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Abstract

Nitrous oxide (N20O) is one of the major greenhouse gases responsible for climate
change. It also has impacts on the removal of ozone (O3) from the atmosphere and
Is now the single most important ozone depleting substance. Atmospheric N,O
primarily comes from bacterial denitrification processes in soils, a process which
is augmented by many agricultural practices. As a result of the large amount of
agricultural land in New Zealand, emissions of N,O are disproportionately high

for our population.

Nitrous oxide is primarily removed from the atmosphere via a photodissociation
process, involving photons between 180 - 230 nm. The process of
photodisociation involves the bending of the linear structure of the N,O molecule,
which allows for photodisociation to proceed. The presence of other gas
molecules, such as those that we are investigating in our complexes, peturbs the

bending mode of N,O, which is throught to alter the photodisociation rate.

In this work we investigate the weakly bound complexes of N,O with the major
atmospheric molecules, namely N, O,, Ar and H,O. We use explicitly correlated
coupled cluster theory to determine interaction energy, vibrational frequencies and
rotational constants of the four complexes. This data is then used in combination
with the standard statistical mechanics equations to determine the equilibrium
constant of formation for each complex as a function of altitude. Finally the
abundance profile of each complex is determined using the atmospheric

concentrations of the constituent monomers.
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1 — Introduction

1.1 - Atmospheric nitrous oxide

The concentration of nitrous oxide (N2O) in Earth’s atmosphere has been steadily
increasing since the beginning of the industrial revolution, (Figure 1.1). Presently,
the concentration of N,O is 20% higher than pre-industrial conditions and is
increasing at a rate of 0.2-0.3% per year. Preindustrial sinks and sources of N,O
are believed to have had an equilibrium due to a relatively constant concentration

between 150 and 3000 years ago.™*

330
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Figure 1.1: The concentration of N,O in the atmosphere from 1800 to 2013.°

As shown in Figure 1.2, soil sources account for approximately 6.6 Tg of N,O
emissions annually. The majority of this emission comes from tropical soils. On
top of this, oceans account for a further 3.8 Tg.® These two natural sources

account for 70%°’ of N,O emissions, with the other 30% coming from
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anthropogenic activities, which equates to almost 6.7 Tg.%’ The largest human
related source is from agricultural practices and activities, particularly the use of
both synthetic and organic fertilizers, production of nitrogen fixing crops and the
application of manure to croplands and pastures.” This leads to an increase in the
level of nitrogen in soils and waterways, causing N,O emissions of approximately
4.5 Tg per year, and thereby representing the majority of anthropogenic sources.”
Fossil fuel combustion is also known to lead to N,O emissions, but to a much
lesser extent and is dependent on many factors such as the fuel type and

technology, including catalytic converters which can produce N,O.’

M Soil emissions
M Ocean emissions

1 Anthropogenic activties

Figure 1.2: Atmospheric emissions of N,O from all sources

Nitrous oxide is relatively inert in the lower atmosphere and as a consequence
there is no significant concentration gradient between the hemispheres.® This is
despite the fact that the Northern Hemisphere has a greater land area than the
Southern Hemisphere.

Nitrogen exists as nitrate, NOs', in aerobic conditions and as ammonium, NH,", or
ammonia, NHs, in anaerobic conditions. The major sources of N,O to the
atmosphere involve denitrification, a reduction process, or nitrification, an
oxidation process, in soils and aquatic systems. Of these two processes

denitrification dominates.®°
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Figure 1.3: The nitrogen cycle’

Figure 1.3 shows the cycling of nitrogen in the biosphere. It indicates that organic
nitrogen sources are decayed to ultimately yield N,O, and shows that different
species of bacteria utilise different nitrogen species in this cycle. The emissions of
N.O from soils are strongly influenced by land use and management. The
emissions of N,O have been determined to be highest in dairy grazed pastures
(10-12 kg N,O-N ha™* year™), intermediate in sheep grazed pastures (4-6 kg N,O-
N ha year™) and lowest in forest and ungrazed pasture soils (1-2 kg N,O-N ha™
year ). N,O emissions in New Zealand have increased by a total of
approximately 25% between 1990 and 2004,*® mainly due to increased fertiliser
use and the associated excreted nitrogen input from intensified agriculture.
Fertilisation of soils is known to increase N,O emissions where the water content
at the time of fertilisation seems to have the greatest effect on determining the
emission level.* Large temporary N,O emissions occur after each grazing and
rainfall event, followed by a decline. Emissions are more variable during winter
and spring due to wetter soils than in autumn. Denitrification is the primary source

of New Zealand N,O emissions.'®*°

Soil type and drainage control the levels of organic matter and nitrogen

2021 \which is important for the control of nitrification.”® Nitrous

mineralisation,
oxide emissions are observed to be approximately 20% higher in poorly drained
silty soils as compared to well drained fine sandy soils. Normal agricultural
practices are to drain and aerate soils, particularly when applying fertilizers.??

There are several options to reduce N,O emissions, aimed at increasing the
3



efficiency of nitrogen containing fertilisers, and reducing the amount of nitrogen
cycling through the agricultural system. The main consideration is to match the
mineral nitrogen supply, from all sources including fertilizers, manure and legume
nitrogen fixation, to the needs of the pasture plants. Lower nitrogen content on
pastures reduces the nitrogen excretion by animals and therefore reduces the
gaseous emissions. Nitrification inhibitors have been proposed to reduce NO3’
leaching and denitrification, including EcoN and N-core, which are used to reduce
the leaching process. These inhibitors are thought to slow the oxidation of
nitrogen to nitrate, retaining the ammonium form of nitrogen. The nitrification
inhibitors don’t inhibit nitrification indefinitely, allowing cycling to continue.™®

Nitrification inhibitors have been shown to reduce N,O emissions from grazed

pastures, however the efficiency in farm management has yet to be tested.

The ocean is also a significant source of N,O.?® There is a slight super saturation
of N,O present in most oceanic waters and the concentration usually increases
with depth.?>**?* Sediments near shores often contain very high N,O levels, up to
50 times that of air saturated concentrations.??*?” A negative relationship exists
between O, and N,O, with a positive relationship between NO3z™ and N,O, which
suggests that nitrification, rather than denitrification, is the primary N,O source in

the oceans.?

1.2 — Climate change

Nitrous oxide is an important greenhouse gas that strongly absorbs infrared
radiation. The sun emits a broad range of radiation with wavelengths spanning
from the ultra-violet to the near-infrared. Earth’s atmosphere is largely transparent
to solar radiation in the visible region and this passes through to the surface where
it is absorbed. Once absorbed, the Earth re-emits some of this energy but at longer
wavelength in the infrared region. Earth’s atmosphere contains a variety of small
molecules known as greenhouse gases that are able to absorb this infrared
radiation, which effectively retards some heat from being re-radiated to space.
The net effect of these processes is an increase in the temperature of the Earth,

which is commonly called the “greenhouse effect”.
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In Table 1.1 some of the properties of the major greenhouse gases are presented.
The amount of energy absorbed by a given molecule depends on its concentration
and lifetime in the atmosphere as well as its global warming potential (GWP). The
GWP accounts for how strongly a molecule absorbs infrared radiation and in what
spectral regions. Molecules with large GWPs strongly absorb infrared radiation in
the so-called atmospheric windows where other atmospheric molecules,
particularly H,O, do not absorb. The major greenhouse gases have a considerable
lifetime in the atmosphere, which leads to global distribution that is reasonably

homogeneous.

Table 1.1: Atmospheric lifetime, GWP and concentration of the major

anthropogenic greenhouse gases.

Molecule Lifetime / years GWP Concentration / ppb
CO; 100 1 397000
CH,4 12.4 34 1874
N,O 121 298 324
CCl,F; 100 10900 0.527
CHCIF, 12 1810 0.231

New Zealand is unigue in having its greenhouse gas emissions dominated by non-
CO, gases, CH, (37.4%) and N,O (17.4%)*8, which is a result of the strong
agricultural base of New Zealand’s economy and a low level of vehicular CO;

emissions per unit of land, compared to other countries.

Radiative forcing is the term used to describe increased or decreased greenhouse
trapping of radiation to provide a simplified measurement of the potential
mechanism of climate change. It describes perturbation to the energy balance of
the atmosphere. Values can be compared with the total amount of radiation that
arrives to heat the earth, which has a value of approximately 235 W m™. In total it
is estimated that due to changes in greenhouse gas concentrations alone,
approximately 3.5 W m™ less power is radiated back into space how compared to

before the industrial revolution.

An increased N,O concentration leads to increased radiative forcing and

ultimately an increased temperature at the earth’s surface. 2 Atmospheric N,O is
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expected to reach a concentration of approximately 484 ppbv by 2100 under
current trend scenarios, which is 57% higher than the current 308 ppbv level, and
70% above that of the preindustrial 285 ppbv level.*

There is some uncertainty as to whether the feedback effect of an increased global
temperature causes N,O emissions to increase or decrease. A higher temperature
is expected to stimulate microbial action in wetlands, and produce partial melting
of permafrost, causing the release of N,O.?® However, a higher temperature may
have a negative effect by reducing the wetland size via the increased
evaporation®?. Potter et al. suggest that N,O emissions will be reduced
significantly by a warmer climate, primarily due to the drying of soil due to the
increased evaporation.?®% Analysis of air pockets in ice cores from 1450-1850
AD**? showed both N,O and CH, fell in concentration in this period known as
the little ice age but returned to normal once the climate warmed back up. Some
environments produce their greatest amount of emissions during freeze-thaw

cycling, which may become more frequent under a warmer global temperature.”®

1.3 — Photodissociation of N,O

Nitrous oxide is chemically inert and is only removed from the atmosphere

through photodissociation or by reacting with electronically excited oxygen atoms;
8,16,31-34

N,0 + hv > N, + 0(*D) (1-1)
N,0 +0(*D) - N, + 0, (1-2)
N,0 +0(*D) - 2NO (1-3)

Equation 1-1 accounts for 90% of the loss of N,O in Earth’s atmosphere, with
equations 1-2 and 1-3 collectively making up the remaining 10%. The estimated

atmospheric lifetime of N2O is 120 years.”®

Figure 1.4 shows how the concentration of atmospheric N,O changes with
altitude.®® This shows that the concentration is largest at lower altitudes, which is

sensible since the ground is the only source of N,O. The stratospheric region of
6



the atmosphere represents the largest rate in reduction in the N,O concentration,
which is where the photodisociation rate is largest. The absolute rate of
photodisociation decreases at the higher altitudes but only because most N,O has

already dissociated in the lower stratosphere.
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Figure 1.4: Concentration of N,O as a function of altitude using data from US

Standard Atmosphere.®

The rate of photodissociation depends on equation 1-4

J=[oM)a(DFA) (1-4)

where ¢ is the quantum yield, o is the cross-section of the molecule and F is the
flux of photons. If any of these three terms is zero, then the rate of
photodissociation will also be zero. The dissociation energy required for equation
1-1is 3.635 eV, which corresponds to a photon with a wavelength shorter than
341 nm. * Nitrous oxide undergoes a direct photodissociation mechanism and

hence the quantum yield is 1 for all photons shorter than 341 nm.

As shown in Figure 1.5, the lowest energy electronic transition in N,O has a
maximum at 182 nm. The red tail of this absorption band extends to
approximately 240 nm with a negligible cross-section at longer wavelengths. The
absorption band centred at 182 nm corresponds to an electronic transition between
the X’X" and 2°A” (‘A) states, which is dipole forbidden for the linear N,O. The
absorption band centred at 145 nm is much stronger as this corresponds to an

allowed electronic transition.
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Figure 1.5: Cross-section of N,O from 130-240 nm.*’

N.O photodisociation at 203-205nm has been investigated by Hanisco and

I*® using state resolved resonance enhanced multiphoton ionization. This

Kume
gave consistent data for one-photon dissociation using the bent 2°A’ excited state.
The N, fragment is rotationally excited as a result of the excited state geometry.
Temperature dependence studies suggests increased absorbance with increased
temperature is due to an increased proportion of the bending vibration.**** The
intensity of photodisociation from the (0,1,0) level has been determined to be 3.7
times that of the photodisociation from the (0,0,0) state.***’ This initial excitation
is associated with a bending of the N,O structure away from linear, breaking the

symmetry constraint.

In Earth’s atmosphere, the flux of solar photons below 300 nm is strongly
dependent on altitude, which is shown in Figure 1.6. This is primarily due to
absorption by O3, which peaks in the stratosphere between 30-50 km. Ozone has
an unusually strong absorbance in the critical 230-300nm range so it acts as an
effective filter even when it is only present in a relatively low concentration as is
observed in the atmosphere.?? This means that there is a reduced amount of
photons below 300 nm at the lower altitudes because of the increased amount of
total ozone that it passes through. Filtering of this photon range is important for

the protection of life from harmful radiation.
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Figure 1.6: Spectral actinic flux for different altitudes as a function of

wavelength.*®

In Figure 1.7 we show the solar flux and the cross sectional area of N,O at an
altitude of 30 km, showing that N,O photodissociation only occurs in the
stratospheric UV window between 180 and 230 nm.* The small overlap between
the available photons of the solar flux and the cross-sectional area of the N,O in
these wavelength range indicates, in part, why the rate of photodisociation of N,O
is small. Figure 1.7 shows that, in the high wavelength region where there is a
large solar flux, the cross-section of N,O is zero, whereas where there is a large
N,O cross-section in the small wavelength region, there is no solar flux in this

region.
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Figure 1.7: Cross-section of N,O and solar flux at 30 km altitude

1.4 — Ozone depletion

The ozone layer protects life by screening out most of the damaging, high energy,
UV radiation from sunlight. Ozone is formed naturally when UV radiation splits
O, into two oxygen atoms which then combine with other O, molecules to form
03.% The work by Chapman gave the first description of the formation and
destruction of O3 and allowed forthe first explanation for the temperature
inversion in the stratosphere.>® Chapman also determined that in addition to the
formation reactions, there is a second pair that destroys Os, in which O3z absorbs
UV and is photodisociated to release an O atom, which then combines with
another O3 molecule to form two molecules of diatomic oxygen, O,.° These

reactions are shown below in equations 1-5 to 1-8:

0, +UV (<242nm) >0+ 0 (1-5)
O+0,+M—-0;+M (1-6)
0;4+UV »0,+0 (1-7)
03+ 0 - 20, (1-8)
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where M denotes a third molecule that must be present to carry off energy
released from the process, which allows for stabilization of the ozone
molecule.”®** The largest O3 quantity would be expected to be found at low
altitudes because the higher pressure will allow the three molecules in equation 1-

6 to more readily interact.

Concerns about the stratospheric O3 layer are largely focused on the reactions of
Oz with Cl and Br, released from the dissociation of CFCs and other halocarbons
released from anthropogenic sources.” However, recently, Ravishankara et al
point out that nitrogen oxides including N»O, destroy more O3 in the stratosphere
than any other reactive chemical family.” ®* This means that future changes to the
climate and distribution of stratospheric O3 depend on the emissions and change in
the concentration of N,O in the atmosphere.

The O (*D) from the photodisociation of N,O in Equation 1-1 is one of the major
molecules that are able to remove the O in the atmosphere, primarily by reactions
1-2 and 1-3 described earlier.?> Most of the NO in the stratosphere originates

from tropospheric N,O.

Estimates of ozone depletion are difficult because the greenhouse gases affect the
distribution of ozone, as well as its actual concentration. Tropospheric N,O acts as
the primary source of NOy in the stratosphere although NOy is a catalyst and
contributes to the loss of ozone, it also sequesters CIO, to form CIONO, reservoir
species. The atmospheric N,O lifetime means that any deleterious effects due to
increased N,O release will occur decades after the initial perturbation first

occurs.??

The relative contributions of species for ozone depletion are typically quantified
by an ozone depletion potential (ODP) value.”** The ODP value relates to the
amount of stratospheric ozone destroyed through the release of a unit mass of the
chemical from the earth’s surface to the amount destroyed by the release of a unit
mass of the so called chlorofluorocarbon 11, CFCls. The ODP of N,O under
current atmospheric conditions is computed to be 0.017, but the large amounts of
anthropogenic emissions of N,O make this value significant. °* Figure 1.8 shows
the weighted ODP values for N,O and a range of other ozone depleting gases, in

particular cluorofluorocarbons (CFCs).>®

11
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Figure 1.8: ODP-weighted atmospheric emissions>

1.5 - Atmospheric complexes

Theoretical and experimental studies have attempted to investigate the role of
atmospheric molecular complexes. Some of the known effects of complexation
include the shifting and broadening of monomer spectral features, appearance of
new absorbance bands, intensity enhancement of forbidden electronic transitions,
modification of existing monomer dissociation pathways and the appearance of

entirely new photodisociation channels.>

Several homo and hetero dimer complexes are known to be important to Earth’s
atmosphere including the water dimer H,O-H,O, the dimeric form of nitrogen,
N,-N_, the N-O, dimer and the dimer of ozone O3-Os3.>* Due to the nature of
these complexes forming in very low concentrations and being restricted to a
small altitude range, the properties of species that are difficult to measure with

current technology can be computed instead.>>>®

12



1.6 — Scope of this thesis

The primary objective of this research is to estimate the abundance of nitrous
oxide complexes in Earth’s atmosphere. The atmospheric abundance of a weakly
bound complex is strongly correlated with the atmospheric abundance of the
constituent monomers. Correspondingly, complexes with the four main

atmospheric gases, namely N, O,, Ar and H,O, will be considered.

There have been only limited previous theoretical and experimental investigations
of the N,-N,0O, 0,-N,0, Ar-N,0 and H,0-N,O complexes. A literature review of
the previous research for each complex will be presented separately throughout

this thesis in the relevant sections.

The lowest energy structures of the N»,-N,O, O,-N,0O, Ar-N,O and H,O-N,0O
complexes will be calculated using high level computational chemistry methods.
The equilibrium constant for formation of each complex will then be calculated
with standard statistical mechanics equations using input data from the
computational chemistry results. Finally, these temperature and pressure
dependent equilibrium constants will be used in combination with atmospheric

data to estimate the absolute abundance of each complex as a function of altitude.

13



2 - Theoretical methods

We initially investigated the geometries and interaction energies of the H,O-N,0,
Ar-N,0, N2-N,0 and O,-N,O complexes with a range of relatively low cost
methods and smaller basis sets. Specifically, the B3LYP, MP2, WB97XD and
MO062X methods, and the 6-31G(d), 6-311++G(2d,2p) and aug-cc-pVTZ basis
sets. We considered all possible structures, however only some of these optimized
to unique structures, which were then investigated at higher levels of theory.

The coupled cluster singles doubles and perturbative triples [CCSD(T)] method is
often considered as the ‘gold standard’ for modern electronic structure
determination, and is widely used to accurately describe hydrogen bonding and
other weakly weak intermolecular interactions. In this thesis, we have used both
conventional CCSD(T) and explicitly correlated CCSD(T)-F12. We use the closed
shell CCSD(T) method for the H,O-N,O, Ar-N,0O and N,-N,O complexes and the
unrestricted coupled cluster singles doubles and perturbative triples [UCCSD(T)]
method for the O,-N,O complex .

The CCSD(T)-F12 method includes terms at the CCSD level of theory that
depend explicitly on the inter-electronic distance. The slow convergence of
electron correlation energy with increasing basis set size is accelerated by the
inclusion of a small number of terms to the wave function that depend on the
interelectronic distance r1,>". The CCSD(T)-F12 method enables larger systems to
be investigated close to the CCSD(T) complete basis set (CBS) limit.>® Two
variants of CCSD(T)-F12 are commonly used, CCSD(T)-F12a and CCSD(T)-
F12b. We have primarily chosen to use the CCSD(T)-F12b variant because this
demonstrates systematic convergence of the correlation energy with increasing

basis set size and CBS correlation factors have been determined. *’

In Table 2.1, we present the electronic energy of N,O calculated with both
conventional CCSD(T) and the aug-cc-pVxZ basis sets (where x=D, T,Q) and
explicitly correlated CCSD(T)-F12b with the cc-pVxZ-F12 basis sets (where
x=D,T,Q). It should be noted that cc-pVVxZ-F12 basis sets have been optimized for
use with explicitly correlated F12 methods, and are of similar size to the
corresponding aug-cc-pVxZ basis set, but contain fewer diffuse basis functions.”’
The geminal Slater exponents were set 0.9, 1.0 and 1.1 for the cc-pVDZ-F12, cc-

pVTZ-F12 and cc-pVQZ-F12 basis sets, respectively.®’
14



The CBS energies in Table 2.1 were obtained using a Schwenke style
extrapolation scheme, whereby the explicitly correlated CCSD-F12 component
and conventional (T) component were extrapolated with separate correlation
factors. °" This is important as the CCSD(T)-F12b method only includes explicit
electron-electron correlation at the CCSD level of theory, with the perturbative
triples contribution calculated conventionally.®” The general expression for the
CBS extrapolation can be written as

Egggr — (El(/,‘orr _ E)?OW)F)?QW + E)(,('orr (2_1)

with the smaller (X) and larger (Y) basis sets respectively designated and FE2™ is
the correlation factor. >"*° This approach has previously been used for many
investigations of weakly bound complexes including the water dimer and base
pair binding in DNA.%

As expected, we find that the HF energies of the conventional CCSD(T) results of
the N,O monomer become larger as the basis set increases. The reference energies
of the explicitly correlated CCSD(T)-F12b method are slightly larger than those
of the conventional results, primarily due to the additional complementary
auxillary basis set (CABS) term.

The conventional CCSD correlation energies are found to be appreciably smaller
than the explicitly correlated CCSD-F12b correlation energies. This is particularly
apparent for the smallest double-zeta basis sets. We find that the CCSD
correlation energy obtained with the aug-cc-pVQZ basis set is approximately the
same value as the CCSD-F12 correlation energy obtained with the much smaller
cc-pVDZ-F12 basis set. This highlight the impressive basis set convergence that

can be obtained with explicitly correlated methods.

The triples contributions of the conventional CCSD(T) and explicitly correlated
CCSD(T)-F12b results are of similar magnitude. This is because the CCSD(T)-
F12b method only includes explicit correlation at the CCSD level of theory.

Overall, we find that the total energy obtained with the explicitly correlated
CCSD(T)-F12b method is much closer to the CBS limit than the total energy
obtained with conventional CCSD(T). The CCSD(T)/aug-cc-pVQZ energy is
approximately the same as the CCSD(T)-F12b/cc-pVDZ-F12 energy, despite the

fact that the latter took a tenth of the amount of time.
15



Table 2.1: Contributions to the electronic energy (in au) of N,O with a range of

basis set and method combinations

HF CCSD (M Time (seconds)
aug-cc-pvDZ  -183.7093 -0.5331 -0.0270 1.15
aug-cc-pVTZ  -183.7515 -0.6321 -0.0368 6.88
aug-cc-pvVQzZ  -183.7633 -0.6646 -0.0389 50.78

HF + CABS CCSD-F12b (M Time (seconds)
cc-pvVDZ-F12  -183.7547 -0.6664 -0.0319 4.57
cc-pVTZ-F12  -183.7641 -0.6808 -0.0373 17.53
cc-pVQZ-F12  -183.7660 -0.6850 -0.0390 87.95
CBS limit -0.6866 -0.0404

Basis set superposition error describes the lowering of the energy of the molecule
when the electrons of each atom spread into the basis functions associated by the
other atoms due to an incomplete basis set.®* The scheme for estimating BSSE
using a counterpoise method , and was first proposed by Boys and Bernardi.®* The
binding energy Eping 0f a complex AB required to separate into the two isolated

monomers A and B is usually calculated as
Epina = Efg - E,f - Eg (2-2)

Where El’ is the total energy of a system i calculated using the basis sets in a

system j. Using this notation, the counterpoise corrected binding energy E£5S, is

expressed as
Epina = Ef§ — EA® — E4° (2-3)

This leads to the BSSE being defined as the difference between equations 2-2 and

2-3
BSSE = EEFC — Eping = Ef = Ef® + EE — E4P (2-4)%

For the standard optimization scheme, BSSE causes an artificial attraction of the

two monomeric units and therefore an underestimation of the intermolecular
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distance.>” However, the CP optimization scheme has a slight overestimation of
BSSE®"® which underestimates the interaction leading to an underestimation of
the intermolecular distance.”” Inclusion of explicit electron-electron correlation
with the CCSD(T)-F12b method has been shown to significantly reduce the
effects of BSSE for weakly bound complexes because the underlying energies are

less affected by basis set incompleteness.®’

Unless stated, all the coupled cluster calculations assume a frozen core and were
performed using MOLPRO 2010.>"%

Tight convergence criteria were used in all of the calculations to obtain

numerically stable results to an appropriate number of significant figures. The
majority of the optimization criteria for the MOLPRO calculations were set as;
gradient=1x10"® au, stepsize=1x10"° au and energy=1x10" au. All of the single

point energies were converged to 1x10”° au.”’

Anharmonic frequencies and corrections were also calculated using second order
vibrational perturbation theory (VPT2) using CFOUR. These calculations were
run using conventional CCSD(T) theory and the aug-cc-pVDZ and aug-cc-pVTZ
basis sets. The CFOUR threshold criteria were set to; SCF_CONV=1x10" au,
CC_CONV=1x10™ au, LINEQ_CONV=1x10™" au and GEO_CONV=1x10" au.

All optimizations allowed full geometric relaxation, whereas the experimental
structures of the complexes assumed fixed geometric parameters for the
monomeric units.>” The experimental structures were also determined from
rotational constants obtained in the vibrational ground state whereas our
calculated geometric parameters use equilibrium values. The intermolecular
potential energy surfaces of weakly bound complexes are highly anharmonic so
determining the intermolecular distance from the vibrational ground state
rotational constants will result in a value that is significantly longer than if it were

obtained using the equilibrium rotational constants.”’
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3 - H,0-N,O

3.1 - Introduction

Weakly bound complexes containing H,O have generated substantial scientific
interest as H,O is a major player in the absorption of solar and terrestrial radiation.
Because of this, complexes with H,O have great potential in altering the

chemistry and radiative balance of Earth’s atmosphere. >*

The structure of the H,0-N,O complex has been experimentally measured using
microwave spectroscopy and rotationally resolved infrared (IR) spectroscopy.

These structures are shown in Figure 3.1a and 3.1c.

In 1992, Zolandz et al. first determined the structure of H,O-N,O from rotational
constants obtained by microwave spectroscopy. This study measured rotational
constants for the H,O-N,0O, D,0-N,0 and HDO-N,0O isotopomers and found the
structure to be planar, with an approximate T-shape for the heavy atoms. © In 2002,
Gimmler et al. measured rotational constants for H,O-N,O and D,0O-N,O using
high-resolution infrared spectroscopy. They also found a planar, approximately T-
shape structure but with a more distinct tilt of the H,O group to form a stronger
secondary OH---O hydrogen bond.

a)

Figure 3.1: The structure of the H,O-N,O complex determined by microwave
spectroscopy (a), previous theoretical calculations (b) and rotationally resolved

infrared spectroscopy (c).®®
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In these experimental investigations, the authors assume that the monomer
structures are unchanged when the complex is formed, which is a common
assumption for the structural determination of complexes. Consequently, the
complex was described by three parameters; Rems to describe the distance between
the centres of mass of the subunits, the angle of the N,O molecular axis against
the intermolecular axis, and the angle of the water C,, axis against the

intermolecular axis.

The structure of the H,O-N,O complex has also been previously theoretically
investigated by Sadlej and Sicinski®®® using the Hartree-Fock method and 4-31G
basis set. This calculated structure is shown in Figure 3.1b and exhibits the
secondary OH---O hydrogen bond as found in the rotationally resolved infrared

experiments but not in the earlier microwave experiments.®>®’

In this chapter we present results for the optimised structure, vibrational modes
and binding energy of H,0-N,O that we have conducted. Figure 3.2 shows the
geometric parameters that were used to define the H,O-N,O structure. We
conclude the chapter by presenting a “best estimate” structure and binding energy
for H,0-N,0 that takes into account the effects of core correlation, complete basis

set limit extrapolations and counterpoise corrections.

Figure 3.2: Geometric parameters used to define the structure of the H,O-N,O

complex
19



3.2 - Structure of the H,O-N,O complex

In Tables 3.1 and 3.2 we present the CCSD(T)-F12a and CCSD(T)-F12b
optimised geometric parameters of H,O-N,O, obtained using the cc-pVxZ-F12
basis sets, (x=D,T,Q), including and excluding a counterpoise correction. Table
3.2 also includes the optimised geometric parameters calculated at the CCSD(T)-
F12b/CBS limit, obtained from the cc-pVTZ-F12/cc-pVQZ-F12 basis set pair.
Overall we find excellent agreement between the CCSD(T)-F12a and CCSD(T)-
F12b results, with the differences shown in Table A.1 in the appendix.

Consistent with previous studies of mixed water complexes®’, we find that
geometric parameters optimised with the CCSD(T)-F12a and CCSD(T)-F12b
methods rapidly converge with increasing basis set. Impressively, even the
smallest cc-pVDZ-F12 basis set yields results in close agreement with the CBS

limit.

There are relatively small differences between the standard and counterpoise
corrected geometric parameters obtained with a given basis set. This indicates that
basis set superposition error (BSSE) is relatively small in these calculations. The
greatest differences between the standard and counterpoise corrected results are
observed for the intermolecular bond distance and angles. As expected, we find
that the magnitude of BSSE decreases as the basis set increases from cc-pVDZ-
F12 to cc-pVTZ-F12, and finally to cc-pVQZ-F12. This is evident by the
difference between the standard and counterpoise corrected runs reducing in
magnitude as the basis set increases. Both of the CCSD(T)-F12a and CCSD(T)-
F12b data sets show a reduction in the intermolecular bond length with the

increasing zeta value.

The difference in the angles between the calculations with and without
counterpoise correction shows that the slight increase in the N,N;O, bond angle is
matched by a slight decrease in the O;N;0, bond angle of an approximately equal
magnitude. Nonetheless these variations are relatively small given the inherently

low potential energy surface of intermolecular angles.

Upon formation of the complex, the OH bond lengths of the H,O unit become

non-equivalent. The hydrogen atom closest to the N,O unit increases by
20



approximately 0.0007A whereas the other hydrogen atom, furthest from the N,O
unit, decreases by approximately 0.0003A.. This provides a difference between
these two bond lengths of approximately 0.0010A within the complex. The H,0
intramolecular bond angle increases by approximately 0.6° for the formation of
the complex, in both of the CCSD(T)-F12a and CCSD(T)-F12b methods. The
change in this parameter in particular indicates that the general approach of
assuming the monomer geometric parameters remain unchanged upon
complexation is not completely valid here. We see that for the N,O bond lengths,
the NO bond increases by approximately 0.002A upon formation of the complex,
whereas the NN bond decreases by approximately the same magnitude. This
indicates that formation of the complex shifts the central nitrogen closer to the

terminal nitrogen atom, and conversely further from the terminal oxygen atom.
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Table 3.1: The CCSD(T)-F12a optimised structure of H,O, N,O and the H,O-N,O obtained with and without counterpoise correction

cc-pVTZ-F12

cc-pVQZ-F12

cc-pVDZ-F12
H,0O-N,O
Standard Counterpoise Difference
R(mi02)  0.9596 0.9596 0.0000
RH2o2y  0.9588 0.9587 0.0000
Roiny  1.1903 1.1903 0.0000
Raing — 1.1270 1.1270 0.0000
Agnozy  104.91 104.89 -0.02
Rniozy  2.8514 2.8662 0.0148
Anznioz  100.18 100.43 0.24
Agoznyy  168.15 168.75 0.60
A©1N102) 80.18 79.96 -0.22
H,0
Rony  0.9589
Agorny  104.35
N,O
Rnoy  1.1882
Rnnyy  1.1291

Standard Counterpoise Difference

0.9595
0.9585
1.1893
1.1261
104.99
2.8498
100.61
169.95

79.79

0.9588
104.40

1.1871
1.1282

0.9595
0.9585
1.1893
1.1261
104.98
2.8544
100.62
169.69

79.79

0.0000
0.0000
-0.0001
0.0000
-0.01
0.0046
0.01
-0.26
-0.01

Standard Counterpoise Difference

0.9591
0.9582
1.1888
1.1255
105.05
2.8494
100.69
170.04

79.73

0.9587
104.40

1.1865
1.1277

0.9591
0.9582
1.1887
1.1255
105.04
2.8502
100.65
169.84

79.77

0.0000
0.0000
-0.0001
0.0000
-0.01
0.0007
-0.04
-0.20
0.03
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Table 3.2: The CCSD(T)-F12b optimised structure of H,O, N,O and the H,O-N,O complex obtained with and without counterpoise correction,
and at the CBS limit

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12 CBS
limit

H>O-N2O  standard  Counterpoise  Difference Standard Counterpoise Difference Standard  Counterpoise Difference

R(H102) 0.9584 0.9584 0.0000 0.9584 0.9584 0.0000 0.9581 0.9581 0.0000 0.9581
R202) 0.9593 0.9592 0.0000 0.9593 0.9593 0.0000 0.9591 0.9591 0.0000 0.9591
Rn1o1) 1.1895 1.1895 0.0000 1.1890 1.1889 -0.0001 1.1887 1.1886 -0.0001 1.1885
Rning) 1.1266 1.1267 0.0000 1.1259 1.1260 0.0001 1.1255 1.1255 0.0000 1.1255
AH1o2H2) 104.89 104.87 -0.02 104.99 104.97 -0.02 105.04 105.03 -0.01 105.05
Rn102) 2.8578 2.8734 0.0155 2.8518 2.8573 0.0055 2.8503 2.8519 0.0016 2.8487
Anznio2) 100.24 100.46 0.21 100.66 100.62 -0.04 100.73 100.65 -0.08 100.63
Ar202n1) 167.94 168.46 0.53 169.98 169.48 -0.51 170.19 169.73 -0.46 169.75
Apinioz) 80.15 79.95 -0.20 79.76 79.8 0.04 79.69 79.77 0.08 79.79
H,O

Roon) 0.9586 0.9586 0.9583 0.9583
AHon) 104.33 104.40 104.45 104.47
N.O

Rnoy 1.1874 1.1868 1.1864 1.1863
Ry 1.1287 1.1281 1.1277 1.1276
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To assess the impact of freezing the core electrons, we have also optimised the geometries of
H,0, N,O and the H,O-N,O complex with all electrons correlated. In Table 3.3 we present
the CCSD(T)-F12b optimised geometric parameters of H,O, N,O and the H,O-N,O complex
obtained with the cc-pVQZ-F12 basis set utilising the frozen core approximation and with the
cc-pCVQZ-F12 basis set correlating all electrons. The difference between these two

calculations is used as an estimate of the effect of core correlation.

We find that the inclusion of core correlation consistently reduces the bond lengths. It has an
appreciable but non-systematic effect on the bond angles. In an absolute sense, core
correlation has a greater effect on the intermolecular bond length than it does on the
intramolecular bond lengths. However, because the intermolecular bond length is

approximately three times larger, the relative change due to core correlation is similar.

We find that the inclusion of the core valence correlation reduces the intramolecular bond
lengths and increases the intramolecular bond angles. This is the same effect that is observed

in previous work on the H,0-H,0 complex. *®

Also shown in Table 3.3 is our best estimate of the geometric parameters of the H,O-N,O
complex. This structure is obtained by adding the difference between the all electron cc-
pCVQZ-F12 optimization and frozen core cc-pVQZ-F12 optimization to the CBS limit
structure. We find that the “best estimate” geometry is in excellent agreement with the all
electron CCSD(T)-F12b/cc-pCVQZ-F12 structure, highlighting again the impressive basis set
convergence obtained with the explicitly correlated CCSD(T)-F12b method.
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Table 3.3: All electron and frozen core counterpoise corrected optimised geometric parameters of H,O, N,O and the H,O-N,O complex
obtained with the CCSD(T)-F12b method

cc-pVQZ-F12 cc-pCVQZ-F12 Difference CCSD(T)-F12b/CBS Best estimate

H,0-N,O

R(H102) 0.9581 0.9572 -0.0009 0.9581 0.9572
R(H202) 0.9591 0.9581 -0.0009 0.9591 0.9582
R(o1ny) 1.1887 1.1864 -0.0022 1.1885 1.1863
R(nin2) 1.1255 1.1233 -0.0022 1.1255 1.1233
AH102H2) 105.04 105.16 +0.11 105.05 105.16
RN102) 2.8503 2.8482 -0.0021 2.8487 2.8466
AN2N102) 100.73 100.67 -0.06 100.63 100.57
AH202n1) 170.19 169.75 -0.44 169.75 169.31
A01n102) 79.69 79.75 +0.06 79.79 79.85
H,0

R(on) 0.9583 0.9574 -0.0009 0.9583 0.9574
AHoH) 104.45 104.57 +0.12 104.47 104.59
N,O

Rno) 1.1864 1.1842 -0.0022 1.1863 1.1841
RN 1.1277 1.1254 -0.0022 1.1254 1.1232

25



Table 3.4 we present the optimized geometric parameters of H,O-N,O obtained with
conventional CCSD(T) and the aug-cc-pVxXZ basis sets, (x=D,T), and at the CCSD(T)-
F12b/CBS limit. The CCSD(T) results were obtained with CFOUR utilizing analytical
derivatives whereas the CCSD(T)-F12b/CBS result was obtained using MOLPRO with
numerical derivatives. This comparison is necessary as only CFOUR has implemented the
calculation of anharmonic vibrational frequencies using second order vibrational perturbation
theory (VPT2) with the CCSD(T) method.

As expected, we find that the CCSD(T) optimized geometric parameters converge towards
the CBS limit as the basis set increases from aug-cc-pVDZ to aug-cc-pVTZ. The calculated
bond lengths become shorter as the basis set increases, however there is no systematic change
in the calculated bond angles. For easy comparison, we also show in Table 3.4 the difference
between the CCSD(T)/aug-cc-pVTZ and CCSD(T)-F12b/CBS optimized geometric
parameters. Overall, we find that the CCSD(T)/aug-cc-pVTZ optimised geometric parameters
are in reasonable agreement with the CCSD(T)-F12b/CBS limit. The CCSD(T)/aug-cc-pVTZ
optimised bond lengths are 0.003-0.006 A longer than the CCSD(T)-F12b/CBS limit. The
corresponding bond angles have flatter potentials, hence there is more variation between
these two methods with up to a 1.3° difference.
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Table 3.4: The structure of H,O, N,O and the H,O-N,O complex optimised with conventional CCSD(T) and at the explicitly correlated

CCSD(T)-F12b/CBS limit

CCSD(T)/aug-cc-pvDZ CCSD(T)/aug-cc-pVTZ CCSD(T)-F12b/CBS Difference!

H,0-N,O

Rn102) 0.9659 0.9613 0.9581 -0.0032
RH202) 0.967 0.9623 0.9591 -0.0032
Rnio1) 1.2047 1.1935 1.1885 -0.0050
Rninz) 1.1467 1.1303 1.1255 -0.0049
AriozH2) 104.56 104.77 105.05 0.28
Rnio2) 2.8733 2.8547 2.8487 -0.0059
Ananio2) 101.32 100.63 100.63 -0.01
Az02n1) 176.09 171.06 169.75 -1.31
Aoini02) 79.17 79.79 79.79 0.01
H,0

Rion) 0.9665 0.9616 0.9583 -0.0033
Agion) 103.94 104.18 104.47 0.29
N,O

Rno) 1.2018 1.1912 1.1863 -0.0049
Ry 1.1491 1.1326 1.1276 -0.005

! Difference between CCSD(T)/aug-cc-pVTZ and CCSD(T)-F12b/CBS
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3.3 - Vibrational modes of the H,O-N,O complex

In Table 3.5 we present harmonic vibrational frequencies of H,O, N,O and the H,O-N,O
complex calculated with the CCSD(T)-F12a and CCSD(T)-F12b methods, and the cc-pVxZ-
F12 basis sets. These results were obtained without counterpoise correction using the
standard geometries from Tables 3.1 and 3.2. No vibrational intensities are presented as these

cannot be calculated in MOLPRO due to the use of numerical energy derivatives

The vibrational modes of the H,O-N,O complex can be seen to vary only slightly between
the CCSD(T)-F12a and CCSD(T)-F12b results. There is also little variation between the
harmonic frequencies obtained with the different basis sets, indicating that the results are
close to being converged to the CBS limit. The five lowest vibrational modes of H,O-N,O
represent the intermolecular vibrational modes. These modes are calculated to be slightly
smaller with the CCSD(T)-F12b method than the CCSD(T)-F12a method. Interestingly, the
opposite trend is observed for the intramolecular vibrational modes with the CCSD(T)-F12b

method generally calculating larger vibrational frequencies than the CCSD(T)-F12a method.

The lowest energy vibrational mode of N,O monomer increases by approximately 10 cm™
upon complexation. This mode is also doubly-degenerate in the monomer but separates by
more than 1 cm™ in the complex. It is noted that despite the very tight convergence used, the
monomer vibrational frequencies of this mode are not calculated to be perfectly degenerate

due to numerical errors.

The vibrational modes of the H,O monomer change to a smaller amount upon complexation
as compared to the N,O monomer. All three vibrational modes in the H,O monomer are
reduced in wavenumber upon forming the complex by 2-7 cm™. In comparison, the

vibrational modes of N,O monomer change by 7-33 cm™ upon complexation.
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Table 3.5: Harmonic vibrational frequencies (cm™) of H,0, N,O and the H,0-N,O complex calculated with the CCSD(T)-F12a and CCSD-
F12b methods and the cc-pVxZ-F12 (x=D,T,Q) basis set

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
CCSD(T)-F12a  CCSD(T)-F12b CCSD(T)-F12a  CCSD(T)-F12b CCSD(T)-F12a  CCSD(T)-F12b

H,0-N,0O
Vi 70.1 68.5 69.4 68.7 67.9 66.7
Vo 95.4 94.8 85.0 84.6 70.4 77.5
V3 120.0 118.1 120.9 120.4 122.1 121.5
Vs 157.5 155.7 156.5 155.9 157.3 157.0
Vs 194.9 192.3 200.2 199.7 198.1 205.9
Ve 592.1 593.3 596.2 596.3 597.4 597.6
V7 593.6 595.0 597.6 597.8 598.6 598.9
Vg 1294.5 1297.6 1297.5 1298.8 1299.4 1299.4
Vg 1643.7 1646.7 1642.1 1643.4 1641.6 1642.4
V1o 2291.7 2292.7 2296.4 2296.8 2299.1 2298.7
Vi1 3829.2 3834.0 3828.0 3830.3 3831.8 3831.5
V12 3939.5 3943.6 3939.8 3941.7 3944.0 3943.7
H,O
Vi 1649.9 1652.9 1649.1 1650.5 1649.6 1649.1
Vo 3832.6 3836.9 3831.5 3833.6 3830.2 3835.0
V3 3941.3 3944.9 3941.8 3943.5 3940.6 3945.7
N2O
Vi 581.7 583. 586.5 586.7 587.8 588.0
Vo 581.8 583.3 586.6 586.7 587.8 588.0
V3 1300.4 1303.7 1304.6 1305.9 1306.2 1306.8
Vy 2259.7 2260.3 2264.6 2265.1 2266.0 2266.3
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In Table 3.6 we present harmonic and anharmonic vibrational frequencies and intensities for
H,0, N0 and H,0-N,0 calculated with conventional CCSD(T) and the aug-cc-pVxZ basis
sets (x=D, T). These results were obtained without counterpoise correction using the

geometries from Table 3.4. The anharmonic results were calculated within the second order

vibrational perturbation theory (VPT2) framework.

The harmonic frequencies calculated with conventional CCSD(T) and the aug-cc-pVDZ or
aug-cc-pVTZ basis set are in general slightly smaller than those calculated with explicitly
correlated CCSD(T)-F12b and the cc-pVDZ-F12 or cc-pVTZ-F12 basis set. This difference is
expected, as bond lengths contract and hence harmonic frequencies become larger as the

basis set increases towards the CBS limit.

The harmonic intensities of the vibrational modes for both of the monomer species show a
reasonable consistency between the aug-cc-pVDZ and aug-cc-pVTZ results, indicating that

these are reasonably well converged with respect to the CBS limit.

As expected, in both of the monomers and for the complex, the anharmonic vibrational
frequencies are calculated to be smaller than the respective harmonic mode. For the
monomers, these calculated anharmonic frequencies are all sensible and are in reasonably
good agreement with the experimental fundamental frequencies. The intramolecular
vibrational frequencies also appear to be reasonable; however there is more extreme change
in some of the intermolecular vibrational modes. It is likely that these unphysical anharmonic
vibrational frequencies are a consequence of numerical instabilities in the VPT2 calculation,
which require very accurate third and fourth order energy derivatives. The VPT2
implementation in CFOUR obtains these higher order derivatives by numerical differentiation
of analytical second order energy derivatives. We have used the tightest energy convergence
criteria that are practicable in CFOUR however this has not entirely solved the problem.

The monomer frequencies and intramolecular vibrational frequencies of the complex are seen
to be in a good agreement between the aug-cc-pVDZ and aug-cc-pVTZ, with the anhamonic
data being in a greater agreement for the N,O unit than the harmonic data, whereas the
harmonic data for the H,O unit seems more consistent upon formation of the complex. With
the exception of the harmonic vz mode in the H,O unit, and the v, mode in N,O, the
magnitudes of the modes are smaller in the complex than the respective mode in the complex.
In a similar manner, with the exception of the anhamonic v3 mode in the H,O unit, and the v,

mode in N,O, the intensities of the modes are larger in the complex than the respective
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intensity in the complex. The v, mode in N,O shows that the frequency increases upon
complexation, but the intensity of this mode decreases upon the formation. The change in the
vibrational modes upon complexation are in part produced by the geometric differences

discussed earlier, as well as the presence of the other atoms within the complex.

Similar to the observation of the harmonic modes, the intensities of the anharmonic modes
are consistent between the aug-cc-pVVDZ and aug-cc-pVTZ basis sets for both N,O and H,O

monomers, indicating a good convergence of the structure
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Table 3.6: Harmonic and anharmonic vibrational frequencies (cm™) and intensities (in km mol™) of H,0, N,O and the H,0-N,O complex

aug-cc-pvDZ aug-cc-pVvTZ

Harmonic Anharmonic Harmonic Anharmonic
H,0-N,O Frequency Intensity Frequency Intensity Frequency  Intensity Frequency Intensity
Vi 67.8 20.9 45.7 21.9 67.7 27.0
Vo 129.6 189.4 9.7 15.7 96.1 183.7
V3 133.9 0.1 48.8 129.4 124.5 4.4
Vy 162.3 73.0 133.2 33.6 151.5 53.7
Vs 223.1 26.1 125.5 25.8 201.6 30.9
Ve 562.3 4.2 555.7 3.2 589.5 5.2
V7 563.2 3.7 557.6 3.0 591.1 4.1
Vg 1271.0 66.7 1256.6 63.3 1282.6 67.6
Vg 1631.7 115.4 1589.0 79.6 1638.9 114.6
V1o 2250.5 315.3 2189.5 287.4 2276.8 335.0
Vi1 3785.2 2.5 3594.2 1.0 3808.5 3.8
V12 3905.6 51.6 3699.4 37.9 3919.3 58.7
H,O
Vi 1638.2 65.5 1589.1 65.9 1645.9 70.4 1592.6 70.6
vy 3786.9 1.9 3599.1 0.9 3810.8 3.2 3637.4 1.9
V3 3904.9 46.4 3703.9 40.7 3919.9 54.4 3731.9 48.2
N2O
Vi 567.1 3.0 559.7 2.5 593.2 3.7 587.1 3.4
Va 567.1 3.0 559.7 2.3 593.2 3.7 587.1 3.4
V3 1277.0 56.8 1261.0 57.7 1286.8 59.1 1275.8 57.4
Vg 2240.8 359.3 2182.2 300.7 2266.5 377.0 2208.6 340.9
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We obtain an estimation of the anharmonic correction upon the vibrational modes of the
H,0-N,0 complex, which is shown in Table 3.7. We calculate the difference in each
vibrational mode by subtracting the harmonic frequency from the respective anharmonic
value, which are seen in the column designated A. We then apply this change, all of which
show a decrease, to the values of our CCSD(T)-F12b/cc-pVQZ-F12 data, and give values that
represent the best estimate of the vibrational modes to take into account the anharmonic
effect on the vibrational modes. The intermolecular vibrational modes are the most changed
with the application of the correction. The calculated best esimate v, mode gives a negative
value, as the difference between the anharmonic and harmonic frequency for this mode
obtained with the CCSD(T)/aug-cc-pVDZ method is larger than the CCSD(T)-F12b/cc-
pVQZ-F12 harmonic frequency. It is the vg and v; modes, which are the previously
degenerative modes from the N,O monomer, that give the smallest change with the

anharmonic correction.
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Table 3.7: H,0-N,O best estimate frequencies using the aug-cc-pVDZ basis set

CCSD(T)-F12b/

Harmonic Anharmonic A cc-pVQZ-F12 Best estimate
Frequency Frequency Frequency Frequency
Vi 67.8 45.7 -22.1 66.7 44.6
V2 129.6 9.7 -119.9 77.5 *2
V3 133.9 48.8 -85.1 121.5 36.4
Vy 162.3 133.2 -29.1 157.0 127.9
Vs 223.1 1255 -97.6 205.9 108.3
Ve 562.3 555.7 -6.6 597.6 591.0
V7 563.2 557.6 -5.6 598.9 593.3
Vg 1271.0 1256.6 -14.4 1299.4 1285.0
Vg 1631.7 1589.0 -42.7 1642.4 1599.7
V1o 2250.5 2189.5 -61.0 2298.7 2237.7
Vi1 3785.2 3594.2 -191.0 3831.5 3640.5
V12 3905.6 3699.4 -206.2 3943.7 37375

* This calculated frequency is negative and therefore unreasonable
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3.4 — Interaction energy of the H,O-N,O complex

In Table 3.8 we present the interaction energy of the H,O-N,O complex obtained with and
without counterpoise correction. These interaction energies are calculated using the optimised
geometry of the corresponding method from the respective structures shown in Tables 3.1-3.4.

We see a decrease of the interaction energy without the counterpoise correction with the
increasing basis set size, with both the CCSD(T)-F12a and CCSD(T)-F12b methods. In
contrast, we observe an increase in the counterpoise corrected interaction energy as the basis
set increases to the CBS limit. As expected, in both of the CCSD(T)-F12a and CCSD(T)-
F12b analyses, the standard calculations gave a smaller energy value than the respective
counterpoise corrected value. It is also observed that the CCSSD(T)-F12a method gives
slightly larger interaction energy than the CCSD(T)-F12b method.

Table 3.8: CCSD(T)-F12a and CCSD(T)-F12b interaction energies (kJ mol™) of the H,O-

N,O complex obtained with and without counterpoise correction

CCSD(T)-F12a CCSD(T)-F12b
Standard Counterpoise Standard Counterpoise
cc-pVDZ-F12 -11.45 -10.72 -11.19 -10.46
cc-pVTZ-F12 -11.20 -10.89 -11.15 -10.78
cc-pVQZ-F12 -11.20 -11.04 -11.19 -10.99
CBS -11.09
cc-pCVQZ-F12 -11.01

In Table 3.9 we present our best estimate at the interaction energy of the H,O-N,O complex.
This is calculated by taking the CCSD(T)-F12b CBS limit interaction energy and adding a
correction for core correlation and a correction for zero-point vibrational energy. The core

correlation correction is obtained as the difference between the counterpoise corrected all
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electron CCSD(T)-F12b/cc-pCVQZ-F12 result and the counterpoise corrected frozen core
CCSD(T)-F12b/cc-pVQZ-F12 result. The zero-point energy correction is obtained from the
CCSD(T)-F12b/cc-pVQZ-F12 harmonic frequencies in Table 3.6.

Table 3.9: Best estimate of interaction energy of the H,O-N,O complex

Energy (kJmol™)

CBS -11.09
Core correction -0.02
ZPVE correction +3.96
Best estimate -8.85

3.5 - Conclusion

We have optimized the structure of the H,O-N,O complex and calculated the interaction
energy to be -8.85 kimol™. When this is compared to the previous computationally
determined structure in Figure 3.1b and the infrared determined structure in Figure 3.1c, we
see a good match of the structure. Our present results confirm that the actual structure of
H,0-N,0O more closely resembles that determined by the infrared data, rather than the

structure determined by the microwave data as per Figure 3.1a.

We show that upon formation of the complex the central nitrogen of the N,O unit moves
closer to the terminal nitrogen and that the H,O bond lengths become non degenerative and

the intramolecular of this portion increases in the formation.

within Chapter 7 we use the interaction energy and vibrational modes from the CCSD(T)-
F12b/cc-pVQZ-F12 data to determine the thermodynamic parameters for the H20-N20

complex
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4 - Ar-N,O

4.1 - Introduction

Argon is the third most abundant component of the atmosphere behind nitrogen and oxygen,
which are discussed for their N,O containing complexes in chapters 5 and 6 respectively.
Despite the relatively inert nature of argon, it has been studied in the formation of complexes.
Previous work of complexes containing argon have in part focussed on analysing dimers
consisting of an argon atom weakly bonded to a linear molecule such as N,O, OCS and CO,.
These structures have been examined using microwave or infrared spectroscopic techniques,

or a combination of these methods.®®

The structure of the Ar-N,O complex has been previously investigated by both experimental
and theoretical research groups. Studies of the excited state of the complex show that there is
negligible change to the structure upon excitation from the ground to the vibrationally excited
state.®® The structure of the Ar-N,O complex from Gimmler and Havenith, determined by
rotationally resolved infrared analysis and shown in Figure 4.1, closely matches our
investigated structure, (Figure 4.2).

Figure 4.1: The structure of the Ar-N,O complex determine by Gimmler and Havenith®
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An earlier investigation by Hu, Chappell and Sharpe also used rotationally resolved infrared
spectroscopic techniques on the Ar-N,O complex.® They investigated the low frequency,

intermolecular modes of the structure not determined by the studies of Gimmler and Havenith.

In this chapter we show the results of our investigation of the structure of Ar-N,O, presenting
the results for the optimised structure, vibrational modes and binding energy. Figure 4.2
shows the geometric parameters that were used in our investigation to define the Ar-N,O
structure. We conclude the chapter by presenting a “best estimate” structure and binding
energy for Ar-N,O that takes into account the effects of core correlation, complete basis set

limit extrapolations and counterpoise corrections.

Figure 4.2: Geometric parameters used to define the structure of the Ar-N,O complex
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4.2 - Structure of the Ar-N,O complex

In Tables 4.1 and 4.2 we present the CCSD(T)-F12a and CCSD(T)-F12b optimised geometric
parameters of Ar-N,O and N,O monomer, obtained using the cc-pVxZ-F12 basis sets,
(x=D,T,Q) including and excluding a counterpoise correction. Table 4.2 also contains reults
obtained at the CCSD(T)-F12b/CBS limit. The CBS extrapolated limit is obtained from the
cc-pVTZ-F12/cc-pVQZ-F12 basis set pair. Overall we find excellent agreement between the
CCSD(T)-F12a and CCSD(T)-F12b results, with the differences shown in Table A.2 in the

appendix.

Similar to the observation in the H,O-N,O complex, the geometric parameters optimised with
the CCSD(T)-F12a and CCSD(T)-F12b methods rapidly converge with increasing basis set,
yielding results in close agreement with the CBS limit. The relatively small differences
between the standard and counterpoise corrected geometric parameters obtained with a given
basis set indicates that BSSE is relatively small in these calculations.

The difference in the angles with and without counterpoise correction show the NoN;iAr
intermolecular bond angle decrease is matched by the O;N;Ar angle increase by
approximately the same magnitude. The variations are relatively small due to the inherently
low potential energy surface for the intermolecular angles. As expected, we find that the
difference between the geometric parameters with and without counterpoise correction

optimization schemes decreases as the basis set size increases.

The cc-pVQZ-F12 calculation of the Ar-N,O structure most closely matches the complete
basis set limit. The intermolecular distance has closer agreement without counterpoise
correction, whereas the intermolecular angles with counterpoise correction more closely
match the CBS calculations. In both CCSD(T)-F12a and CCSD(T)-F12b calculations, the cc-
pVQZ-F12 method shows less convergence of the intermolecular angles between with and

without counterpoise correction, compared to the cc-pVDZ-F12 and cc-VTZ-F12 calculations.

We see a slight decrease in the intramolecular bond lengths upon complex formation with
both the CCSD(T)-F12a and CCSD(T)-F12b methods.

39



Table 4.1: The CCSD(T)-F12a optimised structure of N,O and the Ar-N,O complex obtained with and without counterpoise correction

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
Ar-N,O
Standard Counterpoise  Difference Standard Counterpoise  Difference Standard  Counterpoise  Difference
R(o1ny 1.1881 1.1881 0.0000 1.1870 1.1870 0.0000 1.1864 1.1864 0.0000
Rninz) 1.1291 1.1291 0.0000 1.1282 1.1282 0.0000 1.1277 1.1277 0.0000
Rnian 3.3817 3.4197 0.0380 3.3917 3.4084 0.0167 3.3935 3.4002 0.0067
AN2N1AY 94.03 93.95 -0.08 93.77 93.75 -0.02 93.69 93.55 -0.14
A(01N1AY 85.79 85.89 0.10 86.07 86.10 0.03 86.16 86.31 0.15
N,O
Rnoy  1.1882 1.1871 1.1865
Rany 1.1291 1.1282 1.1277
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Table 4.2: The CCSD(T)-F12b optimised structure of N,O and the Ar-N,O complex obtained with and without counterpoise correction, and
with the CBS limit

Ar-N,O

R(o1ny
Rninz)
Rnian
Anonian

Ainiay

N>,O
Roy
Ry

CBS
cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12 limit
imi
Standard Counterpoise Difference Standard Counterpoise Difference Standard Counterpoise Difference

1.1874 1.1874 0.0000 1.1867 1.1867 0.0000 1.1863 1.1863 0.0000  1.1863
1.1288 1.1287 0.0000 1.1281 1.1281 0.0000 1.1277 1.1277 0.0000  1.1276
3.4013 3.4397 0.0383 3.3976 3.4165 0.0189 3.3950 3.4048 0.0098  3.3939
94.21 94.12 -0.09 93.84 93.82 -0.02 93.71 93.58 -0.13 93.45
85.63 85.73 0.10 86.01 86.04 0.03 86.15 86.28 0.13 86.40
1.1882 1.1871 1.1865 1.1863
1.1291 1.1282 1.1277 1.1276
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In Tables 4.3 and 4.4 we present the CCSD(T)-F12a and the CCSD(T)-F12b optimised
geometric parameters, respectively, of the Ar-N,O complex obtained with the augmented
basis sets aug-cc-pVxZ, (x=D,T,Q,5) including and excluding a counterpoise correction. We
have chosen to investigate the Ar-N,O complex with both the cc-pVxZ-F12 and aug-cc-
pV(X)Z basis sets as there has been a suggestion in the literature that the former basis set does
not include a sufficient number of diffuse basis functions to accurately describe very weak
van der Waals type interactions. It is worth noting that the cc-pVxZ-F12 basis sets do include
diffuse basis functions but only s and p type. Similar to the observations for the cc-pVxZ-
F12 basis sets, the aug-cc-pVxZ results show an overall excellent agreement between the
CCSD(T)-F12a and CCSD(T)-F12b results.

The main difference we see between the cc-pVxZ-F12 and aug-cc-pVxZ calculations is in the
intermolecular angles, where Anznian IS shown to decrease upon application of the
counterpoise correction with the cc-pVxZ-F12 methods, but increases here for the augmented
calculations. Similarly, the Aoiniar angle increases upon application of the counterpoise

correction with the cc-pVxZ-F12 methods, and decreases for the augmented calculations
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Table 4.3: The CCSD(T)-F12a optimised structure of N,O and the Ar-N,O complex, using

the aug-cc-pVxZ basis sets, obtained with and without counterpoise correction

aug-cc-pvDz aug-cc-pvTZ
Ar-N,O Standard Counterpoise Difference Standard Counterpoise Difference
Ro1ny) 1.1874 1.1874 0.0000 1.1869 1.1869 0.0000
Rninz) 1.1285 1.1285 0.0000 1.1281 1.1281 0.0000
R(n1An 3.3327 3.3776 0.0449 3.3827 3.4018 0.0191
AnNzniAY 93.14 93.54 0.40 93.54 93.72 0.18
Ao1nian 86.64 86.27 -0.37 86.3 86.13 -0.17
N,O
R 1.1285 1.1281
Rno) 1.1875 1.1870
aug-cc-pvQz aug-cc-pVvs5Z
Ar-N,O Standard Counterpoise Difference Standard Counterpoise Difference
Ro1ny) 1.1864 1.1864 0.0000 1.1864 1.1864 0.0000
RNin2) 1.1276 1.1276 0.0000 1.1276 1.1279 0.0003
R(n1An 3.3910 3.3973 0.0063 3.4110 3.3943 -0.0167
AN2N1AY) 93.73 93.74 0.01 96.43 95.53 -0.90
A(01N1AY 86.13 86.12 -0.01 83.51 84.22 0.71
N,O
R 1.1276 1.1276
Rno) 1.1865 1.1864
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Table 4.4: The CCSD(T)-F12b optimised structure of N,O and the Ar-N,O complex, using

the aug-cc-pVxZ basis sets, obtained with and without counterpoise correction

aug-cc-pvDZ aug-cc-pvVTZ
Ar-N,O Standard Counterpoise Difference Standard Counterpoise Difference
Ro1ny) 1.1860 1.1860 0.0000 1.1865 1.1865 0.0000
Rning) 1.1281 1.1281 0.0000 1.1281 1.1281 0.0000
R(n1An 3.3552 3.3995 0.0443 3.3886 3.4111 0.0225
AnNzniAY 93.32 93.76 0.44 93.59 93.8 0.21
Ao1nian 86.48 86.07 -0.41 86.26 86.06 -0.20
N,O
R 1.1287 1.1282
Rno) 1.1867 1.1866
aug-cc-pvQz aug-cc-pVvs5Z
Ar-N,O Standard Counterpoise Difference Standard Counterpoise Difference
R(o1ny) 1.1862 1.1862 0.0000 1.1862 1.1862 0.0000
RNin2) 1.1276 1.1276 0.0000 1.1276 1.1276 0.0000
R(n1An 3.3927 3.4023 0.0097 3.3916 3.3963 0.0047
AN2N1AY) 93.76 93.77 0.01 93.76 93.74 -0.01
A(01n1AY) 86.09 86.08 -0.01 86.10 86.11 0.01
N,O
R 1.1277 1.1276
Rno) 1.1863 1.1863
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In Table 4.5 we present the CCSD(T)-F12b optimised geometric parameters of Ar-N,O and
the N,O monomer obtained with the cc-pVQZ-F12 basis set utilising the frozen core
approximation and with the cc-pCVQZ-F12 basis set correlating all electrons. The difference

between these two calculations is used as an estimate of the effect of core correlation.

Similar to the observed trends in the H,O-N,O chapter, inclusion of core correlation
consistently reduces the bond lengths in the Ar-N,O complex. This also shows an effect on
the bond angles, in which the argon atom becomes closer to the terminal nitrogen atom. Core
correlation has a greater effect on the intermolecular bond length than it does on the
intramolecular bond lengths. The intermolecular bond length is approximately three times
larger however the change upon application of the core correlation is approximately twice as

large when the percent change is considered.

Also shown in Table 4.5 is our best estimate of the geometric parameters of the Ar-N,O
complex. This structure is obtained by adding the difference between the all electron cc-
pCVQZ-F12 optimization and frozen core cc-pVQZ-F12 optimization to the CBS limit

structure.
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Table 4.5: All electron and frozen core counterpoise corrected optimised geometric
parameters of N,O and the Ar-N,O complex obtained with the CCSD(T)-F12b method

CCSD(T)-
cc-pVQZ-F12 cc-pCVQZ-F12 Difference ]
F12b/CBS Best estimate
Ar-N;O
R(o1n1) 1.1868 1.1841 -0.0027 1.1862 1.1835
Rninz) 1.1283 1.1254 -0.0029 1.1276 1.1248
Rnian 3.4184 3.4032 -0.0152 3.3971 3.3818
AnNzniA 94.24 93.48 -0.76 93.49 92.73
A(o1N1An 85.62 86.38 0.77 86.36 87.13
N,O
Rno) 1.1864 1.1842 -0.0022 1.1863 1.1841
R 1.1277 1.1254 -0.0022 1.1276 1.1254

In Table 4.6 we present the optimized geometric parameters of Ar-N,O obtained with
conventional CCSD(T) and the aug-cc-pVXZ basis sets, (x=D,T), and at the CCSD(T)-
F12b/CBS limit. The CCSD(T) results were obtained with CFOUR utilizing analytical
derivatives whereas the CCSD(T)-F12b/CBS result was obtained using MOLPRO with
numerical derivatives. We find that the CCSD(T) optimized geometric parameters converge
towards the CBS limit as the basis set increases from aug-cc-pVDZ to aug-cc-pVTZ. As
expected, the calculated bond lengths become shorter as the basis set increases. There is no
systematic change in the calculated bond angles. Overall, we find that the CCSD(T)/aug-cc-
pVTZ optimised geometric parameters are in reasonable agreement with the CCSD(T)-
F12b/CBS limit. The CCSD(T)/aug-cc-pVTZ optimised bond lengths are between 0.004-
0.010 A longer than the CCSD(T)-F12b/CBS limit, with the largest variation observed for the
intermolecular bond length change. This is expected since this bond length is approximately
three times as long in magnitude as either of the intramolecular bond length, and because this

is the parameter most affected by BSSE. The corresponding bond angles have flatter
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potentials, hence there is more variation between these two methods with up to 1.0°

difference observed here.

Table 4.6: The structure of N,O and the Ar-N,O complex optimised with conventional
CCSD(T) and at the explicitly correlated CCSD(T)-F12b/CBS limit

CCSD(T)/aug-cc-  CCSD(T)/aug-cc-  CCSD(T)-

Difference
pvVDZ pVTZ F12b/CBS
Ar-N,O
Ro1ny 1.2018 1.1911 1.1862 -0.0049
R(nin2) 1.1491 1.1326 1.1276 -0.0049
R(n1an 3.4878 3.3875 3.3971 0.0096
AnN2N1AY 94.08 93.00 93.49 0.49
Ainian 85.86 86.86 86.36 -0.50
N,O
Rno) 1.2018 1.1912 1.1863 -0.0049
RNy 1.1491 1.1326 1.1276 -0.0050

It is expected that the experimental value for the intermolecular bond length will be larger
than our calculated value because our calculations determine the equilibrium bond length,
which doesn’t take into account vibrational averaging of the bond length. We obtain both a
value with aug-cc-pVTZ for the difference between the ground state and equilibrium
intermolecular distance of approximately 0.10A, which is a good comparison to the
difference between the experimental distance and our value, which gave a difference of
between 0.08 and 0.10A

It has been previously determined by Gimmler and Havenith that the T-shaped structure had
the parameters of 3.4686A for the intermolecular bond length and 82.92° for the oxygen-
nitrogen-argon angle in this intermolecular interaction.®® This angle closer matches our
observation of the argon atom being closer to the terminal oxygen, rather than being closer to

the terminal nitrogen.
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The analysis by Hu, Chappell and Sharpe gave an intermolecular bond length of 3.482A and
the oxygen-nitrogen-argon intermolecular angle of 81.69°.°% Both of these parameters are less

consistent with our best estimate parameters than those stated in Gimmler and Havenith.®

4.3 - Vibrational modes of the Ar-N,O complex

In Table 4.7 we present harmonic vibrational frequencies of N,O and the Ar-N,O complex
calculated with the CCSD(T)-F12a and CCSD(T)-F12b methods, and the cc-pVxZ-F12 basis
sets. These results were obtained without counterpoise correction using the standard
geometries from Tables 4.1 and 4.2. No vibrational intensities are presented as these cannot

be calculated in MOLPRO due to the use of numerical energy derivatives.

The vibrational modes of the Ar-N,O complex can be seen to vary only slightly between the
CCSD(T)-F12a and CCSD(T)-F12b results. There is also little variation between the
harmonic frequencies obtained with the different basis sets, indicating that the results are
close to being converged to the CBS limit. The intermolecular vibrational modes of the Ar-
N,O complex are seen to be slightly smaller with the CCSD(T)-F12b method than using the
CCSD(T)-F12a method. However, the opposite trend is observed for the intramolecular
vibrational modes with CCSD(T)-F12b method giving slightly larger values for the
vibrational frequencies than those calculated with the CCSD(T)-F12a method.

Similar to the observation in the previous chapter, the lowest energy vibrational mode of N,O
monomer increases by approximately 13 cm™ upon complexation. This doubly-degenerate
mode in the monomer separates by a maximum of 0.3 cm™ in the complex. We observe that
the largest mode around 2260 cm™ in the N,O monomer increases by approximately 20 cm™
upon complexation, with the other vibrational mode of the NoO monomer decreasing by

approximately 3 cm™when the complex is formed .
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Table 4.7: Harmonic vibrational frequencies (cm™) of N,O and the Ar-N,O complex calculated with the CCSD(T)-F12a and CCSD-F12b
methods and the cc-pVxZ-F12 (x=D,T,Q) basis set

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
CCSD(T)-F12a  CCSD(T)-F12b CCSD(T)-F12a  CCSD(T)-F12b CCSD(T)-F12a  CCSD(T)-F12b

Ar-N,O
Vi 41.0 40.0 40.2 39.9 38.9 39.0
Vo 49.4 47.6 47.1 46.6 46.3 46.0
V3 594.6 595.8 599.0 599.1 599.8 600.0
V4 594.8 596.1 599.1 599.2 599.9 600.0
Vs 1298.4 1301.4 1301.9 1303.1 1303.2 1303.8
Ve 2282.0 2283.1 2286.7 2287.2 2288.8 2289.1
N,O
Vi 581.7 583.3 586.5 586.7 587.8 588.0
Vo 581.8 583.3 586.6 586.7 587.8 588.0
V3 1300.4 1303.7 1304.6 1305.9 1306.2 1306.8
V4 2259.7 2260.3 2264.6 2265.1 2266.0 2266.3
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In Table 4.8 we present the harmonic and anharmonic vibrational frequencies and intensities
for N,O and the Ar-N,O complex calculated with conventional CCSD(T) and the aug-cc-
pVXZ basis sets (x=D,T). These results were obtained without counterpoise correction using
the geometries from Table 4.6. The anharmonic results were calculated within the second

order vibrational perturbation theory (VPT2) framework.

Similar to the observation for the H,O-N,O complex, the harmonic frequencies calculated
with conventional CCSD(T) and the aug-cc-pVDZ or aug-cc-pVTZ basis set are in general
slightly smaller than those calculated with explicitly correlated CCSD(T)-F12b and the cc-
pVDZ-F12 or cc-pVTZ-F12 basis set. This observation excludes the intermolecular
stretching mode v, mode. This difference is expected, as bond lengths contract and hence
harmonic frequencies become larger as the basis set increases towards the CBS limit. The

explicitly correlated results are therefore closer to the CBS limit than the conventional results.

The harmonic and anharmonic vibrational modes, as well as their intensities, for the Ar-N,O
complex shows a reasonable consistency between the aug-cc-pVDZ and aug-cc-pVTZ results,
indicating that these are reasonably well converged with respect to the CBS limit.

As expected, in both of the N,O monomer and for the complex, the anharmonic vibrational
frequencies are calculated to be smaller than the respective harmonic frequencies. The
intermolecular vibrational frequencies appear to be reasonable, however there is a larger
relative change in the intermolecular vibrational modes than the intramolecular vibrational
modes.We see a small variation between the cc-pVDZ and cc-pVTZ anharmonic frequencies,

which would be expected for the change in the basis set used.

There is very little change in the vibrational modes of N,O upon formation of the Ar-N,O
complex. The degenerative modes of the N,O monomer form slightly non-degenerative
modes in the complex, with the harmonic modes with the aug-cc-pVTZ basis set showing the
same frequency but different intensities for these modes. These modes show a slight decrease
upon complexation with the aug-cc-pVDZ basis set, but there is no consistent change for the
aug-cc-pVTZ results. As was shown in Table 4.6, there was negligible difference in the
geometric parameters of the N,O unit upon formation of the complex, which is reflected in
the very small changes to the vibrational modes. Not surprisingly, we find the intermolecular
vibrational modes show the largest amount of anharmonicity. While some intramolecular
vibrational modes give larger differences between the harmonic and anharmonic modes , the

relative change is smaller than the differences in the intermolecular modes.
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Table 4.8: Harmonic and anhamonic vibrational frequencies (cm™) and intensities (in km mol™) of N,O and the Ar-N,O complex calculated
with the CCSD(T) method

aug-cc-pvDZz aug-cc-pvTZ

Harmonic Anharmonic Harmonic Anharmonic
Ar-N,O  Frequency Intensity Frequency Intensity Frequency Intensity Frequency Intensity
Vi 35.9 0.1 11.8 0.0 334 0.0 26.8 0.0
vy 40.4 0.0 7.7 0.0 62.1 0.0 57.2 0.0
V3 565.2 3.8 559.0 34 593.6 4.5 587.9 4.0
Vs 566.3 2.8 5590.1 2.6 593.6 3.3 586.9 3.1
Vs 1277.3 53.4 1261.2 53.7 1286.4 54.3 1275.7 52.3
Ve 2241.1 331.9 2181.7 298.8 2265.8 345.9 2207.8 312.7
Nzo
Vi 567.1 3.0 559.7 2.5 593.2 3.7 587.1 34
Vo 567.1 3.0 559.7 2.3 593.2 3.7 587.1 34
V3 1277.0 56.8 1261.0 57.7 1286.8 59.1 1275.8 57.4
Vg 2240.8 359.3 2182.2 300.7 2266.5 377.0 2208.6 340.9
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In Table 4.9 we present our best estimate vibrational frequencies for the Ar-N,O complex.
These are calculated by adding the difference between the harmonic and anharmonic
frequencies obtained with conventional CCSD(T) to the CCSD(T)-F12b/cc-pVQZ-F12

results.

The magnitude of this anharmonic correction (denoted A) appears more physically sensible
for the aug-cc-pVTZ results tha the aug-cc-pVDZ results. This is especially evident in the
two lowest frequency intermolecular modes, which show large relative differences with the

aug-cc-pVDZ basis set.

We also show in Table 4.9 the experimental vibrational modes of the Ar-N,O complex
collected from various experimental studies. The best estimate vibrational frequencies with
the aug-cc-pVTZ basis set show in general a better consistency with the experimental
frequencies than the frequencies with the aug-cc-pVDZ basis set. However, the vs frequency
with the aug-cc-pVDZ basis set shows a closer value to the best estimate than the respective

frequency with the aug-cc-pVTZ basis set.
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Table 4.9: Ar-N,O Harmonic and anharmonic frequencies using the aug-cc-pVxZ (x=D,T) basis set, best estimate and experimental modes

CCSD(T)-F12b/cc- Experimental

Harmonic Anharmonic A pVQZ-F12 Best estimate
aug-cc-pvDZ  frequency Intensity frequency Intensity frequency frequency
V1 35.9 0.1 11.8 0.0 -24.1 39.0 14.9 33.0°
Vo 40.4 0.0 7.7 0.0 -32.7 46.0 13.3 40.1°
V3 565.2 3.8 559.0 34 -6.2 600.0 593.8
V4 566.3 2.8 559.1 26 -7.2 600.0 592.8
Vs 1277.3 53.4 1261.2 53.7 -16.1 1303.8 1287.7 1285.1*
Ve 2241.1 331.9 2181.7 298.8 -59.4 2289.1 2229.7 2256.1°
aug-cc-pvTZ
V1 334 0.0 26.8 00 -6.6 39.0 324 33.0
Vo 62.1 0.0 57.2 0.0 -49 46.0 41.1 40.1
V3 593.6 4.5 587.9 40 57 600.0 594.3
V4 593.6 3.3 586.9 31  -6.7 600.0 593.3
Vs 1286.4 54.3 1275.7 52.3 -10.7 1303.8 1293.1 1285.1
Ve 2265.8 345.9 2207.8 312.7 -58.0 2289.1 2231.1 2256.1

3 Ngari and Jager70
* Gimmler and Havenith®

> Hu, Chappell and Sharpe68
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4.4 - Interaction energy of the Ar-N,O complex

In Table 4.10 we present the interaction energy of the Ar-N,O complex obtained with and
without counterpoise correction. These interaction energies are calculated using the optimised

geometry of the corresponding method from the respective structures shown in Tables 4.1-4.6.

As expected, we find that the non-counterpoise corrected interaction energies are larger in
magnitude than the respective counterpoise corrected values, and is seen for both of the aug-
cc-pVxZ and cc-pVxZ-F12 basis sets. In general, the CCSD(T)-F12a interaction energies are
calculated to be slightly larger than the CCSD(T)-F12b results for the same basis set size with
both the aug-cc-pVxZ and cc-pVxZ-F12 basis sets.

In general we find that the interaction energy obtained with the aug-cc-pVxZ basis sets are
slightly larger than the corresponding cc-pVxZ-F12 basis sets. The aug-cc-pVXZ results are
0.13-0.16 kJ mol™ larger than the cc-pVxZ-F12 results for both CCSD(T)-F12 methods

including and excluding counterpoise correction.

Table 4.10: CCSD(T)-F12a and CCSD(T)-F12b interaction energies (kJ mol™) of the Ar-
N2O complex obtained with and without counterpoise correction

CCSD(T)-F12a CCSD(T)-F12b
Standard  Counterpoise Standard Counterpoise

cc-pVDZ-F12 -3.04 -2.53 -2.83 -2.35
cc-pVTZ-F12 -2.67 -2.45 -2.62 -2.38
cc-pVQZ-F12 -2.56 -2.45 -2.55 -2.42
CBS -2.46

cc-pCVQZ-F12 -2.32

aug-cc-pvDZz -3.29 -2.55 -2.57 -2.22
aug-cc-pVTZ -2.86 -2.58 -2.84 -2.48
aug-cc-pvQZz -2.70 -2.60 -2.71 -2.55
aug-cc-pVvs5Z -2.74 -2.66 -2.71 -2.64
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In Table 4.11 we present our best estimate at the interaction energy of the Ar-N,O complex.
This is calculated by taking the CCSD(T)-F12b CBS limit interaction energy and adding a
correction for core correlation and a correction for zero-point energy. The core correlation
correction is obtained as the difference between the counterpoise corrected all electron
CCSD(T)-F12b/cc-pCVQZ-F12 result and the counterpoise corrected frozen core CCSD(T)-
F12b/cc-pVQZ-F12 result. The zero-point energy correction is obtained from the CCSD(T)-
F12b/cc-pVQZ-F12 harmonic frequencies in Table 4.7.

Table 4.11: Best estimate of interaction energy of the Ar-N,O complex

Energy (kJmol™)

CBS -2.46
Core correction -0.09
ZPVE correction +0.70
Best estimate -1.85

4.5 — Conclusion

We have investigated the lowest energy structure of the Ar-N,O complex. We find that the
structure is approximately T-shape, which is consistent with earlier experimental and
theoretical investigations. Our best estimate of the interaction energy is -1.85 kJmol™.

Unlike the observations in the H,O -N,O complex, there is minimal change in the structure of
the N,O unit upon formation of the complex.

The Ar-N,O complex exhibits the weakest interaction energy of all the complexes considered
in this thesis. Consequently, we investigated it with both the cc-pVxZ-F12 and aug-cc-pVxZ
basis set series. For a given cardinal number, we find there to be relatively small but

appreciable differences between the results obtained with the two basis sets.
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5 - N,-N,O

5.1 - Introduction

Nitrogen represents the major portion of Earth’s atmosphere at approximately 78% of the
total atmosphere, and has therefore been important in the study of atmospheric complexes.

The rotationally resolved infrared spectra of the N»-N,O structure was first reported by
Randall, Dyke and Howard.” This structure is seen in Figure 5.1, and matches our
investigated structure, with the N unit angled pointed toward the terminal nitrogen of the

NO unit and positioned over the terminal oxygen atom.

Figure 5.1: Co-ordinates of the N,-N,O complex of Randall, Dyke and Howard "*

Previous work on the theoretical computed structure obtained the structure, interaction energy
and vibrational spectra using the Gaussian 98 program employing MP2 theory with the 6-
311+G(d) basis set.”” This was, at least in part, due to the computational limits of the time

which our work hopes to address.
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In this chapter we present results for the optimised structure, vibrational modes and binding
energy of N,-N,O that we have conducted. Figure 5.2 shows the geometric parameters that
were used to define the N»-N,O structure. We conclude the chapter by presenting a best
estimate of the structure and binding energy for N»-N,O that takes into account the effects of

core correlation, complete basis set limit extrapolations and counterpoise corrections.

N,

Figure 5.2: Geometric parameters used to define the structure of the N,-N,O complex

5.2 - Structure of the N,-N,O complex

In Tables 5.1 and 5.2 we present the CCSD(T)-F12a and CCSD(T)-F12b optimised geometric
parameters of N,-N,O, obtained using the cc-pVxZ-F12 basis sets, (x=D,T,Q), including and
excluding a counterpoise correction. Table 5.2 also includes the optimised geometric
parameters calculated at the CCSD(T)-F12b/CBS limit. Overall we find excellent agreement
between the CCSD(T)-F12a and CCSD(T)-F12b results, with the differences shown in Table
A.3 in the appendix. The CBS limit is obtained from the cc-pVTZ-F12/cc-pVQZ-F12 basis

set pair.
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Consistent with the previous chapters, we find that geometric parameters optimised with the
CCSD(T)-F12a and CCSD(T)-F12b methods rapidly converge with increasing basis set, with
even the smallest cc-pVVDZ-F12 basis set yielding results in close agreement with the CBS

limit.

There are relatively small differences between the standard and counterpoise corrected
geometric parameters obtained with a given basis set, which like the other complexes,
indicates that basis set superposition error (BSSE) is relatively small. As expected, the
greatest differences between the standard and counterpoise corrected results are observed for
the intermolecular bond distance and angles.

The difference in the angles between the calculations with and without counterpoise
correction exhibit a slight increase in the N,N;N3 bond angle that is matched by a decrease in
the O;N;1N3bond angle of an approximately equal magnitude. Nonetheless these variations

are relatively small given the inherently low potential energy surface of intermolecular angles.

Not surprisingly, the geometric parameters optimized with the the cc-pVQZ-F12 CCSD(T)-
F12b method most closely match those obtained at the CBS limit. In general, we observe a
slight contraction of the optimized bond lengths between the CCSD(T)-F12a and CCSD(T)-
F12b results, which is shown in the appendix in Table A.3.

The NN bond from the N,O portion is seen to decrease by slightly upon formation of the

complex, whereas there is negligible change in the other intramolecular bond lengths.

The calculated bond lengths of the N-N,O complex, as well as the N,O and N, monomers,
are seen to decrease in length with the increasing basis set size. This trend is observed in both
the standard and counterpoise corrected results, and is especially evident in the decreasing
length of the intermolecular distance with increasing basis set size, Ryins. In a similar
observation, we show that the intermolecular angle, Ananing) increases as the basis set size.
The change in this angle closely matches the value of the change in the Aoining) angle,
which is expected from a shifting of molecules from each other. This indicates that as the
basis set size increases, the N, molecule moves closer to the N,O axis, making a structure
where the closest nitrogen atom is more perpendicular to the N,O molecules axis. The other
intermolecular angle, Ananana), 1S also seen to increase in magnitude with the increasing basis
set size. This corroborates the fact that the N, unit becomes closer to a perpendicular angle as

the basis set size increases.
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In both the CCSD(T)-F12a and CCSD(T)-F12b results, the distance of the NN bond in the N,
monomer is seen to decrease in magnitude as the basis set size increases. The intramolecular
parameters are consistent between the complete basis set extrapolation values and the
CCSD(T)-F12b/cc-pVQZ-F12 values, both for the standard and counterpoise optimizations.
Of the intramolecular bond lengths, both of the NN bond lengths in the N, and N,O units,

show no change between the standard and counterpoise corrected optimized values.

We show that the length of the intermolecular distance is longer with the counterpoise
correction than the respective standard optimized value, in both the CCSD(T)-F12a and
CCSD(T)-F12b results. The difference between the data sets reduces with the increasing
basis set size. For the cc-pVQZ-F12 results, the standard optimized intermolecular distance is
found to be slightly closer to the CBS limit than the counterpoise corrected value whereas the

opposite is true for the intermolecular angles.
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Table 5.1: The CCSD(T)-F12a optimised structure of N, N,O and the N,-N,O complex obtained with and without counterpoise correction

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
N»>-N,O
Standard Counterpoise Difference Standard Counterpoise  Difference Standard Counterpoise  Difference
R(o1ny 1.1882 1.1881 -0.0001 1.1870 1.1869 -0.0001 1.1864 1.1863 -0.0001
Rninz) 1.1288 1.1288 0.0000 1.1279 1.1279 0.0000 1.1274 1.1274 0.0000
Rn3na) 1.1002 1.1002 0.0000 1.0994 1.0994 0.0000 1.0989 1.0989 0.0000
Rn1n3) 3.1203 3.1378 0.0175 3.1147 3.1226 0.0079 3.1104 3.1137 0.0033
AN2NIN3) 95.73 95.46 -0.27 95.61 95.29 -0.32 95.43 95.22 -0.21
A©1N1IN3) 84.16 84.45 0.29 84.30 84.62 0.32 84.47 84.68 0.21
Ananan 165.46 166.86 1.40 166.15 167.45 1.30 167.20 167.78 0.58
N,O
Rnoy  1.1882 1.1871 1.1865
Rany 1.1291 1.1282 1.1277
N>
Ry 1.1003 1.0995 1.099
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Table 5.2: The CCSD(T)-F12b optimised structure of N, N,O and the N2-N,O complex obtained with and without counterpoise correction, and

with the CBS limit

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12 ﬁgﬁ

N2-N.O

Standard Counterpoise  Difference  Standard Counterpoise Difference Standard Counterpoise  Difference
R(n101) 1.1874 1.1873 -0.0001 1.1867 1.1866 -0.0001 1.1862 1.1862 0.0000 1.1862
R(nin2) 1.1284 1.1284 0.0000 1.1278 1.1278 0.0000 1.1273 1.1273 0.0000 1.1273
R (N3N 1.0997 1.0997 0.0000 1.0992 1.0992 0.0000 1.0988 1.0988 0.0000 1.0988
R(Ning) 3.1317 3.1500 0.0183 3.1178 3.1274 0.0096 3.111 3.1162 0.0052 3.1085
AN2NING) 95.67 95.41 -0.26 95.61 95.3 -0.31 95.43 95.23 -0.20 95.19
A(01iNINg) 84.24 84.51 0.27 84.3 84.62 0.32 84.47 84.68 021 84.71
Ananzn) 166.1 167.42 1.32 166.33 167.59 1.26 167.26 167.85 0.59 167.95
N,O
Rno) 1.1874 1.1868 1.1864 1.1863
R(nny 1.1287 1.1281 1.1277 1.1276
N>
R(nny 1.0999 1.0993 1.0989 1.0989
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In Table 5.3 we present the CCSD(T)-F12b optimised geometric parameters of N, N,O and
the N»-N,O complex obtained with the cc-pVQZ-F12 basis set utilising the frozen core
approximation and with the cc-pCVQZ-F12 basis set correlating all electrons. The difference

between these two calculations is used as an estimate of the effect of core correlation.

We find that the inclusion of core correlation consistently reduces the intramolecular bond
lengths by approximately 0.002A, but increases the intermolecular bond length to a smaller
magnitude. This contrasts the observation in the previous chapters where all of the bond
lengths decrease with the inclusion of core correlation. It also has an appreciable but non-
systematic effect on the bond angles.

Also shown in Table 5.3 is our best estimate of the geometric parameters of the N,-N,O
complex. This structure is obtained by adding the difference between the all electron cc-
pCVQZ-F12 optimization and frozen core cc-pVQZ-F12 optimization to the CBS limit
structure. We find that the “best estimate” geometry is in excellent agreement with the all
electron CCSD(T)-F12b/cc-pCVQZ-F12 structure, highlighting again the impressive basis set
convergence obtained with the explicitly correlated CCSD(T)-F12b method.
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Table 5.3: All electron and frozen core counterpoise corrected optimised geometric parameters of N, N,O and the N,-N,O complex obtained
with the CCSD(T)-F12b method

cc-pVQZ-F12 cc-pCVQZ-F12 Difference CCSD(T)-F12b/CBS  Best estimate
N2-N2O
Rn1o1) 1.1862 1.1840 -0.0022 1.1862 1.1840
Rning) 1.1273 1.1251 -0.0022 1.1273 1.1251
Rnana) 1.0988 1.0967 -0.0021 1.0988 1.0967
Rning) 3.1110 3.1123 +0.0013 3.1085 3.1108
An2NiNg) 95.43 95.16 -0.27 95.19 94.92
AOINING) 84.47 84.75 +0.28 84.71 84.99
Ananang) 167.26 168.09 +0.83 167.95 168.78
N,O
Rno) 1.1864 1.1842 -0.0022 1.1863 1.1841
Ry 1.1277 1.1254 -0.0022 1.1276 1.1254
N>
Ry 1.0989 1.0968 -0.0021 1.0989 1.0968
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In Table 5.4 we present the optimized geometric parameters of N,-N,O obtained with
conventional CCSD(T) and the aug-cc-pVxXZ basis sets, (x=D,T), and at the CCSD(T)-
F12b/CBS limit.

As expected, we find that the CCSD(T) optimized geometric parameters converge towards
the CBS limit as the basis set increases from aug-cc-pVDZ to aug-cc-pVTZ. The calculated
bond lengths become shorter as the basis set increases, however here is no systematic change
in the calculated bond angles. For easy comparison, we also show in Table 5.4 the difference
between the CCSD(T)/aug-cc-pVTZ and CCSD(T)-F12b/CBS optimized geometric
parameters. Overall, we find that the CCSD(T)/aug-cc-pVTZ optimised geometric parameters
are in reasonable agreement with the CCSD(T)-F12b/CBS limit. The CCSD(T)/aug-cc-pVTZ
optimised intramolecular bond lengths are approximately 0.005 A longer than the CCSD(T)-
F12b/CBS limit, wheras the CCSD(T)/aug-cc-pVTZ optimised intermolecular bond length is
approximately 0.017 A shorter than the CCSD(T)-F12b/CBS limit value. The corresponding
bond angles have flatter potentials; hence there is more variation between these two methods

with up to a 0.3° difference.
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Table 5.4: The structure of N, N,O and the N,-N,O complex optimised with conventional CCSD(T) and at the explicitly correlated CCSD(T)-
F12b/CBS limit

CCSD(T)/aug-cc-pvVDZ  CCSD(T)/aug-cc-pVTZ  CCSD(T)-F12b/CBS  Difference

N»,-N,O

Rauton) 1.2017 1.1910 1.1862 -0.0048
Reving) 1.1487 1.1322 1.1273 -0.0049
R 1.1206 1.1038 1.0988 -0.0050
Ring) 3.0935 3.0916 3.1085 0.0169
Apzning 94.31 94.86 95.19 0.33
Aining 85.58 85.03 84.71 0.32
Ananzn 168.67 168.33 167.95 -0.38
N.O

Ro) 1.2018 1.1912 1.1863 -0.0049
Rany 1.1491 1.1323 1.1276 -0.0050
N>

Row) 1.1209 1.1040 1.0989 -0.0051
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Figure 5.3 shows the structure of the N,-N,O complex calculated by Zheng et al at the
CCSD(T) level of theory, utilising the aug-cc-pVDZ basis set with a set of mid bond
functions. These mid bond functions are used to describe the weak interactions between the

monomer units in the complex.

-

Figure 5.3: Structure of the N,-N,O complex from Zheng et al.”

Our calculated structure is generally in good agreement with that calculated by Zheng et al,
except for the intermolecular distance. For this parameter Zheng et al used data from
rotatationally resolved infrared spectroscopy and hence their value is actually a vibrationally

averaged experimental result.

The difference between the equilibrium and ground state intermolecular distance of N,-N,O
is calculated to be 0.079A with the CCSD(T)/aug-cc-pVTZ method. If we add this to our

“best estimate” equilibrium intermolecular distance from Table 5.3, we get a value of 3.190

A
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5.3 - Vibrational modes of the N,- N,O complex

In Table 5.5 we present harmonic vibrational frequencies of N,O, N and the N2-N,O
complex calculated with the CCSD(T)-F12a and CCSD(T)-F12b methods, and the cc-pVxZ-
F12 basis sets. These results were obtained without counterpoise correction using the
standard geometries from Tables 5.1 and 5.2. No vibrational intensities are presented as these

cannot be calculated in MOLPRO due to the use of numerical energy derivatives.

The vibrational modes of the N,-N,O complex can be seen to vary only slightly between the
CCSD(T)-F12a and CCSD(T)-F12b results. There is also little variation between the
harmonic frequencies obtained with the different basis sets, indicating that the results are
close to being converged to the CBS limit. The four lowest vibrational modes of N,-N,O
represent the intermolecular vibrational modes. With the exception of the v, mode with the
cc-pVTZ-F12, these modes are calculated to be slightly smaller with the CCSD(T)-F12b
method than the CCSD(T)-F12a method. Similar to the observation in the H,O-N,O chapter,
the opposite trend is observed for the intramolecular vibrational modes with the CCSD(T)-
F12b method generally calculating larger vibrational frequencies than the CCSD(T)-F12a
method.

We see a relatively consistent increase in the degenerative modes from the N,O monomer
upon complexation by approximately 13 cm™. This mode is doubly-degenerate in the
monomer but separates by up to 1 cm™ in the complex.

The vibrational mode of the N, monomer changes a smaller amount upon complexation
compared to the modes in the N,O monomer. The N, monomer mode is reduced in
wavenumber upon forming the complex by approximately 2 cm™. In comparison, the
vibrational modes of N,O monomer change by 1-25 cm™ upon complexation. Interestingly,
the N,O monomer mode of approximately 1300 cm™ is seen to decrease by approximately 1
cm™* upon formation of the complex, whereas all the other monomer modes increase in

magnitude upon formation of the complex.
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Table 5.5: Harmonic vibrational frequencies (cm™) of N5, N,O and the N»-N,O complex calculated with the CCSD(T)-F12a and CCSD(T)-F12b
methods and the cc-pVxZ-F12 (x=D,T,Q) basis set

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
CCSD(T)-F12a CCSD(T)-F12b CCSD(T)-F12a CCSD(T)-F12b CCSD(T)-F12a CCSD(T)-F12b

N,-N,O
Vi 26.6 26.6 26.5 26.4 26.9 25.9
vV, 38.0 37.9 36.4 36.5 35.5 35.1
V3 61.6 60.3 61.2 60.8 61.4 61.3
V4 84.2 83.2 84.0 83.7 84.1 84.0
Vs 594.9 596.1 599.0 599.2 600.2 600.3
Vs 595.3 596.6 599.8 599.9 600.8 600.8
V7 1299.0 1302.1 1302.6 1303.9 1304.1 1304.7
Vg 2284.5 2285.6 2289.3 2289.8 2291.5 2291.8
Vo 2357.6 2361.5 2360.9 2362.3 2363.5 2364.2
N,O
Vi 581.7 583.3 586.5 586.7 587.8 588.0
vV, 581.8 583.3 586.6 586.7 587.8 588.0
V3 1300.4 1303.7 1304.6 1305.9 1306.2 1306.8
vV, 2259.7 2260.3 2264.6 2265.1 2266.0 2266.3
N,
Vi 2355.5 2359.2 2359.3 2360.6 2361.9 2362.5
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In Table 5.6 we present the harmonic and anharmonic vibrational frequencies and intensities
for N2, N2O and N,-N,O calculated with conventional CCSD(T) and the aug-cc-pV XxZ basis
sets (x=D, T). These results were obtained without counterpoise correction using the
geometries from Table 5.4. The anharmonic results were calculated within the second order

vibrational perturbation theory (VPT2) framework.

The harmonic frequencies calculated with conventional CCSD(T) and the aug-cc-pVDZ and
aug-cc-pVTZ basis set are in general slightly smaller than those calculated with explicitly
correlated CCSD(T)-F12b and the cc-pVDZ-F12 or cc-pVTZ-F12 basis set.

The harmonic intensities of the vibrational modes for both of the monomer species show a
reasonable consistency between the aug-cc-pVDZ and aug-cc-pVTZ results, indicating that

these are reasonably well converged with respect to the CBS limit.

As expected, in both of the monomers and for the complex, the anharmonic vibrational
frequencies are calculated to be smaller than the respective harmonic mode. For the
monomers, these calculated anharmonic frequencies are all sensible and are in reasonably
good agreement with the experimental fundamental frequencies. The intramolecular
vibrational frequencies also appear to be reasonable; however there is a larger relative change

in some of the intermolecular vibrational modes.

The vibrational modes of the N,O monomer are seen to only change by approximately 1 cm™
upon formation of the complex. The intensities of the anharmonic modes in the complex

follow the same trend observed in the intensities of the harmonic modes.
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Table 5.6: Harmonic and anharmonic vibrational frequencies (cm™) and intensities (in km mol™) of N,O, N, and the N,-N,O complex calculated
with the CCSD(T) method

aug-cc-pvDZ aug-cc-pvTZ
Harmonic Anharmonic Harmonic Anharmonic

N>-N,O Frequency Intensity Frequency Intensity Frequency Intensity Frequency Intensity
Vi 22.4 0.0 8.1 0.0 24.9 0.0 13.0 0.0
Vo 34.1 0.0 15.9 0.0 37.3 0.0 31.3 0.0
V3 64.7 0.0 17.6 0.0 65.9 0.0 29.4 0.0
Vs 83.1 0.1 51.6 0.0 84.2 0.1 55.5 0.0
Vs 564.0 4.5 558.3 3.9 592.7 5.1 586.9 4.5
Ve 566.1 2.8 558.8 2.6 593.9 3.4 586.4 3.1
V7 1278.2 54.5 1262.0 54.6 1288.3 56.7 1277.0 54.5
Vg 2244.1 333.9 2183.9 298.3 2270.2 351.1 2211.0 314.6
Vg 2320.6 0.0 2291.6 0.0 2341.4 0.0 2313.0 0.0
N>

Vi 2318.8 0.0 2290 0.0 2339.6 0.0 2311.6 0.0
N,O

Vi 567.1 3.0 559.7 25 593.2 3.7 587.1 34
Vo 567.1 3.0 559.7 2.3 593.2 3.7 587.1 34
V3 1277.0 56.8 1261.0 57.7 1286.8 59.1 1275.8 57.4
Vy 2240.8 359.3 2182.2 300.7 2266.5 377 2208.6 340.9
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In Table 5.7 we present the calculated and experimental vibrational modes of the N,-N,O
complex from Venayagamoorthy and Ford. We also show in Table 5.7 our best estimate
vibrational modes of the N»-N,O complex, obtained by adding the difference between the
CCSD(T/aug-cc-pVTZ harmonic and anharmonic frequencies to the CCSD(T)-F12b/cc-
pVQZ-F12 values.

We show that the vibrational modes are less consistent between the experimental and our
calculated values for the intermolecular modes, compared to the intramolecular modes. This
may come about from the small size of these modes, so that changes appear larger in a
relative sense. We see that our best estimate intramolecular frequencies for the N,-N,O
complex are larger than those of Venayagamoorthy and Ford, whereas the opposite is seen
for the intermolecular frequencies here. The two largest intramolecular frequencies of our
best estimate modes show a better consistency with the experimental monomer modes than

the respective modes in the complex.

Table 5.7: Vibrational modes of N,, N,O and N,-N,O from Venayagamoorthy and Ford"
and our best estimate

Best

Computed  Experimental  Computed Experimental Vibrational Intensity  estimate

mode modes

N,™ N,O®** N,-N,O

2175.7 2359.6 2245.3 347.0 2335.8
2243.2 2223.8 2176.5 0.0 2232.6
1286.1 1284.9 1287.2 10.9 1293.4
537.8 588.8 538.5 4.1 593.3
83.5 0.2 55.3
63.6 0.0 29.1
29.0 0.0 14.0
537.5 2.9 594.5
69.5 0.0 24.8
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5.4 - Interaction Energy of the N,- N,O complex

In Table 5.8 we present the interaction energy of the N»,-N,O complex obtained with and
without counterpoise correction. These interaction energies are calculated using the optimised

geometry of the corresponding method from the respective structures shown in Tables 5.1-5.4.

We see that the interaction energy of the complex without counterpise correction becomes
smaller in magnitude as the basis set size increases for the CCSD(T)-F12a method but

increases in this trend for the CCSD(T)-F12b method. We see that for both the CCSD(T)-
F12a and CCSD(T)-F12b methods, the calculations with the counterpoise correction have

the interaction energy increase in magnitude as the basis set size increases.

In both of the CCSD(T)-F12a and CCSD(T)-F12b methods, the calculations without
counterpoise correction gave a smaller energy value than the respective counterpoise
corrected value. It is also observed that the CCSSD(T)-F12a data gives a larger interaction
energy than the respective value with the CCSD(T)-F12b method.

We find that inclusion of core correlation reduces the interaction energy of the N,-N,O

complex slightly, by 0.1 kJ mol™.

Table 5.8: CCSD(T)-F12a and CCSD(T)-F12b interaction energies (kJ mol™) of the N,-N,O

complex obtained with and without counterpoise correction

CCSD(T)-F12a CCSD(T)-F12b
Standard  Counterpoise Standard  Counterpoise
cc-pVDZ-F12 -4.14 -3.68 -3.99 -3.61
cc-pVTZ-F12 -4.04 -3.76 -4.01 -3.77
cc-pVQZ-F12 -4.02 -3.86 -4.02 -3.89
CBS -3.96
cc-pCVQZ-F12 -3.86
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In Table 5.9 we present our best estimate at the interaction energy of the N,-N,O complex.
This is calculated by taking the CCSD(T)-F12b CBS limit interaction energy and adding a
correction for core correlation and a correction for zero-point energy. The core correlation
correction is obtained as the difference between the counterpoise corrected all electron
CCSD(T)-F12b/cc-pCVQZ-F12 result and the counterpoise corrected frozen core CCSD(T)-
F12b/cc-pVQZ-F12 result. The zero-point energy correction is obtained from the CCSD(T)-
F12b/cc-pVQZ-F12 harmonic frequencies in Table 5.6.

Table 5.9: Best estimate of the interaction energy of the N,-N,O complex

Energy (kJ mol™)

CBS -3.96
Core correction -0.03
ZPVE correction +1.50
Best estimate -2.49

5.5 — Conclusion

We have optimized the structure of the N»-N,O complex and calculated its vibrational
frequencies with both conventional CCSD(T) and explicitly correlated CCSD(T)-F12
methods. We find that the minimum energy structure is approximately T-shape, in agreement
with previous expeirmental and theoretical investigations. Our best estimate of the interaction
energy for N,-N2O is 2.49 kJ mol™, which is obtained at the CCSD(T)-F12b/CBS limit and

includes a correction for core correlation and a correction for zero-point vibrational energy.

We show that the optimized structure of the N,-N,O complex closely matches the structure
described by Zheng et al. This indicates that this structure does in fact represent the global

minimum structure of the complex.

In chapter 7 we use our best estimate interaction energy and the CCSD(T)-F12b/cc-pVQZ-
F12 harmonic frequencies to determine the equilibrium constants for formation of N»-N,O as

a function of altitude.
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6 - O,-N,O

6.1 - Introduction

Oxygen is the second most abundant molecule in Earth’s atmosphere. Several complexes
involving oxygen, such as the O,-H,O complex and the O,-O, dimer, have been found to be
atmospherically important.” Similar to the H,0-N,O complex, the O,-N,O complex will
influence the radiative balance of atmospheric water, which contributes to the global

warming potential of water.

The O,-N,0 complex has been previously investigated both theoretically and experimentally.
In Figure 6.1 we show the structure of the O,-N,O complex determined by Qian, Seccombe
and Howard using rotationally resolved infrared spectroscopy.® The authors found that two
different approximately T-shape structures of the complex fitted the experimental rotational
constants equally well. The structure shown in Figure 6.1 was preferred as it was consistent
with the global minimum structure obtained from MP2 calculations using a small basis set.
However as we will show in this chapter, higher level coupled cluster calculations indicate
that their alternative structure is more likely to be the global minimum.

Figure 6.1: 0,-N,O structure determined by Qian, Seccombe and Howard ®*
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Figure 6.2 shows the geometric parameters that were used to define the O,-N,O complex in
our investigation. Two different minima are considered, with the oxygen molecule either
pointing away from the O-end of N,O (global minimum) or from the N-end of N,O (local
minimum). The local minimum structure initially appeared to be a saddle-point, hence there

is less data presented for this structure.

Figure 6.2: Geometric parameters used to define the structure of the O,-N,O complex

In this chapter we present results for the optimised structure, vibrational modes and binding
energy of O,-N,O that we have conducted. We have investigated the structure of O,-N,O
using both conventional and explicitly correlated coupled cluster methods, inclusive and
exclusive of counterpoise (CP) correction. Difficulties were found in the characterization of

the minima structure, which are discussed within, and is why this complex is presented last.
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6.2 - Structure of the O,-N,O complex

In Figure 6.3 we plot the UCCSD(T)-F12b/cc-pVDZ-F12 energy of the O,-N,O complex as a
function of the angles 0, (denoted Al) and 6, (denoted as A2) from Figure 6.1. The
intermolecular distance is fixed at 3.4 A and the intramolecular geometric parameters are
fixed at the UCCSD(T)-F12b/cc-pVDZ-F12 optimized values for N,O and O,. A similar
potential energy surface was generated with the MP2 method and 6-311G** basis set by

Qian, Seccombe and Howard.

Two minima are evident on the potential energy surface. The local minimum occurs at 6,=53°
and 6,=83" whereas the global minimum occurs at 6;=121° and 6,=104°. Qian, Seccombe and
Howard found that two sets of geometric parameters fitted the measured rotational constants
equally well with either 6,=58° and 6,=77° or 6,=122° and 6,=100°. Based on our present
results, the former structure corresponds to a local minimum whereas the latter corresponds to
the global minimum. However, characterization of these two minima was only completed at
the very end of this thesis due to problems calculating reliable harmonic frequencies for each

structure.

Figure 6.3: Contour map of the optimization of the O,-N,O complex
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In Tables 6.1 and 6.2 we show the UCCSD(T)-F12b/cc-pVDZ-F12 calculated vibrational
frequencies of the global minimum and local minimum respectively. These results were
obtained using varying step-sizes for the calculation of the numerical Hessian. We show that
using the default step-size in MOLPRO, gives at least one imaginary frequency for both
structures, indicating that neither structure is a minimum. This result was a signficant source
of confusion and substantially delayed progress with this chapter. When the step-size
decreases, we observe significant changes in the lowest energy vibrational frequencies. At a
step-size of 0.004 or smaller, we find that both structures are indeed minima with all positive

frequencies.

It is worth noting that the same trend was not observed for conventional UCCSD(T) with the
aug-cc-pVDZ basis set. In this case the vibrational frequencies were all positive for the full
range of step-sizes considered. This may be due to BSSE, which causes the intermolecular
potential energy surface to be artifically less flat.
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Table 6.1: UCCSD(T)-F12b/cc-pVVDZ-F12 vibrational frequencies for the global minimum of O,-N,O with various step sizes used fot the

numerical Hessian

Vi
Vo
V3
V4
Vs
Ve
V7
Vg

Vg

Step-size for numerical Hessian (a.u.)

0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.010 (default)
30.4 25.1 241 20.6 -15.3 -34.8 -68.3 -111.1

39.7 34.1 29.4 23.7 23.6 23.5 23.4 -27.6

50.5 47 45.6 44.1 42.1 39.3 28.5 23.4

73.9 72.1 71.6 715 72 73.1 78.8 91.8

596.1 595.8 595.8 595.7 595.7 595.7 595.7 595.7

596.5 596.2 596.1 596.1 596 596 596 595.9

1300.8 1300.7 1300.7 1300.7 1300.7 1300.7 1300.7 1300.7

1614.2 1614.3 1614.5 1614.8 1615.2 1615.7 1617.5 1620.7

2283.4 2283.4 2283.4 2283.4 2283.4 2283.4 2283.4 2283.5
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Table 6.2: UCCSD(T)-F12b/cc-pVDZ-F12 vibrational frequencies for the local minimum of O,-N,O with various step sizes used for the
numerical Hessian

Step-size for numerical Hessian (a.u)

0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.010 (default)

Vi 25.8 19.8 18.2 10.0 -15.5 -25.5 -46.0 -72.5

V) 33.6 23.8 24.1 24.0 23.0 23.6 233 23.1

V3 49.4 46.0 47.1 47.5 47.8 49.2 50.2 36.4

V4 70.2 66.8 66.0 64.5 62.3 60.1 55.1 60.1

Vs 597.1 596.2 596.3 596.3 596.3 596.3 596.3 596.3

Ve 597.4 596.8 596.8 596.8 596.7 596.8 596.7 596.7

V7 1302.2 1302.1 1302.1 1302.1 1302.1 1302.1 1302.1 1302.1

Vg 1606.6 1606.5 1606.6 1606.7 1606.9 1607.2 1608.1 1609.5

Vo 2283.3 2283.2 2283.2 2283.2 2283.2 2283.2 2283.2 2283.3
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In Table 6.3 we present the UCCSD(T)-F12b optimised geometric parameters of the global
minimum O,-N,O structure, obtained using the cc-pVxZ-F12 basis sets, (x=D,T,Q),
including and excluding a counterpoise correction. We find that there is very small change in
the intramolecular bond lengths when the counterpoise correction is applied,which closely

matches the trends observed in the calculations of the complexes in the previous chapters.

Similar to the observation in previous chapters, the bond lengths in the N,O unit show
negligible change in the parameters upon. However, the OO bond from the O, unit is seen to
decrease by approximately 0.01A upon formation of the complex, which shows a not
unsubstantial change in contrast to the general approach of fixed intramolecular bond lengths

upon complexation.
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Table 6.3: The UCCSD(T)-F12b optimised structure of O, N,O and the global minimum O,-N,O complex obtained with and without
counterpoise correction

cc-pvVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12 CBS
0,-N,O Standard Counterpoise Difference Standard Counterpoise Difference Standard Counterpoise Difference
R(n2n1) 1.1286 1.1286 0.0000 1.1280 1.1279 -0.0001 1.1275 1.1275 0.0000 1.1275
R(o1n) 1.1876 1.1876 0.0000 1.1869 1.1869 0.0000 1.1865 1.1865 0.0000 1.1864
R(0203) 1.2077 1.2076 -0.0001 1.2068 1.2068 0.0000 1.2062 1.2062 0.0000 1.2062
R(o2n1) 3.0740 3.0994 0.0254 3.0658 3.0806 0.0148 3.0601 3.0689 0.0088  3.0627
AN2N102) 95.75 95.74 -0.01 95.28 95.22 -0.06 95.27 95.09 -0.18  95.02
Asoanyy — 112.54 112.63 0.09 113.21 113.63 0.42 114.26 114.64 0.38 114.85
Anznion  179.83 179.85 0.02 179.84 179.85 0.01 179.85 179.85 0.00 179.85
N,O
Ro) 1.1874 1.1868 1.1864
R 1.1287 1.1281 1.1277
O,
R(oo) 1.2188 1.2183 1.2177

81



We present the geometric parameters for the secondary structure of the O,-N,O complex in
Appendix A.5. This structure represents the preferred experimental structure shown in Figure
6.1. The interaction energy of this local minimum structure, discussed later, is slightly
smaller than that of the global minimum.

We have optimised the geometries of O,, N,O and the O,-N,O complex with all electrons
correlated, to assess the impact of freezing the core electrons. In Table 6.4 we present the
UCCSD(T)-F12b optimised geometric parameters of O, N,O and the global minimum
structure of O,-N,O obtained with the cc-pVQZ-F12 basis set utilising the frozen core
approximation and with the cc-pCVQZ-F12 basis set correlating all electrons. The difference

between these two calculations is used as an estimate of the effect of core correlation.

We find that the inclusion of core correlation reduces the intramolecular bond lengths by
approximately 0.002A, but increases the intermolecular bond length to a smaller magnitude.

It also has an appreciable but non-systematic effect on the bond angles.

Also shown in Table 6.4 is our best estimate of the geometric parameters of the O,-N,O
complex. This structure is obtained by adding the difference between the all electron cc-
pCVQZ-F12 optimization and frozen core cc-pVQZ-F12 optimization to the CBS limit

structure.
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Table 6.4: : All electron and frozen core counterpoise corrected optimised geometric

parameters of O,, N,O and the global minimum O,-N,O complex obtained with the

UCCSD(T)-F12b method

UCCSD(T)- Best

cc-pVQZ-F12 cc-pCVQZ-F12 Difference F12b/CBS estimate
0,-N,0
Rnang 1.1275 1.1253 -0.0022 1.1275 1.1253
R(o1ny 1.1865 1.1843 -0.0022 1.1864 1.1842
R(0203) 1.2062 1.2042 -0.0020 1.2062 1.2042
R(o2n1) 3.0601 3.0645 0.0044 3.0627 3.0671
Aonznior) 95.09 95.07 -0.02 95.02 95.00
A(0302N1) 114.26 115.64 1.38 114.85 116.23
Anznion 179.85 179.85 0.00 179.85 179.85
N,O
Rno) 1.1864 1.1842 -0.0022 1.1863 1.1841
Ry 1.1277 1.1254 -0.0022 1.1276 1.1254
O,
Roo) 1.2177 1.2156 -0.0021 12178 1.2179

In Table 6.5 we present the optimized geometric parameters of the global minimum O,-N,O

structure obtained with conventional UCCSD(T) and the aug-cc-pVDZ basis set, and at the

UCCSD(T)-F12b/CBS limit,

We see a reasonable consistency between the UCCSD(T)/aug-cc-pVDZ and UCCSD(T)-
F12b/CBS calculations, especially in the intramolecular bond lengths. The largest variation

appears to come from the the intermolecular angle Aso2n1), With a not unsubstantial

difference in the intermolecular bond length. This would be expcted to be larger due to this

bond being approximately three times as large as the intramolecular bond lengths.
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Table 6.5: The structure of O,, N,O and the global minimum O,-N,O complex optimised
with conventional UCCSD(T) and at the explicitly correlated UCCSD(T)-F12b/CBS limit

UCCSD(T)/aug-cc-pV¥DZ  UCCSD(T)-F12b/CBS  Difference

02-N,0

Rn2ny 1.1280 1.1275 -0.0005
RNy 1.1864 1.1864 0.0000
R(0203) 1.2072 1.2062 -0.0010
R(o2n1) 3.0151 3.0627 0.0476
Ao (N2N102) 95.86 95.02 -0.84
A©302n1) 109.88 114.85 4.97
Ananion) 179.75 179.85 0.10
N.O

Rno) 1.2018 1.1863 -0.0049
Ry 1.1491 1.1276 -0.0050
O,

R(oo) 1.2188 1.2183 -0.0005

The two sets of geometric parameters reported by Qian, Seccombe and Howard are shown in
Table 6.6. We find that our global minimum structure is in good agreement with the second
set of experimental parameters of Qian, Seccombe and Howard. Our local minimum structure

is also in reasonable agreement with the preferred experimental parameters.

Conversion of our best estimate structure into a centre of mass equivalent produces a
calculated distance between the centres of mass of 3.2918 A. This is seen to be slightly
smaller than the distance presented in experiment which is to be expected as our best estimate

structure is determined as an equilibrium bond length, which doesn’t take into account
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anharmonic effects on the bond length, whereas the experimental structure is obtained as a

vibrationally averaged structure.

Table 6.6: Parameters of the global and local minimum O,-N,O structures from Qian,

Seccombe and Howard "

Parameter Global minimum  Local mimimum
Rems 3.432A 3.432A

Aoz 122° 58°

Anzo 100° 77°

6.3 - Vibrational modes of the N,O- O, complex

In Table 6.7 we present harmonic vibrational frequencies of N,O, O, and our global
minimum O,-N,O complex calculated with the UCCSD(T)-F12b method, with the cc-pVxZ-
F12 basis sets,( x=D,T). These results were obtained without counterpoise correction using
the standard geometries from Table 6.2. This uses the numerical hessian value of 0.004 for

the step size.

With the exception of the v; and v modes of the complex, each mode is larger with the cc-
pVTZ-F12 basis set than the cc-pVDZ-F12 value. The v; and vg modes are seen to be slightly
smaller in the cc-pVTZ-F12 data than in the cc-pVTZ-F12 data, but there appears no overall

observable trend for the degree to which the modes change.

Similar to the observation for the previous complexes, the two degenerative modes and the
largest mode from the N,O monomer are seen to increase upon forming the complex. The v3
mode here is seen to decrease due to complexation. The magnitude of the change in the
modes upon complex formation appears consistent between the cc-pVDZ-F12 and cc-pVTZ-
F12 basis sets. The O, stretching vibrational mode is found to increase by approximately 10

cm™* upon complexation, which is consistent with te decrease in the O, bondlength.
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Table 6.7: Harmonic vibrational frequencies (cm™) of O,, N,O and the global minimum O,-
N,O complex calculated with the UCCSD(T)-F12b method and the cc-pVxZ-F12 (x=D,T)
basis set

cc-pvVDZ-F12 cc-pVTZ-F12
0,-N,0
Vi 20.1 21.2
Vo 23.2 26.9
V3 43.8 45.7
V4 714 69.8
Vs 595.7 599.0
Ve 596.1 599.0
V7 1300.7 1302.5
Vg 1614.8 1612.9
Vg 2283.4 2287.5
N,O
Vi 583.3 586.7
Vo 583.3 586.7
V3 1303.7 1305.9
V4 2260.3 2265.1
O,
Vi 1601.8 1603.5

6.4 — Interaction energy of the N,O- O, complex

In Table 6.8 we present the interaction energy of both the global minimum and local
minimum structures of the O,-N,O complex obtained with and without counterpoise
correction. These interaction energies are calculated using the optimised geometry of the
corresponding method. We also show the core correlation and complete basis set extrapolated

value for the global minimum.
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We show that as the basis set size increases, the interaction energy value for the complex
increases in the calculations without the counterpoise correction, whereas the value decreases
in magnitude in the counterpoise corrected UCCSD(T)-F12b calculations. We observed in the
previous chapters that the calculated value without counterpoise correction is larger than that
of the equivalent counterpoise corrected value. This also occurs for all of the basis sets for the

0,-N,0 complex.

Table 6.8: UCCSD(T)-F12b interaction energies (kJ mol™) of the O,-N,O complex obtained

with and without counterpoise correction

Global minimum Local minimum
Standard  Counterpoise Standard  Counterpoise
cc-pVDZ-F12 -3.38 -2.93 -3.03 -2.60
cc-pVTZ-F12 -3.32 -3.01 -3.03 -2.73
cc-pVQZ-F12 -3.23 -3.02
cc-pCVQZ-F12 -2.94
CBS -3.05

In Table 6.9 we present our best estimate at the interaction energy of the O,-N,O complex.
This is calculated by taking the UCCSD(T)-F12b CBS limit interaction energy and adding a
correction for core correlation and a correction for zero-point energy. The core correlation
correction is obtained as the difference between the counterpoise corrected all electron
UCCSD(T)-F12b/cc-pCVQZ-F12 result and the counterpoise corrected frozen core
UCCSD(T)-F12b/cc-pVQZ-F12 result. The zero-point energy correction is obtained from the
UCCSD(T)-F12b/cc-pVTZ-F12 harmonic frequencies in Table 6.7.
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Table 6.9: Best estimate of the interaction energy of the global minimum O,-N,O complex

Energy (kJ mol™)

CBS -3.05
Core correction -0.08
ZPVE correction +1.74
Best estimate -1.39

6.5: Conclusion

We have presented the structure of the T-shaped O,-N,O complex, which we have
determined to have a best estimate of the interaction energy of -1.39 kJ mol™ for the global
minimum structure. It was determined that two structures match the T-shape structure, both
of which were reported by Qian, Seccombe and Howard, and that it is the structure that they
did not prefer that we have determined to represent the global minimum structure. The
structure prefered by Qian, Seccombe and Howard is found to have a smaller interaction
energy and is therefore a local minimum instead. We experienced significant difficulty in
characterizing both the local and global minimum structures due to problems with the
numerical Hessian. We found that reliable vibrational frequencies could only be obtained
when the step-size used for the numerical Hessian was reduced from the default value of
0.010 a.u. to 0.004 a.u. or smaller.

In chapter 7 we use our best estimate interaction energy and the UCCSD(T)-F12b/cc-pVTZ-
F12 harmonic frequencies to determine the equilibrium constants for formation of the global

minimum O,-N,O stucture as a function of altitude.
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7 - Abundance of N,O complexes in Earth’s atmosphere

In this chapter we conclude the results of this thesis using the calculated information from
chapters 3-6 to determine an estimation of the atmospheric concentration profile of our
investigated complexes in the Earth’s atmosphere. This is produced using statistical
thermodynamic parameters and the effect of altitude on these parameters is investigated
within this chapter. We also use the final section of this chapter to propose some

recommendations of further research that should be considered for this work.

7.1 - Structure of Earth’s atmosphere

The major constituents of Earth’s atmosphere are N, at 78.08%, O, at 20.95% and Ar at
0.934% in a dry atmosphere. Along with H,O at around 0.4% of the total atmosphere, these

gases are the four whose complexes with N,O are studied in this work.?

As shown in Figure 7.1, Earth’s atmosphere is separated into distinct regions, which are
defined by temperature inversion points. The lowest region is the troposphere, which extends
from 0-15 km altitude and is characterised by a reduction in temperature with increasing
altitude. There is a short region called the Tropopause where there is no change in the
temperature. This is followed by the stratosphere in the 20-47 km region, in which there is an
increase in atmospheric temperature with altitude. There is also a short region after this called
the stratopause, where the temperature remains constant in the 47 and 52 km range. After this
is the Mesosphere between 52 and 80 km. This region is characterised by a decrease in
temperature with altitude down to 187 K, which represents the minimum temperature
observed in the atmosphere. The Mesopause extends from 80 to 90 km altitude range and
maintains this minimum temperature. Above 90 km is the Thermosphere region, which again
has an increase in temperature with altitude. The temperature profile of the atmosphere is
dependent on the incoming solar flux, which is influenced by the presence of the atmospheric

gases providing both absorbtion and reflection interactions with the incoming photons. %
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Figure 7.1: Temperature profile of the atmosphere "

7.2 - Atmospheric complexes

Complexes in Earth’s atmosphere are responsible for changes to the absorption spectra
compared to monomers, as well as producing different chemical reactivity and, as previously
indicated, photodisociation dynamics. For example, the water dimer complex (H,O-H,0) is
estimated to increase the absorbtion of radiation between 0.3 and 0.7 W m™ over that of the
monomer unit. "® A second example involves the reaction of SOz with H,0 to form H,SQOy,
which is important for formation of cloud droplets. The involvement of a second water
molecule to form the SO3-(H,0), complex, lowers the barrier for reaction by 2.9 kJ mol™,
catalysing the reaction. This result is consistent with the observation of a second order

dependence with respect to the water pressure, for formation of H,S0,."

Figure 7.2 shows the estimated concentration profiles of the H,0-H,0, O,-H,0 and O3-H,0
complexes in Earth’s atmosphere.”* These three profiles show a distinct inflection point
around 20 km, which is primarily due to the concentration profile of H,O monomer. As

expected, this is most evident in the water dimer profile.
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Figure 7.2: Concentration profiles of atmospheric H,O containing complexes

Vaida and Hendick have also investigated the atmospheric abundances of a selection of
hydrated complexes including the three shown in Figure 7.2 They found that the abundance
of a complex was primarily controlled by monomer concentrations, temperature and dimer
binding energies. Some complexes, such as H,O-H,0 and HNO3-H,0 are bound by
substantial intermolecular hydrogen bonding so these have much larger binding energies than
those bound by weak van der Waal interactions, such as the interaction in the H,0-0,

complex.>

The relatively high atmospheric temperatures in the range of 200 — 300 K threaten the
stability of weakly bound neutral molecular complexes, making their characterisation
somewhat difficult, and it is not known whether they are stable species with a substantial
lifetime or if they are better described as short lived collision complexes.> Most experimental
investigations utilize very cold conditions, such as those obtained from supersonic jet

expanision, although complexes can also be formed under ambient thermal conditions.”

7.3 - Photodissociation of N,O complexes

As discussed in Section 1.3, N2O is primarily removed from Earth’s atmosphere by a
photodisociation process that involves absorption of UV light between 180 — 230 nm. The
absorption band responsible for this photodissociation process is very weak as the transition
between the linear X’X" ground state and bent 2°A’ (‘A) excited state is forbidden. It follows
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that change to the degenerate vibrational bending mode has a strong impact on the absorption
cross-section.**® As seen in Chapters 3-6, formation of the H,0-N,0O, Ar-N,0O, N,-N,O and
0,-N,0 complexes causes small changes in the vibrational modes of N,O. The degenerate
N,O bending modes shift to slightly larger frequency and split to be non-degenerate, with the
largest frequency in the N,O monomer also increasing upon complexation. The second
largest frequency in the N,O monomer decreases upon formation of the complex. These

observations are observed for all four complexes.

The previous investigations of the complexes dealt more with the optimisation of the
structure, and used the general approach of fixed geometric intramolecular geometric
parameters of the monomers upon complexation. This is a reasonable concept, and we have
shown in chapters 3-6 that in general, there are only small changes in geometric parameters
of N,O upon complexation. The only considerable change in the bond lengths is seen in the
formation of the H,O-N,O complex, where there is a shifting of the electron density towards
the terminal nitrogen, which is shown by the NN bond length decreasing upon formation of
the complex, with an increase in NO bond length in this process. There has not been a
complete investigation of the vibrational modes of the complexes that we have investigated
using either experimental investigations or computational methods. There has yet to be an
investigation to estimate the effect that complexation has on the absorption cross sectional

area of the N,O molecule, and how this affects the rate of photodisociation.

7.4 - Statistical thermodynamics

Below we describe the approach of VVaida and Headrick that can be used to estimate the
abundance of a weakly bound complex.* The formation of a weakly bound complex

involving N,O can be written as
X+ N,0 - X —N,0 (7-1)
With the corresponding equilibrium

[X—-N20]

Ke = iiveol

(7-2)
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It follows that if the Gibbs free energy for formation of a constant is known, the equilibrium

constant can be calculated using
—-A4G
Kc = Exp(—) (7-3)

The Gibbs free energy of formation for the complexes can be calculated using the standard
statistical mechanics equations,* with input data for the zero-point vibrational energy
corrected interaction energies (Ezpve), harmonic frequencies, rotational constants and masses

obtained from the results in Chapters 3-6.

AG = Ezpyg + AH + AS (7-4)
Enthalpy is defined as the sum of internal energy (U) and PV work

H=U+RT (7-5)

The electronic, vibrational, rotational and translational contributions to U are given by

U = Ueec + Upip + Urans + Uror (7-6)
Uetec = Ej * R, (7-7)
Upp = Nhcv; i =1,2,3 .., (7-8)
Uroe = RT (7-9)
Utrans =3 RT (7-10)

The corresponding entropic contributions are given by

Stotal = SE + SV + SR + ST (7'11)

SE - R lngo (7'12)

(Sv)totar = Z?ivl_(i(SV)i (7'13)

S, =R|Mv_1__y (1— %)_ 7-14

vV kT e%—l n ¢ ( i )
kTel

(SR)linear = Rin (JE:hC) (7'15)
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(SR)non linear = Rin l( KT )% (ﬂ%e%>l (7'16)

EAEBécthg

Sy = Rln l(z”:;’”)% (@)l (7-17)

7.5 — Thermochemical results

An Excel spreadsheet was constructed to calculate the enthalpy, entropy, and Gibbs free
energy of formation for the X-N,O complexes as a function of altitude. The corresponding
atmospheric temperatures at these altitudes was obtained from the US Standard
Atmosphere.® The calculations of the H,0-N,O, Ar -N,0, N,-N,0O and O,-N,O complexes
use the interaction energy and rotational constants obtained using the CBS limit values, with
this interaction energy having a core correlation correction, along with the vibrational
frequencies obtained at the highest available level. The H,O-N,O, Ar -N,0 and N,-N,O
complexes use the CCSD(T)-F12b/cc-pVQZ-F12b calculated frequencies. The O,-N,O
complex uses the UCCSD(T)-F12b method with the cc-pVTZ-F12 basis set. For the other
complexes we find only small differences between the cc-pVTZ-F12 and cc-pVQZ-F12
harmonic frequencies so this is not expected to significantly reduce the accuracy.

In Figure 7.3 we show the enthalpy change associated with formation of the N,-N,O, O,-N,0,
Ar-N,0 and H,0-N,0 complexes as a function of altitude. The corresponding tabulated data
is shown in Appendix A.7. The enthalpy values are seen to be reasonably consistent with the
change in altitude, so are largely independent of the temperature profile of the atmosphere.
The H,0-N,0 complex has a much larger calculated enthalpy value than that of the other
complexes, followed by N»-N,O, then Ar-N,O, with the O,-N,O complex having the smallest

calculated enthalpy value at all of the investigated altitudes.
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Figure 7.3: Effect of altitude on enthalpy of the complexes

In Figure 7.4 we show the entropy change associated with formation of the N,-N,O, O,-N,0,
Ar-N,0O and H,0O-N,O complexes as a function of altitude. The corresponding tabulated data
is shown in the appendix in Table A.8. These are presented in the form of TAS. This shows
that the H,O-N,O complex gives the largest magnitude for the TAS term at all altitudes,
followed by N2-N,0O, then Ar-N,0O, and finally O,-N,O. These last three complexes are close

to each other, but have distinct, non-crossing profile in the altitude range that we investigate.

95



= wn
wn o

10

>

= 35 \

[

&

7 30 \ —H20-N20

-~ 25 Ar-N20
\ N2-N20

02-N20

]
o

\
|
|

10

0 T T T T T
-21 -19 -17 -15 -13 -11
Entropy (I/K)

Figure 7.4: Effect of altitude on entropy of the complexes

In Figure 7.5 we show the change in Gibbs free energy associated with formation of the N-
N0, 0,-N,0, Ar-N,0 and H,0-N,0O complexes as a function of altitude. The corresponding
tabulated data is shown in the appendix in Table A.9. The inflection seen in the entropy plots
in Figure 7.4 are increased in amplitude when the Gibbs free energy values are calculated.
There is some crossing in the profiles, but generally the O,-N,O complex has the most
positive calculated Gibbs free energy values. The overall Gibbs free energy trend for all of
the complexes follows the same trend as the entropy contribution, where it is inversely

proportional due to the subtraction of the TAS term when the Gibbs free energy is calculated.
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Figure 7.5: Effect of altitude on Gibbs free energy of the complexes

In Figure 7.6 we show the equilibrium constant associated with formation of the N,-N,O, O,-
N0, Ar-N,O and H,0O-N,O complexes as a function of altitude. We find that the equilibrium
constants all increase as the alitide increases from 0-15 km. Above 20 km the equilibrium
constant decreases again. The corresponding tabulated data is shown in the appendix in Table
A.6. We see that the Ar-N,O complex has the largest equilibrium constant at the 0, 5 and in
the 35-50 km range, whereas the H,O-N,O complex has the largest value in the 10-30 km
range. The N,-N,O complex shows a consistently larger equilibrium constant than is
calculated for the O,-N,O complex at all altitudes.
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Figure 7.6: Change in equilibrium constant of our investigated structures with altitude

7.6 - Abundances

In Figure 7.7 we present the calculated abundances of our investigated complexes, using the
equilibrium constants from Figure 7.6 and the concentrations of the monomers. The raw data
for all of the monomers are presented in the appendix in Table A.10. The Argon data was
obtained by Pidwirny®, with all other monomer concentrations obtained from Anderson et

al.® The raw data for the abundances are shown in the appendix in Table A.11.

We present abundances for the complexes from 0 to 50 km altitude as this is where
photodisociation of N,O is of primary importance. These calculations indicate that the N,-
N,O complex has the largest calculated abundances of the complexes. This indicates that
despite the low equilibrium constant of the N-N,O complex, the large concentration of N,

leads to this complex having the largest calculated concentration. In a similar manner, the
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second most abundant component of the atmosphere, O, leads to the O,-N,O complex
having the second most abundant calculated values. We also indicate that the Ar-N,O
complex gives larger concentration values than the respective H,0-N,O complex
concentration when compared at the same altitude. The overall calculations show that even
though the H,O-N,O complex has the largest value for the equilibrium constant in the 10-25
km range, as indicated earlier, it has the smallest calculated concentration. This is also in
spite of this complex having the largest interaction energy. The sharp change in the profile of
the H,O monomer in the 10-15 km region is produced by the sharp change in the H,O
concentration, due to the sharp reduction in its concentration in the first 15 km of the
atmosphere. The other complexes generally follow the concentration profile of the N,O

monomer due in part to the constant concentration of the other monomers with altitude.
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Figure 7.7: Calculated complex abundances in the 0 - 50 km altitude range

In the above calculations, we only consider the global minimum structure of the O,-N,O
complex. The discovery of the higher energy local minimum for O,-N,O occurred very late,
when this thesis was in its final stages of preparation. Nonetheless, for comparative purposes
we have calculated the atmospheric abundance of the local and global minima of O,-N,O at a

99



single altitude of 50 km. As shown in appendix Table A.12, the abundance of both the local
and global minimum structures of O,-NO is appreciably dependent on the step-size used to
calculate the numerical Hessian. This effect is primarily due to changes in the lowest
frequency vibrational modes, which significantly impacts on the contribution to entropy.
With a step-size of 0.003 a.u. we find that the local minimum structure gives larger relative
abundance than the global minimum structure, despite the smaller interaction energy. With a
step-size of 0.001 a.u., the local and global minimum structures are predicted to have
effectively the same Gibbs free energy and hence relative abundance. If we were to weight
the abundance of each minimum using a Boltzmann distribution, the total abundance would

be essentially the same as if we considered the global minimum structure only.

7.7 — Conclusion

We have estimated the abundances of the N,-N,O, O,-N,0, Ar-N,0 and H,0-N,0O
complexes using the approach of VVaida and Headrick. We find that the concentration of the
monomer species that constitute the complex has the greatest effect on the absolute
abundance of the complex. This is evident by the N,-N,O complex, which uses the largest
portion of the atmosphere, Ny, having the largest calculated concentration, whereas the H,O-
N,O complex is seen to have the smallest calculated concentrations at all altitudes. This is
despite our calculations showing that the H,O-N,O has the largest binding energy of the
complexes studied here, as well as having having either the largest or second largest
equilibrium constant depending on altitude.

When we consider the sum of the four complexes compared with the amount of monomer as
a function of altitude, we see that there is roughly 1 complex for approximately 300 N,O
monomer molecules. The N,O monomer will be the limiting species in the formation of the
complexes, and this total concentration of the complexes will be dominated by the N,-N,O

complex which has the largest complex concentration as previously indicated.
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7.8 Future research

This work has calculated the abundances of the N»-N,O, O,-N,0, Ar-N,0O and H,0-N,O
complexes as a function of altitude in Earth’s atmosphers. To determine the effect that
complexation has on the N,O photodissociation rate, the electronic absorption spectra of each
complex must also be calculated or preferably measured experimentally. For a particular
complex to be atmospherically important it must have both an appreciable abundance in the

atmosphere and cause and significant change in the electronic absorption spectrum.

Further research on the local and global minimum structures of O,-N,O needs to be obtained,
in particular how this impacts on the final calculated abundance. The low frequency modes of
the four complexes shows the greatest effect on the statistical thermodynamic parameters of

all of the parts of our investigation. Because of this, further work on estimating the sensitivity
of the resulting thermodynamic paramters should be undertaken. A complete investigation of
the global minimum O,-N,O structure needs to be completed with the cc-pVQZ-F12 basis set

to ensure the best comparison between the results of all of our investigated complexes.

Further investigations should also be completed using the aug-cc-pV(x+d)Z basis set for the
Ar-N,O complex. This basis set contains additional tight d basis functions compared to the
aug-cc-pVxZ basis set that are thought to improve the description of second row elements
like Ar.
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Appendices:

Table A.1: Comparison of the optimized geometrical parameters of the H,O-N,O complex obtained with the CCSD(T)-F12a and CCSD(T)-
F12b methods

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
F12a F12b Difference F12a F12b Difference F12a F12b Difference

R(H102) 0.9588 0.9584 -0.0003 0.9585 0.9584 -0.0001 0.9582 0.9581 -0.0001
RH202) 0.9596 0.9593 -0.0004 0.9595 0.9593 -0.0002 0.9591 0.9591 -0.0001
Rnzoy) 1.1903 1.1895 -0.0008 1.1893 1.1890 -0.0003 1.1888 1.1887 -0.0001
Rninz) 1.1270 1.1266 -0.0003 1.1261 1.1259 -0.0001 1.1255 1.1255 0.0000
Ariozn) 10491 104.89 -0.02 104.99 104.99 0.00 105.05 105.04 0.00
Rn102) 2.8514 2.8578 0.0064 2.8498 2.8518 0.0020 2.8494 2.8503 0.0009
Anonioz)  100.20  100.24 0.05 100.61 100.66 0.04 100.69 100.73 0.04
Arioony  168.20  167.94 -0.26 169.95 169.98 0.03 170.04 170.19 0.15
Apiniozy 80.18  80.15 -0.03 79.79  79.76 -0.04 79.73  79.69 -0.04
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Table A.2: Comparison of the optimized geometrical parameters of the Ar-N,O complex obtained with the CCSD(T)-F12a and CCSD(T)-F12b

methods

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
F12a F12b Difference F12a F12b Difference F12a F12b Difference

Rowmny 1.1881 1.1875 -0.0006 1.1870 1.1867 -0.0003 1.1864 1.1863 -0.0001
Rnivgy 11291 1.1285 -0.0006 11282 1.1281 -0.0001 1.1277 1.1277 -0.0000
Rnian  3.3817  3.4024 +0.0207 3.3917 3.3976 +0.0059 3.3935 3.3950 0.0015
Anoniay  94.03 94.08 +0.05 93.77 93.84 +0.07 93.69 93.71 0.02
Aopiniay 8579 85.76 -0.03 86.07  86.01 -0.06 86.16  86.15 0.01
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Table A.3: Comparison of the optimized geometrical parameters of the N,-N,O complex obtained with the CCSD(T)-F12a and CCSD(T)-F12b

methods

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
F12a F12b Difference F12a F12b Difference F12a F12b Difference

Romny 1.1882 1.1874 -0.0008 1.1870 1.1867 -0.0003 1.1864 1.1862 -0.0002
Rningy  1.1288  1.1284 -0.0004 1.1279 1.1278 -0.0001 1.1274 1.1273 -0.0001
Rnangy  1.1002  1.0997 -0.0005 1.0994 1.0992 -0.0002 1.0989 1.0988 -0.0001
Rningy  3.1203  3.1317 +0.0114 3.1147 3.1178 +0.0031 3.1104 3.1110 +0.0006
Amnoning  95.73 95.67 -0.06 95.61 95.61 0.00 9543 9543 0.00
Aopiningy 8416 84.24 +0.08 8430 84.30 0.00 84.47  84.47 0.00
Amanany 16546 166.10 +0.64 166.15 166.33 +0.18 167.20 167.26 +0.06
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Table A.4: Comparison of the optimized geometrical parameters of the global minimum O,-N,O complex obtained with the UCCSD(T)-F12a
and UCCSD(T)-F12b methods

cc-pVDZ-F12 cc-pVTZ-F12 cc-pVQZ-F12
F12a F12b Difference F12a F12b Difference F12a F12b Difference

Ran 1.1289 1.1286 -0.0003 1.1281 1.1280 -0.0001 1.1275 1.1275 0.0000
R(oiny 1.1884 1.1876 -0.0008 1.1873 1.1869 -0.0004 1.1867 1.1865 -0.0002
R(0203) 1.2082 1.2077 -0.0005 1.2070 1.2068 -0.0002 1.2063 1.2062 -0.0001
Roan1) 3.0607 3.0740 +0.0133 3.0627 3.0658 +0.0031 3.0591 3.0601 +0.0010
A1N102) 84.20 84.08 -0.12 84.61 84.57 -0.04 84.59 84.58 -0.01
Aonontop) 95.61  95.75 +0.14 95.22 95.28 +0.06 95.25 95.27 +0.02
Apzoony  111.87 11254 +0.67 113.04 113.21 +0.17 11420 114.26 +0.06
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Table A.5: The UCCSD(T)-F12b optimised geometrical parameters of the local minimum

0,-N,0 complex obtained with and without counterpoise correction

UCCSD(T)-F12b

cc-pVDZ-F12 cc-pVTZ-F12
Standard Counterpoise Difference Standard Counterpoise Difference
Rn1o2) 3.0738 3.1003 0.0266 3.0652 3.0802 0.0150
Rnin2) 1.1288 1.1288 0.0000 1.1282 1.1282 0.0000
Rn1on) 1.1871 1.1871 0.0000 1.1864 1.1864 0.0000
R(0203) 1.2079 1.2078 -0.0001 1.2070 1.2070 0.0000
AN2N102) 92.93 93.08 0.15 92.86 92.99 0.13
AN1-0203) 116.75 117.39 0.64 117.34 118.59 1.25
Anznion 179.83 179.86 0.03 179.85 179.86 0.01

UCCSD(T)

aug-cc-pvVDZ aug-cc-pvVTZ
Standard Counterpoise Difference Standard Counterpoise Difference
Rn1o2) 3.0185 3.0600 0.0415 3.0516 3.0743 0.0227
Rninz) 1.1283 1.1282 -0.0001 1.1282 1.1282 0.0000
Rion) 1.1856 1.1857  0.0000 1.1861 1.1862  0.0000
R(0203) 1.2071 1.2068 -0.0003 1.2069 1.2069 -0.0001
An2n102) 92.92 92.80 -0.12 92.61 92.89 0.28
Anio203  109.86 116.39 6.53 115.58 117.55 1.97
Anznior 179.78 179.83 0.05 179.85 179.86 0.01
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Table A.6: Equilibrium constants at standard pressure for H,O-N,O, Ar-N,O, N2-N,O and O,-N,0O, raw data for Figure 7.6

H2,O0-N2O  Ar-N2O N2-No,O - O2-N2O

0 0.0025 0.0044 0.0030 0.0030

5 0.0037 0.0049 0.0033 0.0030
10 0.0062 0.0057 0.0037 0.0031
15 0.0070 0.0059 0.0038 0.0032
20 0.0070 0.0059 0.0038 0.0032
25 0.0064 0.0058 0.0037 0.0031
30 0.0058 0.0056 0.0036 0.0031
35 0.0049 0.0054 0.0035 0.0031
40 0.0040 0.0050 0.0033 0.0030
45 0.0033 0.0048 0.0032 0.0030
50 0.0031 0.0047 0.0031 0.0030
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Table A.7: Calculated enthalpy values (kJ) for H,O-N,O, Ar-N,O, N2-N,O and O,-N,O, raw data for Figure 7.3

Altitude (km) H,O-N,0O Ar-N>,O N,-N,O 0,-N>0

0 -7.13 -2.21 -1.28 -0.12

5 -71.31 -2.21 -1.54 -0.38
10 -7.64 -2.20 -1.79 -0.64
15 -1.70 -2.20 -1.84 -0.69
20 -1.70 -2.20 -1.84 -0.69
25 -7.65 -2.20 -1.80 -0.65
30 -7.60 -2.20 -1.76 -0.61
35 -7.51 -2.21 -1.68 -0.53
40 -7.36 -2.21 -1.58 -0.42
45 -7.22 -2.21 -1.47 -0.31
50 -7.15 -2.21 -1.42 -0.26
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Table A.8: Calculated TAS values (J/K) for H,O-N,O, Ar-N,O, N,-N,0O and O,-N,O, raw data for Figure 7.4

Altitude (km) H,O-N,O Ar-N,O N,-N,O 0,-N,0O

0 -20.32 -14.43 -15.18 -14.06

5 -19.20 -13.51 -13.71 -12.72
10 -17.06 -11.78 -12.20 -11.34
15 -16.63 -11.44 -11.90 -11.06
20 -16.63 -11.44 -11.90 -11.06
25 -16.96 -11.70 -12.13 -11.27
30 -17.29 -11.96 -12.36 -11.49
35 -17.95 -12.49 -12.83 -11.91
40 -18.86 -13.2 -13.47 -12.50
45 -19.77 -13.97 -14.11 -13.09
50 -20.16 -14.30 -14.39 -13.34
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Table A.9: Calculated Gibbs free energy values (kJ/mol) for H,O-N,O, Ar-N,O, N,-N,O and O,-N,0O, raw data for Figure 7.5

Altitude (km) H,O-N,0O Ar-N,O N,-N,O 0,-N,0O

0 1431 1301 1390  13.94

. 1189 1129 1217  12.34
10 943 958 1041  10.70
15 893 923 1006 1037
20 893 923 1006 1037
25 930 949 1033  10.62
30 969 976 1060  10.88
35 1044 1028 1114 1138
A0 1150 1102 1190  12.08
45 1255 1176 1265 1278
- 1301 1209 1297  13.08
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Table A.10: Abundance® of monomer species with altitude (ppmv) , raw data for Figure 7.7

Altitude (km)

H.O

N.O

O,

N>

Ar

10
15
20
25
30
35
40
45
50

7.75E+03
1.40E+03
7.00E+01
5.00E+00
3.90E+00
4.43E+00
4.73E+00
4.90E+00
5.03E+00
5.23E+00
5.23E+00

3.20E-01
3.20E-01
3.18E-01
2.94E-01
2.37E-01
1.76E-01
1.42E-01
9.28E-02
4.51E-02
1.59E-02
4.75E-03

2.09E+05
2.09E+05
2.09E+05
2.09E+05
2.09E+05
2.09E+05
2.09E+05
2.09E+05
2.09E+05
2.09E+05
2.09E+05

7.81E+05
7.81E+05
7.81E+05
7.81E+05
7.81E+05
7.81E+05
7.81E+05
7.81E+05
7.81E+05
7.81E+05
7.81E+05

9.30E+03
9.30E+03
9.30E+03
9.30E+03
9.30E+03
9.30E+03
9.30E+03
9.30E+03
9.30E+03
9.30E+03
9.30E+03

® Values for H20, N20, 02 and N2 are from Anderson et al’®, (ref here???) whereas the values for Ar are from Pidwirny®
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Table A.11: Calculated abundances (atm) for H,O-N,O, Ar-N,O, N»-N,O and O,-N,0O, raw data for Figure 7.7

Altitude (km) H,O-N,O Ar-N,O N>-N,O 0,-N,0O

0 6.32E-12 1.30E-11 7.55E-10 1.99E-10

5 1l67E-12 1.47E-11 8.14E-10 2.01E-10
10 1.38E-13 1.69E-11 9.07E-10 2.07E-10
15 1.03E-14 1.62E-11 8.63E-10 1.94E-10
20 6.50E-15 1.31E-11 6.96E-10 1.56E-10
25 4.99E-15 9.46E-12 5.05E-10 1.15E-10
30 3.93E-15 7.43E-12 3.99E-10 9.22E-11
35 2.25E-15 4.62E-12 2.51E-10 5.95E-11
40 9.07E-16 2.11E-12 1.16E-10 2.85E-11
45 2.76E-16 7.04E-13 3.95E-11 9.96E-12
50 7.66E-17 2.05E-13 1.16E-11 2.97E-12
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Table A.12: Calculated statistical parameters for the O,-N,O complex at the 50 km altitude, using different step-sizes for the numerical Hessian

step size = 0.003 step size = 0.001

Global minimum  Local minimum Global minimum  Local minimum
Enthalpy (kJmol™) 3.07 3.03 3.26 3.04
Entropy (TAS) (kJ mol™) -13.87 -12.59 -14.57 -14.36
Interaction energy (kJ mol™) -3.38 -3.03 -3.38 -3.03
Gibbs free energy (kJ mol™) 13.56 12.59 14.44 14.38
Kp 2.42E-03 3.71E-03 1.63E-03 1.68E-03
Abundance (Atm) 2.40E-12 3.69E-12 1.62E-12 1.67E-12
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