cation optimizations of these dimers are
illustrated schematically in Figure 4.2. The cations were prepared by removing an electron
from the highest occupied molecular orbital of the corresponding neutral wavefunctions.
In order to calculate the vertical detachment energies, a frequency calculation of the cation
at the neutral geometry was run to produce the zero-point corrected electronic energy of

the cation. Using the forces of this step, the cation geometry was allowed to relax to a local
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Figure 4.1. The schematic representation of the first step of the methodology used.

minimum which was confirmed by frequency calculations. Optimization of the cations of
these dimers were performed to reach the local (or global) energy minimum of the cation
and to calculate the adiabatic ionization energies. Adiabatic lonization Energies (IE,q) and
Vertical lonization Energies (IE,) were calculated according to the Equation 4.1 and

Equation 4.2 respectively.

IP.= (To + ZPE)M' — (To + ZPE)M (4.1)

In Equation 4.1, M represents the neutral M molecule at its local minimum geometry.
In a similar manner M represents M™ cation at its local minimum geometry, M*(R:M)

represents M" cation at the local minimum geometry of the neutral in Equation 4.2.

IPy= (To+ ZPE)mr:m) — (To + ZPE)m (4.2)
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The atomic charges for the neutrals and the cations were calculated using the ChelpG
[67] algorithm in the GO3 program [66] at the B3LYP/6-31+G(d,p) level. The dipole
moments reported by the ChelpG were used for analysis since they were derived from

electrostatic potentials calculated by this algorithm.

Complex - é Complex
AB > = | AB =
Optimization
(B3LYP/6-31+G(d.p))
v
B _ 1+
Complex
— AB o
Molecular vibration and -
Normal mode analysis
(B3LYP/6-31+G(d.p)) | / \ . Electronic energy

(E")
Harmonic vibration frequency(m(cm!))
Normal ‘mode vectors S=(E+ZPE)* (kJ/mol)
Zero point energy(ZPE)

Figure 4.2. Schematic representation of the second step of the methodology used.

4.1. Generating Complex Structures: Dipole Moment Approach

In dipole moment approach, the two conformers of the C3HgNgOg molecules were
brought into close proximity by aligning them along their dipole moments. These
conformers are displayed in Figure 4.3a. The geometries were optimized at the B3LYP/6-
31+G(d,p) level and the dipole moments were calculated at these geometries using the

same basis set.
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Figure 4.3. (a) Isomers and their dipole moments and (b) positioning according to dipole

moment approach.

4.2. Generating Complex Structures: Frontier Orbital Approach

In Frontier Orbital approach HOMO-LUMO interaction of these isomers are taken
into account. The HOMO orbital of one isomer and the LUMO orbital of another were
brought together at different combinations regardless of how dominant or small each atom

contributed to the molecular orbital.

The minimum energy C3HgNgOg conformers which are used in this study were
determined by Akin and are shown in Figure 4.5. Even though the three lowest energy
conformers were used, conformers 1V and V were also encountered as part of the dimers

after the optimizations.

Most of the calculations were run on a HPZ800 workstation with 8 Intel Xeon
processors at 3.07 GHz with a total of 64 Gb memory operating over a 500 Gb hard disk

space.
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Figure 4.5. The C3HgNgOg conformers. The conformers in the red circle are used in dimer

configurations.
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5. RESULTS AND DISCUSSION

5.1. Structures of neutrals and cations

The geometries of neutral (C3HgNgOg), are shown in Figure 5.1. By combination of
the same (homodimer) and different (mixed dimers) monomers, 33 of the attempted dimer
configurations reached a minimum. All dimers are held together by long-range electrostatic
interactions, namely, dipole-dipole interactions since all isomers have non-zero dipole
moments. The complexes that remained isomerically intact during optimization are Il-1la,
[-1lc, 11-112z, 11-1lv, 1-11g, H-15, H-114, H1-111, 1-14, 1-17, 1-18, 1-1k, 1-11b, I-111, 1I-1a, I1-
Ib, Il-Ic, and lI-1lla. The dimers in the same class (I-1, 111, HI-111, 1I-1 with the above
lettering) differ by rotational isomerism only. Keeping one isomer fixed in space, these
complexes are different by the position and angle of one isomer with respect to the other.

The dimers that went through isomeric “scrambling” had one isomer transform into
another, with the exception of Il1-1119. In dimers 1I-114 and I1-1lw, one of the monomers
isomerized to V and I, respectively. In I-l1la dimer, monomer | which is the lowest energy

conformer in the set converged to V. In I-111b only one monomer changed its conformation

to IV. In Ill-la and Il1-Ic, monomer Il changed into conformer 1V. In 1I-1l1b, II-11ld and
I11-11a, one monomer is converted to V. In Il-1lle, one of the monomers changed to isomer
I. The isomer that went through transformation the most often was Ill. During

optimization, monomer Il isomerized into the more symmetrical albeit less stable isomer
IV. In I11-1113 dimer, only one of the monomers changed into V. In dimers IH1-1117 and I11-

[119 both monomers changed into IV.

In the neutral complexes, it was observed that O (ONO) of one monomer and H
(CHy,) of the other are the closest atoms and can get as close as 2.4 A (between Il of one
dimer and IVVof the other). However neither the C-H bonds are elongated nor a linear O-H-
C relation exists to state the presence of H-bonding. The bond lengths in the neutral
complexes are shown in Table 5.1



I-14 I-Ik I-17 I-I8 II-IIc II-ITv
II-112z I1-114 II-ITa II-IIq II-115
II-IIw ITI-T1T1 II1-1113 TII-I114 III-IT17 IT1-1119

Figure 5.1. Optimized geometries of neutral dimers.

There is a reverse correlation between the N-N bond and the C-N bond lengths in
the N-N-C triatomic moiety in all type of monomers that are used. As the N-N bond gets
shorter, the C-N bond is extended and vice versa. A similar observation can be made about
the O-N-N moieties. In addition, the C-H bond length also correlates with the
intramolecular O-H bond distance.

In order to calculate ionization energies, ground state structures of the cations are as
essential as those of the neutrals: the difference of these energies yields the ionization
energy of the neutral. In spectroscopy, ionization potentials are measured by removing an
electron (usually by a laser beam or a He lamp) from the neutral molecule and recording

the Kinetic energy of the ejected electrons. Since the starting geometry of the cation is the
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I-Ta I-1Tb II-Ia 1I-Ib II-Ic

I-I1Ib I-IIc I-I1T III-Ia II-Ic

II-I1Ta II-111b [I-111d II-I1Te I1I-ITa ITI-1Tb
Figure 5.1. Optimized geometries of neutral C3HgNgOg dimers (cont.).

same as that of the neutral in the experiments, we adopted a similar methodology in
calculation of the cation structures. We removed an electron from the neutral and let the

optimization proceed.

It is not certain that one will actually observe the rearrangements that occur during
optimization in real experiments, since the coordinate step sizes used in optimization and
those that occur in reality will be different. For example, in reality, once the cation
structure drops into a potential energy well, no matter how shallow, it may not have
enough energy to overcome it and may get stuck in a high energy local minimum. The
calculation, if the default step size for the calculation is large enough, may explore other
spaces on the potential energy surface and drop the cation into a deeper well. The structural
changes observed, no matter how far-fetched they may be in the absence of any
spectroscopic data, provide a set of possibilities that are worth reporting.
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Table 5.1. Bond lengths in each type of monomer with their minimum and maximum

values in neutral dimers. All bond lengths are in Angstrom.

1 MONOMER 2" MONOMER
Dimers N-N | NO | CN | CH | N-N | N-O | C-N | C-H
1.398- | 1.219- | 1.450- | 1.084- |1.389- | 1.223- | 1.45- |1.084-
114 143 1232 |1.475 |1.10 |[1.426 |1.232 |1.479 |1.098
1.401- | 1.222- | 1.452- | 1.084- | 1.401- | 1.222- | 1.452- | 1.084-
m 1.430 |1.228 |1.475 |1.089 |[1.43 |1.228 |1.476 |1.099
1.397- | 1.222- | 1.449- [ 1.084- | 1.40- |[1.221- | 1.448- | 1.084-
117 1.428 |1.230 |1.476 [1.10 |143 |1.228 |1.477 |1.10
1.399- | 1.223- | 1.448- | 1.084- | 1.401- | 1.223- | 1.451- | 1.084-
18 1.427 |1.230 |1.477 |1.099 |1.421 |1.227 |1.477 |1.099
1.377- | 1.221- | 1.448- | 1.084- | 1.376- | 1.221- | 1.449- | 1.084-
-l 1.436 |1.238 |1.48 [1.101 |1.436 |1.237 |1.48 |1.102
1.396- | 1.224- | 1.456- | 1.084- | 1.387- | 1.221- | 1.450- | 1.084-
el 1.416 |1.229 |1.468 |1.103 |1.435 |1.232 |1.477 |1.102
1.394- | 1.220- | 1.450- | 1.084- | 1.399- | 1.222- | 1.453- | 1.084-
111 1.441 |1.231 |1.474 |1.104 |1.436 |1.228 |1.473 |1.104
1.412- [ 1.221- | 1.461- | 1.084- | 1.394- | 1.222- | 1.451- | 1.084-
11114 (V-11) 1.421 | 123 |1.466 |1.094 |[1.432 |1.230 |1.476 |1.099
1.391- |1.22- |1.449- | 1.085- | 1.397- | 1.222- | 1.452- | 1.084-
o115 1.437 |1.233 |1.475 |1.104 |[1.432 |1.228 |1.476 |1.104
1.399- | 1.222- | 1.45- [1.084- |1.394- | 1.223- | 1.452- | 1.084-
-l 1.423 |1.228 |1.474 |1.104 |1.424 |1.229 |1.471 |1.104
1.395- | 1.222- | 1.451- | 1.084- | 1.404- | 1.225- | 1.455- | 1.084-
1122 1.433 |1.229 |1.476 |1.101 |1.415 |1.227 |1.471 |1.104
1.403- | 1.222- | 1.452- | 1.084- | 1.383- | 1.222- | 1.450- | 1.084-
1w (1-11) 1.423 |1.23 | 1.477 [1.099 |1.433 |1.234 |1.477 |1.101
1.387- | 1.228- | 1.451- | 1.085- | 1.382- | 1.223- | 1.449- | 1.085-
LN 1.424 |1.232 |1.486 |1.096 |1.426 |1.238 |1.483 |1.093
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Table 5.1. Bond lengths in each type of monomer with their minimum and maximum

values in neutral dimers. All bond lengths are in Angstrom (cont.).

1 MONOMER 2" MONOMER
] N-N N-O C-N C-H N-N N-O C-N C-H
Dimers
1.37- | 1.223- | 1.448- | 1.087- | 1.383- | 1.224- | 1.453- | 1.085-
-3 (IV-111) 1.425 |1.238 |1.49 1.093 | 1.423 |1.237 |1.489 |1.096
1.382- | 1.223- | 1.453- | 1.085- | 1.385- | 1.224- | 1.452- | 1.086-
-4 1.425 |1.233 |1.487 |1.09 |1.423 |1.239 |1.489 |1.096
1.370- | 1.222- | 1.450- | 1.088- | 1.372- | 1.223- | 1.449- | 1.087-
-7 (IV-IV) 1426 | 1236 |1.487 |1.095 |1.424 |1.243 |1.489 |1.093
1.369- | 1.223- | 1.449- | 1.087- | 1.369- | 1.223- | 1.449- | 1.087-
1119 (IV-1V) 1.425 |1.239 |1.491 |1.093 |1.425 |1.239 |1.492 |1.093
1.401- | 1.222- | 1.458- | 1.086- | 1.398- | 1.218- | 1.451- | 1.084-
1.418 | 1229 |1.463 |1.095 |1.425 |1.228 |1.474 |1.104
I-11a (V-11)
1.385- | 1.222- | 1.45- |1.084- | 1.398- | 1.221- | 1.453- | 1.084-
L1lb 1.426 |1.233 |1.479 |1.097 |1.415 |1.23 1.475 | 1.104
1.393- | 1.221- | 1.453- | 1.084- | 1.40- |1.222- | 1.450- | 1.084-
lola 1.423 | 1.229 | 1.47 1.104 | 1.428 |1.228 |1.477 |1.099
1.395- | 1.224- | 1.452- | 1.084- | 1.40- | 1.222- | 1.449- | 1.084-
l-1b 1.422 |1.23 1.47 1.104 | 1.428 |1.228 |1.477 |1.099
1.394- | 1.222- | 1.451- | 1.084- | 1.403- | 1.221- | 1.403- | 1.084-
-l 1433 |1.229 |1.476 |1.101 |1.433 |1.229 |1.433 |1.099
1.40- | 1.222- | 1.45- | 1.084- | 1.389- | 1.223- | 1.451- | 1.086-
1-111b (1-V) 1.427 | 1.227 | 1.476 | 1.099 |1.42 1231 | 1.48 1.096
1.383- | 1.222- | 1.45- |1.084- | 1.368- | 1.224- | 1.453- | 1.086-
L1l 1.426 |1.232 |1.48 1.097 | 1.417 |1.237 |1.48 1.096
1.395- | 1.223- | 1.451- | 1.084- | 1.37- | 1.223- | 1.447- | 1.086-
-1 1.423 | 1.229 |1.48 1.097 |1.423 |1.235 |1.484 |1.095
1.375- | 1.223- | 1.450- | 1.087- | 1.398- | 1.218- | 1.453- | 1.084-
1.424 | 1237 |1.485 |1.094 |1.429 |1.233 |1.473 |1.099
lI-1a (IV-1)
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Table 5.1. Bond lengths in each type of monomer with their minimum and maximum

values in neutral dimers. All bond lengths are in Angstrom (cont.).

1"MONOMER 2" MONOMER

Dimers N-N N-O C-N C-H N-N N-O C-N C-H
1.375- | 1.223- | 1.449- | 1.087- |1.384- | 1.221- | 1.384- | 1.084-

-Ic (IV-1) 1425 |1.234 |1.489 |1.093 |1435 |1.236 |1.435 |1.10
1.38- 1.22- 1.448- | 1.084- | 1.384- | 1.223- |1.452- | 1.086-
lI-Hla (11-1V) 1.44 1239 | 1474 |1103 |1424 |1.235 |1.485 |1.094
1.375- | 1.221- | 1.453- | 1.084- | 1.369- |1.223- | 1.448- | 1.087-
1-11b (11-1V) 1436 |1.237 |1.481 |1.101 |1425 |1.24 1.49 1.093
1.375- | 1.221- | 1.449- |1.084- |1.37- 1.223- | 1.448- | 1.087-
H-111d (11-1V) 1437 |1238 |1481 |1.102 |1425 |1239 |1.491 |1.093
1.397- | 1.22- 1.451- | 1.084- |1.387- |1.225- |1.451- | 1.086-
lI-Hle (I-111) 1.426 |1.23 1474 | 1.10 1421 |1.232 |1.485 |1.092
1..378- | 1.223- | 1.449- | 1.087- | 1.40- 1.223- | 1.451- | 1.084-
1-1la (IV-11) 1424 | 1.34 1.487 |1.093 |1.408 |1.23 1.474 | 1.104
1.386- | 1.223- | 1.453- | 1.086- | 1.40- 1.221- | 1.453- | 1.084-
N1-1b 1425 | 131 1486 |1.096 |1.415 |1.227 |1.474 |1.104

With a data set of 33 neutrals belonging to a common symmetry group of Cy, it is

also possible to build statistics of these possibilities of “structural change” and the resulting

ionization potentials. Therefore this study does not aim to build a one-to-one relationship

between neutral-cation pairs involved in the ionization process. Rather, separate pools of

neutrals and cations are produced. In principle, any of the neutrals could become any of the

cations. The structural changes that came about as a consequence of optimization provide

the points on potential energy surfaces which could be studied in a more controlled fashion

in a future study.

The cation complex structures are shown in Figure 5.2. During optimization, the

neutral Il-la and Il-Ib complexes converged to the same cation as that of Il-llv, lI-Ic

neutral complex converged to the I1-1lw cation, and the 111-1111 neutral complex converged

to the I11-1113 cation. The II-114 and 11-115 complexes optimized to a transition state which
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Figure 5. 2. Optimized geometries of cation dimers of C3HgNgOs.

they could not overcome. As a result, the number of cations is 27 whereas the number of
neutrals is 33 in this study.
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lonization of the 33 neutrals resulted in drastic rearrangements in the neutral
structures. For this reason, only 9 complexes could preserve their isomeric composition
after ionization and optimization. In 13 complexes (I-14, 1-18, I-Ik, II-Ila, 1I-112z, II-1lv, 1I-
g, H-lw, I-1lb, I-111, I-11a, I-1llc, 11-111b) the C-H bonds were elongated, giving way to
new C°...H"---°ON interactions. The C-H and H-O distances are shown in Table 5.2. The
C-H bond length in the neutral dimers were of 1.1A at their longest. In Table 5.2, the bond
lengths start from 1.152 A at II-1la cation. Structure of 11-1lw, which is an average case, is

chosen as an example and is shown in Figure 5.3.

Table 5.2. The C™°...H"---®ON bond lengths in the proton-bound cationic dimers. All bond

lengths are in Angstroms.

Cation C3...H" distances (A) | H'-ON distances (A)
l-11a 1.152 1.824
I-18 1.169 1.699
1-112z 1.171 1.709
I-1w (11-1c), I-11b 1.180 1.647
I-1k 1.183 1.633
I-14 1.203 1.559
I-111 1.217 1.529
l-1a (11-1b, H-1lv, I-113), 11-11g 1.217 1.521
I-1llc 1.231 1.492

In one of these complexes (lI-111b, shown in Figure 5.4), after transferring from
isomer 11 to the (O)NO group of isomer Il forming an —(HO)NO functionality, the proton
became part of a hydrogen bond between the -(HO)NO of isomer Il and the (O)NO group
of isomer I1l. The O°--H* distance ((ON)O°..-H(ONO)) is 1.673 A and the H-O(NO)
bond is 1.000 A. The N-N bond between the ring and the nitrogen of the —(HO)NO
functionality elongated to 1.48 A. Experimental studies of the HONO molecule yielded ron
of 0.954 A, rono) of 1.433 A, rno of 1.177A, anon of 102.1°, and aono of 110.7°. In our
calculations the HONO moiety formed on the isomer Il gives ron of 1.005 A, ron) of
1.386 A, ryo of 1.235 A, anon 0f 105.0°, and agno of 121.1°. The duono is 101.7°.
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Figure 5.3. The B3LYP/6-31+G(d,p) geometry of the Il-1lw cation. The dotted line
indicates the new O-H interaction.

The calculated aono Vvalues for the other -NO; substituents at this level are in the 125-130°
range. The calculated aono value for free —NO; is 134°. Therefore it is possible that this
structure of Il-11lb corresponds to an early stage in the formation of HONO, where the
aono Is half-way between that of HONO and —NO,, and the dnono is half-way between that
of trans-HONO (180°) and cis-HONO (0°). It appears that the presence of another

monomer nearby catalyzes HONO formation.

The N-N bond lengths in 7 complexes, namely, 1-17, 11-1113, HI-1117, 11-1119, 1I-111a,
and 1l-1lle increased, putting a distance between the -NO, groups and the ring system.
While the N-N bond lengths varied between 1.35 and 1.44 A in the neutral and cationic
complexes, in the cations mentioned above the N-N bond length exceeded 1.50 A. It is
important to note that the charge on the NO, group is zero in these cations. These are
charge-dipole complexes between the NO, groups and the charge-bearing rest of the
complex. With the exception of 1-17, all of the cations above had the charge on an isomer
Il or isomer IV and the NO, groups broke off of these isomers (I 1I1LIV,IV,IV,
respectively). The I-17 cation carries the charge on isomer | from which the NO, broke off.
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Figure 5.4. The B3LYP/6-31+G(d,p) geometry of the Il-111b cation. The new HONO-like
functionality is shown with a dashed circle.

The cations Il-llc, I11-1a, [1-11b, 11-111b and 1I-111d exhibited long N-N bonds between
1.48-1.49 A however these lengths are below 1.50 A.

The proton transfer complexes and the NO, charge-dipole complexes form different
molecular sets; not one complex has gone through both processes during optimization.
Only two of the nine cations that preserved their isomeric composition survived the

structural rearrangements mentioned above.

In Figure 5.5 the population of isomers in the neutral and cation dimers are shown.
The populations were calculated by counting the number of times a particular isomer was
encountered in all the dimers. For instance, a I-1 dimer provides a count of 2, a I-1l dimer
gives a count of 1 for isomer I. In neutral dimers, | and Il are the most dominant isomers
and isomer V is the least observed. Going from neutral to cationic dimers the most
prominent change is observed in the population of isomer V. lonization resulted in an
increase in the percentage of isomer V in the complexes. Considering that isomers | and Il
are the two lowest energy isomers, their respective populations do not exceed 50% neither
in the neutral set nor in the cation set. With the dimers that keep their isomeric content
intact upon electron loss aside, despite the NO, liberation and C™.--H"--->ON formation,

the cationic monomers of the dimers stay within the set of I-V neutral set of conformations,
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Figure 5.5. The isomeric populations of (C3HgNgOs), and ((C3HeNgOs)2)" structures.

a new conformer VI or VII does not appear in all these dimers.

lonization creates great strain in these complexes and more than 90% of the
complexes relax by bond elongation and changing the position of the -NO; group with
respect to the C-N-C-N-C-N ring (i.e. isomerizing). These results are in agreement with the
results observed by mass spectrometry. Even though cluster/complex formation may be
possible under vacuum and at cold cluster temperatures, the variety of ion processes
following ionization, if the ionized complex is allowed enough time, are revealed in this

study.

In Figure 5.6, plausible decomposition mechanisms of the C3HgNgOs monomer are
shown based on the fragments obtained from the mass spectrometry experiments. The
mechanisms proposed, including N-N cleavage of the side N-NO, chains with subsequent
C-N ring decomposition, ring C-N cleavage as the primary C3HgNgOg thermal
decomposition step and HONO elimination by atomic migration, have not been established
by conclusive experimental evidence, but have been for the most part supported by
theoretical studies. In the dimers of this study, while NO; expulsion happens independently
on one monomer, the C..H"---®ON formation happens between two monomers as a
possible step for HONO formation. The energetic differences between intermolecular and

intramolecular aspect of this reaction are part of our future studies.
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Figure 5.6. Plausible C3HgNgOg decomposition mechanisms according to fragments
obtained from mass spectrometry experiments done by Zhao et al.[27].

Extensive fragmentation of the dimers upon cationization threatens the detection of
the parent ion of a dimer. The NO, expulsion occurs on a single monomer leaving the other
intact, therefore it could be possible to detect [C3HsNgOg]". However the C?...H"..°0ON
formation occurs over both monomers, as a possible first step in production of HONO

from the H of one monomer and the NO, of the other monomer.

As a preparation for calculating intermolecular potentials as a structural plausibility
check, we calculated the center-of-mass distances between the neutral monomers in the
neutral dimers, later to be increased and decreased to monitor the change in intermolecular
potential. To calculate the center-of-mass of the dimers firstly cartesian coordinates of each
atom in a monomer were multiplied with their atomic masses and were summed. The sum
was divided by the molecular weight of the monomer. As a result, the Cartesian coordinate

of a dummy atom which is located at the center of mass of the monomer was found. By
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vectoral subtraction of the center of mass coordinates of two monomers their center of
mass distances were calculated. In Figure 5.7 the center of mass distances of neutral and

cation dimers are shown.

Among the neutrals, both I-lla and I-1l1b dimers have the smallest mass center
distances and the I-111 dimer has the maximum center-of-mass distance. In cation dimers I-
Ila again has the minimum center-of-mass distance however, II-11lb has the maximum
center of mass distance. There is an obvious decrease in the distances between monomers
during ionization. This decrease stems from the stronger charge-dipole interaction in the
cation dimers and more favorable positioning of monomers to avoid functional group
repulsions. In the II-11lb cation dimer the monomers appear further away from each other
than in the neutral. A reaction has already occurred and produced a HONO-like moiety on
one of the monomers making it bulkier and shifting its center-of-mass. Looking at center-
of-mass differences alone could be misleading when cation longevity and detection are
concerned. Even though I1I-111b cation seems to have the largest distance between the
monomer mass centers, it is in fact 100 kJ/mol more stable than and is the most stable of

all the cations found in this study.
5.2. Energetics

5.2.1. Relative Energies

The lowest energy neutral isomers are the most likely to survive and to yield cations
in an ablation plume. Mass spectrometry does not distinguish between structural isomers
unless the molecular ion is forced into a chemical process which distinguishes the
isomerism based on stereoselectivity or spectroscopic properties in the gas phase prior to
detection. It is therefore essential to calculate the energetic ordering of the neutral dimers
and to observe the relationship between isomeric composition and overall energetics.
Equally important is the knowledge on higher energy species since the beginnings of
plume formation are far from thermodynamic equilibrium and higher energy dimers may

be kinetically favored.

When the cations are considered as a dimer set independent of the neutrals they

originate from, their energetic ordering reflects their stability and could correlate with their
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Figure 5.7. Center of mass distances of neutral and cationic dimers.
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detectability. Their detectability ultimately depends on their unimolecular reactivity and
timescale of their dissociation which are beyond the scope of this study. However, this
study can reveal whether an energetically stable neutral gives rise to a less stable cation on
the cation energy scale. Such a situation would lower the chances of detection of the

neutral.

In Figure 5.8, the relative energies of neutral dimers with respect to the lowest
energy dimer I-Illc are shown. These energies were calculated using BSSE and zero-point
corrected electronic energies of the neutral dimers. The energies are presented in Table 5.2.
A more detailed account of the need for BSSE correction will be provided in the discussion

concerning complexation energies.

The 33 neutral dimers are found to be in a 25 kJ/mol (6 kcal/mol) energy span. The
energy curve forms plateaus as it rises. The I-1lic, IH-1119, I1I-1113, 1I-1lw, and 1lI-111d are
the first five minimum energy neutral dimers in the set. In Figure 5.9, the isomeric
composition is plotted against the energy. In Figure 5.10, the number of dimers within 5

kJ/mol intervals are shown.
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Figure 5.9. Variation in the neutral dimer isomeric composition on the relative energy
scale.
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In Figure 5.9, each column represents a set of rotational isomers. For instance, each
bar in the I-1 column is a rotational isomer where both monomers are I. Monomers | and 11
are the lowest energy monomers. Concurrently, they have the highest number of rotational
isomers in the set, there are 6 of II-11, 5 of I-11, and 4 of I-1 and II-1V (each) rotational
isomers. However, especially in the case of 1I-11, all but one dimer are above 15 kJ/mol of

relative energy.

According to Figure 5.9, with the exception of one dimer (l1-11a), rotational isomers
of the I1-11 combination are all accumulated in the 15-25 kJ/mol interval. The 0-5 kJ/mol
interval is highly populated by dimers having isomer IV. The energy ordering calculated
by the B3LYP/6-31+G(d,p) method is | < lI< IlI< V< IV. This ordering does not change
when calculated by the B3LYP/Aug-cc-pVTZ method. One would expect a similar
ordering with the dimers; those containing | would be expected to be the lowest energy
dimers. However, the lowest energy structures are attained when the highest energy isomer
Il transforms into an even higher energy isomer (I\V or V) during optimization. The IlI-
I119 dimer was stabilized by such a transformation of both of the monomers (111) and the

I11-1113 dimer was stabilized by the transformation of one of the monomers.

12

10

Number of clusters

0-5 5-10 10-15 15-20 20-25
Relative Energy Interval (k.J/mol)

Figure 5.10. Number of neutral clusters per relative energy interval are shown.
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These observations attest to the fact that the interactions between monomers, rather
than their individual energetic stability, determine the overall energetics of the dimers.
Locating a global minimum takes no less effort than inclusion of all known isomers into
the pool and have them mix and stabilize with each other. We started with only three (I, II,
[11) of the five isomers to construct the dimers. It could be possible that the 0-5 kJ/mol
interval could be more populated had we also included 1V and V. This could explain lack

of more V-1V rotational isomers.

5.2.2. Complexation Energies

The isomerization of the monomer occurs through two major motions. One of them
Is the bending of the (N-C-N)ing-N(O)(O) dihedral. This changes the orientation of the —
NO, group with respect to the heterocyclic C-N-C-N-C-N ring. The ring system assumes
boat and chair positions and this is the second motion leading to isomerization. The
molecular orbital distributions and the charge distributions could illuminate the mode of
interactions between monomers. However, before going into detail about interactions one
more energetic parameter should be considered. This parameter is the complexation energy
which is also called binding energy or loosely, dissociation energy in the literature. It is
calculated by subtracting the zero-point corrected electronic energies of the monomers
from that of the dimer they form. They are shown in Table 5.3.

All calculated complexation energies are negative and all complex formation
reactions are exothermic. Only the complexes whose formation is more exothermic than -
23 kJ/mol could exist definitely. These complexes are I-1lic, 1I-1119, HI-1I3, 1I-11id, 1I-
b, H-1a, H-Ic, H-117, H-Hw, -4, 1-11b, 11-1a, 11-114, and I11-la. According to the
relative energies, the dimers that are most likely to be observed in the gas-phase are I-1lic
and I11-1119 since a 0.3 kJ/mol energy difference is too small to eliminate 111-1119 out of the

picture.

The value of -23 kJ/mol is the vector sum uncertainty calculated using the mean
absolute deviation (MAD) of the B3LYP/6-31+G(d,p) method (16 kJ/mol). Statistically,
the complexation energies more positive than -23 kJ should be considered as uncertain.
Basis set superposition error (BSSE) should also be considered as a factor that lowers the



41

Table 5.3. The energies of the C3HgNgOg dimers computed at B3LYP/6-31+G(d,p) level

are shown. Relative energies shown in the second column are calculated relative to the I-

I1lc complex which has the lowest E+ZPE energy. See text for details on calculation of the

complexation energy (BSSE corrected).

Name of Complexation

dimers E+ZPE (hartrees) E+ZPE (rel,kJ/mol) Energies (kJ/mol)
I-1llc -1794.632029 0.0 -21.6+23
H1-1119 -1794.631928 0.3 -30.6+23
HI-1113 -1794.631588 1.2 -26.5+23
H-Tw -1794.631271 2.0 -20.3+23
I-111d -1794.631205 2.2 -26.2+23
I-lla -1794.630823 3.2 -22.7+23
H-111b -1794.630643 3.6 -24.8423
I-18 -1794.630500 4.0 -14.7+23
Il-lc -1794.630046 5.2 -19.6+23
I-111 -1794.629941 55 -16.1+23
Hi-1114 -1794.629775 59 -18.6+23
I-11b -1794.629620 6.3 -16.0+23
I-1k -1794.629288 7.2 -11.6+23
I-14 -1794.629099 7.7 -11.1423
l-Ic -1794.628923 8.2 -16.7+23
1-1lle -1794.628379 9.6 -12.0+£23
1-114 -1794.628359 9.6 -16.9+23
i-la -1794.628356 9.6 -12.0+23
-1z -1794.628252 9.9 -17.8+23
I-111b -1794.628020 10.5 -14.3+23
-1 -1794.627851 11.0 -13.5+23
I1-11b -1794.626813 13.7 -14.7+23
I-17 -1794.626383 14.8 -3.9+23
l-llc -1794.626362 14.9 -11.0+23
1-112z -1794.626145 154 -10.5+23
l-1b -1794.626105 15.6 -6.8+23
l-la -1794.625716 16.6 -5.7+23
l-1lla -1794.625062 18.3 -6.9+23
Ii-1la -1794.624796 19.0 -9.4+23
I-1la -1794.624618 19.5 -7.1+23
H-11v -1794.624090 20.8 -5.1+23
H-115 -1794.623160 23.3 -2.6+23
1-11q -1794.622719 24.4 -1.5+23
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energy of the supermolecule (the complex) bringing isomers together and forming
complexes with exothermicity less than 23 kJ/mol. The calculated neutral complexes are
kept together by long-range polarization forces such as the dipole-dipole interaction
therefore the BSSE is expected to play a prominent role. It is also possible that due to
cancellation of errors, the complexation energies are exact, however, the BSSE can not be
ignored or cancelled out. With merely -8 kJ/mol complexation energy, the complexes 1I-115
and IlI-1lg are the most likely candidates for BSSE induced artificial complexation.
Therefore we calculated the complexation energies for the 9 lowest energy complexes with
the counterpoise BSSE correction and for the 2 highest energy complexes, Il-11g and 11-115.
We compared the uncorrected B3LYP/6-31+G(d,p) results with the BSSE corrected results
and also with those calculated using the B3LYP/Aug-cc-pVTZ//B3LYP/6-31+G(d,p)
method where the geometries and the zero-point corrections calculated using the 6-
31+G(d,p) basis set were used for single-point energy energy calculations using the bigger
aug-cc-pVTZ basis set. The latter was not done for 1I-1lg and I1-115. The complexation
energies and the magnitude of the BSSE corrections for each complex are shown in Table
5.4.

Table 5.4. Energetics of C3HgNgOg dimers which are computed at B3LYP/6-31+G(d,p)
level are shown. Relative energies displayed in the second column are calculated relative to
the I-11lc complex which has the lowest E+ZPE energy. See text for details on calculation

of the complexation energy.

Complexation Energies (kJ/mol) BSSE
Corrections
(kJ/mol)
Dimer B3LYP/ B3LYP/6-31+G(d,p) | B3LYP/Aug-cc-pVTZ//
6-31+G(d,p) (BSSE corrected) B3LYP/ 6-31+G(d,p)

I-1119 -41.5 -30.6 -28.9 10.8
I-1113 -36.3 -26.5 -25.5 9.8
I-111d -35.4 -26.2 -25.2 9.2
I-1llc -27.7 -21.6 -21.2 6.1
I-111b -33.9 -24.8 -23.9 9.1
Il-Ic -29.6 -19.6 -19.7 10.0
l-11a -29.7 -22.7 -22.5 7.0
-4 -26.3 -18.6 -18.1 7.7
I-14 -19.8 -11.1 -12.6 8.7
I1-11g -8.8 -15 - 7.2
1-115 -8.6 -2.6 - 6.2
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Comparison of the complexation energies of Il-l1iq and IlI-1la with the BSSE
corrections shows that the BSSE should not be overlooked. The magnitude of the BSSE
(7.2, 6.2 kiJ/mol) and the uncorrected 6-31+G(d,p) complexation energies (-8.8, -8.6
kJ/mol) are almost equal indicating that the two isomer Il molecules in Il-1lq and Il-lla
came together artificially. After the BSSE correction the two highest energy complexes

appear to be held together merely by less than 3 kJ/mol energy.

There is no apparent correlation between the magnitudes of the complexation
energies and the BSSE. All complexes with BSSE of 9 kJ/mol and above (I11-1119, I11-1113,
[-111d, 1H-11b, I-Ic, [-1114) have isomers Il and IV in their make-up. As the
complexation energy becomes smaller and the isomers are more loosely bound to each
other, the BSSE becomes significant relative to the complexation energy. Looking at the
11 lowest energy complexes, I1I-1119 has the largest BSSE in its complexation energy
amounting to 10.8 kJ/mol. This is due to the fact that in the HOMO the electron resides on
both IV isomers equally. However with a complexation energy of -30.6 kJ/mol this cluster

can still claim its existence.

The BSSE corrected complexation energies calculated with the smaller 6-
31+G(d,p) basis set approach the uncorrected values calculated using the aug-cc-pVTZ
basis set. Using a larger basis set is expected to remove the deficiencies of the smaller
basis set, making the BSSE insignificant. Looking at the BSSE corrected complexation
energies (2" column), based on the complexation energies alone, we can say HI-1119, 111-
113, 11-111d, and 11-11Ib could exist in the gas phase. Experimental studies on anionic van
der Waals clusters yielded a well-depth of 14.07+0.07 kJ/mol in XeCI™ [68], 5.97 kJ/mol in
CID;™ (ortho), 6.69 kJ/mol in CID,” (para), and 5.84 kJ/mol in CIH,™ [69]. Molecular
systems closer to the size and constitution of (C3HgNgOg), dimers, such as the neutral
(benzene),, benzene-cyclohexane, (toluene),, benzene-toluene, (para-difluorobenzene),,
and benzene-para-difluorobenzene clusters have dissociation energies of 6.8+1.0 kJ/mol,
7.7+1.9 kJ/mol, 14.5+1.0 kJ/mol, 12.5+1.0 kJ/mol, 8.7+1.9 kJ/mol, and 7.7+1.9 kJ/mol,
respectively [70]. Benzene-water-methanol clusters were found to have binding energies
around 100 kJ/mol [71], 544 cm™" (6.5 kJ/mol) for Sy Benzene-Acetylene (B-A), 1675 cm™
(20.0 kJ/mol) > and 2380 cm™' (28.5 kd/mol) > for two isomeric B-A, complexes [72].

Granted that the neutral clusters mentioned above have =m-m stacking interactions as a
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component of the dispersion interactions, even the benzene-cyclohexane complex was
found to exist and have a finite well-depth. This is encouraging for the (C3HgNgOg), dimers
and their existence, however the complexation energies should be calculated by using a

benchmark technique with known uncertainties.

Table 5.5. The BSSE corrected, uncorrected relative energies and the aug-cc-pVTZ

energies.
Relative Energies (kJ/mol)
Complex B3LYP/ B3LYP/6-31+G(d,p) B3LYP/Aug-cc-pVTZ//
6-31+G(d,p) (BSSE corrected) B3LYP/ 6-31+G(d,p)
1H1-1119 0.0 0.3 0.0
HI-1113 1.9 1.2 1.7
1-111d 3.5 2.2 1.6
I-1llc 4.5 0.0 1.2
1-111b 5.1 3.6 3.0

In Table 5.5 the BSSE corrected and uncorrected relative energies of some
complexes are given with 6-31+G(d,p) basis set and for comparison the energies that are
calculated with the aug-cc-pVTZ basis set are also shown. The energy ordering between
the BSSE corrected and uncorrected 6-31+G(d,p) sets and the aug-cc-pVTZ basis sets are
different. The I-1llc neutral dimer is the most stable dimer when the BSSE corrected
energies are taken into account and it is the next most stable dimer when calculated with
the aug-cc-pVTZ basis set. A handicap with the aug-cc-pVTZ calculation is that the 6-
31+G(d,p) geometry may require small adjustments to reach the true aug-cc-pVTZ
minimum. Since the energies are quite small, the basis set effect would be amplified.
Therefore, out of the relative energies computed with the three methodologies above, the
BSSE corrected energies should be preferred. When BSSE corrected energies are
considered, I11-1119, 111-1113 and I-1llc neutral dimers seem likely to form complexes in the
plume at the room temperature, room temperature of 298 K corresponds to 2.5 kJ/mol and
that would not be enough to form dimers from the minimum energy structure (I-11lc)

appearing at higher relative energies than 2.5 kJ/mol.

Combining the complexation energy and the relative energy information in Table
5.2, one can speculate that there are a minimum of 4 dimers (I11-1119, 11-1113, 11-11ld, and
I-11ic) that can populate the neutral plume under thermodynamic conditions. The I1I-1119,
I1-1113, 1I-111d are winners in both criteria (low relative energy and high complexation
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energy). The I-lllc wins on the relative energy front but loses in the complexation energy
front however, since the uncertainty of 23 kJ/mol is no longer valid after the BSSE

corrections, we made an exception for I-1llc.

The zero-point corrected electronic energies of cation dimers relative to the 1I-111b
cation dimer which has the minimum energy are plotted in Figure 5.11. Since the relative
energies of first and second cation dimers are large, 1I-111b cation dimer was not shown in
the plotted area. The II-111b cation is the lowest energy cation, more than 100 kJ/mol more
stable than the next most stable cation. It is observed that the cations that go through
proton transfer share a common structural motif, isomer II. It is the -N-CH,-N- group
which is on the symmetry plane of the isomer 1l that parts from its proton during the proton

transfer.

5.2.3. lonization Energies

The ionization energies are shown in Table 5.6. The uncertainty of the B3LYP/6-
31+G(d,p) ionization energies is +0.2 eV. In order to assess the ionization energy
performance, we calculated the ionization potential of molecules that resemble C3HgNgOs.
The experimental ionization energy for NO; is 9.586+0.002 eV [NIST Database Number
69]. The comparison is presented in Table 5.7. For NO, and NO,-NO,, the B3LYP/6-
31+G(d,p) vertical and adiabatic ionization energies are within 0.5 eV of the experimental
results. In the case of (CH3),N-NO,, which would provide the most suitable comparison,
the cation optimized into a transition state, the energy difference yielded 9.4 eV. There
was no experimental vertical ionization energy present in the literature for comparison. On
these compounds, most of the HOMO electron density is on the —NO, groups the
ionization energies of the complexes are close to each other because it takes similar

amounts of energy to remove the electrons from similar HOMOs.

The ionization energy distribution per the number of complexes is shown in Figure
5.12. The average adiabatic and vertical ionization energies are 9.4 ve 9.8 eV, respectively.
The neutral complexes are kept together by weak long-range polarization interactions.
However among the cations there are those that experience charge-dipole interactions
between the isomers, others which are proton-transfer complexes (between individual C-H

and ON(O)- moieties) and a few charge-dipole complexes between the NO, groups and the
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Table 5.6. The ionization energies of [C3HgNgOg]. computed at the B3LYP/6-31+G(d,p)

level are shown. Relative energies are calculated with respect to dimer I-11ic. The 1I-114

and 11-115 neutrals did not converge to a minimum after ionization.

E+ZPE lonization Energies (eV)
Name of
the dimers (rel’kJ/mOI) Vertical Adiabatic

[ - 10.6£0.2 10.0£0.2
1 - 10.5+0.2 10.0+0.2
11 - 10.3+0.2 10.0+0.2
I-11lc 0.0 9.9+0.2 9.4+0.2
Hi-119 0.3 9.8+0.2 9.6+0.2
H1-1113 1.2 9.8+0.2 9.5+0.2
H-1lw 2.0 9.8+0.2 9.4+0.2
H-111d 2.2 9.9+0.2 9.5+0.2
l-1la 3.2 10.1£0.2 9.4+0.2
1-111b 3.6 9.9+0.2 8.1+0.2
1-18 4.0 9.8+0.2 9.440.2
Ii-lIc 5.2 9.8+0.2 9.5+0.2
I-111 5.5 9.8+0.2 9.3+0.2
1i-1114 5.9 9.8+0.2 9.5+0.2
I-11b 6.3 9.9+0.2 9.3£0.2
I-1k 7.2 10.0+0.2 9.3£0.2
1-14 1.7 9.7+0.2 9.4+0.2
l-Ic 8.2 9.9+0.2 9.3£0.2
l-1lle 9.6 9.7+0.2 9.4+0.2
1-114 9.6 9.71£0.2 -

Ii-la 9.6 9.7+0.2 9.4+0.2
-z 9.9 9.7+0.2 9.4+0.2
I-111b 10.5 9.7+0.2 9.5+£0.2
HiI-1111 11.0 9.8+0.2 9.4+0.2
Hi-11b 13.7 9.8+0.2 9.4+0.2
I-17 14.8 9.7+0.2 9.5+0.2
1-llc 14.9 9.8+0.2 9.4+0.2
1-112z 154 9.8+0.2 9.5+0.2
l-1b 15.6 9.8+0.2 9.24+0.2
ll-la 16.6 9.7+0.2 9.2+0.2
l-11la 18.3 9.8+0.2 9.3+0.2
Ii-lla 19.0 9.8+0.2 9.5+0.2
I-l1la 19.5 9.6+0.2 9.24+0.2
H-11v 20.8 9.8+0.2 9.2+0.2
H-115 23.3 9.9+0.2 -

l-11g 24.4 9.9+0.2 9.1+0.2
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Table 5.7. The experimental adiabatic and vertical ionization energies of molecules with

similar HOMO structures.

Molecul Adiabatic lonization Energy (eV) | Vertical lonization Energy (eV)
olecule
Experimental Calculated Experimental Calculated
NO, 9.586+0.002 10.1+0.2 11.23 11.9+0.2
NO2-NO; 10.8 +0.2 10.3+0.2 11.4 +0.1 11.6+0.2
(CH3)2N-NO; | 9.53 9.4+0.2 - 9.9+0.2
16 1 m AdiabaticIonization Energy(eV) _
14 4
Vertical Ionization Energy (eV)
w 12 1
g
g 10
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Figure 5.12. The distribution of Adiabatic and Vertical lonization Energies of dimers.

cationic rest of the complex. Each of these factors result in different amounts of
stabilization of the cation. Since the cation has a higher 0 K energy than its neutral, when it
is stabilized, the ionization energy, which is the difference between the neutral and cationic
states, is reduced. Therefore different amounts of stabilization leads to the distribution in

the ionization energies.

The ionization energies of all the complexes are lower than the ionization energies
of the individual isomers as in indicated as I, Il and 111 in the first rows of the Table 5.6.

The differences are within the limits determined by the method uncertainty, however.
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With the exception of 111-1119 and I-1k complexes the electron is localized on one of the
isomers in each neutral complex found in this study. We could therefore think of the
homogeneous or heterogeneous neutral complexes as individual monomer solvated by
similar or different monomers as in Monomer |- (Monomer Il). The complexation energies
calculated in this study define the energy of stabilization of one of the neutral monomers
by the other. When the complexation energies reported in this work are converted to the eV
scale in which the ionization energies were defined, they do not exceed 0.4 eV (based on
the B3LYP/6-31+G(d,p) method). This is insignificant when the ionization energies of 9-
10 eV are considered. For the complex ionization energy to be lower than that of the
individual monomer, the cation monomer should be stabilized more than the neutral
monomer by its solvent. Different than a single cationic monomer, the dimer cation enjoys
stabilizing ion-dipole interactions with the solvent decreasing its energy furthermore,
which would amount to more than 0.4 eV if 0.4 eV is the measure of dipole-dipole

interaction energy for the particular complex.

Individual monomers and the dimers are different in that the monomers go through
drastic ionization induced structural changes when solvated by another in the complex. In a
way, presence of another monomer nearby catalyses bond breakage and in some cases
formation of new bonds in the cationic state, lowering the energy difference between the
neutral and the cation. Isomeric scrambling is another consequence of solvation. If the
neutral isomeric composition is thought of as the “zero-state”, the ionization induced
isomeric scrambling towards creation of an isomeric pair that interacts energetically more
favorably with each other is another big factor in reduction of the energy of cationic

complex.

5.3.  Molecular Orbitals and Charge Distributions

In Figure 5.13, the HOMO of the neutral (C3HgNgOg), dimers are shown. An
isosurface value of 0.08 has been used for visual construction. The complexes have been
prepared by overlapping the HOMO of one with the LUMO of the other. The LUMO are
located on the —NO, groups in the isomers I, Il and I1l. The HOMO are located on the ring

nitrogens and the ring -CHj also contributes.
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II-1lc 1I-1lv 1I-11z II-115

[I-Ila [1-1Iq 11-114 [I-ITw

Figure 5.13. Representation of the HOMO and LUMO orbitals of (C3HgNgOg), dimers.

All of the initial complex geometries where the isomers were brought together
according to the HOMO-LUMO overlap went through changes during optimization. It is
important to note that the HOMO energies of the 5 isomers making up the complexes were
lower than all the LUMO energies. The 6-31+G(d,p) basis set results in orbitals with
further spatial extent which obliges the isomers to move away from each other or to
isomerize into others to reduce the intermolecular repulsive forces. The first observation is
that the complex HOMOs are represented by the HOMOs of one or both isomers, no other
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Figure 5.13. Representation of the HOMO and LUMO orbitals of (C3HgN¢Og), dimers

(cont.).

The second observation is that only in the I11-1119 and I-1k complexes both isomers
contribute substantially to the HOMO. In I-17, I-l1la and Il-1b there is minor contribution
from the p orbitals in the ring nitrogens and —NO, oxygens. The electron is on only one
isomer in the other complexes. The ChelpG atomic charges per isomer within the
complexes indicate that there is no substantial charge transfer between the isomers. As a

result the complexes are kept together by weak polarization interactions.



III-Ia II-Ic II-I1Ia II-111b

[1-111d [1-111e [1I-IIa [I-1Ib

Figure 5.13. Representation of the HOMO and LUMO orbitals of (C3sHgNgOg), dimers

(cont.).

Table 5.8 shows the location of HOMO orbitals in the neutral dimers on a

monomer basis. In all the 8 neutral complexes with the II-11 designation, I-111, I-lla, I1-1a,
I1-1b and I1-1c the HOMO is localized on isomer Il. In I-14, 1-17, 1-18, I-1k, I-11b and I-llic
the HOMO is on isomer I. In 11I-1119, I-11Ib, 1l1-1a, -Ic, 11-1la, I1-1l1a, 11-11lb and 1I-11ld
the HOMO is on isomer V. In HI-11, HI-113, H-114, HI-117, 1-11le and 1I-1lb, the

HOMO is on isomer Ill. Therefore the ionization would be expected to occur at these
orbitals. In Table 5.9 the distribution of ChelpG charges in cation dimers for each
monomer are shown. It can be easily seen that charges are dominantly accommodated on

isomer IV and isomer II.



Table 5.8. The location of HOMO orbitals in the neutral (C3HgNgOg), dimers on a

monomer basis are shown. Single tick- marks indicate that the electron is merely one
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monomer and double tick-marks indicate that the electron is localized on two monomers.

Dimers Isomer | Isomer 11 Isomer 111 Isomer V Isomer IV
I-1k W

I-14 \

I-17 \

I-18 \

I-11a \

THIE \

1-11g \

1-114 \

11-115 \

-11v \

1-112z \

H-1w \

I1-1111 \

11-1113 \

1-1114 \

HI-117 N
11-1119 W
I-11a v

I-11b N

I-1a N

I-1b v

I-1c N

I-111b N
I-1llc v

I-111 v

I1-1a N
I-Ic N
-111a N
-111b N
1-11d N
I-111e \

-1la N

I1-11b




Table 5.9. ChelpG charges on each conformer in the (C3HgNgOs)2 dimers.
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Cations of
the

dimers Isomerl Isomerll Isomerlll Isomer V Isomer IV
I-1k 0.74 0.26
1-14 0.26 0.74
1-17 0.73/0.27
1-18 0.29 0.71
I-11a 0.24 0.76
l-llc 0.72 0.28
-11g 0.74 0.26
H-1lv 0.29 0.71
1-112z 0.77/0.23
H-1lw 0.27 0.73
Hi-111 0.79 0.21
HI-1113 0.79 0.21
IHi-1114 0.11 0.89
HI-117 0.79 0.11
HI-1119 0.13 0.87
I-111b 0.14 0.86
I-1llc 0.75 0.25
I-111 0.76 0.24
Ii-la 0.06 0.94
Ili-lc 0.13 0.87
I-l1la 0.74 0.26
I-11b 0.26 0.74
I-la 0.29 0.71
I1-1b 0.29 0.71
l-lc 0.27 0.73
l-1lla 0.09 0.91
1-111b 0.89 0.11
1-111d 0.10 0.90
I-11le 0.75 0.15
Ii-1la 0.14 0.86
HI-11b 0.18 0.82

Isomer V is not a preferable conformer for the charge accommodation possibly due to

orbital energy differences. Isomer | and isomer Il bear the charges with similar

probability. The ChelpG charge analysis of the cations show that 59% of the complexes

developed more than 70% of the +1 charge on the isomer where the neutral state HOMO

was located. The remaining 41% went through ionization induced structural changes and

therefore an isomeric charge/orbital match up is no longer possible. The neutrals where the

HOMO was on isomer 1V lost the electron and developed 90% of the positive charge. The
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Figure 5.14. Distribution of charge of atoms versus bond distances in cation complexes. (a)

Charge on hydrogen atom versus C-H and O-H bond distances. (b) Charge on oxygen

atoms versus C-H and O-H bond distances.
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cations where the charge is localized on the isomers I, Il and 11l kept only 70-80% of the
charge, and the rest of the charge was on the partner isomer. When functional groups are
considered, in all cations the charge was mostly on the nitrogen atoms of the -NO; groups.
This is in accord with previous experimental studies [32, 33] which showed that the -NO,
groups were where the ionization and other photochemical events took place in nitramine

energetic materials such as the monomer C3HgNgOs.

In Figure 5.14 the distribution of atomic charges versus bond distances in the cation
complexes in which the C™--H"--°ON formation was observed are shown. The was done
to see whether this three-atom interaction could be called a H-bonding. For that to occur, a
substantial negative charge on O and positive charge on H had to be accumulated. In plot
(@) (top) the charges on hydrogen atoms versus C-H and O-H bond distances are plotted
and in plot (b) (bottom) the charges on oxygen atoms versus C-H and O-H bond distances
are plotted. The values for each dimer are given at the left handside of the plots. While the
C-H distances increase charges on hydrogen atom also increase but O-H intermolecular
distances decrease. While C-H bond distances get longer the oxygen atoms build up
negative charge and the O-H intermolecular distances shorten. However we never
encounter a full +1 charge on H or a full -1 charge on O. Clearly this formation can not be
classified as a H-bond.

5.4. Frequency Distributions in the Neutral (C3HgNsOg),: Vibrational Excitation

The frequencies of the neutral complexes were multiplied by 0.964 to scale for the
B3LYP/6-31+G(d,p) method. They were then grouped in frequency intervals of 100 cm™
and the number of frequencies within an interval were counted. The five complexes that
represent the different distributions observed among the 33 neutral complexes were shown

in Figure 5.15.

Most of the vibrations are within the 0-100 cm™ frequency interval. In this interval
more than 10% of the total of 120 vibrations are accumulated and the complexes that
contain isomer Il have the highest number of vibrations. All complexes belong to the C;

point group therefore all vibrations can be excited by at least one quantum. At room
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Figure 5.15. Vibrational frequency distributions in representative neutral complexes per
100 cm™ intervals.

! interval can be excited. These

temperature, all of the vibrations within the 0-200 cm™
vibrations are the relative motion of the two isomers making up the complex, rotation of

the -NO; groups with respect to the ring system, and ring breathing modes. Excitation of
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these vibrations, which are most likely to be anharmonic in nature, will result in
dissociation of the complex back into its isomers, release of the NO, groups from the rings,
and dissociation of the ring system. Such mechanisms have already been suggested to
occur in the experimental studies on the ionization and thermal decomposition of the
C3HgsNgOg molecule [21-28, 30-33].

The vibrational frequencies in the 1200 and 1300 cm™" interval belong to the ring
N-C-N bending modes. The dimers containing isomer Il have a steeper frequency
distribution in this interval due to its different structural characteristics. The effect of
isomer Il on the frequency distribution within this interval can be seen more clearly by a
comparison of the distributions of the I-1l and I-11l. This example highlights the fact that
even though the complexes may be formed by combination of different isomers, each
isomer within the complex preserves its nuclear and electronic structure. As a result, upon
energetic stimulation the complex would preferentially separate back into the isomers
making it up and depending on the form of the excitation, the ring systems would be

compromised.

The C-H bond stretch modes are within the 2900-3200 cm™ interval. The frequency
distributions in this interval are a convolution of the frequency distributions of the
individual isomers making up the complex. This would be expected since the C-H
vibration is isolated. i.e. not affected by the interaction of the isomer it is observed in with

the other isomer in the complex.

5.5. Dipole moments of (C3sHgNgOg),: Possibilities of further clustering

Clustering occurs initially through long-range interactions. In the (C3HgNgOs)2
dimers the strongest long-range interaction is the dipole-dipole interaction. Where two
monomers could align their dipoles at initial encounter, an already formed neutral dimer
with a large dipole moment could attract another monomer with a dipole moment in the
absence of other stimulating energetic factors. A neutral dimer that formed may not have a
dipole moment when neutral but it may have a large dipole moment in the cationic state.

The cation could then be solvated other neutrals and stabilize or reactions could ensue.
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Figure 5.16. Dipole moments of neutral and cation dimers.

The dipole moments of the neutral and cationic dimers are shown in Figure 5.16.
The dimers in the x-axis have been ordered according to their dipole moments in the
neutral state. While the neutrals with isomer 11l have low dipole moments, those with
isomer Il have high dipole moments. Due to extensive structural changes in ionization,
there is no correlation between the dipole moments of the cations and the neutrals they
originated from. Concentrating on the five most probable dimers that can be encountered,
namely, I-1llc, IH-1119, HI-1113, and IlI-11ld, we see that the I11-1119 neutral has no dipole
moment and I-1llc has the highest dipole moment of 6.0 Debye. The I11-1113 and 1I-111d are
between the two. Based on magnitudes of the dipole moments, one could say that I-1llc
dimer has the potential for further clustering. According to Figure 5.16, had the HI-1119
neutral been ionized and went through the same structural changes as encountered in the
optimizations, there would be a jump of dipole moment from 0 to 5.2 Debye which could
increase its potential for further clustering. It should be recognized, however, that in
addition to the magnitudes, the orientation of the dipole vectors matter in cluster formation
and repulsive steric effects could prevent alignment. For definitive answers, more

experiments and a detailed computational study would have to be undertaken.
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6. CONCLUSIONS

Structure search for dimeric forms of C3HgNgOg, conducted using the B3LYP/6-
31+G(d,p) method, has produced 33 local minima for the (C3HgNgOg), dimers. The
complexation energies and relative energies were corrected for the basis set superposition
error which was around 9-11 kJ/mol maximum (25-30% of the complexation energies) for
dimers in which both monomers contributed to the molecular orbitals and was 5.6 kJ/mol
(20% of the complexation energy) minimum. All complexation processes yielded negative
complexation energies, indicating that the complexation is exothermic. The corrected
complexation energies range between -1.5 to -30.6 kJ/mol. No charge transfer from one
monomer to the other was observed in the neutral dimers. The dimers with electron density
on both monomers had the largest complexation energy. Based on the complexation
energies and relative energies, four of these neutrals were highlighted as the most probable
candidates, I-Ilic, HI-1119, HI-1113, and 1I-111d.

A majority of the clusters were formed between low energy isomers of the monomer,
however, those with the lowest relative energies shared a common monomer, IV, that is
higher in energy than the three monomers used to construct the dimers. The HOMO of
monomer IV has the largest electronic extent which has a stabilizing effect during
dimerization. The structures, orbitals and charges and frequency distributions indicate that
there is no drastic change in the structure of the monomers while in the dimer. While
thermodynamically stable, having more than 10% of their vibrational frequencies within
the 0-200 cm™ interval, the dimers can dissociate into intact monomers upon heating.

When ionized, major structural reconstruction takes place, including NO, expulsion
and proton abstraction through which the dimer becomes a proton-bound complex. It was
peculiar that none of the dimers went through both. The latter process caused HONO
formation in one of the cations, II-11lb, which was stabilized by more than 100 kJ/mol
compared to the other cations in the set. These observations are in accord with the
experiments pertaining to the C3HgNgOg monomer, even though the conformational form
of the monomer is not specified. This study shows that the dissociative tendency of the
C3HsNgOg continues within the dimer however the pathway chosen depends on the
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configuration of the -NO; functional group orientation on the ring system and the boat-

chair preference of the ring system of the C3HgNgOs.

Charge distributions of the dimer cations revealed that at least 70% of the +1 charge
was localized on one monomer. As confirmed by center-of-mass distance analysis, this
charge localization causes the monomers to approach each other due to charge-dipole
interactions and more favorable orientational arrangements due to functional group

expulsion.

The ionization potentials range from an adiabatic value of 9.4 eV to a vertical value
of 9.8 eV. Clustering lowers the adiabatic ionization energy due to solvation stabilization
of one monomer by the other. The 0.4 eV difference between the adiabatic and vertical
ionization potentials is a result of the relaxation of the dimer due to the structural

rearrangements induced upon ionization.
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