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Abstract

Understanding the behavior of persistent organic pollutants (POPs) under environmental
conditions is fundamental in shaping environmental engineering and science. POPs are
organic compounds not only of substantial atmospheric life time and low vapor pressure, but
also with certain chemical and physical properties which are harmful to the environment and
the health. To date, research on the significance of POPs is impaired by the lack of kinetic
data for assessing their environmental relevance. The present study examines the degradation
by indirect photolysis of selected semi-volatile Biocides, as terbuthylazine (TBA), lindane,

and simazine.

The laboratory experiments were performed with OH-radicals under normal atmospheric
conditions. The experiments were carried out in a reaction chamber, where layers (mono and
multi) of investigated substances deposited on nano-sized silica (Aerosil) were exposed to
OH-radicals. H,O, was used as the best available OH-radical source for the experimental
setup. The progress of the photolysis was monitored using mainly Raman spectroscopy. IR
spectroscopy data, NMR and mass spectroscopy were used as complementary methods

uniquely to characterize the reaction products.

The obtained results could be rationalized by a Retro-Diels-Alder ring cleavage as an
important and complementary step of herbicide degradation. The spectrum calculation was
performed after structure optimization and frequency calculation with the help of the

Quantum Chemistry code Turbomole or Gaussian.

Achieved results can be summarized as follows:

- In order to estimate the concentration of OH-radials formed in the reaction chamber, the
reaction of terbuthylazine (TBA) with OH-radicals was considered as a reference for the
indirect photolysis reaction. The OH rate constant has been calculated from the fitted rate
constant at 1255 cm™ as follows:

kon (CH2) =L/ Con = (3.9 £ 0.59) x 107 / (163 + 31)x10° = (2.73163 + 0.645)x10"! cm®- 57!

The corresponding OH-radical concentration value is the following (taking into account the

lower value): Cjom = (163+ 31)x10° molecules.cm™ = (2.7 + 0.5) x10™" Mol.L™



Using TBA for quantifying OH-radicals, we succeeded in estimating the rate constant of
indirect photolysis of TBA. the results of laboratory experiments investigating the process of
OH-radical formation via photolysis of aqueous hydrogen peroxide (H,O,), which occurs in
an open storage within a reaction chamber. Other precursors for the formation of OH-radicals
included nitrate (NOj3"), ozone (O3) and water (H,O). However, Oz could not be used as OH-
radical source in the experimental setup used in our work because of the possibility of
ozonolysis to occur. Also, the obtained levels of OH-radicals from H,O photolysis are high in

humid air.

-We showed that the Raman spectra of TBA do not practically change with time when the
irradiation lamp in the reaction chamber is turned off.

-Using the Igor Pro software, we found the important physical parameter A from the time-
dependence of the intensities or areas of the observed Raman bands. It followed from the
detailed analysis of the Raman bands that the overall rate constant could be realistically

determined by the time-dependent behavior of the Raman band at 524 cm™.

The confidence range for the overall rate constant was defined by using the following
formula: 0.0018 = 0.0003 < % (524) < 0.0020 = 0.0001 s™'.
The corresponding range for the OH-radical concentration by considering TBA as a reference

substance was determined as follows:

(163 31) x10°< Cjopy in em™ < (184 + 9) x10°.

The rate constant of the reaction in the case of simazine was obtained from the fitted rate
constant at the band 1255 cm™:

kon (CH2) =L/ Con = (3.9 £ 0.59) x 107 / (163 + 31)x10° = (2.73163 + 0.645) x10™"' cm’- s™!

The rate constant of lindane for the 2992.8 cm™ area was estimated as following:

kon=A/ Con = (2.555 + 0.0376) x 107/ (163+ 31)-10° = (156.442+ 12.129)-10"° cm® - s7.

The present results allow us, not only to better understand the Raman spectroscopic method
for the monitoring of TBA photolysis, but also to extend the method to the case of other

pesticides under study.



Zusammenfassung

Das Verstindnis des Verhaltens von den persistenten organischen Schadstoffen (englisch:
POPs) unter Umweltbedingungen spielt eine Schliisselrolle bei der Gestaltung der
Umwelttechnik und Wissenschaft. POPs sind organische Verbindungen nicht nur von
substantieller atmosphérischer Lebensdauer und geringem Dampfdruck, sondern auch mit
bestimmten chemischen und physikalischen Eigenschaften, die schidlich fiir die Umwelt und
die Gesundheit sind. Bis heute wird die Forschung iiber POPs durch das Fehlen von
kinetischen Daten zur Bewertung ihrer Umweltrelevanz beeintrdchtigt. Die vorliegende
Studie untersucht die Degradation durch indirekte Photolyse von ausgewéhlten halbfliichtigen

Pestiziden, wie Terbutylazine (TBA), Lindane und Simazine.

Die Laborexperimente mit OH-Radikalen wurden unter normalen atmosphédrischen
Bedingungen durchgefiihrt. Die Versuche erfolgten in einer Reaktionskammer, in der
Monoschichten und Multischichten der abgeschiedenen Substanz (z.B. Lindan) von Silicat-
Nanopartikel (Aerosil) zu OH-Radikalen ausgesetzt wurden. H,O, wurde als die beste
verfligbare OH-Radikal-Quelle fiir den Versuchsaufbau verwendet. Das Fortschreiten der
Photolyse wurde hauptsdchlich unter Verwendung der Raman-Spektroskopie iiberwacht. IR-
spektroskopische Daten, NMR und Massenspektroskopie wurden als ergédnzende Methoden
zur eindeutigen Charakterisierung der Reaktionsprodukte verwendet. Die erreichten
Ergebnisse konnten durch eine Retro-Diels-Alder-Ringspaltung als wichtiger und
komplementirer Prozess des Herbizids Abbau rationalisiert werden. Die Spektrumkalkulation
wurde nach Strukturoptimierung und Frequenzberechnung mit Hilfe des Quantenchemie-

Pakets Turbomole oder Gaussian durchgefiihrt.

Die erzielten Ergebnisse konnen folgendermallen zusammengefasst werden:

- Um die Konzentration von in der Reaktionskammer gebildeten OH-Radialen abzuschétzen,
wurde die Reaktion von Terbuthylazin (TBA) mit OH-Radikalen als Referenz fiir die
indirekte Photolyse Reaktion berticksichtigt. Die OH- Geschwindigkeitskonstante wurde von
der Einbauskonstante bei 1255 cm™ wie folgt berechnet:

kon (CH2) =L/ Con = (3.9 £ 0.59) x 107 / (163 + 31)x10° = (2.73163 + 0.645)-10™"" cm’- s™

Der entsprechende OH-Radikal-Konzentrationswert ist der folgende (unter Beriicksichtigung

des niedrigeren Wertes): Cjon; = (163+ 31)x10° molecules.cm™ = (2.7 + 0.5) x10™" Mol.L™"



- Die Laborexperimente untersuchten den Prozess der OH-Radikalbildung via Photolyse von
wissrigem Wasserstoffperoxid (H,O;), die in einer Reaktionskammer in einer offenen
Lagerung auftrat. Andere Vorstufen fiir die Bildung von OH-Radikalen enthielten Nitrat
(NO3"), Ozon (O3) und Wasser (H,0). Dennoch O3 konnte in unserer Arbeit nicht als OH-
Radikalquelle in dem Versuchsaufbau verwendet werden, da die Moglichkeit der Ozonolyse
erfolgte. Auch die erhaltenen Mengen an OH-Radikalen aus H,O Photolyse waren hoch in
feuchter Luft.

- Wir zeigten, dass die Raman-Spektren vom TBA praktisch nicht mit der Zeit dndern, wenn
die Bestrahlungslampe in der Reaktionskammer ausgeschaltet ist. Bei Verwendung der
Software Igor Pro fanden wir den Reaktionsparameter A aus der Zeitabhdngigkeit der
Intensitdten oder Bereiche der beobachteten Raman-Banden. Aus der detaillierten Analyse der
Raman-Banden folgte, dass die Gesamtgeschwindigkeitskonstante durch das zeitabhéngige

Verhalten der Raman-Bande bei 524 cm™' bestimmt werden konnte.

Das Konfidenzintervall fiir die Gesamtgeschwindigkeitskonstante wurde unter Verwendung

der folgenden Formel definiert: 0.0018 £+ 0.0003 < A (524) < 0.0020 = 0.0001 s,

Der entsprechende Bereich fiir die Berechnung der OH-Konzentration unter Beriicksichtigung
des TBA wurde folgendermallen bestimmt:

(163 £ 31) x 10° < C [OH] molecules - cm™ < (184 + 9) x 10°.

Die Geschwindigkeitskonstante der Reaktion im Falle von Simazine wurde aus der
Einbaugeschwindigkeitskonstante bei 1255 cm™ erhalten:

ko (CH2) =L/ Con = (3.9 £ 0.59) x 10~ / (163 + 31)x10° = (2.73163 + 0.645) x10™"' cm’ - 5!

Die Geschwindigkeitskonstante von Lindan fiir die 2992,8 cm™ Gebiete wurde wie folgt
geschétzt:
kou=A/ Con = (2.555 + 0.0376) x 107/ (163+ 31) - 10° = (156.442 + 12.129) - 10" cm® - s\,

Die vorliegenden Ergebnisse erlauben uns, nicht nur das Raman-Spektroskopie-Verfahren fiir
die Uberwachung der TBA Photolyse besser zu verstehen, sondern auch die Methode auf

andere untersuchte Pestiziden zu erweitern.
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1. Introduction

1.1 Scientific Background

Since the first half of the twentieth century, chlorinated insecticides (Table A0.1) and
polychlorinated biphenyls have been produced in high quantities in order to improve standard
of living via increased agricultural yields. These chemicals belong to the group of persistent
organic pollutants (POPs). Later on, POPs and related species, including chlorinated dioxins,
chlorinated furans and dibenzofurans, were identified as a serious public health and

environmental problem, even at low levels [1].

POPs and their reaction products also accumulate in organisms and concentrate along food
chains [2]. Climate change, understood as global warming would increase the hazardous
effects of POPs as increased temperatures would increase the concentration of volatiles and
accelerate their atmospheric transport [3, 4, 5]. The use of POPs is still only restricted in
western countries. In the developing world, POPs are still intensely used for various reasons

in a wide range of application [6].

Thus, there is a universal need to mitigate contamination and pollution by POPs. The
perceived environmental and social risk posed by POPs has initiated the establishment of
international agreements of which the Stockholm Convention (SC) is the most important.
These agreements intent (i) to protect the population and the natural resources from negative
effects of POPs and (ii) to remediate or mitigate the contamination. The ambition of the SC is
to promote international coordinated action to decrease the presence of POPs in the
environment [2]. This effort includes the remediation of already polluted sites. The SC was

signed in 1997, adopted in 2001, implemented in 2004 and currently has 178 parties [7].

Efforts to realize the objective of the Stockholm Convention go through innovative
technologies aiming at minimizing the environmental impacts of POPs [8]. However, the
design and the optimization of relevant technologies require profound scientific knowledge on

their properties [9]. Multidisciplinary research (e.g. agriculture, biomedicine, chemical and

12



physical sciences) has focused on the quest for efficient methods to control the emissions of
POPs [10]. Results indicate large diversities and variability in the chemical and physical
properties of POPs. Chemical properties include chemical stability, redox reactivity, solubility
in water, whereas physical properties include molecular size and ebullition temperature [11,
12]. Results also indicate large diversities in the used experimental procedures. It is therefore
difficult (or even impossible) to reliably give a general (quantitative) overview on the

environmental behavior of POPs.

Admittedly, a systematic holistic work would potentially solve this problem as the basic
processes governing environmental remediation are known for decades [13]. Available
remediation approaches are based on (i) adsorption, (ii) co-precipitation and flocculation, (iii)
biological and chemical degradation, (iv) filtration, (v) volatilization and (vi) combinations of
processes [14]. As an example, the efficiency of plants (phytoremediation) as detoxifiers,
filters or traps has been proven in cleaning up soils polluted with crude oil, explosives, landfill

leachates, metals, pesticides, pharmaceuticals, radionuclide, and solvents [15].

Research must also identify the physical and chemical properties that are relevant for the
migration and the toxicity of POPs into organisms. Clearly, the central question from the
physicochemical point of view must be answered, why POPs are persistent, immobile or
mobile in the environment. These are the key factors determining the danger for the
environment and human life. Relevant intrinsic properties of POPs need to be examined that

influence their mobility in the geosphere.

Different research projects are currently defining the principles for observation, simulation,
prevention, mitigation, adaptation, remediation and restoration of the natural and man-made
environmental damages, including contamination [16]. Among the scientific methodologies,
there are suitable techniques for surface treatment to obtain monolayer adsorbents, allowing
the chemical characterization of environmental adsorption and reactive processes under
controlled conditions in the laboratory. Physical chemistry can also help together with the
possibility offered by the monolayer technologies to obtain more precise data on the total
amount of POPs entering the environment, since the preliminary information in the available

databases is highly uncertain and often insufficient [17, 18].

13



Despite ongoing research focusing on the biodegradation rate constants of POPs, there are
still many open questions about their effects on the ecosystem and health [19]. It is clear that
much more research remains to be done in developing and refining our understanding and
quantification of the sources and sinks of POPs [17, 20]. One alternative is the use of short-
lived pesticides. Another way is to store POPs or put them into closed systems [21]. This
latter solution is unfortunately not only associated with enormous costs for user countries, but
requires a collective action, that must be globally better coordinated. Research must also
continue in order to optimize the scientific methods of understanding the mechanisms of

degradation processes of POPs and to minimize their negative effects.

1.2 The aim of the work

The aim of the present work is to investigate the reactive degradation not of all persistent
organic pollutants (POPs), but of the biocides and pesticides in the laboratory under realistic
conditions, which resemble the conditions in the atmospheric environment and allow us to
determine reactive processes leading to the indirect oxidation of the substances under study.
In this work, it is aimed to identify the products that are formed upon these reactive processes.
From a methodological point of view the suitability of mass spectroscopy, NMR and Raman
spectroscopy is explored. POPs are documented to be (i) resistant to biotic and abiotic
degradation (i.e. they are persistent) especially by photolysis via the actinic flux of solar
radiation as well as reactions of most atmospheric trace gases, (ii) soluble in lipids (stored in

fats) and slowly metabolized.

With the help of Raman spectroscopy, the degradation pathways and mechanisms can be
further clarified, and with a better understanding of the degradation processes, a proper
evaluation of the extent of contamination by POPs can be expected. The obtained data will
enable the investigation of key factors that are relevant for the understanding of the involved
chemical transformations. Moreover, advanced and adequate experimental tools to determine

the rate constants of POPs (e.g. low volatile, particle-bound) will be developed.

A specific objective of the study is to validate the expected experimental approach by
oxidizing the surface of the monolayer samples adsorbed on nanoparticles, which have a high
surface-to-bulk ratio using Raman spectroscopy and Raman microscopy. Due to low vapor
pressure under environmental conditions, it is expected that only monolayers of the samples

can be formed due to the limited source strength [22]. Therefore, this work is focused on
14



monolayers of low volatile or semi-volatile compounds. Rate constants are determined and
degradation reaction mechanisms induced by atmospheric trace gases, such as OH-radicals

and ozone, are proposed.

A profound analysis of the behavior of biocides will be deepened in the following chapters of
this Thesis. It should be emphasized at this point only that the measure for the elimination of

biocides, which are characterized by their environmental degradation rate constant.

1.3  Methodology

The methodology employed in this research work consisted of the establishment of a reliable
method for the monitoring of the OH-concentration for the indirect photo-oxidation processes
of terbuthylazine by OH-radicals. This information allowed us not only to determine the rate
constants of other pesticides which are currently not reliably known [23], but also to consider
the chemical and physical parameters affecting the environmental life-time and the travel

distance of long-living pesticides.

It is well known that OH-radicals are highly reactive species, oxidizing even inert species,
such as pesticides in the atmosphere [24]. Therefore, we focused in this work on reactions of
chloro-triazine derivatives with OH-radicals. This includes terbuthylazine, lindane and
simazine. Note however that experimental data on the OH-induced degradation of pesticides

were hardly available in the literature [25, 26, 27]

The rate constants of different classes of pesticides with OH-radicals have been estimated,
especially those obtained from structure reactivity relations (QSAR), but their reliability
remains uncertain [28]. This is because the rate constants of pesticides are affected by many
factors, which are not always properly described by simple structure reactivity relations. In
addition, environmental variability of trace gas concentrations and diurnal variations of

physical parameters may also add to the complexity found in the atmospheric environment.

The specific investigations carried in this study were needed to understand in detail the
mechanisms of the reaction of OH-radicals with semi-volatile compounds, such as lindane

(7 —hexachloro cyclohexane; C,H  Cl,) [29, 30] and simazine (6-chloro-N, N'-diethyl-1,3,5-

triazine-2,4-diamine; C,H,,CIN,) [31], which are related to the atmospheric environment. To

15



achieve our objectives, we calculated the relative intensities of specific Raman bands in the
spectrum of the investigated pesticide before, during and after the indirect photo-degradation
reaction. The results obtained from the present study prove to be useful to determine the

corresponding OH-rate constant in the environment.

14 Outline of this Thesis

This thesis consists of four chapters. It begins with an Introduction into the scientific
background, followed by background information on the methods used in this work, the
experimental and theoretical approach, the obtained results, and ends with a Summary and
Conclusion. Furthermore supplementary information is compiled in an Appendix. The

literature cited in the thesis are listed separately at the end of this Thesis

Chapter 1 is the introductory chapter, which describes the scientific background of the
research leading to the need of this Thesis. It highlights the environmental role of persistent
organic pollutants (POPs). A thorough characterization regarding their environmental
behavior is needed for understanding how the environmental impact of POPs by indirect

photo-oxidation can be described.

Chapter 2 describes the background of Raman spectroscopy, reaction kinetics of chemical
processes, and theoretical models employed in this work. Furthermore, details on the
development of the experimental approach regarding implementation and optimization of
Raman spectroscopy, as well as methods for characterizing molecules by vibrational
spectroscopy are presented. On the other hand, emphasis is put on kinetic models that can be
used to describe the reaction mechanisms based on indirect photo-oxidation of pesticides by

OH-radicals.

Chapter 3 is concerned with the description of the experimental setup and sample
preparation. The experimental reaction chamber is described which was constructed in order
to simulate atmospheric conditions in the laboratory. It also describes the method of OH-
radical production in the reaction chamber by using three sources of production, namely
ozone, water and hydrogen peroxide. Since the samples were inert nanoparticle substrates, it
is detailed in Chapter 4 how the sample preparation made use of aerosil-R-972, an inert,

hydrophobic, fumed silica. The calibration of the experiment is presented, as well as the

16



approach on determining the concentration of OH-radicals. Note that the latter quantity

directly leads to the determination of the rate constants of the biocides studied.

Chapter 4 presents in the first part the results obtained in the framework of the research
together with the discussion of these results. Firstly, the choice of the most suitable OH-
radical source is discussed. Subsequently, the analysis of Raman data on reaction kinetics is
used to determine the OH-concentration. In order to better understand the mechanisms of
indirect photo-oxidation of pesticides by OH-radicals, two other methods for product
characterization besides Raman spectroscopy are also us discussed, i.e. nuclear magnetic
resonance (NMR) and mass spectroscopy. These methods also help to analyze the obtained
reaction products and offer additional possibilities to explain the reaction pathway. The
experimental results are compared to simulations using state-of-the-art quantum chemical

calculations.

This chapter focuses in the second part on the theoretical calculations of the molecular
geometries and vibrational (Raman) spectra, which are compared with experimental spectra in
order to define realistic pathways for the indirect photo-degradation processes of the
investigated semi-volatile organic compounds. Here, model simulations are performed to
describe the vibrational modes of the molecules, including terbuthylazine (TBA), simazine

and lindane, as well as their oxidation products.
Last but not least, a summary of the environmental effects of the biocides is presented.
Chapter 5 compiles the conclusions from this work. Here the Thesis’s main results and

contributions are summarized. Alternative strategies for environmental improvement and

future prospects are briefly discussed.
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2. Background and methods

2.1 Pesticides in the environment and degradation processes
2.1.1 Transport and degradation processes

To understand the mechanisms of transportation of pesticides, it is necessary to characterize
the primary processes that determine their decomposition in soils and surface waters. All
analytical models used to measure the reactivity of biocides or to describe their dispersal
process showed that their degradation in the environment is low (10%) [32]. Apart from their
biodegradation, biocides and their reaction products are formed during atmospheric
combustion process or interactions with OH radicals or ozone. They also result from various
common processes like (i) the incineration of hospital, household and industrial wastes, (ii)
the production of electrical and thermal energy, (iii) the use of coal and wood to heat
buildings and (iv) forest fires. Moreover, POPs are mostly characterized by (i) their high
stability in the environment (persistency), (ii) their acute toxicity to humans and other
organisms, (iii) their potency for bioaccumulation, and (iv) their semi-volatility [33]. These
four (4) characteristics make POPs a source of environmental and human health hazards in all
regions of the world as they can travel very long distances, mainly in the atmosphere (see

Figure 2.1) [34, 35, 21, 36, 37].
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Figure 2.1: Emissions of selected persistent organic pollutants (POPs) during 1990-2012. The selected POPs are
representative for Benzo (b, j, k) fluoranthen, HCH (Lindane), PCB (polychlorinated biphenyls), Dioxine and

HCB (hexachloro benzene). Plotted data are from ref. [38]. The lines connect points to facilitate visualization.

2.2 Spectroscopic methods for the detection of pesticides

Raman spectroscopy is an approach that can be used to investigate the molecular structure by
inelastically scattered radiation [39]. This technique is complementary to infrared (IR)
spectroscopy [40] and is mainly used to analyze molecular vibrations. It is named after the
physicist Chandra Sekhara Venkata Raman (1888-1970) who experimentally demonstrated
the effect of the inelastically scattering of light in 1928. Strictly speaking however, Raman
presented the experimental validation of an effect theoretically predicted by Adolf Gustav
Stephan Smekal (1895-1959) five years earlier (1923) [41] and was awarded the Nobel Prize
in physics in 1930 [42]. Fundamentally, Raman spectroscopy and IR spectroscopy provide
information about the vibrations of molecular bonds where the observed Raman or IR bands

correspond to the allowed transitions between different vibrational energy levels [43].

Raman spectroscopy has gained increasing interest as a powerful characterization tool in
chemistry, physics, and related disciplines. Due to its versatility, it is used for the analysis of
the composition of liquids, gases, and solids [44]. Raman spectroscopy is based on the Raman
effect, which is the inelastic scattering of photons of a monochromatic source by the sample.

The Raman effect is termed inelastic because during the scattering process, partial energy
19



exchange takes place between the incident photon and the scattering molecules, such that the
amount of energy exchanged corresponds to a transition between specific energy levels which
are less energetic than the incident light energy (e.g. vibrational levels or rotational levels in

the case of an incident photon in the near UV, visible, and near IR).

Specifically, in Raman scattering, either the scattered photon is less energetic (red-shifted)
than the incident photon and the corresponding process is termed Stokes Raman scattering or
it is more energetic (blue-shifted) than the incident photon and the corresponding process is
termed anti-Stokes Raman scattering. The anti-Stokes process is only possible if the molecule
was already in a thermally excited state before the interaction with light so that the scattered
photon can gain energy from the molecule. As a result, at room temperature the anti-Stokes
process may be rather weak in intensity, so that often the Stokes process is commonly used in

practice for spectroscopic studies.

The development of Raman spectroscopy was initially closely related to that of detection
systems for the measurement of light intensity. The first photoelectric-based Raman detector
was mentioned in 1942 by Rank and Wiegand [45]. It was followed by the development of
photomultipliers and then the introduction of charge coupled device (CCD) detectors (with
the introduction of the Cary Model 81 Raman spectrometer) [46]. Subsequently and most
importantly, research was focused on the development of improved excitation sources, from
lamps of various elements (He, Hg, etc.) [43, 44] to laser sources (Ar'; Kr'; Nd:YAG lasers)
for the implementation of Raman spectroscopy [44, 47]. In the 1960s, important
developments in the Raman instrumentation took place, which led to higher quality of
measurements. Despite the development of lasers, Raman spectroscopy remained confined in
scientific laboratories for many years. Moreover, Raman spectroscopy was heavily limited by
fluorescence which is a relatively much stronger light emission from the sample and can

interfere with the weak Raman signal.

While prism setups were used for the dispersion of scattered light in early Raman systems,

holographic gratings first appeared in 1968 [46], what led to the expansion of commercial

Raman scattering instruments. In the 1970s, array detectors were introduced to replace

photomultiplier tubes that were used with scanning spectrometers [44]. The 2-dimensional

charge coupled device (CCD) detectors helped to reduce the measurement time from hours to

minutes. In the 1980s, the introduction of fiber optic probes followed [44, 47] for the first
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process measurements [45]. At the same time, interferometer-based Raman systems that

employed 1064 nm lasers were also introduced [46].

Progress in the development of Raman spectroscopy continued through 1986 with the
introduction of a commercial interferometer based on Fourier transform Raman (FT-Raman)
analysis, which was combined with a near infrared excitation source for the measurement of
Raman spectra [48]. The application of this technique showed that the near infrared laser
excitation not only could reduce the sample fluorescence thereby making the measurement of
fluorescing samples possible, but also allowed for the use of more powerful lasers without the

risk for photo-decomposition of the sample.

Many FT-Raman measurements therefore expanded considerably [39, 46, 49, 50, 51, 52]. The
database of spectroscopic information obtained with the help of Raman spectroscopy was
comparable and/or complementary with the information available or obtained from infrared
absorption spectroscopy. As mentioned above, the Raman spectroscopy technique is based on
inelastic scattering. In the scattering process, the emission of the inelastically scatted light (i.e.
the Raman signal) by a substance is accompanied by strong Rayleigh scattering (named after
Lord Rayleigh who first discovered elastic light scattering), which is based on the elastic
scattering of photons. In practice, Rayleigh scattering can be separated from the weak Raman

scattering [53, 54] by using a Notch filter.

From 1990, there were two new optical elements that simplified the optical designs of Raman
spectrometers, which consisted of the analysis of the scattered light collected using a lens
[55]. Today, except for medical, biochemical or industrial applications, Raman microscopy
has become the second favorite technique (after IR) for the analysis of geomaterials or

biomaterials in the archeology, history, arts etc [56].

It helps to identify the natural origin and artificial gems of materials via the identification of
micro-inclusions.
A typical Raman experimental setup is composed of:

- A laser source and eventually a laser line filter;

- A sample holder;

- Optical elements for directing the incident exciting light to the sample, for collecting
the scattered light and for the coupling of the light with the spectral analysis device;

- An optical filter to remove Rayleigh scattering before spectral analysis;
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- A spectrometer (single, double or triple monochromator) as the spectral analysis
device;
- A sensitive light detector;

- A user interface for the acquisition and the treatment of spectral data.

It was readily found that the use of a triple monochromator Raman spectrometer is more
efficient in rejecting stray light than a double monochromator, which in turn was more
efficient than a single monochromator spectrometer [57]. It is also possible to use a triple
Raman spectrometer without the need for a Notch filter. This is because a triple spectrometer
is made of three spectral analysis stages or elements and the two first stages can be arranged
in subtractive manner in order to reject Rayleigh scattering before analysis by the final stage.

Laser line filters serve to transmit the laser line while supressing other ambient light [58].
Hence, line filters are used to reduce the spectral noise of the laser source and to pass only the
desired laser wavelength through a steep transition. The use of laser line filters and notch
filters facilitates the simultaneous measurement of the Stokes and anti-Stokes Raman
scattering [59]. If the energy shift, w; —w», of the scattered light waves from the incident one
it is called Stokes shift, then scattered light waves with positive Stokes shifts are called
Raman Stokes lines, and those with negative Stokes shifts are called Raman anti-Stokes lines

[60]. The Stokes and anti-Stokes components contain the same frequency information.

The most Raman experiments look at the Stokes-shifted scatter.The Raman effect has a very
rich history and offers various applications in chemistry, physics, biology, medicine,
pharmacy, archaeology etc. [61]. Raman spectroscopy constitutes today a very versatile
technique. On the one hand many different variations of the technique are possible, such as
e.g., linear or spontanecous Raman, nonlinear Raman, FT Raman, optical activity Raman, etc.
[62, 63]. On the other hand, many other aspects including the following are worth mentioning:

- Characterization of the molecular composition of a material in different states of

matter (solid, liquid, gas) and in a wide range of temperature.

- Little to no sample preparation is needed.

- Non-destructive analysis is possible.

- The study of aqueous solutions is possible in contrast to IR absorption and the

measurement through glass window is possible, allowing remote detection.

A spatial resolution in microscopy (1 to 5 um depending on the laser used).
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In some modern Raman spectroscopy instruments such as triple Raman spectrometers, Raman
shifts from the laser line down to 10 cm™ or lower can be measured. This allows the

visualization of low energy motions in crystalline compounds.

2.2.1 Classical Raman effect

The Raman effect is based on the inelastic scattering of a photon by a molecule [63, 64, 65].
When light hits matter, it may be scattered in different ways. When a diatomic molecule is
irradiated by light, an electric dipole moment p is induced, which is dependent on the
polarizability & of the molecule and on the electric field E created by the incident radiation

at the location of the molecule [66], as follows:

u=ak (1)
Equation (1) sets the basis for both the classical and the quantum mechanical treatment of
Raman scattering [67]. Let consider the incident optical electric field to be a plane wave
expressed by Equation (2):

E=FE cos2rv,t )

Here, v, is the frequency of the incident light and £, is the amplitude of the electric field.

Equation (3) will become,

u=a E cos2nvt (3)

In the harmonic oscillator approximation about the equilibrium configuration of the atoms

vibrating in a molecule with a frequencyv, , the nuclear displacement g is expressed as

m?

follows in Equation (4):

q = q,co82xv t 4)
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Here, q,1s the vibrational amplitude. Since the polarizability & depends on the molecular

(14

coordinates, for small displacements “q”, & can be expanded in a Taylor series about the

equilibrium configuration (“O”) of the molecule as follows [68]:

2
a=a,+ oa qg + 0a g’ +.... (5)
o 2
oq), \04q),

Where o, i1s the polarizability of the molecule at the equilibrium configuration and

(80{/ 8q)0 is the rate of change of o with respect to ¢ , evaluated at the equilibrium

configuration. By substituting the above relations equation (2), (4) and (5) into equation (1),

we can rewrite and organize equation (1) as follows:

H=aE

=ak,cos2rv,t

o a) ,
=y +| — | q,c0827v,t |E,cos2xvit+|| —— | qo-c08"(2mv, 1) |E,cos2zvyt +...
aq o a q 0

=a,E,cos2rv,t +1qu0 o [cos27z(v0 +v, )z‘+cos27z(v0 -V, )t]
2 aq ),
(6)
1 . ,0%a

+EE°q° (aTq] cos(27zvmt)[cos 27z(v0 +v, )t +cos 27[(1/0 -V, )t] +...
0

2
=a,E,cos2rv,t +1qu0 o [cos27z(v0 +v, )z‘+cos27z(v0 -V, )t]+lE0q§ 6Ta
2 aq ), 2 d°q

[2 coS2v,t +cos 27r(v0 +2v, )t +cos 27z(v0 -2v, )t] +..

Here, the first term in equation (6) represents an oscillating dipole that radiates light of the

same frequency v, as the incident radiation; this corresponds to Rayleigh scattering. The
second term depends of the molecular vibrational frequency v, and represents anti-Stokes

scattering cos[2m(vo + Vi) - t], Stokes scattering cos[2m(vy - Vi) - t]. Rotational Raman

scattering may occur only when the polarizability of the molecule is anisotropic [69]
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but for vibrational Raman spectroscopy there is a need for a change in polarizability upon

vibrational excitation. In fact, if (80{/ 8q)0 is zero, the vibration is not Raman-active. Also if

the fields are weak, then the linear effect of polarizability tensor is limited to:
u=ak
But in the case of strong fields, for example in lasers, the equation is rewritten:
U=0E+ PE* +yE> + ...

The effects of non-linear optics (NLO) are considered and the term [ is called
hyperpolarizability. Thus, for a given vibrational mode “q” to be Raman-active, the rate of
change of the polarizability (& ) with respect to the vibration must be non-zero: this
represents the selection rule for Raman scattering. The above classical treatment correctly
describes the frequency dependence of the scattered light. However, concerning the scattered
light intensity, there are discrepancies between the classical theory, which predicts the same
intensity for both Stokes and anti-Stokes Raman scattering and the experiment, which shows
that the anti-Stokes bands are much weaker. In reality the Raman scattering intensity is
proportional to the number of scattering molecules, and the population of molecules in the
vibrational ground state (atv =0) is much larger than that in the excited vibrational states at
v =1, 2, and so on (Maxwell-Boltzmann distribution law holds). The population at different
energy levels is described by the Boltzmann distribution given by equation (7):

& = &exp[—_ (E,-E, )} (7)

N, g, kT

m

Where N, is the number of molecules in the excited vibrational energy level(n), N, is the
number of molecule in the lower vibrational energy level (m), £ and E  are energies of the

vibrational levels (n) and (m), respectively, k is the Boltzmann constant (1.3807 x
10 J-K™"), and gis the degeneracy of the levels n and m . For most states, g equals 1, but
for degenerate vibrations, it is greater than 1. As the consequence of the Boltzmann
distribution, the Stokes lines are much stronger than the anti-Stokes lines under normal
conditions [70]. As a matter of fact, it is customary to measure only the Stokes side of the

Raman spectrum at room temperature.

In comparison with infrared spectroscopy (IR), Raman scattering provides the same

vibrational information. However, while the selection rule for Raman scattering is defined by
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a non-zero change of the polarizability with respect to the molecular motion, IR activity (i.e.,
IR selection rule) is given by a non-zero change in the dipole moment during the molecular
motion, and therefore, not all vibrational modes of a molecule are Raman or IR active [71,
72]. For this reason, Raman scattering and IR absorption are complementary [73, 74]. The
signal intensity for different modes can differ dramatically between IR absorption and Raman
scattering. In molecules with a center of inversion, which leads to mutual prohibition,

vibrations are either symmetrical and Raman active or asymmetric and IR active [75].

2.2.1.1 Resonance Raman Spectroscopy

The most dominant scattering method is undoubtedly the elastic scattering (Rayleigh
scattering), which is due to the electron cloud relaxation without any nuclear movement [76].
The interaction of light with electrons which leads at the same time to the movement of nuclei
involves Raman scattering or inelastic scattering. Therefore the inelastically scattered light
may have a longer (Stokes shift) or shorter (anti-Stokes shift) wavelengths than the incident
light [77]. These shifts provide information about the characteristic excitation energies of

rotations and vibrations in the investigated substance.

The theory of Raman scattering is based on the principle that electromagnetic (EM) radiation
consists of an oscillating electric field that can interact with the molecule such that energy is
either gained or lost by the incident photon. The polarizability of the molecules plays the
decisive role for Raman scattering; when light propagates and passes over a molecule, the
radiation releases the electromagnetic energy which can interfere and deform the electronic
cloud around the nuclei. Since Raman spectroscopy relies on inelastic scattering, molecules
undergo vibration due to transfer of energy between the light quanta and the material [78, 79].
For Raman spectroscopy, the incident light should be monochromatic and can be obtained
from laser sources with wavelengths in the visible and near infrared range (light between 400

and 700 nm) [80, 81].

A photon incident to a molecule can be scattered elastically (Rayleigh scattering) or
inelastically (Raman scattering) as depicted in Figure 2.1. The scattering of an incident
photon of frequency E, by a molecule may be considered to simultaneously involve the
transition of the molecule from an initial state of energy E; to a vitual state (i.e without
excited state formation) and then to a finial state of energy Er with the emission of a photon
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(the scattered photon). In general the final state of the molecule after interaction with the
photon is the same as the initial state and the scattered photon has the same energy as the
incident photon, and the corresponding process is known as elastic scattering (i.e. with energy
exchange) and called Rayleigh scattering. When the finial state of the molecule after
scattering is different from the initial state, the corresponding process is said to be inelastic
(i.e. with energy exchange between the photon and the molecule) and called Stokes Raman
scattering or anti-Stokes Raman if the final state is a higher or lower energy state,
respectively. Therefore, the inelastically scattered photon is weaker (Stokes Raman scattering)

or higher (anti-Stokes Raman scattering) in energy than the incident photon.

The corresponding photon energy difference equals the change in the molecule’s internal
energy by a small amount that for instance corresponds to the change in the vibrational energy
of the molecule, and the overall process simple correspond to a vibrational transition with a
change of +1 or -1 in the vibrational quantum number. In normal conditions, the initial state
of the molecule is usually the electronic ground state and the Stokes Raman process is the
most likely process as opposed to the anti-Stokes process which requires the molecule to
already be in an excited state (i.e e.g. excited vibrational state) before a scatting interaction
with light. For this reason the anti-Stokes process becomes probable only at high temperatures

[82, 83, 84].

Siokes Anti-Siokes Rayleigh
Scattering Scattering Scattering
R \ Yirtual
i~ States
=7
n p=1
Ground state o W vV = U

Figure 2.2: Energy level diagram of molecular light-scattering processes.
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2.2.1.2 Raman microscopy

Recent advances in laser physics have given rise to a Raman technique combined with optical
microscopes which can offer a spatial resolution. Today, the Raman microscope is a laser-
based apparatus for implementing Raman spectroscopy for chemical imaging. By measuring
Raman spectra at numerous locations, Raman spectroscopy profiles of the sample surface is
obtained, which can be used to construct multidimensional hyperspectral imaging of the
mapped sample plane. Moreover, confocal Raman microscopy offers the possibility to create
“Raman cubes” in order to achieve a 3-dimensional (3D) profiling for transparent samples. In
this variant of Raman microscopy, the confocality is realized by tightly focusing the scattered
light through a small pinhole (this confocal pinhole can be adjustable in most today's
commercial Raman devices) before re-collimating it, what helps to reject out-of-focus light. A
similar confocal arrangement can also be inserted in the path of the incident laser beam to

further improve resolution in 3D [85, 86].

Also, the 3D resolution is essential for imaging tissues or cellular structures. With Raman
microscopy, one can easily identify polymorphic structures of a material and also get some
information on the thermodynamic conditions of their formation [87]. The optical
microscopic method allows the identification of the physical structures of the material
analyzed and chemical composition. Therefore, it is possible to make in situ analyses using
transportable optical probes [88]. In Raman microscopy, a customized microscope setup is
coupled to a high grade Raman spectrometer, thus providing a sophisticated platform capable
of producing conventional images in addition to generating Raman spectra from sample areas
approaching the diffraction limit (= 1 micron) [89]. This combination enables high spatial
resolution and sensitivity. The important characteristics of Raman microscopy are directly
related to both the focusing of the incident laser radiation onto the sample and the collection

of the scattered light through high numerical aperture microscope objectives.

Next to Raman spectroscopy, a Raman micro-spectrometer is best suited for the analysis of
the first molecular layers of the surface of particles. Depending on how the Raman signal is
detected, there are two types of Raman spectrometers: conventional and Fourier Transform
Raman spectrometers, both of which can be fitted with a microscope. In association with
chemometrics, Raman microscopy is able to resolve the heterogeneity within the samples

even on the micron scale. It allows a better understanding of the processes of formation and
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aging of atmospheric particles [90]. In this connection, the essential characteristics of Raman
microscopy is based on its ability to identify and to study the impact of environmental
contaminants (dyes, heavy metals, emerging substances, pesticides) [91, 92]. Note however
that chemical imaging based on spontaneous Raman scattering (i.e. linear Raman) is relatively
slow due to the weak Raman effect. Hence, in order to obtain fast chemical imaging,
nonlinear Raman processes, such as stimulated Raman scattering (SRS) and coherent anti-

Stokes Raman scattering (CARS) can be used [93].

Raman microscopy retains the studied sample throughout the experiment, since it is not
destructive and ideal for optical characterization, but as already stated above, it has some
limitations [94, 95], such as the rather long data acquisition time. Some minerals and
particularly compounds of complex structure may require long data acquisition times. This is

often due to the strong absorption of the laser light by opaque samples.

Despite all efforts for the development of Raman microscopy since 1990, this technique has
remained a second choice in industrial laboratories behind IR spectroscopy, especially
because of the problem caused by the sample fluorescence, although the use of laser
excitation in the near-infrared (e.g. at 1,064 nm) makes it possible to eliminate this problem.

In Raman microscopy, fluorescence has an extraordinary sensitivity which can mask the low
Raman scattering [96]. This is common when organic materials and minerals are in the same

medium under investigation.

2.2.2 Mass spectrometry

The low concentrations of pesticides and their products in the medium can be determined by
using mass spectrometric methods. This method is based on series of operations, such as
extraction and purification of pesticides from air, sediment, living things and more other. The
pesticide residues are separated and purified from co-extracted and clean-up. Then the sample
concentration and its pesticide residues are identified by mass spectrometry. The separation or
purification of target species can be done either by extraction into organic phase other by

extraction of unwanted substance into organic phase.
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The extraction involves the distribution of solute between two phases. The extraction
efficiency of the method is constant ratio of the concentration of the solute in each solvent at

equilibrium (K) (see Equation (8)):

K= [solute]or / [sOlute]ag = [Wore/ Vorg] / [Waq/ Vaq ] (8)

Where org and aq refer to organic and aqueous layers, W/V are mass/volume and K is
independent of the amount of the two solvents mixed. In this work, it is used Agilent 6210
ESI-TOF (time- of-flight) method because it described the direct determination of pesticides

and facilitates the detection of pesticides with more accuracy [97].

2.23 Nuclear magnetic resonance (NMR)

Proton NMR is a research method to identify and characterize pesticide compounds. Since
most of the pesticides studied contain chlorine atom(s), proton NMR is able to identify all
chlorinated products [98]. NMR is an inherently high sensitivity method. Hence the NMR
experiment has to be conducted in lower pesticides concentration. The NMR technique can
help to confirm and determine the percentage of isomers present in a sample. In principle,
NMR helps to detect and quantify the number of magnetically distinct atoms of the type being
studied. In this work, NMR spectra were recorded using the Bruker Avance III, 700 MHz SB
US magnet spectrometer. They are four information which can be obtained from NMR
spectra that are chemical shift, integrated intensity, relaxation time, and coupling constant.
The chemical shift is investigated to determine the type of protons present in sample and its
specific types like methyl or methylene. The NMR (particularly "H-NMR) characterizes spin-
spin coupling [99].

2.3 Lasers

Lasers provide the appropriate radiation source for Raman spectroscopy, since the light which
illuminates the sample has to be monochromatic and intense. Their wavelength choice affects
the experimental capabilities regarding the sensitivity of the detection system to the laser

wavelength, the spatial resolution and the sample behavior to the color of the laser line.
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Laser light is generated by stimulated emission based on the creation of a population
inversion [100]. As far as the lasers used in Raman spectroscopy are concerned, the important
considerations are that shorter wavelength (close to molecular absorption resonances) and
high intensity laser radiations are mostly preferred, since this helps to compensate the
inherently weak signal intensity of spontaneous inelastic scattering [101, 102]. Regarding
Raman spectrometers, the systems which commonly disperse the Raman and/or the FT-
Raman signal are those with laser wavelengths less than 900 nm and the nondispersive
systems are those with lasers wavelength of 1064 nm. Practically all integrated FT-Raman
systems use a 1064 nm laser. To insure the precision of the Raman shift and to avoid line
broadening, it is important to choose the frequency stability below 1 cm™. Therefore, the laser
frequency must remain stable. In output line width, lasers can vary between 100 cm™ and less
than 1 cm™; but such lasers with output line width less than 10 cm™ are unnecessary for

analytical Raman applications.

Note however that the suitable choice of the laser wavelength can be limited by an
overwhelming strong fluorescence from absorbing samples at shorter excitation wavelengths.
In such cases, excitation in the deep UV or in the near IR is preferred. Nevertheless, several
technical variations such as surface enhanced Raman scattering (SERS) help to overcome the
low scattering cross section of the spontaneous Raman scattering and sometimes to quench

fluorescence.

The beam divergence of a laser beam is the measure of the expansion of the beam far from the
location where the beam radius has a minimum. When this angular spread as the beam leaves
the laser head is equal to zero, then at this time, we can speak about perfectly collimated
beam, but it is impossible to have these cases because the spreading of the laser beam is
usually in conformity with the predictions of the diffraction theory. For example, consider a

beam focused by a lens with focal length f;, the beam radius wy at the focal point is given by,
2 Wo = f1 -0 (9)
where 0 is the divergence in radian. The divergence of the beam depends on the type of the

laser. Therefore, for an Ar” laser, the angle divergence is less than 10 rad and for diode laser,

the angle is more than 0.5 rad.
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Concerning the Nd:YAG laser used in this work, it should be noted that it is a four-level gain

medium. The width of this frequency range is small but this allows high efficiency and

therefore low threshold pump power (see Figure 2.3).
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Figure 2.3: A four-level laser energy diagram use instead the level diagram of a Nd:Y AG-laser. Source: Authors'

own compilation and research

As depicted in Figure 2.3, in order to achieve a population inversion, for Nd:YAG-laser
several excited states is needed. In such a laser, the solid-state lasers in the ground state are
excited into a higher level 4 (pump band) by the pumping transition. From level 4, the atoms
can decay, non-radiative process into the lower lying level 3. Since the lifetime of the lasing
level (level 3) is long compared to that of the higher level 4, the population accumulates in
level 3, which may relax by lasing stimulated emission into level 2. From this level, a fast,

non-radiative decay into the ground state should occur and the cycle resumes.

The Nd:YAG is a Neodymium-doped yttrium aluminum garnet (Y3AlsO5;). Both the
Nd:YAG laser fundamental line (at 1064 nm) and frequency doubled line (532 nm) are
widely used for FT- and dispersive Raman spectroscopy. In a compact laser head high

performance pumping of the diodes generates several Watts of 532 nm output.
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24 Reaction kinetics

2.4.1 Fundamentals of Kkinetics

24.1.1 Reaction monitoring

In this Section, we describe the fundamental aspects related to reaction kinetics, the aim of
which is to define the rate of chemical processes broken into a sequence of one or more single
processes known either as elementary processes, elementary steps, or elementary reactions
[103]. A kinetic analysis is used to determine the reaction rates and the factors that affect
them as far as the algebraic relationship between time and the concentration of either reactants
or reaction products is expressed. There are several methods for monitoring a chemical
reaction and determining the concentration versus time, namely spectroscopic methods (UV-

Vis, IR, Raman spectroscopy), polarimetry, electrochemistry, chromatography, etc.

With vibration spectroscopy techniques, one can well determine empirical kinetics. In the
framework of this work, Raman spectroscopy is the favorite and preferred vibrational
spectroscopic technique (IR absorption is limited by water). Raman spectroscopy allows non-
destructive analysis with little or no preparation or extraction, remote detection and/or on-line
and real-time detection. Moreover, because Raman spectroscopy also allows for the
description of physicochemical chemical changes in the gas, liquid and solid phase, and can
access small amounts of sample, it is a specific and well suited tool for monitoring reaction
kinetics [104]. Despite the above advantages, one should recall that Raman spectroscopy can
suffer from some limitations, such as low sensitivity, interfering fluorescence background that

limits the study of colored substances [105].

2.4.1.2 Reaction rate

The rate of reaction is defined with respect to reagents (rate of disappearance) or products
(rate of appearance) and it shows how slowly or quickly the chemical processes take place.

€.
T

Mathematically, the reaction rate is defined as the rate of decomposition per unit volume

(Equation 10).
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1 dn
_ 10
" V dt (19)

Where r is expressed in mol per unit time unit volume and n is the number of moles. Since the
rate of formation will have the opposite sign, the negative sign is by definition required for the
rate of decomposition to be a positive number. The kinetics of a reaction determines the rate

law for the given reaction, including the value for the rate constant.
2.4.1.3 Elementary reactions

Many reactions go through a series of steps via the collisions of the molecules and do not
proceed in a single step. Each of these steps is called an elementary reaction. Thus an
elementary reaction is a chemical reaction in which one or more of the chemical species react
directly to form products in a single reaction step and with a single transition [106]. The
number of reacting entities in an elementary reaction is the molecularity. Elementary reactions
are either unimolecular, bimolecular, or termolecular.

A unimolecular elementary reaction involves a single molecule:

A — products

At a constant temperature, the rate of such a reaction is proportional to the concentration of
the reactant 4 :
dlA
dl4]_ —k[A]. (11)
dt

A bimolecular elementary reaction involves two molecules as follows:

A+ B — products

At constant temperature, the rate of a bimolecular reaction is proportional to the product of
the concentration of the reacting species 4 and B :
dl4] , d[B]
——+——=—k|A|B 12
ot = kAl (12)

A termolecular reaction involves the collision of three molecules at the same place and time:

4], dls] _dlc]
dt dt

L - ATIc] 13)

Among all these reactions, the termolecular reaction is rare due to the fact that the probability

is low to have three-reactants in simultaneous collisions (e.g. in the gas phase). Hence,
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termolecular reactions can usually be broken down into a more fundamental set of
bimolecular reactions [107]. However, it is not easy to derive the overall reaction scheme in
this case, but solutions based on equations describing the reaction rate are possible in terms of
steady-state reactions. As has been assumed above but in the following discussion, the
different reaction kinetics discussed describe processes which run only in one direction,
without considering an eventual reversibility of the reactions. In many systems, there are often

equilibrium reactions.

2.4.1.4 Order of reaction

It is necessary to know the order of the reaction because it enables the concentration of the
products to be accurately determined at any time if the rate constant is known. In general, let’s

consider the reaction of components A and B with the rate constant k (see Equation (14)):
x A + y B —> products (14)

Where A and B are the reactants, k is the rate constant, and x, y are stoichiometry coefficient.

The differential rate law can be expressed for any one of the reactant as follows (see Equation

(15)):
d[A] AP
_ 2L k[4l (B
L~ iy 13] -

where [A] and [B] are the concentrations of the reactants A and B, respectively.

The order of reaction is defined as the index or exponent that relates the rate of a chemical
reaction to the concentration of the reacting substances [108]. The sum of all the exponents of
the terms expressing concentrations of the molecules or atoms is the order of reaction (see

Equation (16)):

Rate = k[A]" -[B]’ (16)

order of reaction = x+y

x and y are the partial orders of the reaction with respect to the reactants A and B,

respectively. The unit of the rate constant k is depends on the order of reaction. For example,
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given some values of the order of the reaction, the units of the corresponding rate constant are

compiled in the following in Table 2.1:

Table 2.1: Unit of the rate constant k for a given order of the corresponding reaction

Order of reaction | Unit of k
0 mol - L' -5
1 s
2 L-mol™ - s
N mol™ - L™ -5’

2.4.1.5 Zero-order reactions

Zero-order reactions are reactions in which the rate does not depend on the concentration of
the reactants [109]. This means that the rate of the reaction is equal to the rate constant (k) of
that reaction. In such reactions, the surface is generally saturated by the reactants. The form

of the rate law is follows:

r:—%:k[A]o =k = constant (17)

where 1 is the reaction rate, and k is the reaction rate constant, which has unity of mol/L-s.
The half-life of a reaction is the time needed for half of the reaction to completed. Zero-order

reactions are characterized by their half-life given by Equation (18):

A

{ :—[ ) (18)
5 2k

Hence, in a zero-order reaction, the half-life depends on the initial concentration of reactant

and on the rate constant. Zero-order reactions occur when the rate of reaction is limited by

physical factors and not by the concentrations of the reactants.
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2.4.1.6 First-order reactions

A first-order reaction is a reaction which depends only on the concentration of one reactant
(meaning unimolecular). Other reactants may be present, but do not contribute to the overall

rate. The form of the rate law for this kind of elementary reactions is Equation (19):

e (19)

where k is the first-order rate constant in units of 1/s.

The integrated rate equation for the first order reaction is given by:

[4]=[4], exp(~k?) (20)

It is an exponential decay of concentration with time. The plot In[A] against the time is a
straight line for which the rate constant is the negative slope. The half-life of a first-order
reaction is the time required to reduce the reactant to half of its original amount; it is constant
and independent of the initial concentration. The relationship between the rate constant and

the half-life of a first order reaction is as follows [110]:

t = 21

2.4.1.7 Second-order reactions

A second-order reaction is a reaction between two identical or different reactants which are

combined in a single elementary step. One example of second order reaction is expressed by:

A+B—->C+(...)
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The sum of the exponents in the rate law is equal to two.
If the two reactants are the same, the rate law is:

- _% = k[4] 4] = KA} (22)

where k is the second-order reaction rate constant with units of L-mol”! - s, If the two

reactants are different, the rate equation is given by:

=~ i5) @3)

where the reaction order with respect to each reactant is 1.

The integrated rate equation yields the following solution when the two reactants are the

same:

Lo (24)

[4] [4],

The half-life is given as follows [111]:

t = (25)

When the two reactants in a second order reaction are different, the integrated rate law bears
the following form (equation 26):

1([Blo—[A]o)In([B][A]o /[4][Blo) = kt (26)
In this case, the equation for the half life cannot be defined unless the half-life span of one of
the reactants is known. To measure the second-order reaction rate of two different reactants, it
is easier to measure the reaction rate for one of the reactants and then calculate that of the

other as a difference.
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Another common solution to a second order reaction law is to consider one concentration as
being constant as the reaction proceeds. This special case corresponds to a pseudo-first-order
reaction, meaning that the reaction depends on the concentration of only one reactant, as

shown in equation 27 [63]:

r=k[4]B]=k [4] 27)
where k = k[B] in an excess of reactant B. Thus the quantity & is referred to as pseudo-first-

order rate constant.

The above expression is identical to the first-order reaction law. To obtain a pseudo-first-
order reaction, it is therefore required to use an excessively large amount of one of the
reactants. During the reaction, an amount of the excess reactant can react, but this amount is

sometimes insignificant. Thus the concentration will be considered as constant [112].
2.4.2 Kinetics of surface-bound species

In this work the pesticides immobilized on areosil particles are reacted with ambiant oxidants,
such as OH-radicals within a reaction chamber. These interactions can be described as
bimolecular reactions between surface-adsorbed pesticides and gas-phase OH radicals [113].
In this context, the role of the aerosil substrate in the preparation of pesticides has to be
neutral. The differential rate law describing the disappearance of a reacting pesticide, such as

e.g. terbuthylazine (TBA), can be expressed as shown in Equation 28:

dC[TBA]/ dt = - k[OH] s C[OH] s C[TBA] -ke C[TBA] , or equivalently,

dC[TBA]/C[TBA] - - k[OH] ° C[OH] odt-kedt (28)

where Cirgaj 1s the instantaneous TBA concentration, Cjon; is the concentration of OH-
radicals, kjonj is the rate constant of the TBA reaction with OH-radicals, and k encompasses
losses of TBA via all other possible routes not initiated by OH-radicals. Integrating both sides
of Equation (28) between the time “0” and any time point “t” into the degradation reaction

yields the following expression for the time-dependent TBA concentration.
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Log(C[TBA] (1)/Coprpay ) = -Kpom I Crom ¢ dt - kI dt
0 0 (29)

where Corga; is the initial TBA concentration before the indirect photolysis reaction.
Equation (29) can be simplified by several considerations:

In the event of experimental evidence that there is practically no change in TBA in the
absence of OH-radicals inside the reaction chamber, then one can reasonably neglect any loss
path of TBA other than via its reaction with OH-radicals. In this case the term “k” can be
neglected and the second integral term in Equation (29) can be ignored. In a typical photo
oxidation kinetics study, unless vapor phase analysis is performed to directly determined the
concentration of OH-radicals, first a reference compound with known OH-radial rate constant
is studied in order to estimate the concentration of OH-radicals. In Equation (29), if the rate
constants for many reference compounds are known as in the work by Palm et al. [31], then
the only unknown, which is the integral OH-radical concentration at time t (in the first term of
the right hand side of Equation (29)), can be determined. This is given by the slope of the plot
of the measured concentration (in logarithmic scale) of the reference compounds versus the
known rate constants. Then the OH concentration can be calculated from the slope of the plot

of the integral OH concentration versus time.

However, in contrast to the study in reference [114, 115], in the present work just one
reference compound (i.e. TBA) was used and one has to determine the OH concentration
straight forwardly. For this purpose, in order to further simplify Equation (27), one can
assume that the concentration of the overwhelming OH-radical vapor inside the reaction
chamber is indeed in excess as compared to the concentration of the surfaced-bound pesticide
molecules. This simplifies the kinetics analysis to a pseudo-first order reaction case, in which
the OH-radicals concentration is considered constant during the reaction. Therefore, the
complete integration of Equation (29) yields a mono-exponential decay function for the time-

dependent TBA concentration as follows [116, 117]:

Crsa (D= CO[TBA]eXp('k[OH] *Cion ®t) (30)

In this work monitoring of the decrease in the amount of the reference compound TBA as a
function of time and the fitting of the experimental data with Equation (30) served to

determine the ambient OH-radical concentration. With this knowledge the measurement data
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for other herbicides of interest were also fitted with Equation (30) in order to determine their
respective OH-radical rate constants. Since Raman spectroscopy is a linear technique, the
integral intensity of Raman is proportional to the concentration of the corresponding species,
therefore the fitting of Equation (30) is equivalent to fitting the areas of the observed Raman

bands with exponential decay functions.
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3. Experimental setup and sample preparation

3.1. Sample Preparation
3.1.1. Introduction

Nanoscopic silica substrates are utilized for coating with semi-volatile pesticides under study,
which are exposed to atmospheric trace gases in order to simulate reactive processes in the
laboratory. Raman spectroscopy and Raman microscopy were the techniques used to
characterize pesticides after indirect photolysis. Infrared spectroscopy as well as mass
spectroscopy (MS) and nuclear magnetic resonance (NMR) were employed as complementary
techniques not only to describe the products, but also to determine the structure of organic
compounds. As Raman spectroscopy is not only stable and easy to utilize technique for
process understanding, but also requires no special preparation, it was also employed to

facilitate the measurement of the samples.
3.1.2 Review on laboratory approaches on reactive degradation of pesticides

Before beginning the preparation preliminary tests were necessary to ensure that the
microscopy is capable of mapping the surface structures of samples. Acetone and chloroform
were used as solvents for sample preparation. Before starting the measurement of Raman
spectroscopy, we first ensured that the samples are the same at all points. Furthermore,
hydrophilic Aerosil particles were used to study the reaction of OH-radicals with
terbuthylazine and to investigate the effect of this reaction on the atmospheric lifetime of
TBA. Hydrophilic Aerosil particles were used to study the reaction of OH-radicals with TBA
on Si0; particles with a surface area of 380 m?%g. In the second step, hydrophobic Aerosil
particles Aerosil R 972 have been used to ameliorate the adhesion of the herbicides on the

glass and also for the caotings of the sample.

The above mentioned pesticide samples were used without further purification. They are
deposited on nanoscopic substrates using hydrophobic Aerosil particles (Aerosil R 972,
Evonic Industries, Germany). Solutions of the pesticides were prepared by dissolving the

samples in acetone (99.8%) and chloroform (99.0%) from Sigma-Aldrich (Germany) as
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indicated in Table 3.1. Subsequently, Aerosil R 972 was added in quantities, as indicated in
Table 3.1. Moreover, Aerosil R972 is fumed silica based on hydrophilically fumed silica with
a specific surface area of 130 m*/g after being treated with DDS (Dimethyldichlorosilane)
[118, 119]. Other properties of Aerosil R972 are listed in Table 3.2.

The mixing ratio of nanoparticles to pesticides was adjusted in order to form only a
monolayer of the adsorbate. This is of central importance for simulating realistically the
indirect photo-oxidation of pesticides in a laboratory experiment, since it is known that
multilayer adsorption leads to results, which do not resemble the degradation in the
atmospheric environment [120]. Furthermore, the nanoparticles have a large surface area,
which facilitates interactions with oxidizing species and maximizes the pesticide
concentration. The solutions were stored after preparation in a refrigerator, where they were

kept until they were used.

Table 3.1: Compositions of the sample solutions

Substance Mass of the | Mass of aerosil | Acetone [mL] Chloroform
substance [mg] R 972 [mg] [mL]

Terbuthylazine 24.4 38.5 3.1 1.0

Atrazine 25.1 394 3.0 1.1

Simazine 7.5 83.0 1.4 3.1

Propazine 24.4 39.4 2.5 1.1

Lindane 21.2 33.1 2.5 1.5

Table 3.2: Characteristics of Aerosil R 972 [121, 122].

Properties Typical value Unit
Specific surface area (BET) 110+20 m*/g
Si0,-content >99.8 wt.%
Average primary particle size 16 nm
Carbon content 0.6-1.2 wt.%
pH 3.6-4.4

Appearance Fine white powder
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Each prepared solution was treated for 30 minutes in an ultrasonic bath, in order to be well
mixed and to dissolve remaining crystals. Subsequently, the liquid samples were deposited on
glass slides (production from Menzel Germany, size: 1.8 mm x 1.8 mm) [123]. A 4 uL droplet
was deposited on a glass slide, which was heated to 60°C, so that it dries quickly and
homogenously on the glass surface. This temperature turned out to be best-suited for sample
preparation, as was studied systematically by varying the drying temperature between room
temperature and 70°C. Coated Aerosil R972 particles form loosely bound agglomerates and

were exposed to reactive OH-radical for indirect photo-oxidation.

The homogeneity of the sample is essential for investigating the atmospheric degradation in
laboratory studies. The occurrence of large crystals from the organic pesticide component,
corresponding to phase segregation, was monitored by a CCD-camera attached to an optical
microscope (Olympus BX41, 500 x magnification). Figure 3.1 shows a typical result of
sample control, which was checked before starting each experiment. As a result, only those

samples showing no phase separation have been used for further experiments.

(b)

Figure 3.1: Optical microscopy image of (a) a heterogeneous sample containing simazine and Aerosil-R-972,
glass carrier warmed to 40 °C; (b) homogenous sample containing the same substances but the glass carrier was
warmed to 60°C.

In order to reproduce the exact location of the sample for subsequent kinetics or spectroscopic
studies, the coordinates of this location were determined as follows: The x-coordinate was
arbitrarily set to zero in the middle of the glass slide (see Figure 3.2). From this location the

measuring point of the sample was determined. Thus, it is possible to find the same location
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in sequential studies in which the sample was brought into the reaction chamber for exposure

to oxidizing agents, such as OH-radicals.

|
.*

}'T i x=0
IR T

Figure 3.2: Schematic view of sample holder and sample carrier

The sample holder is a glass slide 76 x 26 mm from Menzel. The sample carrier consists of a
squared glass slide carrier 1.8 x 1.8 mm purchased from Menzel. There are also alignment
guides (glass) for bringing the sample carrier reproducibly into the same position (grey area in
Figure 3.2). This allows for taking Raman spectra at well defined positions of the sample. The
following procedure was developed in order to determine time dependent changes in
concentration of the reactants and products: 9 different locations were selected within an area
of 250 x 250 um using a regular 3 x 3 array, while keeping the laser power at 20 mW and

using the 50 x objective.

The method used for sample preparation has proved to be particularly suitable because we
could dissolve the pesticides and desposit them on nanoparticles, which are deposited on a

glass slide. These pesticide samples were exposed in the reaction chamber to OH radicals.

3.2 Materials

We had the following devices:

- Raman spectrometer: Dilor XY 800 from Horiba Jobin Yvon with Nd:YAG laser (Spectra
Physics, Millennia, power: 5 W), frequency doubled Nd: YAG laser, A = 532 nm, the
emission of monochromatic green wavelength light)

- The Raman microscopy HORIBA, optical microscope (Olympus BX-41) (2)

- Bruker (Infrared) IFS 66 FT-IR spectrometer
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- Bruker Avance III, 700 MHz SB US magnet 18

- Mass spectroscopy: ESI-TOF (Electrospray ionization time of flight mass-spectromer

Pesticides

The following pesticides are of commercial quality and were purchased from Sigma-Aldrich

(Germany):
Terbuthylazine: 98.8% (C9H;6¢CINs, 229.71 g/mol)
Atrazine: 98.8% (CgH14CINs, 215.68 g/mol)
Simazine: 99.9% (C7H,CINs, 201.657 g/mol)
Lindane: 99.8% (CsHsCls, 290.83 g/mol)

Calculation of the surface coverage by terbuthylazine on SiO, particles

The coverage ratio of TBA was calculated to determine the average geometry of the structure
(operational cross section). If the length C-Cl is considered as a part of longest radius, the
maximum radius of TBA molecule is that of the maximum plane circle area below and it can

be calculated as [124]:

\g

Scheme 3.1: The structure of terbuthylazine and the calculation of the maximum radius of the plane area within

terbuthylazine

Riea=(d; + d;), where d; = 1.476 A distance of -C=N-C (conjugated)
d, = 1.843 A distance of X3-C-Cl (X=C, H, N, O)
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Then the radius is Rrga= 0.3319 nm. The maximum plane circle area of TBA molecule is

obtained:

STBA= - RTBA2= 0.346 - Ill’n2

The minimum number of TBA molecule (NtBA-monolayer) are:

Case of Aerosil R 380 :

380xmg,, 380 m*/gx38.5x107g
Srss 0.346 -(10°)>m> x 10" m?

NTBA-monolayer(R380)= =42.3x10" molecules- m™

Case of Aerosil R 972 : units incomplete (and wrong numbers)

170xmgo, _170x38.5x107 ¢

——==19x 10" molecules
Srpa 0.346x10 " m

NTBA—monolayer(R972) =

in the Table 3.2 was used instead of 170 g/m’
The total number of TBA molecule in 24.4 mg, where 24.4 mg is the mass taken for the

experiment (see Table 3.1), can be expessed as follows:

NTBA(R972)=M x 6.02 x10* molecules | mol

TBA

24x107g

=—— """ © %6.02x10* molecules/ mol
229.71g/mol

=62.8 x 10'"® molecules

In this calculation we state that Ntga(R972) is slightly bigger than Ntga-monolayer(R972), which
is also bigger than Ntga-monolayer(R380). In the case of Aerosil 380, the pesticides were soluble
in water. Only the solubility of the herbicide terbuthylazine in water was lower [125]
and the samples were not usable. As the coating with these nanoparticles turned out to be
inefficient, wehad to change the typeofAerosil and  worked therefore
with Aerosil R 972 that permitted a binding of TBA molecules on SiO; surface. The hydrogen
bonds which can be formed by interaction of the amino groups of TBA with hydrophilic

aerosil surface.
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3.3 Production of OH-radicals

OH-radicals are reactive with most of chemical compounds (carbon monoxide, methane,
ozone, hydrogen gas (H»), hydroperoxy radicals (HO;)) present in the atmosphere and can be

generated by two different methods, which are described in the following.

3.3.1 Photolysis of O3 in the presence of water vapor

Oxidation of the samples by OH-radicals was examined in a separate reaction chamber, in
which the sample is placed on a suitable carrier (glass slide), where it is exposed to OH-
radicals at a defined pressure, temperature, and humidity. OH-radicals were produced by the
reaction of atomic singlet oxygen (O('D)) with water vapor, according to the following
reactions [126, 127], where a HBO, mercury short-arc lamps without reflector 50 to 200 W

(Osram, Germany) was used for photolyzing ozone the between 210 nm and 300 nm:
O, +hv — O('D)+0,('A) (31)

O('D)+ H,0 — 20H (32)

The photolysis light from the Hg lamp is reflected by dichroic mirrors into the reaction
chamber, where in situ OH-radicals were produced (see Figure 3.3). The reactants, ozone and
water vapor, are supplied to the reaction chamber by Teflon inlet tubes and argon is used as a
carrier gas. Ozone is produced in a commercial laboratory ozonizer (Sander, Germany),
yielding approximately 3% of ozone, if ambient air is used as an oxygen source. The flow rate
of the gas is typically set to 150 sccm/min. The OH-concentration of such sources is known
from the literature, yielding typically 10° radicals/cm® [128]. The OH-concentration,

generated in this work is estimated to be 10° radicals/cm® [129] (see Figure 3.3).

Glass fiber
AriHzO Gas AriHzO N Hg-Lamp
3 troller Reaction 240-280 nm
—_— con —> chamber
O
O/0=

Oz

Ozonizer

Gas discharge

Figure 3.3: Schematic view of the reaction chamber in which OH-radicals are produced by photolysis of Os.
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3.3.2 Photolysis of hydrogen peroxide

The second way of producing OH-radicals involves the photolysis of hydrogen peroxide
[130]. This source of hydroxyl radicals consists of a low-pressure mercury UV-lamp (Dinies
Technologies, Germany) for photolysis, which emits short wavelength radiation (A =185 nm).
The UV-lamp is built into a cylindrical glass tube of 30 cm length and 3.5 cm width, in which
the 4 W UV-lamp of 1.5 cm width and 7.5 cm length is mounted (Figure 3.4). The glass tube
is coated by halocarbon wax, in order to reduce the loss of radicals produced in the source by
wall reactions. The tube is sealed on both sides by rubber stopcocks which allow for adding
the gaseous reactants via Teflon tubes. Aqueous hydrogen peroxide (30%, Carl Roth,
Germany) or neat water vapor was flushed into the reactor by bubbling the non-reactive
carrier gas argon through hydrogen peroxide solution. Throughout the tube axis, an OH-
concentration is produced to react with the sample. At the upstream part of the lamp, it is

observed a higher constant production of OH-concentration.

\ Hy0+hv= H+OH //

Sample

185 nm l _—
Landline

circuit (3.5 W) |~ ~

Ar, Ho0

G

Figure 3.4: Schematic diagram of the OH-source produced by photolysis of 30% of aqueous hydrogen peroxide.

In addition to vacuum UV-radiation (A<200 nm), there is also an effect from the thermal
emission of the photolysis lamp. This leads to heating of the samples, so that the temperature
in the chamber is increasing to the range of 305 K to 323 K, depending on an operating time

of the light source. Hydroxyl radicals are formed from hydrogen peroxide by the following

processes:
H,0,+hv > OH+OH (33)
HO + H,0,—~ HO, + H,O (34)
HO, + H,O,~ OH + H,O + O, (35)
HO; (or HO) + HO,—~H,0, (H,0) + O, (36)
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In addition, there can also be photolysis of water [131, 132, 133]:
H,O+hv—> OH+H (37)

This is followed by recombination reactions:

OH+H - H,0 (38)
OH+OH —=> H»0, (39)
H+H-> H, (40)

There is also a loss of OH-radicals due to reactions at the walls:

HO +Wall — product

If the chamber is opened for the introduction of the sample, air enters the reaction chamber

and produces additional radicals in the gas phase, such as [134]:

O,+hv—> 0+0 (41)
O+H,0 > OH+OH (42)
0,+H—> HO, (43)
HO, + HO,~> H,0, + 0, (44)

Hydrogen peroxide is degrading in aqueous solution upon storage [135]. Therefore, the
concentration of H,O, was determined before each experiment by titration. According to
Schumb et al. [136], permanganate titration is one of the most reliable methods for

determining the concentration of H,O, [137]. The reaction stoichiometry is:

2 MnO; +5 H,0,+6 H*—2 Mn* +8 H,0+0, (45)

The permanganate end point is indicated by a change from violet color to brown. As soon as
the concentration of hydrogen peroxide is known, the experiments can be started. The OH-
concentration in the reaction chamber is determined by using degradation of terbutylazine
(TBA). This compound is a suitable reference compound, since its rate constant is well-

known from the literature [134, 138].
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34 Raman Spectroscopy and Microscopy

3.4.1 Calibration procedures

Raman scattering makes use of irradiating the sample with an exciting laser beam, where the
photon energy may correspond to that of an electronic transition of a particular chromophore.
This corresponds to Raman scattering, where the intensity of the Raman signal increases
significantly compared to non-resonant conditions. In the laboratory, it is most practicable to
use a laser source that has a given excitation energy. This might be an electronic transition of
the target. In Raman scattering, the energy of the impinging photons is scattering by the target

molecule.

The aim of this Section is to describe Raman spectroscopy and the setup used to perform
measurements, and to obtain information about the degradation of various environmental
pollutants by OH-radicals. Raman spectroscopy is used to characterize OH-induced chemical
decomposition processes in the particle-bound semivolatile samples. Changes in the Raman
spectra relate to two observations: a weakening of spectral features coming from the reactants;
and the occurrence of additional features arising from the products of reactions either with
OH-radicals or other reactive species that are contained in the gas phase. The kinetics is
derived from the temporal profiles which are recorded while the sample is exposed to OH-

radicals.

The Raman system used in the experiments (see Figure 3.5) consists of a continuous wave
Spectra Physics Nd:YAG laser (Spectra Physics, Millennia, power: 5 W). The scattered
radiation is dispersed by a triple Raman spectrometer (Dilor-XY-800 mm). The Neodymium-
doped Yttrium-Aluminium Garnet (Y3AlsOj,) laser runs by frequency doubling (A = 532
nm) at a typical power of 200 mW. An optical microscope is attached to the Raman
spectrometer. The microscope makes use of fiber optics, which guides the collimated
excitation laser radiation using two mirrors into the optical microscope (Olympus BX41).
This permits the use of a considerably lower laser power than in previous experiments on
macroscopic samples, so that laser powers as low as 10-30 mW are sufficient for taking
Raman spectra. The laser beam is focused to a spot size of 100 um diameter in the sample
under study. This intensity of the Raman bands is regarded as a reasonable compromise

between the intensity of Raman signals and the thermal evaporation rates of the substance.
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Evaporation rates, however, must not be taken into account in order to get reliable results for
reactive processes. The spectrometer is operated in the subtractive mode in order to suppress

stray light and elastically scattered light (Rayleigh and Mie scattering).

Raman signals are recorded using a liquid nitrogen cooled CCD camera system and the
signals are transferred to a PC for further data reduction. The other major advantage of Raman
microscopy is the use of Raman mapping, in which the spatial distribution of the sample can
be probed. Kinetic analyses were also carried out using the microscope. The exposure of the
samples to OH-radicals was performed using an existing exposure chamber. In the present
work, we have used a reaction chamber, which can be fully integrated into the Raman

spectrometer (see Figure 3.5).

D
Glassfiber —[ Raman-
Spec trosc ﬂ]'.ly
Filter PC
Laser
Alirrors \
Raman-

i Camera
microscope I

Figure 3.5: Experimental set-up of a micro-Raman spectrometer.

The experimental approach requires proper calibration of the OH concentration. We have
developed a protocol, with which an in situ calibration of the OH-radicals concentration was
successfully implemented. This is accomplished by using TBA on Aerosil-R-972 (see Table
3.2). TBA has a well-known rate constant for the reaction with OH-radicals: k = 1.1x10™"!

cm’-s™!

[139]. This provides the unknown OH-concentration. The OH-induced decay of
samples was monitored by Raman microscopy, where contour maps were taken, as shown in
Figure 3.6. A simazine sample is shown in Figure 3.6 where spectral regime studied was the
C-H stretching vibration which occurs between 2750 cm™ and 3150 cm™. The results shown
in Figure 3.6 cover an area of 50 um x 50 pum, which was divided into 25 sections for

analysis.
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We can recognize in Figure 3.6 that the distribution of simazine is not entirely homogeneous.
The color codes represent variation of concentration of the simazine sample; blue corresponds
to low simazine concentration, and red to a high concentration. This map of Raman intensities
allows us to take reproducibly spectra at different simazine concentrations, which we can then
use to distinguish the reaction properties of monolayers as well as multilayers of low volatile

samples adsorbed on Aerosil-R-972.
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Figure 3.6: Contour diagram from Raman microscopy of simazine coated by Aerosil-R-972.

The Raman spectra taken during the degradation of TBA by OH-radicals are shown in Figure
3.7. This illustrates changes in intensities of vibrational modes of TBA before and after the
reaction time of 30 minutes with OH-radicals, where most signal intensities drop with time.

This can be an indication of thermal load and subsequent evaporation of the sample.
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Figure 3.7: a) Raman spectra of TBA before (t = 0) and b) after the OH-radicals reaction (t = 1800 s). The TBA
sample was prepared from 24.4 mg TBA and 38.5 mg Aerosil R972 in 3.1 mL acetone and 1.0 mL chloroform.
The gas stream containing OH-radicals contained 100 sccm (Ar, O,, O3;-H,0); laser power: 200 mW; acquisition
time per wavenumber increment: 2 s; number of accumulations: 25.

The reaction of OH-radicals with TBA is determined by changes in Raman mode intensities
of TBA between the region 1000 cm™ and 1600 cm™. In this region, we also observe the
appearance of Raman signals of the oxidation product [140]. Specifically, the C-C-stretch
vibration of the heterocyclic ring can be assigned to the wavenumbers 950 - 1055 cm™. Other
vibrations are 770-785 cm™ (rocking) and 435-570 cm™. The C-Cl-stretching vibration occurs
in the 505-760 cm™ regime, and the C-Cl deformation vibration is found between 250 cm™
and 450 cm™. Considering the example below, the Raman intensities are taken in the region

1000 cm™ and 1600 cm™.
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Figure 3.8: Kinetics of the degradation of TBA a) evaporation; b) reaction with ozone; and c) reaction with OH-
radicals), before (t=0) and after the OH-radicals reaction (t=110 min or 6600 s). The TBA sample was prepared
from 24.4 mg TBA and 38.5 mg Aerosil R972 in 3.1 mL acetone and 1.0 mL chloroform. The gas stream
containing OH-radicals contained 100 sccm (Ar, O,, 2 O3/H,0), laser power: 200 mW; acquisition time per
wavenumber increment: 2 s; number of accumulations: 25.

Table 3.3: Equation used to fit date in Figure 3.8

equation | Y =A1(e'kt)+ Ao

a) 1.886 + (0.184)(e"")+24.741 + (0.154)

b) 3.315 + (0.346)(e "'+ 22.706 + (0.379)
c) 5.309 + (0.423)(e "% +20.243 + (0.463)

The results from the kinetics experiment on terbuthylazine (TBA) initiated by OH-radicals are
shown in Figure 3.8. The experimental results clearly indicate that evaporation is the slowest
process (circles in Figure 3.8), leading to a smaller loss of Raman signal than chemical
degradation. The reaction with ozone is also included in Figure 3.8 (squares). This leads to a
more substantial loss of TBA. The fastest process is, as expected from the highest rate
constant, the reaction with OH-radicals (triangles in Figure 3.8), even though their
concentration is the lowest of all possible reactants. All curves shown in Figure 3.8 can be
modeled by exponentials, specifically indicating that the reaction with OH-radicals is

described by a pseudo-first order process [141].
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The major problem was to show that OH-radicals can be successfully produced by different
sources, which were ozone, water, and hydrogen peroxide. The first source of OH-radicals,
ozone, was aimed at producing OH-radicals for the indirect photolysis, but there is also
evidence for ozonolysis. This is because the mixing ratio of ozone was sufficiently high,
despite its low reaction rate constant with TBA [142]. The next source used was water, but the
percentage of OH-radicals obtained from water photolysis was not sufficient to follow the

degradation of the low volatile samples studied.

The last source of OH-radicals used hydrogen peroxide of 30% where the photolysis
wavelength was 248 nm [143], the power ranged between 100 and 200 mW [144], and the

OH-concentration reached up to 2x10" molecules / cm® [145], which successfully led to the
formation of OH-radicals. After reaction in the chamber with OH-radicals, the results were
collected by Raman spectroscopy and Raman microscopy, which is explained in the

following.

3.4.2 Estimation of error limits

The analysis and plotting of the data was done with an offset for clarity, as was done by Palm
et al. in their work [138], for calculating the OH-rate constant of TBA on Aerosil. Indeed,
they also suggested that the offset was due to the part of the substance that was not accessible

to OH-radicals. Using GC/MS, they considered the offset to make their calculations. They

then obtained an OH concentrations around 5—10x10°¢m ™ and the OH rate constant of TBA

. TBA
on the aerosil was Koy

=(1.1+0.2)x10™" em’s ™' [138]. These values were used as reference
to calculate the rate constant of others pesticides. In order to monitor the effect of the UV-
lamp and estimation of the offset value and origin, the reactions of TBA was monitored with

the UV-lamp switched either on or off.

The experiments with the UV-lamp off were made under the same conditions as the one with
UV-lamp on. The results obtained from the UV lamp on and off, respectively, are shown in
Figures 3.9a and 3.9b. The error limits have also been calculated. In Figure 3.9b, one observes
that the Raman intensity, due to photochemical processes in the flow reactor decreased with
time. This process is only observed when the lamp is turned on, as can see below in Figure

3.9b. The offset observed in Figure 3.9 can be due to the fact that a residual part of TBA,
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during the photolysis with OH-radicals did not completly react. It has to be considered in the

calculation of OH-concentration.
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Figure 3.9: TBA Raman intensity versus time (a) when the UV-lamp is off and (b) when the UV-lamp is on for
vibrational modes around 980 cm™ (triazine ring).

Figure 3.9b shows that the Raman intensities decrease exponentially with the time during the
photo-degradation. This is in agreement with the kinetics results discussed in Chapter 5 and

the findings of Klopfer and Wagner [146].

Furthermore, it is noticeable that in Figure 3.9a, the signals do not drop to Yo =0, that means,
there is an offset present in a non photo-degradation graph. It is supposed that no photolysis
reaction take place. Therefore, the offset can be due to the fact that the intensity of TBA at the
beginning of the kinetic which do not reacted and do not change until the end of the process

(see Figure 3.9a).
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4. Results and Discussion

In the present work, we investigated the indirect photolysis reaction of semi-volatile
compounds with OH-radicals [147]. The investigated substances were herbicides including
the s-triazine terbutylazine, simazine and lindane. The ultimate goal of the work was to show
that Raman spectroscopy can be applied as a fast and versatile method for the monitoring and
the understanding of indirect photo-degradation of herbicides. Raman spectroscopic results
constitute the main focus of the experimental data analysis. IR spectroscopy data are only
briefly discussed in order to also account for the possibility of vibrational modes belonging to

ketone functions, which are stronger in IR absorption than in Raman scattering.

A detailed data analysis procedure of the Raman data was performed to estimate the reaction
parameters. The concentration of OH-radicals in the reaction chamber is first and foremost the
important experimental parameter, which characterizes the laboratory conditions applied for
mimicking the atmospheric degradation of the studied herbicides. The correct assignment of
the experimentally observed vibrational modes in the Raman spectra was proven to be very
decisive in the determination of the degradation mechanism and was achieved by a
comparison of the experimental spectra with theory results from ab initio calculations. From
the experimental and theoretical results, the OH-radical concentration could then be
accurately determined and plausible reaction mechanisms describing realistic photo-

degradation pathways were derived.

4.1 Degradation of terbuthylazine by indirect photooxidation

4.1.1 Monitoring of the OH-radical concentration

OH-radicals are reactive species known to oxidize pesticides in the atmosphere [148]. These
reactants are formed via direct photolysis by sunlight at ambient conditions (see Chapter 3,
Section 3.2). In the framework of the indirect photolysis studies in this thesis, a good
knowledge of the availability of OH-radicals in the experimental reaction chamber is essential

for the investigation of the kinetics of the photolysis processes. Properly quantifying the OH-
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concentration enables the determination of the indirect photolysis rate constants of the

considered pesticides.

The following summarizes the results of laboratory experiments investigating the process of
OH-radical formation via photolysis of aqueous hydrogen peroxide (H,O,), which occurs in
an open storage within a reaction chamber [149, 150]. Other precursors for the formation of
OH-radicals include nitrate (NO3), ozone (O3) and water (H,O) [151]. However, O3 could not
be used as OH-radical source in the experimental setup used in our work because of the
possibility of ozonolysis to occur. Also, the obtained levels of OH-radicals from H,O
photolysis are high in humid air [138]. Hence, altogether, H,O, was the best available OH-

radical source for the experimental setup used in this work.

In order to estimate the concentration of OH-radials formed in the reaction chamber, the
reaction of terbuthylazine (TBA) with OH-radicals is considered as a reference for the indirect
photolysis reaction (i.e. we make use of its OH-radical reaction rate constant known from

literature which is about 1.1x10™"" cm”. s"l) [31].

An example of TBA full Raman spectrum taken before the photolysis reaction is presented in

Figure 4.1, showing intense vibrational bands that can be assigned to specific bonds in TBA.
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Figure 4.1: Raman spectrum of terbuthylazine before the indirect photolysis reaction.
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The OH-concentration present in the medium during the photochemical reaction is calculated
by doing a kinetic study of the full Raman spectra of TBA taken at regular time intervals
during indirect photo-oxidation. The rate constant corresponds to the inverse of time constant
for a given vibrational mode in the measured time dependent Raman spectra. Since we
selected the most suitable source of OH-radical formation that should lead to a steady
production of OH-radicals (TBA as reference substance) and therefore we make the following
criterion regarding the temporal behavior of the measured Raman spectra: Given different
Raman modes belonging to the reactive sites of the molecule, if the rate constants derived
from these modes are the same or vary very little, then the obtained value can be considered
to represent the overall rate constant and be used for determining the concentration of OH-
radicals. Hence, upon the analysis of the full Raman spectra, the focus is then put on the

spectral regions or features, which are relevant for the indirect photochemical reaction.

Depending on the observed spectral changes, more criteria may have to be defined in order to
decide which mode(s) among those changing systematically with the indirect photolysis time
can be used to calculate the rate constant. In fact certain modes may not or less be influenced
by the overall reaction or may even describe intermediate reaction steps, such that the rate
constants for such modes differ greatly and their meaning is not straightforward. Therefore,
the results related to the OH-concentration calculation also point to the significant vibrational

fingerprints for the indirect photolysis under study.

4.1.2 Evaluation of the Raman spectra of TBA

In the framework of the indirect photolysis studies on pesticides in this thesis, the goal is to
first demonstrate the feasibility of indirect photolysis for our experimental conditions and to
characterize the experimental reaction chamber via the determination of the concentration of
OH-radicals produced in the chamber. Hence, in this Section, we can exploit Raman
spectroscopy as a method for evaluating and validating the occurrence of TBA indirect
photolysis. We briefly present the corresponding Raman spectra, which were later analyzed in
order to extract the respective reaction kinetics parameters which help to determine the OH-
radical concentration in the reaction chamber. Overall, the analysis of the Raman spectra
consisted of (i) spectral preprocessing and correction (noise filtering and baseline subtraction)

followed by the fitting of most of the observed Raman bands/peaks, (ii) calculation of the
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integrated intensity (area) of the fitted Raman bands, and (iii) modeling the evolution of areas

as a function of photolysis time.

A control Raman experiment was first performed in order to verify that the sample would not
undergo any other changes apart from the indirect photolysis caused by OH-radicals, when it
was placed inside the photolysis reaction chamber. For this purpose, the TBA sample was
exposed at different time intervals in the photolysis reaction chamber when the UV-Vis
irradiation lamp for the production of OH-radicals in the chamber was switched off. The
corresponding Raman spectra are depicted in Figure 4.2, which shows that the Raman spectra
of TBA do not practically change with time when the irradiation lamp in the reaction chamber
in this case is turned off. This is consistent with the fact that the formation of OH-radicals via
indirect photolysis of H,O; is indeed impossible in the absence of UV-Vis irradiation. As
shown in the following, the Raman spectra recorded from TBA that was exposed for

photolysis in the presence of UV-Vis irradiation change drastically with the exposure time.
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4.2: Raman spectra of TBA that was exposed at different time intervals in the photolysis
reaction chamber when the UV-Vis irradiation lamp for the production of OH-radicals in the
chamber was switched off.
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The Raman spectra taken from TBA that was exposed at regular time intervals during indirect
photolysis when the irradiation lamp for the production of OH-radicals in the reaction
chamber was switched on are depicted in Figure 4.3, which shows the raw spectra in panel (a)
and the corrected spectra either displayed vertically in panel (b) or overlaid together with
zooming into different spectral windows in panel (c). Table 1 summarizes the assignment of
the main Raman bands observed during TBA indirect photolysis. Some of these bands are
marked in Figure 4.3 (c). The band at 227 cm™ represents C—N bending. Around 524 cm™,
there is an interesting deformation of the molecule with respect to a practically fixed C—Cl
bond in space. The band at approx. 780 cm™ is assigned to C—C stretching. The band at 1450
cm™ is due to CH, twisting and the band appearing at 961 cm™ is assigned to the
characteristic breathing mode of the triazine ring. Detailed band assignment was only possible
with the help of a theoretical calculation of the present work and with the help of available

literature data [152].

The analysis of the Raman spectra consisted of (i) spectral preprocessing and correction
(baseline subtraction) followed by the fitting of most of the observed Raman bands/peaks, (ii)
calculation of the integrated intensity (area) of the fitted Raman bands, and (iii) modeling the
evolution of areas as a function of photolysis time. As can be seen in Figure 4.3 (a), the raw
Raman spectra taken during TBA photolysis are overlaid by a fluorescence background

varying with the reaction time.

The measured Raman spectra were first preprocessed as follows: they were noise-filtered by
processing them 5 times through a 2-degree/9-size Savitsky Golay smoothing algorithm (this
process was mainly meant for removing spike noise, rather than for completely filtering out
noise from a general viewpoint), and the baseline was approximated by a linear spline with
many fitting knots and then subtracted from the experimental spectra in order to get rid of the
overlaying fluorescence background and to yield the spectra displayed in Figure 4.3 (b) and
(c). Important information provided by Raman spectroscopy about the photolysis reaction of

TBA with OH-radical can already be emphasized here.

In fact, the noticeable changes in the Raman spectra recorded when the irradiation lamp was
turned on (i.e. in the presence of OH-radicals formed in the reaction chamber via direct
photolysis of H,O,) prove that TBA indirect photolysis by OH-radicals did indeed occur

within the reaction chamber.
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Figure 4.3: Raman spectra at regular time intervals of TBA indirect photolysis reaction when
the UV-Vis irradiation lamp for the production of OH-radicals in the reaction chamber was
turned on: (a) raw spectra, (b) background-corrected spectra, and (c) zoomed view of the
corrected snectra overlaid toaether in different snectral windows.

Figure 4.3(c) demonstrates that TBA degrades with the reaction time, since nearly all main
Raman bands of TBA exhibit a continuous decrease in intensity with time, while at the same
time a few new bands appear in the spectra and increase in intensity with time [153, 154].
Presented below are the subsequent detailed analyses of the corrected Raman spectra for the

calculation of the concentration of OH-radicals produced in the reaction chamber.
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Table 4.1: Assignment of important Raman bands observed during TBA indirect photolysis [155, 156, 157]

Bands (cm™) 227.3 3345 523.9 778.3 864.6 9333 961
In plane
CH; Triazine CH C-N C-H Triazine
Assignment ] CC + CN ‘ '
Twi. ring + CCWag. Str. Twi. ring breath.
bend
+
CN bend
Bands (cm™) 9949 10643  1230.8 1281 1458.7 1606 2948/2995
CC +COC
C=C
CN  str.Asym.
. ~ H-CN aliph. CH, C= C-H/
Assignment + ringC=N ring
Wag. CH, Twi. Str. Str.
CN  +str. CC
Wag
CCl str. str.

4.1.3 Kinetics analysis of the Raman spectra of TBA

A detailed kinetic analysis of the TBA Raman spectra was performed. For this purpose, the
observed Raman band shapes were fitted by using the Igor Pro software. This band fitting was
aimed at accurately determining the positions of the bands/peaks and calculating the
corresponding areas in order to precisely follow the photolysis process. The band fitting
procedure is illustrated in Figure 4.4 (a), (b), and (c). This was done by first setting the
approximate peak positions. It was possible to found the widths of the different bands or sub-
bands, enabling a close reproduction of the experimental contours. For complex band
structures, instead of individual sub-bands, the total sum area of all contributing sub-bands

was used for data evaluation. The rationale for this is that the width of individual sub-bands is

difficult to assess.
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Figure 4.4: Band fitting of the Raman spectrum of TBA at the beginning of its indirect photolysis with OH
radicals. The spectra at different photolysis times were fitted similarly (i.e. the peak positions are approximately

marked, then the fitting program automatically adjust the bandwidths and fits the bands).

Since Raman scattering is a linear process, the integral intensity of a Raman band is

proportional to the sample concentration [115]. Therefore, Equation (30) in Chapter 2 can be
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rewritten to model the calculated area by mono-exponential decay functions given by

Equation (46) and Equation (47).

ft)= Ajexp(-Aet) ; (46)
A= k[OH] -C[OH] (47)

Here, f(t) is a Raman area, A and A, are the fitting parameters. The aim of the band analysis is
to find the parameter A from the time-dependence of the intensities or areas of the observed
Raman bands in order to calculate the OH-radical concentration. Note that we do not measure
the TBA concentration directly but rather the Raman intensity from the sample; and as a
consequence, Equation (47) will correctly describe the disappearance of TBA in the course of
the photolysis, if and only if at any time (t > 0), the Raman area considered is exclusively due
to the remaining TBA only and not to the reaction products. In order words, we have applied

Equation (46) only to the observed Raman bands, which clearly decay with time.

It should be also informative to rearrange Equation (46) into Equation (47) in order to monitor
the formation of products by investigating new bands appearing in the Raman spectra with
increasing reaction time. Since the stoichiometric ratio between TBA decomposition and
product formation is not known [117], the formation of products can be described by the
commonly used negative mono-exponential growth function in Equation (48) [138].
However, in our case, since the reaction mechanism is not known in advance and the
contribution of the formed products is minor in the measured Raman spectra, the
determination of the rate constant by exploiting equation (48) was only possible for the first

order process.

fit)= A, (1-exp(-1 e t)) (48)

Kinetics analysis based on band areas (integral band intensities)

The results of the mono-exponential fitting of the calculated areas of selected Raman bands
plotted as a function of the photolysis time are recapitulated by the graphs in the different
Figures in the next Section. In Figure 4.5 for example, we show the case where the areas were
calculated from the band fitting described above and we also show the modeling of the
temporal behavior of the plotted areas with a mono-exponential decay function (Equation (48)

for bands clearly decaying with time). Note that in the graphs in Figure 4.4, the parameter "A"
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was denoted by the letter “L” during fitting. A quick look at the results in Figure 4.5 reveals
that the calculated Raman areas, which clearly decrease with time, are well modeled by
mono-exponential decay functions. In the following we discuss the values for the rate

constant obtained from the fitting of the Raman band areas.
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Figure 4.5: Plots of selected Raman areas as a function of photolysis time for absolute areas calculated via band
fitting: The symbols represent experimental data, while the solid curves represent the fitting models for the

corresponding temporal behavior (the parameter "A" in equation (48) is denoted by the letter “L”).

Using Equation (48) the rate constant value estimated with a meaningful error is as follows:

0.0009 + 0.0001 <A <0.0018 +0.0003 s : A(524 cm™)=0.0018 £ 0.0003 s™'.

In accordance with the hypothesis made while deriving Equation (47) (i.e. constant OH-
radical concentration), we need to obtain at best almost the same value of A for each fitted
area. If we first consider only the areas which clearly show an overall decay over time, then
the fitting with an exponential decay function (Equation (48)) yields values of A close to one

another.
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The above kinetic analysis was repeated for relative band areas calculated with respect to the
area one of a given band considered as a reference band. Different bands were tested to find
out whether any of them could be used as reference band. The necessary requirement in this
case is for a reference band to be insensitive or very less sensitive to the photolysis changes in
the studied molecule. It appeared that the band at about 780 cm™ was the closest possible in
this regard, and therefore, the determined values of A are worth mentioning in this case: The
fitted rate constant for relative band areas with respect to the 780 cm™ band was found in the

following interval:

0.00039 + 0.00008 < % < 0.0009 + 0.0002 s : (524 ecm™) = 0.0009 = 0.0002 s

Here, A(524 cm™) ~ 0,001 is the upper bound of the interval value for the fitted in A.

Kinetics analysis based on the peak and relative peak intensities of Raman bands

Absolute as well as relative peak intensities of the observed Raman bands have also been
evaluated to describe the indirect photolysis of TBA with OH-radicals. The band or peak
heights have been obtained directly by reading them from the average Raman spectrum at
each reaction time. Relative peak intensities were calculated by taken as reference the
intensities of the same band considered in the case of relative band area calculation. As for
band areas, Equation (48) was used to fit the plots of the peak intensities as a function of
reaction time, especially for bands clearly showing decreasing peak intensities with reaction

time.

The rate constant derived from absolute peak intensities was found in the following interval:
0.0002 + 0.0001 <A <0.0016 + 0.0001 s : A(524)=0.0016 + 0.0004 s".

The upper bound of the obtained interval of the A values corresponds to the value of A for the
524 cm™ band, which being the highest, agrees very well with the value of A obtained from
the analysis of absolute band areas and relative band areas. The rate constant derived from the

analysis of relative peak intensities with respect to the 780 cm™ band was found in the

following interval:
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0.0004 = 0.0001 <A <0.0020 + 0.0001 s : A(524) = 0.0020 + 0.0001 s

The largest A value in this case is again found to be for the 524 cm™ band, which is in

agreement with the upper bounds of the A values determined so far.

4.1.3.1 Recapitulation: Confidence range of rate constant and for the OH concentration

As illustrated in the above specific cases, the rate constant was calculated from the fitting of
the time dependence of either the integral intensities (areas) or peak intensities of the
observed Raman bands. Table 4.2 recapitulates all the results of the kinetic analyses that were
based on either the absolute band areas obtained from band fitting, relative fitted band areas
with respect to any of several bands tested as reference, band peak intensities, or on relative

band peak intensities (with respect to the same bands testes as reference for relative band area

calculation).

Table 4.2: Ranges of A values obtained from the kinetic analysis based on Raman band areas or intensities.

Ranges of AMs™) values obtained from area analysis

Upper bound / remarks

Absolute band areas (obtained from band fitting)
0.0009 = 0.0001 <A <0.0018 + 0.0003

M524) = 0.0018 = 0.0003

intervals)

0.00045 +0.00005 <A <0.001 +0.0002

Absolute band areas (manual selection of wavenumber

M524) = 0.0010 = 0.0002

Relative band areas (reference: 995 band)
0.0004 + 0.0001 <A <0.001 £+ 0.0002

M524) = 0.0010 = 0.0002

Relative band areas (reference: 2950 band)

0.0003 £ 0.00003 <A <0.0008 + 0.0002

Relative band areas (reference: entire CH region)
0.00031 +0.00003 <A < 0.0008 = 0.0001

Relative band areas (reference: 780 band)

0.00039 £ 0.00008 <2 < 0.0009 + 0.0002

M524) = 0.0010 £ 0.0002

Ranges of A values obtained from peak intensity analysis

Absolute peak intensities
0.0002 = 0.00001 <A <0.0016 = 0.0004

M524) = 0.0016 = 0.0004
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Relative peak intensities (reference peak: 995 cm'l) M524) = 0.0034 £ 0.0002
0.00018 £ 0.00005 <A <0.00034 + 0.00020

Relative peak intensities (reference peak: 780 cm'l) M524) = 0.0020 = 0.0001
0.0004 = 0.0001 <A (sl) <0.0020 £+ 0.0001

Conclusion
Rate constant for relative peak intensities Rate constant for band areas
0.0004 + 0.0001 <A <0.0020 + 0.0001 0.0009 = 0.0001 <A <0.0018 + 0.0003
Taking all the Raman band T TBA 1260 s
o : ' ' =TBA 1080 s
characteristics of TBA analyzed above, 2060_\"%/'\/
. -1 . 2 } 1 - “TBA 900 s
it appears that the 524 cm™ band is very 5 1500 | 1~ SN
8 —TBA720s
relevant for indirect photolysis of TBA < \_/\/\—\/
> 10001 R | ~TBA540's
through reaction with OH-radicals. For = ~
g T~ "TeA3G0s
this reason, the Raman spectra of TBA ~ 5001
' - ~TBA180's
were zoomed out around this band and . —TBADS
are displayed in Figure 4.6 in order to 510 520 530 540
Raman Shift / em™
clearly show the time-dependent Figure 4.6: Raman spectra of TBA

around the 524 cm™ mode

spectral changes induced by indirect

photolysis of TBA.

The fitting of the 524 cm™ area yields a more accurate value of A (0.0018 + 0.0003 s™),
becaue the error on the fitted value of A for the other decaying bands is almost of the same
order of magnitude as the obtained value itself. The 524 cm™ band is due to the interesting
extended deformation of the TBA molecule with respect to a practically fixed C—Cl bond in
space (see section 4.5). The greater rate constant accuracy obtained from the fitting of the 524
cm™ area is therefore very important, since it suggests not only that the cleavage of the C-Cl
bond during indirect photolysis as supported in many earlier works [158, 159] directly affects
the 524 cm™ band, but also that this band practically accounts for the overall change in the
TBA amount due to indirect photolysis. In this case, the products formed during the reaction
most likely do not contribute to the intensity of this band and consequently the fitting of its

temporal evolution with a mono-exponential decay function is indeed realistic. The other
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decaying bands may have small intensity contributions from the formed reaction products,
and as a matter of fact, their temporal behaviors may not be entirely described by mono-
exponential decay functions. Nevertheless, it is very realistic to state that all the obtained
values of A for three of the fitted bands (i.e. the ones clearly decaying with reaction time) are

close to one another.

It follows from the detailed analysis of the Raman bands that the overall rate constant can be
realistically determined by the time-dependent behavior of the Raman band at 524 cm™. The
confidence range of the overall rate constant is given below by taking the upmost bounds of
the ranges of the A values determined from band analysis. The corresponding range for the

OH-radical concentration is then determined.
The confidence range for the overall rate constant is defined as follows:
0.0018 + 0.0003 < A(524) < 0.0020 = 0.0001 s™ (49)

Hence, for absolute area;

Cion = A ko = (163+ 31) x10° molecules - cm™.

And for relative peak intensities with respect to the 780 cm™ band, we have;
Ciom = A ko = (184.59 £ 9.23 x 10° molecules - cm™

Therefore, the corresponding range for the OH-radical concentration is as follows:
(163 £ 31) x10° < Cjop; < (184 + 9) x 10° molecules.cm™ (50)

The above results give the range of the OH-radical concentration in our experimental chamber
as determined from the Raman band analysis. This OH-concentration depends on the setup
used and can change according to the parameters influencing the ambient experimental

conditions.

To sum up, because the Raman band integral intensity (band area) better reflects the amount
of the measured substance in a situation where both the band width and peak height might due
to a chemical reaction, we consider that the value of A obtained for the 524 cm’ band area
most likely represents the overall rate constant and can therefore be used to calculate the OH-

radical concentration. The corresponding OH-radical concentration value is the following:
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Cion = (163+ 31)x10° molecules.cm™ = (2.7 + 0.5) x10™"* MolL.L" (51)

The present results allow us, not only to better understand the Raman spectroscopic method
for the monitoring of TBA photolysis, but also to extend the method to the case of other
pesticides under study [160]. The first important insight gained from the analysis of the photo-
degradation data is the exponential form of the decay curve of the intensity of specific Raman
bands of TBA and the second insight is associated with the measured value of the OH-radical

concentration.

As mentioned above, the value of A obtained from the fitting of the 524 cm™ band appears to
be best representative of the overall rate constant. We have strived to verify this result by

determining A from Raman band parameters (band areas or intensities) evaluated differently.

4.1.3.2 Discussion of the time-dependent behavior of important Raman bands evaluated

for the description of TBA indirect photolysis Kinetics

Following the above detailed evaluation of Raman bands (areas and peak intensities) for the
determination of the value rate constant A, it appears that many bands (421, 523, 780, 961,
995, 1450, 1606, and 2950 cm™) are worth a particular attention. Especially the direct
visualization of the Raman has shown that the 523, 1606, 1450 and 961 cm” bands in this

order can be preferred for determining the rate constant.

The band at 446 cm” in the Raman spectra is the only band which contains a clear
contribution from the C—Cl stretching vibration . The cleavage of the Cl atom is reported in
many studies as the initial step of the degradation processes of many herbicides [161]. If the
overall TBA degradation pathway was starting uniquely with the cleavage of the Cl atom and
if a vibrational mode due to a pure (uncoupled) motion of the C—CI bond could be observed
in the Raman spectrum of TBA, then the evaluation of such a mode would be a direct measure
of intact TBA concentration at any given reaction time and facilitated the determinationof
OH-concentration. The Raman results show that the area of the 446 cm™ band is constant for
some time and then increase towards the end of the reaction, while its peak intensity does not

globally change considerably with the reaction time. This observation is justified by
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theoretical calculations (see details in the discussion in the later section) and can be

understood from the fact that the 446 cm™ band is not mainly due to the C-Cl motion(s).

The band at 1450 ¢cm™' is due to the deformation vibration of CHj; and CH,; groups. Also, the
bands around 2950 cm™ are due to the stretching vibrations of CH bonds. The 961 c¢m™ band
is the characteristic breathing vibration of the triazine ring. Since during the indirect
photolysis of TBA, there is no breaking of the triazine ring and since the triazine ring as well
as the overwhelming CH3/CH, groups and CH bonds are expected to be equally present at the
beginning and at the end of the reaction, we would not expect any change in the 961, 1450,
and 2950 cm™ bands over time and could in principle consider these bands as internal
standards. However, the results above show that the intensities of these bands change with the
reaction time, so that they do not behave as an internal standard. Since the observed change
for each of these bands yields a rather low value of the fitted rate constant A, such a change
does not represent the complete measure of the total change in the amount of TBA either, so
that the overall rate constant could not be measured via the evaluation of the intensity of each
of these bands. Theoretical results which illustrate the actual motion of these bands will help

to provide a definitive explication of the present situation.

Surprisingly, the bands at 995 and 780 cm™ are observed in the Raman experiments to be
globally constant in intensity (absolute peak or integral intensity) throughout the indirect
photolysis reaction and appear in the mentioned order as the best suitable internal standards
regarding the degradation changes in the TBA molecule. In fact, the values of the overall rate
constant determined from the evaluation of the relative values of band areas or peak
intensities with respect to either the 995 or the 780 cm™ band as reference are closely
matching those obtained from the evaluation of the absolute values of band areas or peak
intensities. The observation of the motion described by these modes has helped to further

clarify this point, as detailed in later sections.

Interestingly, the 524 and 1606 cm™ bands are the only bands, which help to obtain the
highest values of the rate constant A in all cases. The evaluation of the 524 cm™ band yields
the highest values of A for both absolute and relative band parameters (area or peak intensity)
and which are nicely matching with one another, especially when the 995 or 780 cm™ band is
taken as a reference for calculation relative areas/peak-intensities (as already mentioned above

these bands were the better internal standards). The 524 cm™ therefore seems to be a measure
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of the total change in the TBA molecule, irrespective of the degradation pathway. To further
clarify why this is the case, more details will be provided later about the complex motion this
band involves. The 1606 cm™ band appears as the next best candidate for the determination of
the overall rate constant A, since its evaluation yields the second largest values of A. It may as
well describe the degradation of TBA, but only partly. Theoretical details about the actual
motion of this band will bring further insights.

Finally, the ongoing discussion gives an already very comprehensive understanding of the
obtained results for explaining the indirect photo-degradation of TBA in the experimental
reaction conditions. It follows that multiple simultaneous degradation pathways are more
plausible. Yet, one Raman fingerprint appears as the signature as the overall degradation

process [162].

As will be described in the next sections, we have used two other alternative methods to
characterize the degradation of pesticide in the presence of OH-radicals and the occurring
reaction products. Namely, nuclear magnetic resonance (NMR) and mass spectroscopy (MS)
were applied in order to further understand the Raman results and then to clarify the TBA
indirect photo-degradation pathways. Ultimately, the Raman theory-experiment comparison

helps to strengthen the final conclusion.

4.1.4 Infrared Spectra

To access other normal modes of vibration present in TBA that might less intense or inactive
in Raman scattering, besides Raman spectroscopic studies, we have also studied the IR
spectrum of TBA. The IR spectra of TBA were taken with the help of a IFS/66S Bruker
Fourier Transform IR spectrometer in the range of 400-4000 cm™. We note the existence of
bands at 3400 cm’ suggesting a shift of N-H due to the nature of the environment
surrounding the NH group. In addition, the C=N conjugated cyclic system band also is
identified at 1622 cm™, the NH, twisting at 555 cm™ and the stretching of secondary amine
N-H at around 3267 cm™. A broad vibrational band is observed at a position around 2900 cm™,
which is assigned to CH stretching. The theoretical IR spectrum of TBA in Figure 4.7 (a)
matches the experimental spectrum very well, despite some band broadening seen in the

experiment. It is necessary to also mention that there is a band between 1310 and 1590 cm’
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that may be tentatively assigned to the combination mode involving C-C stretching and in-

plane C-H in-plane-binding in the aromatic ring [163].

After photo-degradation, the results of the experimental spectra of TBA reaction products
were collected as illustrated in Figure 4.7 (b). The experimental spectra in Figure 4.7 (b) show
a vibrational mode at 1650 cm™ corresponding to C=0 stretching. This C=0 stretching is also
present in the theoretical spectra calculated for the reaction products revealed by NMR and
MS. Thus it should be noted that each product forms OH-radicals can turn into ketone
according to the mechanism of the Retro-Diels-Alder Reaction [164] . We have realized a
relative decrease in the intensity of the -C-H vibration—within 2900-3300 cm™ [165] (see
Figure 4.7 (b)), which can witness the reduction of CH content during the indirect photolysis
reaction as a result of the of alkyl chain breaking or oxidation. All these observations point to

the formation of reaction products different from the initial TBA.

Note that the recorded IR spectra also confirmed the results obtained from Raman
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Figure 4.7: Comparison of Fourier Transform IR spectra in the range of 400-4000 cm’ for a) pure TBA and b)

TBA reaction products.

On the other hand, experimental/theoretical results and MS analysis show that the terbuthyl

group in TBA is broken during the reaction
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4.1.5 Characterization of the reaction products by NMR and mass

spectrometry

Next to Raman- and IR-studies, the products of indirect photolysis of TBA were investigated
by mass spectroscopy analysis (MS) [166] and nuclear magnetic resonance (NMR) [167]. MS
analysis provides useful information about the mass of available fragments/products in a
measured sample (see more details in Appendix A2 for terbuthylazine). However, detailed
insights into their structure are needed for the full characterization of the reactants and the
products. This complementary information is delivered by NMR analysis. In fact, NMR helps
to gain a deeper insight into the structure of fragments identified by MS. The NMR technique
uncovers the existing correlation between the different substances and the purity of the
sample, by estimating the quantity of different chemical groups present within the products
obtained after the indirect photolysis reaction in the investigated pesticide (e.g. TBA). In the
following Section, NMR and MS results describing the indirect photolysis reaction products
of the investigated pesticide samples are presented. The Retro-Diels-Alder reaction is

considered in selected cases for stabling the sample degradation pathways.

4.1.5.1 Nuclear magnetic resonance

The NMR measurements in the framework of the present work were conducted by using the
Bruker Avance III, 700 MHz SB US magnet spectrometer [168, 169]. The 'H NMR spectra
recorded at 700 MHz from the samples dissolved in CDCIl; before and after the indirect
photolysis of TBA are shown in Figure 4.8. The chemical shifts are reported in parts per
million (ppm) from the internal standard TMS (0.0 ppm).
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Figure 4.8: '"H NMR spectrum of neat terbuthylazine and degraded terbuthylazine after indirect photolysis by
OH-radicals (taking as source of OH-radicals either H,O, or NO, formed by the reaction of the (N, + O,) mixture

with water vapor).

In Figure 4.8, the NMR signals of CHj protons for ethyl are observed at 1.19 ppm [170] and
as evidenced, the characteristic NMR signal of the CH; protons of the tertbutyl methyl groups
at 2.38 ppm is confirmed [171]. The signal at 3.46 ppm is due to the CH, protons of the
ethylamino group [170, 171]. In addition, the chemical shifts of NH protons show up between
5.0 and 5.6 ppm as can be observed in Figure 4.8 and also in the Appendix A2.3.1 [172].
Normally, one should expect only two signals for the 2 protons of NH present in the
ethylamino (e) and the terbutylamino (t) groups of the TBA molecule. However, we have

observed many separated signals. This observation proves the presence of different TBA
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isomers and we can state that they are distinct TBA isomers. As known for other triazine
molecules [170] the different isomers arise from restricted rotations of the alkyamino side
chains caused by the delocalization of the nitrogen lone-pair electrons into the triazine ring of
TBA such that the side chain CN bond acquires a double bond character. This situation, which
is due to the electronic charge distribution in the TBA molecule, can be represented by a
resonance structure [173] as depicted in Figure 4.8. The above observation for many different
NH proton resonances in the NMR spectrum of pure TBA therefore is in agreement with the

work of Welhouse et al. [173, 175], who studied the NMR spectra of atrazine and TBA.

After indirect photolysis of TBA with OH-radicals, the NH proton resonance of the side
chains gives NMR signals in the region between 6 4.5 and 5.0 ppm, as it can be observed in
Figure 4.8 (see also Figure A2.4.1.1 in Appendix). Regarding the different TBA isomers, we
note that several multiplets that were present in the spectrum of pure TBA have disappeared,
shifted or changed in band shape and intensity after TBA indirect photolysis. Only one strong
band is observed at 5.4 ppm as opposed to four bands around this position in the NMR
spectrum of pure TBA. The change and the reduced number of multiplets for the signals of
the NH protons mean that some TBA isomers are no longer present; suggesting that these
ones were more affected than others TBA isomers during the photolysis reaction, which

proves the selective formation of products (presented in Figure 4.11, page 82).

Actually, after the indirect photolysis of TBA with OH-radicals, we can see in the Figure 4.8
the presence of OH-proton detected at 6 8.0 ppm. Moreover, a doublet bands at & 7.4 - 7.60
ppm representing NH protons neighboring a carbonyl substituent in the triazine ring was also
detected in the NMR spectrum [176]. This observation suggests the formation of a product
containing a carbonyl group in the triazine and corresponding to the displacement of both the
double bond and the H atom on the triazine ring according to the Retro-Diels-Alder reaction

mechanism [164].
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Figure 4.9: Electron-withdrawing effect of the triazine ring. They confirm electronic exchange in Figure 4.8 by a

chemical shift between 6 5.5 (Fig. 4.7) and 4.5 ppm.

It follows from the above NMR results that there is an equilibrium decomposition reaction
taking place during TBA indirect photolysis, leading to the modification of the TBA molecule
and the presence of both OH- and carbonyl groups in the products, but leaving the aromatic
ring intact. The exploration of these results in greater detail, we have also performed the MS

characterization of TBA before and after its indirect photolysis by OH-radicals.

4.1.5.2 Mass Spectroscopy (MS)

Mass spectroscopy (MS) was used to identify the reaction products during TBA degradation.
The sample was mixed with an Agilent 6210 ESI-TOF. A drying gas flow was set at 15 psi (1
bar). The EI-MS experiments were performed with flow rate at 4 pL/min [177]. All other
parameters are optimized for a maximum of the respective abundance [M + H]. Based on the
intensities ions obtained, it was possible to identify the products resulting from the indirect
photolysis reaction. Candidate products of degradation are given for each compound studied
after a indirect photo-degradation reaction has taken place. The examination of intermediates
and end-photolysis products has provided valuable information on the feasibility of the photo-
degradation process of TBA. During indirect photo-degradation of TBA by OH-radicals, we
have obtained some products with OH-radicals (see Figure 4.10). Making use of the Retro-
Diels-Alder mechanism with cyclo addition of the m bond, we get another opportunity of
products containing the ketone. We will see later with the characterization methods if
compound with ketone can be considered in this study as a product of indirect photolysis, as

stated in the literature [178].
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Furthermore, we have suggested intermediate degradation products of TBA and their further
transformation into final products. As the end product of TBA indirect photolysis, we have
proposed in this present work cyanuric acid (see section 4.5). This has also been described in
the literature [179, 180]. The reaction of Retro-Diels-Alder is presented subsequently to better

understand the mechanism of degradation.

Following the exposure of TBA to OH-radicals, which was done at a very low concentration,
several indirect photolysis products of TBA with 230.12 m/z were detected by MS analysis.
The displayed region of the spectrum contains ions of the homologous series with m/z of 230,
212, 196.16, 174.06, and 140.09, among others. The MS patterns depicted in Figure 4.10
shows the products obtained due TBA degradation by OH-radicals.

Sample Name TBA Position Instrument Nams Instrument 1 User Name
Inj Vel 50 InjPosition SampleType Samiple IRM Calibration Statis SUCEss
Data Filename 6710 _Tchenshow TBA . ACQ Method Comment: in AcetonMeOH Acguired Time 3/26/2002 3:07:07 PM
«10 % |+ES| Sean (0,271,585 min, B0 Scans) Frag=180.0V 6710_Tehanstav_TEA .d
ad
3.8 &
3.8+ =
3.74 =
.64
3.54
3.4
3.3
3.2
3.4 2
2]
2.6 =
2.8 &
2.74
2.6+
2.5
2.44
2.3
2.24
244
24
3 el
18l
1.7+
1.6
1.5+
1.4 3
1.3 =
1.2 o
1.1 T %
00] &
ol B &
0.7+ =
0.6 =
0.5 o - = .
04l 1 2 & Z 8
0.3 o z = =3
0.2+ = J
o0 oLl b, i Ll WY TS VTR RTINS R VO I70 [0 1O .|1.L L,

r “2be 270 208 zéo 225 280 235 adn 245 280 285 280 285 200 275 2Bo 255 2000 265 3do 305 zlo =15 3%0 335 380 33

ounts vs. Mass-to-Charge {miek

80



rpby N TRAPal Prpltign Iratramet Mama Irrramart 1 er Mamag Fanas

wal = Iaftaitian Bamgha Ty o TAM Calli alin Hales ek
@ Fllenpema G701V Tehaadeoy TRA AET Mt bl e mmita gk i DCM Ml g wirasd Tima AAL017 1AL P
210 % |« Bonn (0 6381 B85 min, 110 Bonnal Fing=000 DY 8700 _V Tohandeow  TOARrodubs o @
7.4 -
vz -
74 ;
as . ﬁ

i e
a4

™
-

=z
=

/>7Q
H
ok
PN
NH N NH C,H
—196.1600
252.1037

43 ‘
a
1 B o4
3.0 .-/-’ O
9 44 N I |
5.2 W
14
2.8 (] o)
264 w
24 t‘E b T ™~ ’K a
2.2 =] w
2.2 o § (=] o
2 a o 2 :
1.8 - o a 1] g ] h‘f 3 ™~ :
1.6 - T =] M~ ™ -
w = el @ .
14 = ™ bt
' ? ®n © o - - ©
0.8 ; :: ~ o o~ @
ae i - | L ™~
b )l ||._;.:.I|.a. :l1nj.l:|4 i bs il
170 180 ) i ] 20 20 FXM 0 IH0 M0 ,-:'u ,'l‘:‘\(l _--';u J._‘,n LR}

by £ L ]
Conards v Maie-A0-Chat Qo (v

Figure 4.10: MS patterns of the photolysis degradation products of terbuthylazine recorded using an ESI source.

As reported in the literature on herbicide (containing s-triazines) degradation, the main
reactions that clearly take place are dealkylation (of the lateral chains) and dechlorination
[181]. This means loss of Cl with a mass number of 36 and acquisition of OH-radicals with a
mass number of 17. Subsequently followed by dealkylation, a fragmentation corresponding to
the loss of the terbuthyl group without dechlorination at the beginning of the reaction can take
place during indirect photolysis by OH-radicals [182]. It should be mentioned that
fragmentation under the impact of collision in the MS chamber depends mainly on the
structure of the side-chains at positions 4 and 6, which in the present case are represented

mostly by N-alkyl groups [183].

Many molecules were observed which include hydroxyl-terbuthylazine with molecular weight
212.15 and 6-ethylamino-2-tert-butylamino-1,3,5-triazine with 168.13 m/z, as depicted in the
MS spectrum displayed in Figure 4.10. We have also observed the formation of ammeline
with 129.7 m/z among other intermediate products leading to cyanuric acid as the end
product of the reaction [184, 185]. The proposed photo-degradation pathway of TBA in the
presence of OH-radicals (i.e. in the presence of OH-radicals formed by direct photolysis of

hydrogen peroxide) is depicted in Figure 4.11.
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combination with NMR and MS).
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The Retro-Diels-Alder mechanism can be used in the case where m/z are 212, 184, 129 (see

Figure 4.9) to obtain ketone.

4.2 Degradation of simazine by indirect photo-oxidation

The results obtained from the study of the photolysis of terbuthylazine in the presence of OH-
radicals are exploited in the following in order to determine the rate constant of the photo-
oxidation reaction of simazine due to OH-radicals. The investigation of the reactivity of
terbuthylazine with OH-radicals under atmospheric conditions has allowed us to estimate the
ambient concentration of OH-radicals in the experimental setup. This knowledge was
necessary for studying the photo-degradation of Simatine and other herbicides investigated in
the framework of this thesis. Raman spectroscopy was used to monitor the reaction of

simazine with OH-radicals, followed by a kinetic analysis of the Raman data.

Our experimental observations show that the degradation process is not the same for the
different pesticides under investigation. In other words, the degradation in the case of
simazine for example is found to be different from that of terbuthylazine and lindane.

4.2.1 Evaluation of Raman spectra

Raman spectroscopy was used to monitor the indirect photo-degradation of simazine in the

monolayer. To this end, the Raman spectra measured from the simazine sample exposed for

regular times (from 0 to 1260 s) to photo-degradation are displayed in Figure 4.12.
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Figure 4.12: Raman spectra of simazine exposed to photo-oxidation by OH radicals for different reaction

times

The Raman spectra shown in Figure 4.12 have been baseline-subtracted. It can be seen that
the Raman bands of simazine decrease in intensity with reaction time. This is observed clearly
for the most intense bands, including the bands in the CH stretching region around 2898 cm™,
in the C-C stretching region (1150-1000) cm™, etc. Interestingly it is apparent that overall,
many Raman bands of simazine quickly decrease in intensity until a photo-oxidation exposure
time of about 320 s and for an exposure from 540 s some of the bands shortly regain intensity,

but being in most cases quite different from the original bands in terms of band shape and
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position. In particular the bands marked by the arrows in Figure 4.12 simply vanish by 320 s.
This clearly suggests that the photo-oxidation reaction is such that at the very early stage,
simazine quickly decomposes into one or a few intermediate products, which then also
degrade later in the process. In this case, because only certain but not all Raman bands of
simazine are concerned, a quick disappearance of simazine due to e.g. evaporation can be
ruled out. Therefore, the correct assignment of Raman bands that are characteristic for the
ongoing process and the kinetic analysis are needed to clarify the degradation mechanism
further. Table 4.3 gives the assignment for some of the important bands of simazine which
gradually change in intensity. The band assignment was supported by theoretical calculations
and literature data; the complete band assignment can be found in the section 4.5 (theoretical

calculation).

Table 4.3: Assignment of Raman bands observed during indirect photolysis of simazine

Bands  Assignment Bands  Assignment
(cm™) (cm™)
253 CHj twist. 983 Triazine ring trigonal str.
362.5 CCl str. 1072 C-OH str., C=N ring str., NH rock.
652.9  In-plane triazine ring def. + NH|1250.8 H-C-H Wag.
rock
850 ring str. 1304 CH, twist.
864.6  C-N str. 1624 Ring def.
033.3 CClI str. + C-N str. + ring C=N[2948/299 C-H str.
str. S

3241 N-H sym. str.

4.2.2 Kinetics Analysis

The Raman spectra recorded at regular time intervals from simazine exposed to indirect
photolysis were analyzed as a function of reaction time in order to extract kinetic parameters
for the indirect photo-degradation. To obtain the different rate constants, the mono-

exponential function f(t)= A exp(-4 et) given in equation (46) has been used to model the

time-dependent change in the Raman bands of simazine, since the integral intensity in the
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Raman spectrum is directly proportional to the concentration of the corresponding species, as

explained in Section 4.1.

A is the fitting rate constant that is determined from the kinetic analysis of the experimental
Raman spectra of simazine. Knowing the ambient OH-radical concentration from the analysis
of the reference molecule (TBA), the OH reaction rate constant of simazine koy = kou
(simazine) was derived from the fitted rate constant as follows (equation 52):

A= kOH -COH — kOH: A/ C[OH] (52)

e Rate constants derived from the analysis of areas

We have used the Igor Pro software in order to perform a detailed multipeak band fitting
procedure for all the vibrational bands observed in all Raman spectral recorded from the
simazine sample subjected to indirect photo-oxidation at different reaction times. The areas
are determined and then carefully inspected as a function of the reaction time; it appears that
some Raman bands behave quite differently from others during the indirect photo-degradation
reaction. The Raman bands showing gradual changes in intensity with respect to the reaction
time have been summarized in Table 4.4, which gives the areas for each band at different

reaction times.
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Figure 4.13: Plots of Raman areas as a function of time during simazine photolysis (symbols) and

corresponding mono-exponential fits.

Figure 4.13 shows that the fitted rate constants describing the temporal evolution of the areas
of the Raman bands of simazine range from (6.566 + 0.178) x 10™ to (4.77 + 0.590) x 107 s™';
i.e. with up to one order of magnitude spread indicating that the behavior of different bands

describes different reaction mechanisms.

OH rate constant for simazine photo-degradation

In order to establish which value(s) of the fitted rate constants describes the overall simazine
reaction, we have made several necessary considerations from using the theoretical as well as
experimental results. The above analysis of the temporal evolution of the of the Raman areas
of simazine shows that the Raman bands of simazine can be subdivided into three groups
corresponding to fitted rate constants from lowest values (< 0.001) s™ for just a few bands,
intermediate values (~ 0.002) s for some bands (epically those belonging to vibrations
involving the triazine ring), to highest values (~ 0.004) s’ for some bands involving
specifically C-H and CH, vibrations. This analysis can be understood as follows: As far as the
spectral features specifically reflecting the disappearance of simazine are concerned, the
highest rate constant (4.77 + 0.590) x 10~ s obtained has to be considered; this value
corresponds to the band observed at about 1255 cm™ in the Raman spectra. Hence, the OH

rate constant has been calculated from the fitted rate constant at 1255 cm™ as follows:

kon (CH2) =L/ Con = (3.9 £ 0.59) x 10~ / (163 + 31)x10° = (2.73163 + 0.645)x10"" cm*- s™".

Based on the theoretical normal mode calculation for simazine (see Section 4.5), the
vibrational mode at 1255 cm™ is corresponding to the CH, deformation modes (twisting and
bending) [184, 186]. A big impact such as the breakage of CH, groups (or of moieties
carrying these groups) would cause the 1255 cm™ mode to disappear, as clearly indicated by
the fastest vanishing of this band from the Raman spectra recorded from the simazine sample
after different exposure times to photo-oxidation (see Figure 4.12). Moreover, the 1255 cm™
mode will be sensitive to change affecting the ethyl groups of the simazine molecule. In fact
the theoretical results prove that the aforementioned vibrations described by this mode belong
entirely to the ethyl groups of simazine. This is further supported by the fact the band at

2981.75 cm ', which involves CH stretching vibrations of the ethyl sites of simazine also
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quickly decrease and vanish within a photo-oxidation exposure time of 320 s and yields a very

similar fitted rate constant as the 1255 cm™ band.

Moreover, as will be demonstrated in the following section, mass spectroscopy results have
shown that there is breakage of ethyl groups from the simazine molecule. In this case, some
cleaved ethyl groups, which are volatile because of the short chain length, will become
invisible in the Raman spectra recorded from the solid simazine sample, what is agreement
with the Raman results. The scissoring mode of the CH bonds belonging to the s-triazine ring
is clearly different from that belonging to the ethyl groups, since the former appears at ~ 3150
cm™'. This band does not show any significant change in intensity with the reaction time, what
is in agreement with the mass spectroscopic data suggesting that the indirect photolysis of
simazine should lead to an end product containing an intact s-triazine ring (with ring C-H

bonds).

4.2.3 Characterization of simazine degradation products by NMR and mass

spectrometry

NMR and MS data can help to elucidate the different paths of the degradation reaction under
study via the identification of the reaction products and to validate the calculation of the rate
constant performed above using Raman data. In the case of NMR data, the acquisition of 'H
NMR spectra with CDCls as a solvent was done using a Bruker spectrometer operating at 700
MHz. Decoupling was performed at 0.80 ppm to elucidate the CH3 group. Figure 4.14 shows

the "H NMR spectra of the simazine subjected to indirect photo-oxidation.
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Figure 4.14: "H NMR spectrum of simazine after indirect photolysis by OH-radicals (The simazine sample

was prepared from 7.5 mg and 83.0 mg Aerosil R972 in 1.4 mL acetone and 3.1 mL chloroform.).

In Figure 4.14, besides the signal at 23 ppm indicates the presence of NH protons.
Interestingly, the presence of OH group is indicated at 3.5 ppm in the NMR spectrum of the
photo-oxidized simazine sample. Moreover, the CH,CHj (ethyl) group is not present in the

spectrum, which allows us to better understand the results of Raman spectroscopy.

Besides NMR investigations, the MS method was also used investigate the photo-degradation
of simazine. The mass spectrum recorded from the simazine sample after photolysis is shown
in Figure 4.15, where the ion fragments with the m/z values of 203, 139, 113, 101, and 81

which were observed correspond to the original simazine molecule and the main degradation

products.
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Figure 4.15: MS patterns after photolysis degradation of simazine recorded using an ESI source. MS was

used to monitor the parent compound of simazine and its decomposition products.

Especially, the formed ion fragment signal at m/z equal to 81 can be assigned to s-triazine.

The indication for the formation of hydroxyl-s-triazine is given by the signal at m/z 101. It

can be also observed that the formation of 2,6-hydroxy-4-amino-1,3,5-triazine with an ion at

m/z 129 is possible. The different ion fragments in the MS spectrum provide the insights
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about the intermediate and final products obtained during the photolysis of simazine.
Regarding the possible products formed, since the NMR data also suggest the presence of s-
triazine and hydroxyl-s-triazine and the absence ethyl groups, both the NMR and MS results

complete the understanding and interpretation of the Raman spectroscopy results.

4.3  Degradation of lindane (y-hexachlorocyclohexan) by indirect photooxidation

Knowing the ambient OH-concentration in the experimental environment calculated using
terbuthylazine as a reference molecule; we can determine the rate constant of the photo-
oxidation reaction of y-hexachlorocyclohexan (lindane) with OH-radicals. To this end, we
proceed similarly as in the case of simazine above by evaluating the Raman spectra recorded

as a function of the reaction time and by performing a kinetic analysis of the Raman data.

4.3.1 Evaluation of Raman spectra

The Raman spectra recorded form the lindane sample at different reaction times and are
displayed in Figure 4.16 The shown Raman spectra have been baseline subtracted. It appears
clearly in Figure 4.16 that many of the Raman bands decrease continuously in intensity with
the reaction time. The areas of the numerous Raman bands of lindane displaying significant

temporal variation in intensity have been considered for kinetic analysis.
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Figure 4.16: Raman spectra at regular time interval of lindane exposed to photo-oxidation by OH-radicals

for different times

Table 4.5 summarizes the assignment of the main Raman bands of lindane. The band
assignment is based on the results obtained from the theoretical calculation of the normal
modes of lindane. It is worth to mention that the stretching vibrations of the abundant CCl
bonds in the lindane molecule correspond to the mode observed at about 745 cm™ in the

Raman spectrum. In the spectral region 2925-2850 cm™, the CH stretching is observed.

Table 4.5: Assignment of Raman bands observed during indirect photolysis of lindane

Bands  Assignment Bands  Assignment
(cm-1) (cm-1)
200 CCl str. 1072 COH str.
349 CCl str. 1220 CH rock.
683 twi. Ring 1250.8 H-CH wag.
843 ring str. 1304 CH, twist.
024 ring str. 1700/1750C=0 str.
1041 ring str. 2948/3100C-H str.
3220/32500H str.
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4.3.2 Kinetic Analysis

As in the case of simazine, the Raman spectra of lindane recorded at regular time intervals
were analyzed as a function of reaction time in order to extract kinetic parameters for the

photo-degradation. The following mono-exponential function f(t)= A exp(-4et) given in

equation (46) has been used to model the time-dependent change in the Raman bands of
lindane. The fitting rate constant A in this case is determined from the kinetic analysis of the
experimental Raman spectra of lindane. Knowing the ambient OH-radical concentration from
the analysis of the reference molecule (TBA), the OH reaction rate constant of lindane
kon = kon (lindane) was derived from the fitted rate constant as follows (equation 53):

A =kon .Con — kon=2A/ Cion (53)

e Reaction time constants derived from the analysis of areas

Table 4.6 gives the areas of the observed Raman bands for lindane at different times during
indirect photo-degradation; these band areas were calculated using the Igor Pro software as in
the case of the simazine. The following Figure 4.17 shows the corresponding plots of the
areas as function of the reaction time and the fitted rate constants (the L values) extracted

from the mono-exponential fitting of these plots.
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Table 4.6: Areas of the Raman bands observed during lindane degradation by OH-radicals at different

reaction times

Band (cm™) 202.201 256.668 396.783 482.836 669.1 687.129 784.028 914.988 2947.85
ea (Arb.

Unyts)

Time (s)

0 35269.3 10983.4 11565.6 32108.3 15164.2 20639.2 51170.4 21499.4 14492.9
180 16955 5373.6 6916.54 19500.9 11604.2 13465.8 34482.7 12559.6 13711.1
320 20391.1 8262.02 8405.53 18134.9 7993.85 10289.7 33001.9 12188.1 7706.41
540 22485.2 4388.97 6233.23 14930.3 11656.3 8914.92 26971.8 12172.7 7127.72
720 12856.7 4029.82 6985.87 16549 8976.15 9906.51 30875.5 12180 6609.33
900 12438.8 2435.17 4768.08 15164.4 6740.64 8305.67 25904.6 8183.78 5990.59
1080 11960.7 4921.32 4194.65 11906.1 5436.11 7735.94 25475.8 7759.54 4491.52
1260 9666.07 440145 4661.83 10010.9 4793.82 6930.38 20340.8 6119.42 2861.37

Band (cm™) | 2976.37 2992.8
ca(Arb. Figure 4.17 summarizes the variation of the areas as function
UnNgs)
of the experimental duration. It can be seen that the areas
decrease exponentially with reaction time.
Time(s)
0 25167.6 | 36716.7
180 188965 | 248683
320 11801.8 10106.8
540 9969.28 | 9204.99
720 8888.86 | 5632.17
900 5866.21 6446.79
1080 449152 | 5870.56
1260 286137 | 2804.41
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Figure 4.17: Plots of specific Raman band areas as function of time during lindane photolysis (symbols)

and corresponding mono-exponential fits.

Figure 4.17 shows that the fitted rate constants obtained from the kinetic analysis of the
Raman band areas of lindane are spread from (6.3235 + 0.1310) x 10* to (2.555 £ 0.0376) x
107 s, This means that the different bands considered behave differently during the

degradation process.

e OH rate constant of lindane photo-degradation

Note again that the spectral changes which describe the overall temporal diminution of the
original lindane molecules are those ones with the highest fitted rate constant values. As it can
be seen in Figure 4.17, the higher rate constant value of the reaction is (2.555 + 0.0376) x 10
s and was obtained from the analysis of the areas of the Raman band of lindane at 2992.8
cm™. Furthermore, the Raman bands in the region around 2992.8 cm™ are assigned to the
stretching of CH bonds [187, 188]. The OH rate constant of the lindane photo-oxidation can

be obtained from the fitted rate constant for the 2992.8 cm™ area as follows:

kon=A/ Con = (2.55 £ 0.04) x 107/ (163+ 31)-10° = (156.44+ 12.13)-10™"° cm’ - 57"\
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4.3.3 Characterization of lindane degradation products by NMR and mass spectrometry

NMR and MS data from the lindane subjected to photo-oxidation by OH-radicals have also
been investigated. The 'H NMR spectrum after photolysis of lindane is given in Figure 4.18,

which contains some indications of the products formed during the reaction.
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Figure 4.18: "H NMR spectrum of lindane after indirect photolysis by OH-radicals. (The lindane sample
was prepared from 21.2 mg and 33.1 mg Aerosil R972 in 2.5 mL acetone and 1.5 mL chloroform.).

The spectrum displays an OH signal at & 7.3 ppm. The H-CCI protons give rise to the signal at
& 2.72 ppm. The 'H resonance in OH (meta-position of s-triazine) is usually observed at &
0.21 ppm. Moreover, the NMR spectrum indicates the disappearance of the CH radicals
during photolysis of the lindane sample. This result suggests that there is a bond breaking
reaction that takes place during the indirect photolysis. The exploitation of the MS data will

give additional complementary information about the products formed during the reaction.
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Figure 4.19: MS pattern after photolysis degradation of lindane recorded using an ESI source.

The analysis of the MS spectrum of the photo-oxidized lindane in Figure 4.19 reveals ion
fragments with the m/z series 81.09, 113.09, and 139.07. The MS spectrum also shows a
reduction of the CH radicals. According to both methods, the NMR and MS, they have been
used for monitoring the degradation of semi-volatile organic compounds. The products
obtained are 1,4-dihydroxybenzoquinone with ion m/z 139 and chlorobenzene with ion m/z

113 (see Appendix A4, Scheme A2.4.3.4).
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4.4 Theoretical Model for calculations

The present Chapter provides details on the theoretical simulations performed in the
framework of this dissertation in order to make correct assignments of the vibrations observed
in the experimental Raman spectra of studied compounds and to verify the proposed
mechanisms. The experimental reactants were taken for terbutylazine (TBA), simazine, and
lindane, serving as reactants in the reaction of indirect photolysis, as well as on products of
this reaction. In order to complement the full normal mode analysis, we have taken the IR
absorption spectra of the same substances, since several vibrations (see Table 4.7 and Table

4.8 ) [189] cannot be reached in Raman spectra due to the consideration of symmetry.

Our choice for use of Quantum Chemistry Package “Turbomole” [190-192], widely used in
academia and industry [193], was motivated in first order by the following consideration. It is
well known that “Turbomole” is particularly suitable for the Cl-based compounds because of
the appropriate treatment of the large quadrupole moment of the Cl atom and electron charge
donation to the aromatic ring [194]. To provide an adequate description of the electronic
structure of the molecules under study, we used the conventional methods of Hartree-Fock

(HF) and density functional theory (DFT).

At the first step the geometry optimization of the molecular structure was performed. In the
second stage the vibrational analysis in the harmonic approximation was conducted delivering

the frequencies and intensities of Raman and IR spectra.

4.4.1 Model calculations and sample characterization with Raman and infrared (IR)

spectroscopy

In the current work the so-called RI-J approximation of DFT was utilized. The efficient RI
(Resolution of the Identity) guarantees a sufficient resolution for Coulomb interaction of
energy and gradient calculations in the ground state and/or excited state [195, 196]. The use of
this approach was justified by the fact that Hartree—Fock exchange does not suffer from the
mentioned error [197], and RI-J method speeds up tenfold the non-hybrid DFT, allowing for
DFT calculations in large molecular systems. The level of DFT theory used in the current
work was B-P86. Motivated by the presence of chlorine, we have chosen the double zeta, split

valence basis set SV (split valence) for all our calculations.
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By calculating the vibrational spectrum in harmonic approximation we have introduced the
internal normal coordinates. The fact, that energy optimization has converged was confirmed
by the absence of negative frequencies in the harmonic vibrational spectrum obtained. Since
the information on vibrational spectra, given by the harmonic approximation of ab-initio
programs is not sufficient for the reconstruction of spectral changes and kinetic curves,
several empirical assumptions should be made here. The knowledge of the anharmonicity
term required for the force matrix correction is missing for these polyatomic molecules. No
information on the mode-mode coupling is present either. A possible solution would consider
the inversion of the problem by modeling the experimental Raman (IR) spectrum as a sum of

the Lorentzian shapes given by all single harmonic modes from frequency ( ®,, ) and intensity

Aj delivered by the ab-initio calculation [198, 199] (see Equation (54)):

o)=Y : 4, (54)

2 2
o-0,) +y

Here 4; stands for the intensity and @, for the i-th individual vibrational frequency (@,,),
taken from the normal mode analysis delivered by the program Turbomole. The only fitting
parameter in this case is the set of the line-broadening factors (y;) defining the linewidth

Aw,,
6200’ ), see also Appendix A0 for the results.

(Aw,,) of each i-th harmonic ( Y =

At the point o= oy peak amplitudes /(wy;) are reproducing the intensities of the harmonic
approximation, scaled down by the square of the linewidth ;. In this way the spectral
intensity A; given by the harmonic approximation is proportional to the area under the
Lorentzian curve. A perfect demonstration of this approach is given by the Raman spectra of
lindane, where practically all lines were fitted with the same FWHM and the peak amplitudes
were equivalent to the harmonic intensities from ab-intio calculations. Unfortunately due to
the increased effects of mode coupling as due to differences in anharmonicity constants for
different modes the FWHM parameter y; in TBA and simazine needed to be fitted for each

mode separately.
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Peaks corresponding to the modes with intensities below 1% were neglected. By using this
empirically fitted spectrum (equation 46) as a starting approximation to fit the real density of
states dN/dE, a correct interaction potential can be reconstructed by solving this inverse
problem. In any case, the fitted Raman and infrared spectra using equation (46), when
compared with experimental spectra, are giving a hint to the determination of the realistic
reaction paths [200]. The theoretical spectrum, simulating the spectral pattern evolving from
the indirect photolysis reaction of each investigated pesticide sample, was taken as a linear
combination of spectra calculated for all reaction products, in order to fit the experimental

spectrum recorded at the end of the reaction.

After calculation of the vibrational spectra by Tubomole, the visualization of these vibrations
in space was possible by using the program TmoleX. The output log file of the Turbomole
code contains details not only results on structural optimization, but details the computed
normal modes of vibration the mode IR and Raman activity test and the IR and Raman cross
section respectively intensities, which are essential to simulate IR and Raman spectra. For
more information, note that for the theoretical frequency calculations carried out, the
following basics and principles apply in the Turbomole output log file (see Appendix A0): (i)
imaginary (i.e. negative) wavenumbers indicate a negative curvature of the energy surface;
(i1) zero frequency modes have no physical meaning except being generators of translations
and rotations; (iii) each vibrational normal mode is given in terms of Cartesian displacement
vectors of all atoms and has been normalized to unity (to use the reciprocal square root of the
scalar product. In fact, when the scalar product is zero, the mode will disappear at the time
where the transformation from mass weighted to internal coordinates is done.) [201]; (iv)
band intensities or cross sections refer to independent non-degenerate normal modes; (V)

dDIP/dQ is the normal mode derivative of the dipole moment.

Furthermore, the differential Raman cross sections that we have used refer to a scattering
angle of 90 degree and to a negative frequency shift (Stokes lines). For the radiation
polarization states (incident, scattered), note the following abbreviations: par, ort, and unpol
for the parallel, orthogonal and unpolarized states, respectively. For example, (par, par)
indicates that the incident radiation has its electric polarized parallel (par, ) to the scattering
plane and that the scattered wave is also polarized parallel (, par) to the scattering plane. The
program Turbomole outputted the Raman cross sections for the different polarization states,

including (par, par), (ort, unpol), or (unpol, par), since the Raman cross sections of the types
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(par, ort), (ort, par) or (par, unpol) are all equal to (par, par), we have extracted the cross
sections of the type (ort, unpol) for spectral simulations described above. All cross sections
are given in percentage (%) relative to the most intense single mode of the same polarization
type. We note that Raman cross sections depend on the sample temperature (here T = 298.15

K) and on the wavenumber of the exciting radiation (here: 18796.99 cm™).

4.4.2 Terbuthylazine (TBA): theoretical and experimental Raman analysis

In order to illustrate the application of the theoretical calculation principles described in this
Chapter, we have first considered the simulated Raman spectrum of neat molecular
terbuthylazine (TBA) presented together with the experimental spectrum in Figure 4.20. Some
band assignment is also given in Table 4.7. The linewidth of the C-H stretching band in the
region of 2840 — 3000 cm™ in case of TBA turned out to be not much different from the
FWHM of the low frequency components so that no special fit of line-broadening factor for
methyl group vibrations was necessary. Since the wavenumbers stemming from the harmonic
approximation are generally overestimated by the force constants in ab-initio programs, a

slight red spectral shift correction of about 200 cm™ was undertaken for the C-H vibrations in

this range.
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Figure 4.20: Comparison of the theoretical and experimental Raman spectra of TBA

Table 4.7 : Vibrational assignments of Raman active TBA modes displayed in Figure 4.20
(wavenumbers are given in cm™).
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Experiment Theory Symmetry
334 353 s r CH;, sc C-C-N, sc C-C-C, w ring
396 420 w v C-Cl, v ring, asym v C-C-N, asym v C-C-
N
445 452 m r NH, » CH,
519 531 m asym v ring, r C-C-N-CHj; backbone, » NH
641 625w t NH
696 698 w asym v ring, sc C-N-C, o CHj;
776 770 m v CH;-C-CH;, v C-N-C
867 879 w o CHj, v C-N-C, asym v ring
959 982 s vring, v CH;-CH,, @ CHj
1064 1055 w sc NH, v CH3-CH,, o CHj
1137 1163 w r NH, v NH-CH,, o CH;
1253 1253 m t CH,
1284 1310 w o CH,, r NH, asym v ring
1455 1470 m r NH, sc CH3;, sc CH,
1553 1547 w sc NH, v ring
1608 1611 m o NH, asym v N-C-N, sc (C-N-C) ring
2949 2936 s v C-Hj
2998 3022 s asym v C-H;
3286 br. Band 3438 m op v w N-H (amino-terbuthyl)
3286 br. Band 3488 m op v w N-H (amino-ethyl)

The abbreviations used are: s — strong, m —medium,, w-weak, br — broad, ip — in-plane, op — out-of-plane,
v stretching, sc — scissoring, r- rocking, z- torsional, w — wagging [202].

The mode assignment of the theoretical TBA spectrum in Figure 4.20 is presented in Table
4.7. We are focusing our attention on the selective discussion of the modes, which are
changing their intensity in the course of the photolysis. The strong line observed at 353 cm™
involves simultaneously the rocking motion of CHj; residues belonging to the terbuthyl group,
scissoring motion of the ethyamino C-C-N and terbuthylamino C-C-C chains, being coupled
with the s-triazine ring wagging.

The next weak line at 420 cm™ is responsible for a strong C-Cl stretching symmetrically
synchronized with the s-triazine ring stretch. This mode is complemented by a bending
(torsoinal) deformation of the backbone of the amino-terbuthyl and amino-ethyl side chains.
The terbuthyl group is in this case moving with relatively larger amplitude than the ethyl

group and is therefore more strongly coupled with the CCl and s-triazine ring stretching.
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The vibration at 524 cm™ involves the asymmetric ring deformation coupled to a symmetric
rocking motion of the amino-terbuthyl group on one side and to the asymmetric rocking
deformations within the amino-ethyl group on the other side. It also includes the rocking
motion of NH groups. In contrast to the previous case no stretch of C-CI bond is detected
here. The next, moderately strong mode at 770 cm™ is predominantly localized on the amino-
terbuthyl group and is given by the symmetric stretch of nitrogen and methyl residues against

the central carbon atom.

Other main features were provided by the change in the intensity of the vibrational mode
responsible for the scissoring vibration of the NH, CH,, and CHj residues of the amino-ethyl
group (around 1470 cm™), as well as for the N-H wagging vibration coupled with a slight
ring deformation (around 1611 cm'l) (see Figure 4.21). The vibrational mode at 3022 cm™ is
matched with the asymmetric C-H stretching in the methyl groups, whereas the modes at
3438 cm™' 3488 cm™ belong to the wagging motions of NH residues in the amino-terbuthyl

and amino-ethyl groups, respectively [203].
As a rule the vibrational spectra calculated with the harmonic and anharmonic approximation

tend to overestimate the force constants (see Figure 4.21), what causes a strong blue shift of

the calculated spectra for the high energy vibrations, such as OH and CH NH, etc..[204].
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Figure 4.21 Selected vibrational modes of TBA, mode at 531 cm™ given by the rocking vibration of of amino-
terbuthyl and amino-ethyl groups, complemented by the asymmetric ring deformation and rocking motion of NH
residues — black arrows.

Mode at 1470 cm’ is represented by the scissoring motion of CH, and CH;, and rocking of the NH residue in the
amino-ethyl group — red arrows.

Mode at 3022 cm™ corresponding to the asymmetric C-H stretch in methyl groups — yellow arrows.

Mode at 3438 cm™ responsible for the out-of-plane NH wagging in the amino- terbuthyl group — green circles.
Mode at 3488 cm™ responsible for the out-of-plane NH wagging in the amino- ethyl group — white circles.

The available literature data [199] and the observations from mass spectra of TBA before and
after its indirect photolysis suggest the coexistence of the following three initial products,
namely 4-ethylamino-6-tertiobuthylamino-1,3,5 triazine (I) 4-acetaldehydamino-6-
ethylamino-1,3,5 triazine (II) and 2-hydroxy-6-amino- 4-ethylamino-s-triazine (III), shown in

the Figure 4.22.
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Figure 4.22: Tentative reaction pathway for three initial products of the indirect photolysis of TBA with OH-
radicals. Source: Authors' own compilation and research using data from the following reference [205]

In order to simulate the spectra of the reaction mixture after indirect photolysis of TBA and
compare this with the experimental spectrum recorded from the sample at the end of the
reaction, i.e. in conditions in which the maximum of product is observed, the corresponding
theoretical spectrum was formed by the linear combination of the calculated spectra of the
individual initial main reaction products weighted by the relative proportions of these
products. In comparison to the reactant TBA, product I results from the cleavage of the C-Cl
and the formation of a C-H bond presented in Figure 4.23 (a) product II (N-tert-buthyl-N’-
ethoxy-1-hydroxy-1,3,5-triazine-2,4-diamine) depicted in Figure 4.23 (b) shows the presence
of the COH atom which is engaged in the C-0-H vibrational motion coupled to the strong ring
deformation described by the mode around 1750 cm™. The mode at 1349 cm™ exhibits slight
C-N stretching vibration in the ring coupled to rocking motion of the neighboring NH residue
of amino-ethyl and rocking of CH residue in amino-isopropyl. The main feature though is the

appearance of the typical ketone bond with C-O vibration at v = 1800 cm.

For the third initial product III in Figure 4.23 (c) shows the motion described by a vibrational
mode around 1617 cm™. This vibration involves the rocking motion of the O-H bond and
stretching deformation of the newly formed carbon-hydroxyl group. In addition a stretch of
C=N bond in the s-triazine ring, coupled to the C=N stretch between the ring and NH as well
as NH; groups is observed. The latter vibration is complemented by the rocking vibration of

NH residue.

Moreover the occurrence of product III (N-amine-N’-tert-buthyl-1-hydroxy-1,3,5-triazine-2,4-
diamine) can be rationalized in terms of cleavage and then substitution of the CI atom by a
hydroxyl radical. The calculated vibrational mode at around 3460 - 3500 cm™ might contain

the O-H stretch. We recall that in the case of products as well as for the reactant TBA, no
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energy scale correction of the calculated spectra caused by unreliable harmonic force
constants was necessary. We took into account the results of TBA after indirect photolysis
results obtained by mass spectroscopy (see Appendix Table A2.4.2.3), and considered only
the products N-tert-butyl-N -ethyl-1,3,5-triazine-2,4-diamine, N-tert-buthyl-N’-ethoxy-1-
hydroxy-1,3,5-triazine-2,4-diamine, N-amine-N’-tert-buthyl-1-hydroxy-1,3,5-triazine-2,4-

diamine presented in the following Figure 4.23 (a, b, c).

Figure 4.23: a) minority product I (N-tert-butyl-N -ethyl-1,3,5-triazine-2,4-diamine), b) product II (N-tert-
buthyl-N’-ethoxy-1-hydroxy-1,3,5-triazine-2,4-diamine) with the symmetries of the mode at 1349 cm™ - black
arrows, ketone bond C=0 at 1800 cm™ — yellow arrow c) product III (N-amine-N’-tert-buthyl-1-hydroxy-1,3,5-
triazine-2,4-diamine) with the indicated vibrations at 1617 cm™'

The substitution of the Cl atom by the hydroxyl group, as induced by OH-radicals, is also
manifested by a relative change of the vibrational mode intensity in the band around
1600 cm™ (as marked by the arrows in Figure 4.23) and by the formation of ketone bond C=0
at 1800 cm™'. Another important observation is the significant relative increase in the intensity

of the C-H vibrational band, at 2900-3300 cm™', as shown in Figure 4.24 [206].

109



Terbuthylazine
70 4 —— Product
] —— Tha
0 60 -
= J
cC
3 504
o )
-
5 - Ll J |
T~ —
.-?:" vibrational mode
2 30 of CH group
5 ] vibrational mode of #
= 204 carbon-hydroxyl group
10 - l \k
i ] L
— T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Wavevnumber / cm"1

Figure 4.24: Comparison of the theoretical Raman spectra of the calculated TBA and its products (see Fig.
4.23).

Let us recall that the theoretical spectrum of the reaction mixture was considered as the linear
combination of the spectra of the main initial reaction product mentioned above. The main
spectral regions of interest for the final product C3N3(OH)s (see Fig.4.25) are outlined in the
Table 4.8.
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Table 4.8: Some vibrations of C3N3(OH); shown in Figures 4.25 (a and b)

Functional C-OH stretch C=N stretch in aromatic O-H stretch
group/vibration ring

Wavenumber region 1018 1630 3500
(cm™)

Normalized Intensity / arb units

X l

04

500 1000 1500 2000 2500 3000 3500
Wavenumber / cm’’

Figure 4.25: a.) Molecular structure of C3N3(OH)s; b.) Calculated Raman spectrum of C3N3(OH);. In table 4.8,
it is limited to characterize the molecule vibrations directly related to the links presented by the molecule of
cyanide acid, considering the simulation spectrum in Figure 4.25 b.

A look at Table A 2.4.2.3 allows us to observe the mass spectrum of TBA after indirect
photolysis. The mass m / z = 130.769 of the acid cyanuric is present but in small quantities,
that is to say, it does not influence the major products. In addition, if we look at the literature,

we can say that the photo-degradation of TBA gives as last product cyanuric acid [47].

4.5.2.1 Characterization of the results of TBA photolysis by infrared spectroscopy (IR)

The calculation of the infrared (IR) spectra was performed in the harmonic approximation
with the Raman spectra by using the same program code Turbomole. Figure 4.26 shows the

resulting theoretical spectra for terbuthylazine (TBA). The fitted full-widths at half maximum
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(FWHM) values for the simulated vibrational modes presented in Figure 4.26 are summarized

in Figure A1 2 and Figure A1 3 of the Appendix Section AO.
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Figure 4.26: Product IR spectrum of TBA showing a strong reduction in the vibrational mode intensities around
1230 cm™ corresponding to the wagging of the CH, and rocking motion of the methyl groups of TBA coupled
with ring deformation (see also Figure 4.22).

The most important mode for the reaction analysis is located around 1230 cm™ and is

composed out of the wagging motion of the CH, residue accompanied by the rocking motion

of the methyl groups and the asymmetric deformation of the s-triazine ring.

In addition, the vibrational modes at 1750-1800 cm™ correspond to the C=O vibration the
ketone group (see Figure 4.26 and Figure 4.27). The detection of the carbonyl signature in the
IR product spectrum proves that the reaction of indirect photolysis can lead to the substitution
of the CI atom by the ketone group (see Figure 4.27). Furthermore, a drastic reduction of the
band intensity between 2900-3400 cm™, responsible for the symmetric C-H stretch vibrations
in two methyl groups and asymmetric in the third one, points to CH3 elimination. Motivated
by these observations we can assume the formation of three products as displayed in Figure

4.23 (product I, product II and product III). It should be also noted that the vibrational modes
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at 800 cm™ and the band between 950 and 1100 cm™ remain practically unchanged. These
vibrations mostly involve the deformation of the C-N band in the s-triazine ring, which is

evidently left unchanged in the course of the reaction.
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Figure 4.27: Product IR spectrum of TBA. Note the strong reduction in the vibrational mode intensity around
1230 cm™ corresponding to the twist of the CH, and the rocking motion of methyl groups of TBA, (see also
Figure 3.3). A strong decrease in the 2900-3400 cm™ band intensity of the C-H-vibration in the methyl groups is
clearly evident. The appearance of the vibrational mode in the region of 1800 cm’ not being present in the TBA
spectrum which gives evidence for the formation of a carbonyl group in the product. Source: compiled by the
authors based on the following publication in the reference [207].

In summary, we can state from the IR spectra in Figure 4.27 that interactions of TBA with
OH-radicals, as well as in the case of Raman, are pointing at three main products. These three
products display the following reaction-sensitive characteristic modes: C-H stretching at 2900
cm™', C=0 stretching at 1800 cm™ and OH-stretching at 3400 cm™, respectively. Herewith,
we have accomplished the spectral analysis and discussion of the results of photolysis for

TBA, and we will subsequently proceed with the development of theoretical models for

simazine.
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4.5.3 Simazine (6-chloro-N,N'-diethyl-1,3,5-triazine-2,4-diamine)

Figure 4.28 and Table 4.9 show theoretical Raman spectra of simazine. The values of the

observed Raman linewidth are presented in Figure A1-1 of the Appendix Section A1.3.1.2.
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Figure 4.28: Theoretical Raman spectra of simazine. Two vibrational modes with v= 927 cm™ and
v=2955 cm™ are shown with red arrows.
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Table 4.9: Vibrational assignments of Raman active modes of simazine displayed in Figure
4.28 (frequencies are given in cm™) [208].

Experiment Theory Symmetry

253 256 w t CHs, r NH
362 407 s v C-Cl, vring, @ CH;, r CH,, » NH
622 633 m vring, r CH,, » NH
853 888 m v C-Cl, w CH;, r CH,
935 927 m v ring(C-Cl), o CH3, ¢t CH,
983 968 s trigonal v ring, w CHj3, » CH,
1072 1065 m o CH;, r NH
1256 1286 m t CH,
1304 1317 m t CH,
1454 1414 m sc CH,
1624 1613 w v Ciing-NH, ¥ NH
2887 2944 m v CH;
2955 2962 s v CH,

3282 br. Band 3477w v NH

All abbreviations as in Table 4.7. Source: compiled by the authors based on the following publication in the

reference [208]

The symmetry of vibrations was also decoded by viewing the animation of the individual
modes with the TmoleX software. Figure 4.29 is illustrating the spatial representation of

several vibrational modes in simazine.
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Figure 4.29: The reaction sensitive modes of simazine: the mode at v= 927 cm™ involving the symmetric ring
deformation with C-Cl stretching, assisted by wagging of CH; and CH, groups — yellow arrows. The symmetric
stretching mode with v =2945 cm™, corresponding to the C-H-stretch in the methyl group. The vectors of the C-
H-stretch are marked with black arrows.

One of the important reaction-sensitive modes at v =927 cm™ includes the strong stretching of
the ring carbon connected to Cl, leading to the overall symmetric s-triazine ring deformation.
This motion is accomplished by the wagging vibration of the methyl residues and twisting of

the CH, groups (see yellow arrows in Figure 4.29).

The black arrows in Figure 4.29 show the typical patterns of symmetric C-H-stretching in the
methyl group corresponding to the wavenumber 2945 cm™. This vibration mode under Ca, is
degenerated, that mean three bands stem from the triply degenerate asymmetric stretching and

one band from the active symmetric stretching [47, 209, 210].

At the next step the experimental Raman spectra were fitted to the weighted sum of two
assumed reaction products (s-triazine, 6-hydroxy-1,3,5-triazine) in the same fashion as it was
done in the case of TBA (see Figure 4.31). The calculated Raman spectra are presented in
Figure 4.30, and the main spectral regions of interest being affected by the reaction of

photolysis are reflected in the Table 4.10:
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Figure 4.30: Calculated Raman spectra of the reaction product evolved in the course of the simazine reaction,
resulting from the weighted summation of theoretical spectra for two suggested sub-products. The four reaction-
affected regions, v =958 Cm'l, y=1349 cm'l, v=2940 cm'l, and v = 3300 cm™' are marked with red arrows (see
Figure 4.29).
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a) b)

Figure 4.31: The reaction sensitive modes of products obtained by photolysis of simazine:

a) Minority product I;

b) Majority product II the mode at v= 927 cm™ involving the symmetric ring deformation with C-Cl stretching,
assisted by wagging of CH; and CH, groups — yellow arrows;

The symmetric stretching mode with v = 2944 cm™, corresponding to the C-H-stretch in the methyl group. The
vectors of the C-H-stretch are marked with black arrows.

The O-H stretching vibration at v = 3478 cm™ — red arrow.

Table 4.10: Important regions of Raman frequencies, characteristic for the functional groups
present in Figure 4.31 being affected by the reaction of photolysis of simazine.

Functional trigonal Niing C=N aromatic C-H stretch O-H stretch
Group/vibration stretch, OH OH, NH rocking

rocking
Wavenumber region 900-1000 1350-1400 2900-3200 3400-3500
(em™)

The main novel features of the total product spectra in Figure 4.30, dominated by sub-product
I, are resulting from the CI substitution by the hydroxyl group. The strong mode of simazine
reactant at 927 cm’ typical for Cring-Cl deformation disappears and instead of that a new
vibration belonging to carboxyl group with the OH-rocking motion appears at 982 cm™,
marked yellow in Figure 4.31(b). The strong trigonal deformation of s-triazine ring is given

by the symmetric deformation of nitrogen atoms

The second new mode at 1361 cm™, marked with red arrows in Figure 4.30(b) is given by the

rocking motions of both C-H groups of the ring accomplished by the Ciiye - CO stretching.
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Due to the overall substitution the intensity of CH; symmetric stretch vibration in the product
at 2945 cm’ is strongly reduced, and at the same time is greatly enhanced around 3400 - 3500
cm™ due to appearance of the OH stretching vibration fingerprinting the formed product (red

arrow in Figure 4.31(b)).

4.4.4 Lindane (gamma-hexachlorocyclohexane, (y-HCH))

In this paragraph we are turning to the analysis of the Raman spectra of lindane and products
being formed in the course of the indirect photolysis of lindane. Lindane is a very persistent
substance and spreads more rapidly in tropical climates than in temperate climates, probably
due to its biodegradation. It is movable through the sandy soil and is also retained more
strongly in the presence of a significant thickness of humus layers. Moreover, it presents a

potential danger for water surface contamination and soid [211].
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Figure 4.32: Comparison of Raman theoretical spectra and Raman experiment spectra of lindane.

The comparison of theoretical and experimental Raman spectra of lindane is presented in

Figure 4.32, whereas the detailed analysis of vibrational symmetries is given in the Table
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4.11. It should be emphasized that no special fit of FWHM, as in the case of TBA and
simazine, was needed here. The calculated Raman harmonic line intensities almost perfectly
reproduce the peak amplitudes of the experimental spectra and the Raman spectra can be

expressed simply by the sum of all Lorentzian line-shapes with the equal half-width.

The one of the most intense lines in this spectrum (around 333 cm™) belongs to a “breathing"
mode of the cyclohexane ring, containing the scissoring vibrations of C-H groups
complemented by slow stretching of the C-Cl bond, (see Figure 4.33). The second important
intense mode, possibly sensitive to loss of Cl, is the asymmetric vibration of hydrogen atoms

in the C-H bond.

Table 4.11: Vibrational assignments of Raman active modes of lindane displayed in Figure
4.33 (wavenumbers are given in cm™) [200].

Experiment Theory Symmetry
200 186 m vring, ip sc CH, ip v C-Cl
250 241 w vring, op r C-Cl
293 286 w op v ring, sc CH
349 333 s op v ring, ip v C-Cl, op sc CH
392 384 w t ring, op r C-Cl
485 474 m op v ring
572 561w op vring, op r CH
683 665 m op tring
776 747 m asym op vring
843 831w v ring
912 891 m vring, ip sc CH
924 912 m v ring
1041 1020 w v ring
1115 1104 w t ring
1220 1171w op r plane CH
1252 1239 w op r CH
1345 1323 w op r CH
2960 3007 m op v C-H
2995 3059 m asym ip v C-H

All abbreviations as in Table 4.7 [200]
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Figure 4.33: The breathing mode of the lindane ring at v~ 333 cm™ involving the stretching motion of CI atoms
accompanied by scissoring oscillation of hydrogen atoms - black arrows, and the asymmetric vibrations of
hydrogen atoms with v = 3059 cm™, corresponding to the C-H stretch, marked with yellow arrows.

The almost equal fitted half-width values of the Raman lines for lindane are shown in the
Figure A1-0 of the Appendix A0. According to the taken mass spectra, the indirect photolysis
of lindane results in two major products have been confirmed in the following research work
using other previous experiment [212]. Nevertheless, it is important to say that generally,
when the indirect photolysis is complete, we are facing only one feasible reaction occurring in

the following path, as other studies have shown [213, 214].
CsHeCls + 18 OHg + hv — 6 CO, + 6 H,O +6CI" + 12H, (55)
Both of the dominant products, m/z = 139 (1,4-dihydroxybenzoquinone) and m/z = 113 (2-

chlorobenzene) (see section Appendix A2.4.3.5b), evolving from the lindane reaction are

displayed in Figure 4.34 (a) and (b). Oxygen atoms are displayed in the red color, white color
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is reserved for the hydrogen atoms, carbon atoms are marked grey and green color is used for

chlorine atoms.

a) b

Figure 4.34: a.) Product I (1,4-dihydroxybenzoquinone); the breathing mode of the ring around A~ 1714 em’
involving the C=0 stretching in ketone group, as well as scissoring vibration of H in the hydroxyl groups (black
arrows), and high energy vibrations of hydrogen atoms with A, = 3250 em™, corresponding to the OH stretch,
(yellow arrows); b.) Product II (chlorobenzene) (see section appendix A4).

As can be seen from Figure 4.34 (a), two main new modes corresponding to the important
functional vibration features appear in the spectra of the products. These vibrational modes
are not present in the spectra of the reactant lindane. It can be seen in Figure 4.35 and

Table 4.12 that some new bands are formed after indirect photolysis.
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Figure 4.35: Theoretical comparison of Raman spectra of lindane and the new bands corresponding to the
formation of the lindane product (see Fig. 4.34)

Table 4.12: The frequencies of most important Raman bands present in Figure 4.35 in the
case of lindane product

Functional C-H stretch C=0 stretch CI-C-C-Cl twisting | O-H stretch

Group/vibration

Wavenumber region

(cm™) 2950-3100 1700-1750 350-374 3500-3550

The first one of these vibrational features is located in the vibrational spectrum between
Vexp=1700 -1750 cm™ and it is typical for the vibrations in a ketone. This mode involves the
breathing vibration of the carbon cyclohexane as well as C=O stretching in ketones and
scissoring vibrations of H-atom in hydroxyl groups. It involves also C-OH stretching of the
carbon-hydroxyl group bond at around 1600 cm™. The other feature is the high frequency
stretching OH mode at v = 3510 cm™ being absent in lindane. The split C-H-mode vibrational
mode structure of lindane near 3059 cm™ is replaced by a broadened single vibrational mode.
There are no distinct new features contributed by the product chlorobenzene and 1,4-
dihydroxybenzoquinone, since most structural changes are given by the loss of Cl atoms,

which mostly affects the low frequency part of the spectra.
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The calculation methodology used here helped us to explain the object of our project and to
achieve the results we will further exploit in the next chapter. There, we will also present the

different devices that we have used.

We cannot conclude this chapter without investigating the effects of POPs on the environment

and the possibility of application Raman microscopy to solve this problem.

4.5 Environmental Aspects and the possibility of the application of Raman

microscopy

The impact of the persistent organic pollutants (POPs) on the environment depends on their
atmospheric concentration, as a result of their dispersion, and their toxicity. Although the
hazards of POPs are known since the Green Revolution of the 1970, they are permanently

applied in the rural areas of the high industrialized and developing countries:

(a) To prevent disease by controlling mosquito populations,
(b) To disinfect and sterilize dental and surgical instruments ,

(c) To protect agriculture, industrial product, insect pests and fungus.

According to the World Health Organization (WHO), 40% of all deaths registered each year
worldwide from infectious foodborne illness are caused by environmental toxins such as
viruses, pesticides, herbicides and bacteria such as Listeria monocytogenes, Salmonella
typhimurium and Escherichia coli 0157H7 [215]. For years there is always fierce resistance
against the excessive application not only of the pesticides, but also of chemicals because of
their impact on the environment, the public health and the water quality. Some environmental
activists are often calling of the total prohibiting of chemical pesticides, especially of
persistent organic pollutants. By the signing of the convention of Stockholm on Persistent
Organic Pollutants in 2001 and (ratified 2004 by 150 countries), 12 chemical substances were
identified, which should be completely banished from the world and later, in 2009, 10
substances have been added. Since then scientist from all over the world are working closely
together:
- To identify other types of POPs

- To develop new methods to measure the risks exposure to the pesticides
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- To understand how the POPs dissipate through the environment, and to evaluate their

toxicity and concentration.

What is indisputable is that the pesticides have a destructive effect on health. In the present
study, it is shown that their mixing with OH-radicals can contribute to diminish the
environmental pollution. From which we draw consequences for sustainable application of the
Raman spectroscopy as an effective technique for the analysis of chemical or photochemical
reactions that cause the degradation of pesticides. Chemically and physically, this
spectroscopy can serve to establish a system for sensitive, reliable and simple identifying of
toxic elements content in the pesticides and probably to eliminate their negative effects on the

environment in a sustainable way [216].

4.6 Summary

Numerous vibrational bands in the spectra for the pesticides particularly TBA, simazine and
lindane have been collected prior, during, and after photo-degradation reactions and compared
with the spectra obtained from theoretical calculations. The spectra were performed after
structure optimization and frequency calculation with the help of the Quantum Chemistry
code Turbomole or Gaussian 03. The quantum chemical calculation method helped to aasign
the frequencies or wavenumbers of the vibrational modes for the investigated herbicides as
well as for their photo-degradation products. For a reliable comparison of the calculated
spectra with the experimental ones, a good correlation between the number of bands and their
positions is necessary. Therefore, the spectra of the theoretically relevant reaction products
effectively detected in MS were calculated separately, and then a linear combination was
formed with different weights (in the case of TBA, lindane and simazine) corresponding to
the respective intensities of the MS patterns of the different products. The present study
confirms the results of previous investigations (using NMR, IR and MS as complementary
methods) reporting cyanuric acid as the final degradation product for many herbicides,
particularly for those containing s-triazine [217, 218]. The achieved results could be
rationalized by a Retro-Diels-Alder ring cleavage as an important and complementary step of
herbicide degradation[219].The Raman spectroscopy was used in the present work to
demosntrate how technique can be helpful for environmental remediation and regulation in

accordance with the Stockholm convention on persistent organic pollutants (POPs).
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5. Conclusion

The purpose of this work was to demonstrate the suitability of Raman spectroscopy for (i) the
determination of the concentration of OH-radicals and (ii) the characterization of the reaction
of these OH-radicals after indirect photolysis with the semivolative compounds. Investigated
substances were terbuthylazine (TBA), simazine, lindane, which are well-documented
worldwide as environmental pollutants. The results clearly demonstrated the suitability of
Raman spectroscopy as a powerful tool to investigate the kinetics (rate constants) of biocides
degradation under environmental conditions. Furthermore, the approach of confocal Raman
microscopy and the characteristic method IR spectroscopy were combined (i) to investigate
indirect photolysis of selected seivolatile compoundsand (ii) to analyze the process of their
photo-degradation. Selected pesticides included lindane and simazine, the achieved
experimental results, were validated by comparison with theoretical predictions using the

Turbomole method.

The reaction of OH-radicals with TBA, simazine and lindane was determined by changes in
Raman mode intensities of TBA between the region 1000 cm™ and 1600 cm™. In this region,
we also observed the appearance of Raman signals of the oxidation product. Specifically, the
C-C-stretch vibration of the heterocyclic ring could be assigned to the wavenumbers 950 -
1055 ¢cm™. Other vibrations were 770-785 cm™ (rocking) and 435-570 c¢m™. The C-Cl-
stretching vibration occurred in the 505-760 cm™ regime, and the C-Cl deformation vibration

was found between 250 cm™! and 450 cm™.

According to the Figure A1 0 and Figure A1 1 in Appendix Al, we can also see the values
of fitted FWHM are bigger in Figure A1 1 and Figure A1 0 in Appendix Al, which means
that coupling, is more intense in the case of simazine than with TBA and lindane. It should be
pointed out that we obtained a coupling mode, and the fitted values increased with the
vibrational mode from the basis of these results we could affirm that the non-aromatic cycle
of lindane changes to 1,4-dihydroxybenzoquinone and chlorobenzene, whereas TBA’s

aromatic ring remains the same.

Three main products of the indirect photolysis of terbuthylazine with OH-radicals were
identified: (i) 4,6-diethylamino-1,3,5-triazine (I), (ii) 4-acetaldehydamino-6-ethylamino-1,3,5-
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triazine (II) and (ii1) 2-hydroxy-6-amino-4-acetamino-1,3,5-triazine (III). Additionally, he
stretching of CO appeared at 1600 cm™ and 1500 cm™ respectively. II was characterized by
the CH twisting vibrational mode, which appeared in the region 2900 — 3300 cm™. In the
early steps of our photolysis studies on semivolatile compounds, it was first necessary to be
able to monitor the amount of reacting OH-radicals, which is required for the indirect
degradation with time of biocide. First, we focused on TBA as a reference sample, for which
data for its degradation reaction kinetics are available in the literature. The photolysis of TBA

was studied and analyses were made before and after photo-degradation.

By using the software Tmolex, it was practical to visualize the vibration of terbuthylazine and
to attribute at each wavenumber a moving of the molecule. This principle was the same for
the theoretical calculation of the obtained productsBesides NMR investigations, the MS
method was also used investigate the photo-degradation of simazine. Through the energy
optimization, our study has successfully identified the symmetric stretching mode at v = 2955
cm™ in simazine, which allowed us to see precisely that there is a C-H stretch in the methyl
group of simazine. The combination of the methyl group and the CH, group of simazine, due
to asymmetric C-H stretching, involved the mutual rocking mode of CH,-CHj. In the case of

simazine, this appeared at v =3314 cm™.

Meanwhile, Lindane molecular calculations were also estimated. We remarked that the
reaction of lindane with OH-radicals could result two major products, namely (i) 1,4-
dihydroxybenzoquinone and (ii) chlorobezene. By the analysis of the vibrations, we observed
rocking, torsion, stretching and twisting of molecules.The theoretical calculation indicated a
breathing mode of the ring (v =1820 cm™), and this involved the presence of a ketone

vibrational mode. The second product showed a twisting Cl-C-C-Cl mode at 350-374 cm™.

The used theoretical approach allowed us not only to characterize the exact quantum
mechanical descriptions of electronic structures, but also to demonstrate the discrepancy
between the harmonic frequencies and their relevant experimental values [220]. For the
experimental results, the first challenge was to make reproducible samples for the experiment
by preparing them in such a way that many parameters do not vary: for example, maintaining
a warm temperature (e.g. = 60 °C or 333 K) (see section 3.1.2) and ensuring that different
points of the sample surface are dried at the same time. In addition, the proper preparation of

the sample was a crucial step. Here, one of the most important factors was to guarantee the

127



formation of a monolayer of the sample material covering the carrying substrate [221, 222]
For our investigations, we were restricted to deal with at leastthin layers, after many attempts.
The reaction kinetics then depends on the size of the sample surface area and thickness, which

degrades with time as photo-decomposition, took place until the end of reaction [221].

Mass spectrometry was used in order to determine the different products obtained from the
indirect photolysis of each pesticide. In the case of simazine, it has been shown that at the end
of the reaction we also obtained cyanuric acidas was the case in most previous research [223],
and when comparing the test results with NMR and MS. Many other parameters under control
could also have varied [224]. The mass spectra and NMR obtained have led us to precise the
interpretation of the results and better understanding of the mechanism yielding to photo-
degradation of biocides. These results have also been found by many research groups [225,
226]. Previous studies focused on mechanisms relating to atrazine and TBA, with particular
attention being given to the identification of the products of degradation [226]. These
investigations were carried out using particulate TiO, as a photocatalyst under simulated solar

light, and showed that the important factor is the speed of degradation of herbicides [227].

The achieved results showed the three different sources used for the production of OH-
radicals. The first source was the ozone, which was supposed to produce OH-radicals for the
photochemical reaction. The second source utilized was water (including NO,), but the
percentage of OH-radicals obtained by water photolysis was not enough to follow the
degradation of the triazines studied. Instead of using an equation of a first-order reaction, a
zero-order reaction was obtained after analyze of data. This explains why we obtained a linear
form of curve, which brings us to the conclusion that the obtaining Raman spectra are non-
exponentials. A zero-order reaction is one in which the rate is completely independent of the
concentration of the reaction [226]. The third source ewas hydrogen peroxide, which

successfully led to the formation of OH-radicals.

Profound analysis of experimental data clearly (i) showed the identification of several
products and (ii) proposed degradation mechanisms. The objective was to investigate the
reactive degradation of semi-volatile organic compounds in the laboratory under realistic
conditions, which resemble the conditions in the atmospheric environment, and to determine
reactive processes leading to the indirect oxidation of the substances under study.We could

not only identify the products that are formed upon these reactive processes, but also follow
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our results clearly by the observation of the indirect photolysis on samples. With the help of
Raman spectroscopy, the degradation pathways and mechanisms could be further clarified,
and with a better understanding of the degradation processes, a proper evaluation of the extent

of contamination by the pesticides could be expected.

The experiments with the UV-lamp off were made under the same conditions as the one with
UV-lamp on. The error limits have also been calculated. But not last, we could observe that

the OH-radicals have a short lifetime.This observation is in tune with literature reports [228]

The temporal decay curves in Figure 4.5 (Chapter 4) show the intensity of characteristic
Raman spectral features during the degradation of TBA with OH-radicals. These decay curves
depict an exponential decay behavior of the selected Raman band intensity and were exploited
to calculate the OH-concentration. According to literature reports, the degradation of TBA
should be a first or pseudo-first order reaction [221, 229], because it is varying depending on
the initial concentration of OH-radicals. Using the available kinetics data about TBA, the
concentration of reacting radicals, including OH-radicals [230], was determined. For example,
the OH-concentration was found (163+ 31) x10° < Cron (molecules.cm™) < (184 + 9) x10°.
The value is fairly close to the results from Palm et al. [138] on Aerosil 200 (OH-radical

concentrations (10°<coy (cm™) <107).

For our study, we did not need to have a photocatalyst and are referring to the research results
of Palm et al. [138] who conducted the photo-chemical reaction of TBA and found three main
products mentioned above [231]. They did not obtain with the gas chromatography method
the product 2-hydroxy-4-tert-butylamino-6-ethylamino-s-triazine, which is the main product
of the photo-degradation of TBA [222]. In this case the OH-radicals have been replaced by a
chlorine atom. Hence, an assumed electron transfer reaction involving OH-radicals was used

to explain the formation of desalkyl in atrazine [232].

In the case of the IR spectra of TBA, a strong degradation was observed in the 2900-3400

cm’”’ band, showing the intensity of the hydrogen vibration in methyl groups. This observation
can be attributed to the loss of the methyl group and the creation of new products [233]. All of
these results were consistent and comparable in theoretical model calculations. Furthermore,
the comparisons of the theoretical simulations and experimental results have been performed

for the herbicides, which are of complementary character. the spectra obtained with the
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calculation process fits for reproducing the frequencies and intensities of the Raman

experimental spectra measurements.

Concerning the TBA, we could observe a deviation between the experimental spectra and the
calculation of the presence of C-H and O-H bonds. For lindane, practically no adjustment of
the average linewidth was needed (Appendix Al), since the frequencies of the spectra
calculated coincided to the measured Raman lines. This approach allowed the prediction of
the product distribution for indirect photolysis processes, which are applied for different
purposes (photo-decomposition, photolysis, etc.). There is a dramatic lack of detailed
mechanistic studies of the different pathways leading to such photoproducts. However, the
difficulties, which are mainly due to the very short lifetimes expected for most potential
intermediates, can be easily overcome by the use of ultrafast kinetic techniques, such as laser
flash photolysis or pulse radiolysis in the nano- or picosecond regime. It will be difficult to
model the environmental fate of agrochemicals unless detailed mechanistic studies become

available, and these should be taken as a major task and encouraged for the near future.

During the experimental measurements, it was important to consider every parameter that can
variably (significantly) influence the results, including for example humidity, temperature and
pressure [234]. Some recent studies demonstrate that the rate of degradation of TBA in
aqueous solution depends on the nature of the triazine, and that the kinetics is given by a first-

order reaction [235].

These studies have been carried out to verify the photo-degradation of triazine, particularly in
aqueous solutions and natural water [236]. Investigations on photocatalyst associated with
photo-degradation have reported that the rate of TBA photo-degradation in aqueous solutions
is enhanced by the addition of ferric perchlorate or ferric sulfate. This report implies that
some dissolved constituents of natural waters have a retarding effect on photo-degradation,
possibly due to the competition with OH-radicals [237]. Cyanuric acid was view in several
studies and even in this work as one of the final products of TBA photo-degradation, which

was not further decomposed [237, 238].

On that basis, we can conclude that the results were good, and it was possible to repeat the
experiment several times to ensure the reproducibility of these results, as shown in several

case studies about photo-degradation rate constants of many pesticides, such as TBA [239,
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239]. Moreover, the good reproducibility of our measurements was reflected in the expected

exponential decay behavior in the Raman intensity of characteristic bands during photolysis.
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APPENDIX A

(Supporting Information of Chapter 2- Introduction)

Table A0.1 below presents statistics of the reduction of some POPs over the years, and
especially according to the convention Stockholm concerning the effect of several POPs in the

atmosphere.

Table A0.1: Summary of POP emissions in the atmosphere between 1990 and 2012

Pollutant
Years Benzo (b,j,k) HCH (kg) PCB (kg) Dioxine (kg) HCB (kg)
fluaranthen (kg)

1990 2004 60.2 1672.1 0.7474 5.3
1991 1413 63.7 1696.5 0.6224 5.2
1992 968 36.9 1678.1 0.493 5.1
1993 505 23.5 1670.6 0.3639 5.1
1994 194 18.5 1670.6 0.2438 4.8
1995 187 13.1 1536.6 0.2295 4.5
1996 172 18.5 1304.2 0.2063 4.4
1997 164 14.5 1345.1 0.197 4.6
1998 150 0 1280 0.1842 4.6
1999 123 0 1165 0.1656 4.6
2000 122 0 1071.5 0.1517 4.5
2001 98 0 883.8 0.1313 4.2
2002 92 0 711.8 0.1099 3.8
2003 89 0 544.6 0.0925 34
2004 87 0 187.9 0.0692 3

2005 85 0 194 0.0689 3
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2006 86 210 0.0708 3.1
2007 87 2114 0.0709 3.1
2008 85 2194 0.0718 3.2
2009 76 198 0.062 33
2010 65 233 0.0701 3.7
2011 84 233.6 0.0642 35
2012 84 236.1 0.0666 3.6
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Section appendix A3: the output log file

(Supporting Information of Chapter 3- Theoretical Model for calculations)

imaginary wave numbers indicate a negative curvature of the energy
surface.

zero frequency modes have no physical meaning except being generators of
translations and rotations. each vibrational normal mode - given in terms
of

cartesian displacement vectors of all atoms - has been normalized to
unity.

to obtain mass-weigthed normal coordinates in a.u. divide the tabulated
modes by sqgrt (reduced mass * 1822.88853).

band intensities or cross sections refer to independent non-degenerate
normal

modes, that is, the intensities of degenerate modes have yet to be added.
dDIP/dQ is the normal mode derivative of the dipole moment.

differential RAMAN cross sections refer to a scattering angle of 90 deg
and to a negative frequency shift (stokes lines). (par,par) indicates that
the scattered wave has its electric field polarized in parallel ( ,par)

to the scattering plane and that the incident radiation also is polarized

parallel (par, ) to the scattering plane. (ort, ) indicates
polarization
orthogonal to the scattering plane while (unpol, ) refers to cross

sections with respect to unpolarized radiation. RAMAN cross sections of
the types (par,ort), (ort,par) or (par,unpol) are all equal to (par,par).
all cross sections are given in % relative to the most active single mode
of the same polarization type.

RAMAN cross sections depend on the sample temperature (here T= 298.15K)
and on the wave number of the exciting radiation (here 18796.99%cm** (-1)).
complementary information is output to the control file (cf. Sraman

spectrum) .

174



WARNING: values

of Raman intensities are questionable for

structures
mode 1
frequency i59.96
symmetry a
IR YES
|dDIP/dQ| (a.u.) 0.0000
intensity (km/mol) 0.00
intensity ( % ) 0.00
RAMAN YES
(par, par) 0.00
(ort, ort) 0.00
(ort,unpol) 0.00
depol. ratio 0.00
1 cl x 0.00000
y 0.00000
z 0.02898
2 c x 0.00000
y 0.00000
z 0.01279
3 n x 0.00000
y 0.00000
z 0.01288
4 c x 0.00000
y 0.00000
z -0.00641
5 n x 0.00000
y 0.00000
z -0.00702
6 c x 0.00000
y 0.00000
z 0.00416
7 c x 0.00000
y 0.00000
z 0.00582

144.32

YES
0.0000

0.00

0.00

(@}

(@}

(@}

(@}

(@}
|

o

o

o

(@)

o
|

O O O O O O O O O O O O O O o o o o o o o

.0000
0.00
0.00

0.00
0.00
0.00
0.00

.04811
.02167
.13876
.00495
.02451
.11174
.00710
.05472
.13312
.04047
.05581
.11115
.05651
.08516
.12892
.04615
.12004
.17038
.00871
.12492
.20103

.0000
0.00
0.00

0.00
0.00
0.00
0.00

.04899
.01303
.32412
.00978
.01045
.19826
.00117
.01699
.12466
.03149
.01798
.02878
.04606
.04464
.05498
.03665
.07633
.07130
.00264
.08076
.02825

saddle point

0.0000
0.00
0.00

0.00
0.00
0.00
0.00

.19916
.01034
.02892
.13768
.00629
.00300
.12051
.03674
.03250
.07296
.03830
.05148
.05012
.08010
.08829
.06488
.12979
.11624
.11821
.13674
.10081

.0000
0.00
0.00

0.00
0.00
0.00
0.00

.08405
.09753
.00303
.09388
.09817
.01844
.09663
.10506
.05042
.10423
.10530
.06130
.10788
.11199
.09365
.10552
.11994
.12341
.09699
.12105
.11695



10

11

12

13

14

15

16

17

18

19

20

21

O O O O O O O O O O O O O O o o o o o o o

.00342 0.
.00025 -0.
.00412 -0
.00000 O.
.00000 O.
.00974 -0
.00342 -0.
.00025 0.
.00412 -0
.00802 -0.
.00105 0.
.00776 0.
.01431 -0
.00221 O
.00511 O.
.00824 -0.
.00066 0.
.01531 0.
.00801 -0.
.00107 O.
.00576 O
.00802 0.
.00105 -0.
.00776 0.
.00801 O.
.00107 -0.
.00576 O
.00824 0.
.00066 -0.
.01531 O.
.01431 0
.00221 -0
.00511 O
.00000 O
.00000 O
.00641 O
.00000 O
.00000 O
.02791 -0
.00000 O
.00000 O
.04561 -0.

.20395
.26030

03274
11623

.29056

00000
00000

.20101

03273
11623

.29056

11221
15630
10599

01211
11632
17038
18616
10575
15884

.22490

11221
15630
10600
10574
15883

.22491

11631
17039
18616

.20395
.26030
.01211
.00000
.00000
.02525
.00000
.00000
.01565
.00000
.00000

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o

01606
176

.01851
.12895
.19823
.00377
.15178
.23085
.02453
.09873
.19823
.03044
.11462
.17590
.00208
.08770
.17188
.02446
.14097
.20594
.05693
.11115
.15419
.09154
.15754
.17590
.11937
.15501
.15419
.08671
.18470
.20594
.10335
.16175
.17188
.01102
.00384
.07283
.04426
.00008
.05373
.06276
.02767
.01367

.02062
.00877
.07592
.00186
.10517
.00712
.03664
.13262
.07592
.00948
.17884
.13427
.02941
.23229
.09012
.00381
.20480
.15398
.03327
.17804
.20722
.09078
.00298
.13428
.11635
.00167
.20722
.08664
.02563
.15398
.11086
.07112
.09012
.00473
.03622
.19017
.03493
.03265
.08097
.05174
.05786
.07493

.15593
.13272
.08387
.12526
.17500
.12396
.11388
.10920
.08387
.01388
.13595
.13963
.00698
.10766
.12315
.02102
.17375
.16243
.02547
.13131
.15134
.07359
.16935
.13963
.03555
.16544
.15134
.08186
.20777
.16243
.11000
.16527
.12315
.11493
.04669
.02166
.06757
.04110
.00003
.04122
.08063
.01675

.07373
.12498
.10306
.09587
12717
.14076
.11491
.11206
.10306
.13814
.11442
.14289
.15699
.10518
.12914
.13746
.12034
.16646
.14497
.11353
.14808
.07967
.13276
.14289
.08521
.13228
.14808
.07788
.13903
.16646
.05610
.13683
.12914
.09752
.09171
.00353
.10509
.09261
.00998
.10931
.08629
.01067



22 c x 0.00000 0.00000 0.04941 -0.03961 0.06023 0.10626

% 0.00000 0.00000 -0.06089 0.08805 0.12796 0.07872

z -0.18758 0.02368 -0.00978 0.15616 -0.05585 0.04587

23 h x 0.04647 0.00952 0.01183 0.00357 0.06229 0.12310

y 0.26412 -0.03751 -0.07929 0.02939 0.14443 0.07152

z -0.38127 0.05310 -0.00191 0.20621 -0.06773 0.05378

24 h x -0.04648 -0.00952 0.05470 -0.05346 0.10418 0.08207

y -0.26413 0.03751 -0.04917 0.15277 0.12100 0.08439

z -0.38127 0.05310 -0.00191 0.20621 -0.06773 0.05378

25 c x 0.00000 0.00000 0.07702 -0.06469 0.02091 0.11255

% 0.00000 0.00000 -0.08629 0.11112 0.16414 0.07293

z 0.19100 -0.01249 -0.05381 0.11127 -0.06541 0.06161

26 h x -0.04374 -0.00849 0.11461 -0.10802 0.01962 0.09534

y -0.27183 0.03759 -0.06856 0.17152 0.14876 0.08002

z 0.37907 -0.04024 -0.06234 0.06328 -0.05456 0.05464

27 h x 0.00000 0.00000 0.06664 -0.05526 0.03569 0.11019

% 0.00000 0.00000 -0.11149 0.13401 0.20004 0.06719

z 0.10244 0.01524 -0.07143 0.17360 -0.09520 0.08839

28 h x 0.04374 0.00849 0.07108 -0.05012 -0.02291 0.13698

y 0.27183 -0.03759 -0.09913 0.04627 0.17255 0.06696

z 0.37907 -0.04024 -0.06234 0.06328 -0.05456 0.05464

29 n b4 0.00000 0.00000 0.06018 -0.04940 0.04489 0.10872

y 0.00000 0.00000 0.02906 0.00633 -0.00018 0.09921

z -0.03030 -0.05608 0.07122 0.00801 0.03636 -0.04194

30 h x 0.00000 0.00000 0.08145 -0.06872 0.01459 0.11356

% 0.00000 0.00000 0.08181 -0.04160 -0.07533 0.11123

z -0.02121 -0.15121 0.10840 -0.12118 0.09848 -0.09786

31 h x 0.00000 0.00000 0.08760 -0.07431 0.00583 0.11496

y 0.00000 0.00000 -0.02413 0.05464 0.07558 0.08709

z -0.19235 -0.04686 0.00000 0.00000 0.00000 0.00000

reduced mass (g/mol) 1.882 3.120 5.600 8.005 6.050 6.189
mode 7 8 9 10 11 12

frequency 0.00 0.00 33.11 80.01 90.14 121.94
symmetry a a a a

IR - - YES YES YES YES

|dDIP/dQ]| (a.u.) 0.0000 0.0000 0.0010 0.0011 0.0007 0.0005
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intensity

intensity (

10

11

RAMAN

o

°

(km/mol)

)

(par,par)

(ort,ort)

(ort,unpol)

depol.

cl

ratio

0.00
0.00

0.00
0.00
0.00
0.00

.02859
.13710
.06497
.06106
.13497
.02028
.07012
.11224
.00216
.09523
.11142
.03634
.10730
.08934
.06253
.09951
.06310
.06384
.07134
.05943
.02756
.05511
.04559
.01193
.06762
.03922
.03163
.06993
.08994
.01193
.12119
.08251
.08430

0.00
0.00

0.00
0.00
0.00
0.00

.00425 O
.02038 0
.08834 0
.00907 O
.02006 O
.009%6 0
.01042 0
.01668 0
.00562 0
.01415 O.
.01656 O
.08282 0
.01595 0
.01328 0
.08877 0
.01479 O
.00938 0
.02674 -0
.01060 O
.00883 0.
.06645 -0.
.01436 -0.
.06147 -0.
.08201 -0.
.01005 0.
.00583 0.
.10709 -0.
.03294 0.
.04132 0.
.08201 -0.
.05003 0.
.06539 0.
.04426 -0.

178

O O O O O O O O O O O O O O O O O O o o o o o o o o o

2.08
0.17

YES
21.93
21.93
21.93

.00000
.00000
.03530
.00000
.00000
.03267
.00000
.00000
.06264
.00000
.00000
.01208
.00000
.00000
.15732
.00000
.00000
.04882
.00000
.00000
.01221
.04037
.02886
.00728
.00000
.00000
.07053
-0.
.02885
.00728
.08839
.04245
.02265

04037

0.86
0.07

YES
15.57
18.35
17.16

0.64

.00730
.09319
.00000
.00734
.09040
.00000
.00136
.09174
.00000
.00749
.08997
.00000
.03391
.04122
.00000
.00771
.06888
.00000
.08820
.08407
.00001
.11307
.05957
.00058
.09848
.14273
.00001
.11307
.05958
.00059
.05628
.12540
.00109

|
o O O O O o o o o

0.48
0.04

YES
19.52
19.86
19.72

.29254
.00022
.00000
.04743
.01547
.00000
.00408
.09573
.00000
.05926
.08927
.00000
.05574
.07293
.00001
.09151
.06182
.00000
.20089
.08114
.00000
.22502
.05684
.00163
.21045
.13869
.00001
.22501
.05684
.00163
.03815
.13716
.00562



12

13

14

15

16

17

18

19

20

21

22

23

24

25

.07322 0
.11706 O.
.03222 -0.
.05006 0.
.06976 0.
.00266 -0.
.05380 0.
.06665 0.
.11130 O.
.01713 -0.
.08056 -0.
.04426 -0.
.01483 -0.
.08249 -0.
.11130 O.
.01837 -0.
.07895 -0.
.00266 -0.
.04264 -0
.13476 -0.
.03222 -0.
.01086 0.
.02323 0
.07811 O
.01458 O
.02279 0
.15193 0
.01665 0
.02589 0
.22537 0
.01515 0
.02961 0
.22992 -0
.03691 -0
.02122 0.
.19561 -0
.01021 0.
.08118 -0.
.19561 -0
.01824 0.
.03245 -0.
.32220 -0.

179

.25189

18021
03354
14681
09827
19946
13998
10449
05473
14302
10136
05199
13999
10449
05473
14680
09829
19946

.25189

18022
03354
00000

.00000
.01738
.00000
.00000
.04517
.00000
.00000
.00559
.00000
.00000
.14393
.06646

06358

.20241

06646
06359

.20241

00000
00001
14346

O O O O O O O O O O O O O o o o o o o o

.16190
.08256
.04106
.09196
.03431
.07122
.08036
.04479
.07545
.08839
.04246
.02265
.08036
.04479
.07545
.09195
.03432
.07121
.16190
.08256
.04106
.00000
.00000
.14985
.00000
.00000
.17614
.00000
.00000
.25239
.00000
.00000
.13653
.17440
.16167
.28683
.17439
.16167
.28683
.00000
.00000
.14276

.02193
.09123
.00049
.03769
.21746
.00014
.14951
.11522
.00609
.05627
.12539
.00110
.14951
.11521
.00608
.03769
.21745
.00014
.02192
.09122
.00049
.01368
.09206
.00000
.01081
.09331
.00000
.02579
.03957
.00000
.03092
.11513
.00001
.12044
.13702
.00334
.12044
.13701
.00332
.13121
.26901
.00000

-0.

0.
-0.
-0.
.25731
.01499
.08262
.12392
.01409
.03815
.13716
.00562
.08262
.12391
.01409
.06266
.25730
.01500
.09248
.09534
.00248
.00061
.05735
.00001
.06494
.04488
.00000
.06676
.04580
.00001
.10983
.07096
.00000
.18324
.09028
.00403
.18324
.09027
.00402
.02424
.20181
.00000

o

|
o O O O o O o o o

| |
o o O

09247
09534
00248
06265



26 h x 0.12715
y -0.19407
z -0.04214
27 h X 0.11492
y -0.23729
z -0.00623
28 h x 0.14213
y -0.23892
z -0.04214
29 n x 0.11006
y -0.13155
z -0.04726
30 h x 0.12607
y -0.09186
z -0.08666
31 h x 0.13069
y -0.17156
z -0.05704
reduced mass (g/mol) 6.655
mode 13
frequency 146.55
symmetry a
IR YES
|dDIP/dQ]| (a.u.) 0.0009
intensity (km/mol) 1.33
intensity ( % ) 0.11
RAMAN YES
(par, par) 0.88
(ort, ort) 0.88
(ort,unpol) 0.88
depol. ratio 0.75
1 cl x 0.00000
y 0.00000
z 0.22288

O O O O O O O O O o o o o o

0.00391
0.08415
0.35674
0.01708
.03527
.32506
.04393
.01980
.35674
.01636
.01955
.15802
.01874
.01365
.15097
.01942
.02550
.27988

4.853

14

153.06

YES
0.0008

1.12

0.09

YES

.66
.66
.66
.75

o o o O

0.00000
0.00000
0.05408

0.06911
-0.06448
-0.09002

0.00000
-0.00001
-0.25460
-0.06910

0.06447
-0.09002

0.00000

0.00000
0.09891
0.00001
0.00000
0.18233
0.00000
0.00000
0.01822

3.324

15

190.33

YES
0.0004

0.29

0.02

YES

.37
.37
.37
.75

o o o O

0.00000
0.00000
-0.03406

180

o O O O O O o o o o

0.19439
0.17352
0.00172
0.00000
0.00001
0.45293
0.19438
0.17351
.00172
.00000
.00000
.12491
.00000
.00000
.11356
.00000
.00000
.07510

3.781

16

238.68

YES
0.0000

0.00

0.00

YES

0.05
0.05
0.05
0.75

0.00000
0.00000
0.00250

0.23556
-0.25271
0.00000
0.06478
-0.43107
0.00001
0.23556
-0.25272
0.00001
-0.01042
0.10014
0.00000
-0.09970
0.04977
-0.00001
0.11430
0.05158
0.00000

3.780

17

253.46

YES
0.0005

0.43

0.04

YES

8.89
12.76
11.10

0.52

0.07774
-0.01275
0.00000

0.11410
-0.18780
0.00005
-0.03266
-0.34069
0.00000
0.11410
-0.18780
-0.00005
-0.08527
-0.02776
0.00000
0.00906
-0.08070
0.00001
-0.01580
0.05204
0.00000

6.403

18

259.29

YES
0.0005

0.40

0.03

YES

8.21
27.32
19.13

0.23

0.03044
-0.02259
0.00000



10

11

12

13

14

15

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o O o o o o o o o o

(@}

.00000
.00000
.30317
.00000
.00000
.57429
.00000
.00000
.14129
.00000
.00000
.11825
.00000
.00000
.03800
.00000
.00000
.02215
.05877
.00900
.01002
.00000
.00000
.10003
.05877
.00900
.01002
.03859
.03486
.03575
.10088
.09251
.04081
.04620
.00143
.03389
.01028
.03887
.09546
.03858
.03486
.03575

O O O O O O O O O O O O O O O O o o o o o o o o

.00000 O
.00000 O
.09251 0
.00000 O
.00000 O
.26444 -0
.00000 O
.00000 O
.16133 0
.00000 O
.00000 O
.15371 -0
.00000 O
.00000 O
.05981 -0
.00000 O
.00000 O
.02951 -0
.01120 O
.01186 O
.01909 -0
.00000 O
.00000 O.
.04524 -0.
.01120 -0.
.01186 -0.
.01909 -0.
.07406 -0.
.03797 -0.
.04049 -0.
.16371 -0.
.10042 -0.
.05683 -0.
.08270 -0.
.00440 O.
.06387 0.
.04184 -0.
.04319 -0.
.10834 -0.
.07406 O.
.03797 0.
.04049 -0.

181

.00000
.00000
.05040
.00000
.00000
.09931
.00000
.00000
.09952
.00000
.00000
.07483
.00000
.00000
.03841
.00000
.00000
.02674
.01544
.00221
.03285
.00000

00000
00296
01544
00221
03285
04999
0l614
02122
11297
05392
03536
05630
00799
05010
02504
02013
06002
04999
01613
02122

O O O O O O O O O O O O O O O O O O O O O o o o o o o o o

.00000
.00000
.00629
.00000
.00000
.01321
.00000
.00000
.00439
.00000
.00000
.01779
.00000
.00000
.00501
.00001
.00000
.01238
.20666
.01720
.10437
.00001
.00001
.25637
.20663
.01721
.10437
.01142
.00996
.00479
.23745
.25268
.00057
.05782
.33321
.18301
.33903
.03108
.16701
.01141
.00996
.00479

O O O O O O O O O O O O O O o o o o o o o o o o o o o o

.04645
.01473
.00000
.03667
.01080
.00000
.01916
.02320
.00000
.01733
.09026
.00000
.04541
.06471
.00000
.21449
.04794
.00000
.27588
.10233
.00450
.23948
.08702
.00001
.27591
.10233
.00452
.00732
.01654
.00514
.15921
.20821
.00121
.04880
.25186
.08919
.28058
.04972
.11284
.00732
.01653
.00514

|
O O O O O O O O O O O O O o o o o o o

.01141
.01306
.00000
.01691
.01270
.00000
.00858
.01968
.00000
.03039
.03024
.00000
.07995
.03973
.00000
.02114
.03510
.00000
.00517
.05746
.00083
.00949
.02395
.00001
.00519
.05746
.00084
.22157
.02045
.05526
.24648
.14725
.01522
.18882
.15031
.14430
.40786
.04244
.11660
.22158
.02044
.05526



16

17

18

19

20

21

22

23

24

25

26

27

28

29

o O O O o o o o

.01026
.03887
.09545
.04619
.00142
.03388
.10087
.09250
.04081
.00000
.00000
.16541
.00000
.00000
.00272
.00000
.00000
.06958
.00000
.00000
.00479
.04380
.04535
.04288
.04380
.04535
.04288
.00000
.00000
.00268
.06006
.05430
.04322
.00000
.00000
.09314
.06006
.05430
.04322
.00000
.00000
.19671

O O O O O O O O O O O O O O O o o o o o o o o

O O O O O O O O O o o o o

.04184
.04319
.10834
.08270
.00439
.06387
.16371
.10041
.05683
.00000
.00000
.49950
.00000
.00000
.05754
.00000
.00000
.05326
.00000
.00000
.01206
.04178
.03821
0.
.04179
.03821
.01722
.00000
.00000
.01796
.04540
.04230
.05441
.00000
.00000
.04460
.04540
.04230
.05441
.00000
.00000
.30153

01722

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o

182

.02504
.02013
.06002
.05629
.00799
.05010
.11297
.05392
.03536
.00000
.00000
.15407
.00000
.00000
.09611
.00000
.00000
.34111
.00000
.00000
.05385
.16138
.08849
.03776
.16138
.08849
.03776
.00000
.00000
.02658
.29814
.19421
.14415
.00000
.00000
.46443
.29814
.19422
.14415
.00000
.00000
.35783

O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o o o

.33901
.03107
.16700
.05782
.33320
.18302
.23745
.25266
.00057
.00000
.00000
.00321
.00000
.00000
.00235
.00000
.00000
.00343
.00000
.00000
.00136
.00137
.00005
.00106
.00138
.00004
.00106
.00001
.00000
.00045
.00682
.00433
.00336
.00000
.00000
.01054
.00680
.00433
.00336
.00000
.00000
.00989

.28066
.04973
.11288
.04881
.25194
.08923
.15926
.20826
.00121
.04678
.02693
.00000
.04054
.03585
.00000
.04342
.06359
.00000
.06740
.08219
.00000
.05446
.07570
.00311
.05446
.07570
.00311
.15749
.01174
.00000
.23433
.02204
.00092
.11106
.10367
.00001
.23432
.02205
.00092
.01318
.00360
.00000

O O O O O O O O O O O O O O O O O o o o o o o o o

(@}

.40788
.04244
.11660
.18882
.15032
.14430
.24649
.14725
.01522
.03189
.04404
.00000
.06582
.04314
.00000
.09911
.06474
.00000
.14534
.00147
.00000
.18438
.01195
.00184
.18438
.01195
.00184
.10395
.05733
.00000
.07888
.05273
.00030
.12115
.09798
.00000
.07888
.05272
.00030
.05459
.02144
.00000



30 h

31 h

reduced mass (g/mol)

mode

frequency

symmetry

IR
|dDIP/dQ|

(a.u.

)

intensity (km/mol)

intensity (

RAMAN

%

)

(par, par)

(ort,ort)

(ort,unpol)

depol.
1 cl
2 c
3 n
4 c
5 n

ratio

N
|

N
|

N
|

o O O o o o

O O O O O O O O O O o o o o o

.00001
.00000
.43671
.00000
.00000
.31601

9.450

19

272.77

YES
0.0009

1.57

0.13

YES

.36
.36
.36
.75

o O o O

.00000
.00000
.00396
.00000
.00000
.01106
.00000
.00000
.00669
.00000
.00000
.00934
.00000
.00000
.00274

.00000
.00000
.18913
.00000
.00000
.55300

7.446

20

290.32

YES
0.0004

0.33

0.03

YES
1.84
2.64
2.30
0.52
.02852
.02241
.00000
.02164
.00935
.00000
.01274
.02731
.00000
.00411
.03030
.00000
.00281
.03119

.00000
183

O O O O O O O O O O o o o o o

o O O o o o

.00000
.00000
.03226
.00000
.00000
.20491

5.107

21

304.24

YES
0.0009

1.59

0.13

YES

.33
.91
.23
.34

o NN

.04699
.08262
.00000
.05486
.03398
.00000
.04507
.05434
.00000
.00961
.05685
.00000
.01161
.00984
.00000

O O O O O O O O O O o o o o o

o O O o o o

.00000
.00000
.03296
.00000
.00000
.00297

1.024

22

314.73

YES
0.0001

0.02

0.00

YES

1.23
1.23
1.23
0.75

.00000
.00001
.00024
.00000
.00000
.00259
.00000
.00000
.00871
.00000
.00000
.00752
.00000
.00000
.02294

O O O O O O O O o o o o o o o

.05855
.08429
.00001
.02285
.06112
.00000

2.543

23

338.82

YES
0.0001

0.02

0.00

YES

.48
.48
.48
.75

o B B

.00000
.00000
.00363
.00000
.00000
.01101
.00000
.00000
.00573
.00000
.00000
.02535
.00000
.00000
.15944

O O O O O O O O O O o o o o o

.02376
.03039
.00001
.09141
.06472
.00000

3.080

24

353.24

YES
0.0015

4.06

0.33

YES

.14
.35
.69
.12

[ R

.07187
.06210
.00000
.16371
.02809
.00000
.15771
.00347
.00000
.06843
.03340
.00000
.02554
.11078
.00000



10

11

12

13

14

15

16

17

18

19

O O O O O O o o o o

.00000
.00000
.00212
.00000
.00000
.00314
.00597
.00214
.00734
.00000
.00000
.00382
.00597
.00214
.00734
.00334
.00206
.00161
.00464
.00213
.00220
.00278
.00505
.00155
.00637
.00177
.00326
.00334
.00206
.00161
.00636
.00178
.00326
.00278
.00505
.00155
.00464
.00213
.00220
.00000
.00000
.02054

O O O O O O O O O O O o o o o o

.00638 -0.
.00733 -0.
.00000 O.
.04371 -0
.00370 -0.
.00000 O.
.05470 -0
.01540 -0.
.00016 O.
.04757 -0
.02218 0.
.00002 -0.
.05466 -0
.01542 -0.
.00013 -0.
.02739 0.
.01966 -0.
.00383 -0.
.30351 O
.30258 0.
.00583 0.
.09309 0.
.28413 -0.
.22720 -0
.28109 -0.
.05921 -0.
.20674 0.
.02739 0.
.01966 -0.
.00383 0.
.28107 -0.
.05920 -0.
.20673 -0.
.09308 0.
.28411 -0.
.22720 0
.30350 0
.30257 0.
.00584 -0.
.01527 -0.
.01021 -0.
.00000 O.

184

02089
03381
00000

.20545

02066
00000

.29073

09398
00535

.23883

16068
00012

.29054

09401
00523
05247
05016
04326

.24718

04325
01210
08579
19870

.21605

09039
03300
01297
05249
05015
04326
09028
03300
01292
08579
19860

.21602
.24714

04319
01210
03754
01038
00000

.00000
.00000
.00351
.00002
.00000
.00950
.44925
.07242
.28160
.00002
.00001
.50874
.44930
.07240
.28160
.01785
.00352
.00974
.08563
.11804
.00592
.01365
.14973
.05921
.16636
.01492
.08869
.01784
.00353
.00974
.16639
.01492
.08872
.01367
.14978
.05927
.08570
.11807
.00592
.00000
.00000
.00053

O O O O O O O O o o o o o o

.00000
.00000
.03774
.00001
.00000
.19211
.03569
.21508
.29110
.00001
.00000
.30618
.03570
.21507
.29111
.08325
.14059
.01239
.11325
.21753
.03253
.05904
.27143
.11728
.20806
.13165
.13904
.08324
.14059
.01237
.20804
.13166
.13907
.05904
.27143
.11726
.11324
.21755
.03252
.00000
.00000
.00573

.00505
.08068
.00000
.02820
.08364
.00000
.02226
.08193
.00047
.02684
.08805
.00000
.02225
.08194
.00045
.03906
.07456
.09978
.10047
.25521
.01369
.04067
.07987
.13845
.05575
.08156
.30705
.03905
.07456
.09978
.05576
.08155
.30704
.04066
.07985
.13845
.10047
.25521
.01368
.15106
.04069
.00000



20

21

22

23

24

25

26

27

28

29

30

31

reduced mass (g/mol)

mode

O O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o

.00000
.00000
.01173
.00000
.00000
.10319
.00000
.00000
.06923
.04661
.08697
.14301
.046061
.08697
.14301
.00000
.00000
.00609
.39346
.27424
.24418
.00000
.00000
.58552
.39346
.27424
.24418
.00000
.00000
.02446
.00000
.00000
.00050
.00000
.00000
.00947

1.218

25

O O O O O O O O O O O O O O O O O o o o o o o o o o

.00267
.01608 -
.00000
.02069
.05641 -
.00000
.01385
.06356 -
.00000
.03240
.05532 -
.00338 -
.03240
.05532 -
.00338
.06912 -
.00909
.00000
.14024 -
.00067
.00077 -
.02558
.11665
.00000
.14025
.00066
-0.
.01613
.01380
.00000
.00707
.03237
.00000
.04918
.05234
.00000

00078

O O O O O O O O o o o o o

1.302

26

185

.02254
.02300
.00000
.08259
.12122
.00000
.08803
.11940
.00000
.13556
.09979
.00740
.13556
.09979
.00740
.07931
.03705
.00000
.22236
.01719
.00146
.00901
.25439
.00000
.22236
.01720
.00146
.03958
.03282
.00000
.07733
.01857
.00000
.14849
.11135
.00001

2.785

27

.00000
.00000
.00143
.00001
.00001
.00253
.00001
.00001
.00016
.00105
.00082
.00065
.00107
.00083
.00064
.00000
.00000
.00011
.00140
.00114
.00085
.00000
.00002
.00230
.00137
.00113
.00085
.00000
.00000
.00511
.00001
.00000
.01775
.00001
.00001
.00036

1.027

28

o O O O O O o o o o o

.00000
.00000
.00699
.00000
.00000
.00930
.00000
.00000
.00067
.00353
.00222
.00171
.00353
.00222
.00171
.00000
.00000
.00048
.00233
.00266
.00266
.00000
.00000
.00344
.00233
.00266
.00266
.00000
.00000
.02725
.00000
.00000
.24133
.00000
.00000
.00812

2.372

29

.03603
.03870
.00000
.01184
.01444
.00000
.07633
.12443
.00000
.10583
.12412
.00437
.10583
.12412
.00437
.20311
.04960
.00000
.33378
.06530
.00264
.12651
.14279
.00000
.33378
.06530
.00264
.03183
.01663
.00000
.00432
.10616
.00001
.09156
.02400
.00001

3.796

30



frequen

symmetr

IR
|dDIP/dQ|

cy

Yy

(a.u.

)

intensity (km/mol)

intensity (

RAMAN

°

)

(par, par)

(ort,ort)

(ort,unpol)

depol.
1 cl
2 c
3 n
4 c
5 n
6 c
7 c
8 h
9 h

ratio

392.61

YES
0.0013

2.83

0.23

YES

.90
.38
.17
.64

o W w N

.01946
.11616
.00000
.11821
.00470
.00000
.12992
.04073
.00000
.05018
.04392
.00000
.03015
.07001
.00000
.01259
.12503
.00001
.09568
.15808
.00001
.14146
.11841
.00353
.11051
.24748
.00001

o O O O O o o o o

421.04

a

YES
0.0017

4.94

0.40

YES

4.37
16.05
11.04

0.20
.04362 0.
.29256 -0.
.00000 -0.
.07861 -0.
.01140 O.
.00000 O.
.00375 -0.
.15979 0.
.00001 -0.
.04216 O.
.19855 0.
.00000 -0.
.01635 0.
.05002 O.
.00002 -0.
.02700 O.
.13789 -0.
.00002 0.
.05406 O.
.16528 -0.
.00002 -0.
.09944 -0.
.20110 -0
.00440 -0.
.07446 0.
.06589 -0.
.00003 -0.

186

439.81

YES
0.0005

0.36

0.03

YES

.13
.13
.13
.75

o O o O

00000
00001
00188
00001
00000
00612
00001
00001
01877
00000
00001
03202
00000
00000
18499
00000
00001
15986
00000
00002
07565
02720
.23633
18916
00000
00001
18023

O O O O O O O O O O O O O O O O O O O o o o o o o o o

452.05

YES
0.0055
52.97
4.34

YES

2.45
2.45
2.45
0.75

.00000
.00000
.00164
.00000
.00000
.01289
.00000
.00000
.00031
.00000
.00000
.00318
.00000
.00000
.00756
.00000
.00000
.00468
.00000
.00000
.00183
.00010
.00670
.00544
.00000
.00000
.00426

469.24

YES
0.0004

0.34

0.03

YES

5.50
19.11
13.28

0.22

.02186
.03047
.00000
.06513
.01845
.00000
.04394
.03191
.00000
.06982
.04053
.00000
.12150
.08469
.00000
.17568
.01590
.00000
.08864
.00742
.00000
.25258
.12615
.01202
.15006
.33984
.00001

O O O O O O O O O o o o o

530.46

YES
0.0029
14.94
1.22

YES

.16
.34
.84
.37

o BN

.02967
.00924
.00000
.00674
.00290
.00000
.08859
.17060
.00000
.00865
.17124
.00000
.09618
.07044
.00001
.16158
.05912
.00000
.01034
.12491
.00000
.08463
.04817
.00606
.02225
.31353
.00001



10

11

12

13

14

15

16

17

18

19

20

21

22

23

O O O O O O O O O O O O O O O O o o o o o o o o o

o O O O o o o o

.14150
.11844
.00358
.04483
.09071
.10101
.01410
.26007
.00612
.01716
.23130
.07863
.16645
.08390
.35758
.04484
.09069
.10102
.16647
.08388
.35758
.01718
.23129
.07863
.01408
.26005
.00609
.10872
.02134
.00000
.02917
.03821
.00000
.01477
.06512
.00000
.08156
.02400
.00000
.12171
.03238
.00016

O O O O O O O O O O O O O O O O O O O O o O o o o o o o o o

| |
o O

.09944 0.
.20118 0
.00433 -0.
.03928 0.
.04776 -0.
.10425 0.
.03310 O
.20085 -0.
.00216 O
.01495 0.
.17118 -0.
.10794 -0.
.14108 0.
.04225 -0.
.33004 O.
.03931 -0.
.04773 0.
.10428 0.
.14113 -0.
.04222 0.
.33004 0.
.01499 -0.
.17116 O.
.10792 -0.
.03301 -0
.20079 O.
.00209 O
.13908 -0
.10203 O
.00000 O
.03405 0
.13789 0
.00000 O
.05000 O
.02359 0
.00000 -0
.03199 0
.03580 0
.00000 -0
.02624 -0
.03034 0
.00434 -0.

187

02719

.23629

18917
13052
08211
10489

.28833

17933

.23068

12854
05188
06924
17883
08876
01514
13051
08213
10486
17880
08877
01507
12853
05191
06926

.28833

17938

.23068
.00001
.00001
.00082
.00000
.00001
.00248
.00000
.00000
.00514
.00000
.00000
.00237
.00224
.00443

00545

O O O O O O O o o o o o

|
o O

.00009
.00670
.00544
.00395
.00227
.00300
.00944
.00517
.00712
.00385
.00124
.00318
.00607
.00258
.00075
.00395
.00227
.00300
.00607
.00258
.00074
.00385
.00124
.00319
.00944
.00517
.00712
.00000
.00000
.04847
.00000
.00000
.00535
.00000
.00000
.05452
.00000
.00000
.02434
.04034
.05478
.06385

.25260
.12616
.01202
.00163
.04835
.11597
.16237
.01191
.00558
.01659
.13738
.34016
.11009
.03588
.12679
.00163
.04836

0.11598

O O O O O O O O O O O o o o o o o o o o o o

| |
(@) (@)

.11009
.03589
.12679
.01660
.13739
.34015
.16236
.01190
.00559
.01715
.07937
.00000
.02142
.08568
.00000
.08364
.02735
.00000
.10929
.08425
.00000
.12385
.07060
.00621

O O O O O O O O O O O O O o o o o o o

.08465
.04817
.00606
.00867
.04731
.06671
.11130
.06034
.01214
.03728
.20318
.28139
.15508
.03174
.02425
.00867
.04731
.06671
.15508
.03174
.02425
.03728
.20318
.28139
.11129
.06035
.01215
.13045
.18030
.00000
.04236
.18697
.00000
.09779
.04652
.00000
.10201
.09101
.00000
.08821
.07790
.00945



24 h x 0.12171 0.02624 0.00225 0.04034 0.12384 -0.08821

% 0.03238 -0.03034 -0.00443 -0.05478 -0.07059 0.07789

z 0.00016 0.00434 -0.00545 -0.06385 0.00621 -0.00946

25 c x 0.09908 -0.01751 0.00000 0.00000 0.01340 -0.00524

y 0.04041 0.01360 0.00000 0.00000 0.02407 -0.01639

z 0.00000 0.00000 -0.00015 -0.00052 0.00000 0.00000

26 h x 0.12692 -0.07530 -0.00213 -0.02300 -0.09256 0.13035

y 0.04283 0.00617 -0.00032 -0.00688 0.01045 -0.00056

z 0.00105 -0.00088 0.00004 0.00477 -0.00183 0.00324

27 h x 0.08499 0.01761 0.00000 0.00000 0.07982 -0.08861

y 0.00277 0.10074 0.00001 0.00000 0.18655 -0.22151

z 0.00000 0.00000 0.00378 0.04750 0.00000 0.00000

28 h x 0.12692 -0.07530 0.00213 0.02300 -0.09257 0.13035

y 0.04283 0.00617 0.00032 0.00688 0.01045 -0.00056

z -0.00105 0.00088 0.00004 0.00477 0.00183 -0.00324

29 n x -0.03997 0.01440 0.00000 0.00000 -0.07602 0.09798

y -0.04788 0.26616 0.00001 0.00000 0.03364 -0.01825

z 0.00000 0.00000 0.02345 -0.03647 0.00000 0.00000

30 h x -0.06985 -0.20080 0.00000 0.00000 -0.09886 -0.25228

y -0.06589 0.07427 0.00000 0.00000 -0.08659 0.09176

z 0.00004 0.00008 -0.41898 -0.02272 0.00001 0.00002

31 h x -0.00091 0.144%92 0.00001 0.00000 0.21700 -0.30127

y -0.06617 0.03817 0.00000 0.00000 -0.00735 -0.07647

z -0.00001 0.00001 0.06947 0.98508 -0.00004 0.00002

reduced mass (g/mol) 3.504 7.389 2.586 1.105 2.859 4.216
mode 31 32 33 34 35 36

frequency 624.72 654.39 673.11 697.65 708.99 769.95
symmetry a a a a a a

IR YES YES YES YES YES YES

|dDIP/dQ| (a.u.) 0.0060 0.0011 0.0024 0.0029 0.0010 0.0020

intensity (km/mol) 65.02 2.07 10.30 15.41 1.79 7.00

intensity ( % ) 5.32 0.17 0.84 1.26 0.15 0.57

RAMAN YES YES YES YES YES YES

(par,par) 2.10 0.05 0.53 1.05 0.20 0.67

(ort,ort) 2.10 0.05 3.72 2.12 0.20 6.03

188



10

11

12

13

(ort,unpol)

depol.

cl

ratio

O O O O O O O O O O O O O O O O o o o o o o o o

2.10
0.75

.00000
.00000
.00387
.00000
.00000
.04329
.00000
.00000
.03669
.00000
.00000
.07372
.00000
.00000
.08665
.00000
.00000
.01124
.00000
.00001
.00218
.00466
.01976
.01113
.00000
.00001
.01007
.00466
.01977
.01113
.00474
.00468
.00922
.05630
.01349
.04048
.00257
.00553
.04487

O O O O O O O O O O O O O O O O O O O O o o o o o o o o o o

-0.

0.05
0.75
.00000 O.
.00000 -0.
.04999 0.
.00000 -0.
.00000 O.
.73559 0.
.00000 -0
.00000 -0.
.18939 0.
.00000 O.
.00000 -0.
.28219 0.
.00000 O.
.00000 O.
.12632 0.
.00000 -0.
.00000 -0.
.00454 0.
.00000 -0.
.00000 -0.
.00362 0.
.00281 O.
.01112 -0.
.00380 -0.
.00000 O.
.00000 -0
.00062 0.
.00281 0.
.01112 -0.
.00380 0.
00381 -0.
.00205 0.
.00366 -0.
.03793 -0.
.00385 0.
.02300 -0.
.00331 -0.
.00384 0.
.02671 -0.

189

2.35
0.11

00636
02694
00000
14028
05627
00000

.22515

07618
00000
05906
02401
00000
06399
06758
00000
07278
01825
00000
00552
13641
00000
03432
10795
00553
00842

.23038

00000
03433
10796
00553
05158
04196
08722
00619
04887
06856
06409
10290
18042

o O o O

1.67
0.37

.00457
.04375
.00000
.12030
.12328
.00000
.02178
.00602
.00000
.28969
.00471
.00001
.14626
.34273
.00000
.03373
.00498
.00000
.00669
.04461
.00000
.15088
.14783
.01744
.05733
.21768
.00000
.15089
.14783
.01744
.06543
.04865
.11350
.08088
.00839
.10398
.05015
.04332
.07196

O O O O O O O O O O O O O O O O O O O O O O o O o o o o o o o o o o o o o o o

0.20
0.75

.00000
.00000
.00108
.00000
.00000
.02585
.00000
.00000
.16591
.00000
.00000
.55122
.00000
.00000
.16343
.00000
.00000
.00261
.00000
.00000
.00093
.00371
.00281
.00346
.00000
.00001
.00719
.00370
.00282
.00346
.00353
.00325
.00673
.02640
.00088
.01153
.00281
.00150
.02173

O O O O O O O O O O O O O o o o o o

3.73
0.08

.00820
.01085
.00000
.07032
.03688
.00000
.03835
.06652
.00000
.01044
.04943
.00000
.12465
.15915
.00000
.11175
.02361
.00000
-0.
.25242
.00000
.15288
.38429
.01114
.05553
.00673
.00000
.15288
.38429
.01113
.05760
.07949
.15706
.15776
.10627
.22441

00174

.05404
.03535
.05235



14

15

16

17

18

19

20

21

22

23

24

25

26

27

OO O O O O O O O O o o o o

.04721
.01201
.00499
.00474
.00467
.00921
.04722
.01200
.00500
.00256
.00555
.04489
.05631
.01348
.04048
.00000
.00000
.01663
.00000
.00000
.01703
.00000
.00000
.00898
.00000
.00000
.00117
.00095
.00006
.00070
.00095
.00006
.00070
.00000
.00000
.00006
.00044
.00061
.00048
.00000
.00000
.00094

| | |
O O O O O O O O o o o o

-0.

.02393 0.
.00517 0.
.00363 -0.
.00380 -0.
.00205 0.
.00366 0
.02393 0
.00517 O
.00363 0
.00330 -0
.00384 0
.02672 0
.03793 -0
.00385 0
.02299 0
.00000 -0
.00000 O
.17865 0
.00000 O
.00000 O
.29915 0
.00000 O
.00000 O
.08550 0
.00000 -0
.00000 -0
.01909 0.
.02132 -0.
.08355 -0.
.04422 -0.
.02131 -0.
.08355 -0.
04422 0.
.00000 -0.
.00000 -0.
.00107 0.
.02716 -0
.03839 -0.
.02532 -0.
.00000 -0.
.00000 O.
.01599 0.

190

00779
03651
06233
05158
04196

.08722
.00779
.03651
.06233
.06409
.10290
.18041
.00619
.04887
.06856
.03902
.01551
.00000
.26595
.05390
.00000
.15573
.30639
.00000
.03573
.00026

00000
19920
02591
00697
19921
02591
00697
09684
08028
00000

.25904

09289
00810
01620
12936
00000

O O O O O O O O O O O O O o o o o o o

-0.

.15736 0.
.05708 -0.
.19348 -0.
.06543 0.
.04865 -0.
.11349 -0.
.15736 -0.
.05708 0.
.19348 -0.
.05015 0.
.04332 -0.
.07195 -0.
.08088 -0.
.00840 -0.
.10398 0.
.22327 0
.01452 0
.00000 O
.01484 O
.02378 0
.00001 -0
.02700 O
.04563 0
.00000 O
.07881 O
.07133 0
.00000 O
.04574 -0
.06760 O
.00479 -0
.04574 0
.06759 -0
.00479 -0
.02908 O
.00250 O
.00000 O
09524 0
.00835 0
.00569 -0
.10592 0
.19026 0
.00000 -0.

01347
00003
00878
00353
00326
00674
01347
00003
00879
00281
00150
02174
02640
00088
01152

.00000
.00000
.14873
.00000
.00000
.53315
.00000
.00000
.13003
.00000
.00000
.02881
.02720
.10162
.05079
.02719
.10162
.05079
.00000
.00000
.00271
.04187
.05406
.03150
.00000
.00000

02503

.13411
.08952
.19215
.05760
.07949
.15706
.13411
.08953
.19214
.05404
.03535
.05234
.15777
.10627
.22441
.01232
.04776
.00000
.09040
.02495
.00000
.04493
.08005
.00000
.00517
.01038
.00000
.05643
.00075
.00113
.05644
.00075
.00113
.02156
.02583
.00000
.07123
.02926
.00297
.00133
.03419
.00000



28

29

30

31

reduced mass (g/mol)

|dDIP/dQ|

mode

frequency

symmetry

IR

(a.u.)

intensity (km/mol)

intensity ( % )
RAMAN
(par, par)

(ort,ort)
(ort,unpol)

depol. ratio

cl

O O O O O O O O o o o o

O O O O O O o o o o

.00044 -0.
.00061 -0.
.00048 -0.

.00000
.00000
.00011
.00002
.00000
.98065
.00000
.00000
.03244

1.216

37

782.71

YES
0.0021

7.48

0.61

YES

.83
.83
.83
.75

o O o O

.00000
.00000
.00109
.00000
.00000
.03915
.00000
.00000
.03232
.00000

o O O O o o o o

o O O O O O o o o o

02716 -0
03839 -0
02532 0.
.00000 O
.00000 -0
.17717 0
.00001 O
.00000 O
.35090 O
.00000 O
.00000 O
.09775 -0
10.505

38
792.11

a

YES
0.0035
21.35

1.75

YES

0.05

0.05

0.05

0.75
.00000 O.
.00000 -0.
.00433 0.
.00000 -0.
.00000 O.
.24103 0.
.00000 -0.
.00000 O.
.21800 0.
.00000 -0.

191

.25904
.09289
00810
.19502
.20325
.00000
.06126
.06853
.00005
.14402
.30350
.00001

6.297

39

878.09

YES
0.0034
20.68
1.69

YES

2.55
5.53
4.25
0.35

00872
02205
00000
05853
11419
00000
01900
13646
00000
06050

O O O O O O o o o o

.09524
.00835
.00569
.15999
.25375
.00000
.09134
.33432
.00002
.13616
.06191
.00000

6.601

40

894.96

YES
0.0006

0.63

0.05

YES

.50
.50
.50
.75

o o1 o un

.00000
.00000
.00003
.00000
.00000
.00021
.00000
.00000
.00202
.00000

-0.04188
-0.05406
-0.03150
0.00000
-0.00001
-0.02440
-0.00001
0.00000
0.52324
0.00000
0.00000
-0.01027

8.717

41

897.59

YES
0.0044
34.25
2.80

YES

.72
.20
.57
.40

o N W

0.00112
0.02719
0.00000
-0.01204
-0.15095
0.00000
0.04420
-0.01293
0.00000
0.01677

.07123
.02926
.00297
.05664
.02652
.00000
.26596
.14168
.00005
.00262
.07435
.00000

3.622

42

914.34

YES
0.0026
12.39
1.01

YES

2.35
4.68
3.68
0.38

.00262
.01230
.00000
.01701
.07307
.00000
.00678
.05569
.00000
.01404



10

11

12

13

14

15

16

17

18

O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o o

.00000
.04806
.00000
.00000
.00882
.00000
.00000
.00008
.00000
.00000
.00023
.00061
.00034
.00047
.00000
.00000
.00056
.00061
.00034
.00047
.00000
.00018
.00021
.00091
.00010
.00043
.00009
.00020
.00016
.00026
.00010
.00035
.00000
.00018
.00021
.00026
.00010
.00035
.00009
.00020
.00016
.00091

O O O O O O O O O O o o o o

o O O O O O o o o

(@}

.00000 O.
.33876 0.
.00000 -0.
.00000 -0.
.05826 0.
.00000 O.
.00000 -0.
.00114 0.
.00000 O
.00000 O
.00128 0
.00407 -0
.00348 -0
.00413 O
.00000 O
.00000 O
.00546 0
.00407 -0.
.00349 -0.
.00413 -0.
.00061 0.
.00050 0.
.00069 -0.
.00505 -0
.00011 O.
.00267 -0
.00127 0.
.00219 -0.
.00382 0.
.00105 -0.
.00020 0.
.00134 -0.
.00061 0.
.00050 0.
.00068 0.
.00105 -0
.00020 0.
.00134 0
.00127 O.
.00219 -0.
.00382 -0.
.00505 -0

192

04049
00000
08489
17495
00000
17157
05371
00000

.07792
.04115
.00000
.13177
.10485
.02828
.00987
.41882
.00000

13178
10486
02828
00521
03336
11902

.22532

14560

.29063

01374
04324
15964
13969
05326
04591
00520
03336
11902

.13969

05327

.04593

01373
04323
15962

.22531

O O O O O O O o o o o

.00000
.00160
.00000
.00000
.01552
.00000
.00000
.13211
.00000
.00001
.06474
-0.
.28551
.07442
.00000
.00003
.10730
.02680
.28550
.07443
.11688
.06047
.05222
.19301
.08735
.16989
.12647
.14571
.45908
.06636
.03816
.21386
.11687
.06048
.05222
.06634
.03817
.21389
.12646
.14570
.45906
.19301

02682

O O O O O O O O o o o o o

.00850
.00000
.00941
.03622
.00000
.01707
.01443
.00000
.01298
.01653
.00000
.01460
.00066
.00438
.00524
.06189
.00000
.01460
.00065
.00439
.00025
.00138
.01673
.03201
.02568
.04455
.00028
.00018
.01795
.01240
.00357
.00893
.00026
.00137
.01673
.01240
.00357
.00894
.00028
.00017
.01797
.03202

|
O O O O O O O O O O O O O O o o o o o o o

.00712
.00000
.00883
.04900
.00000
.00398
.09667
.00000
.07707
.10353
.00000
.15108
.02541
.04343
.00440
.48867
.00000
.15109
.02541
.04344
.05169
.05767
.04468
.01372
.18913
.12636
.10883
.24386
.22941
.21015
.07656
.31045
.05170
.05766
.04468
.21016
.07656
.31041
.10884
.24387
.22944
.01374



19

20

21

22

23

24

25

26

27

28

29

30

31

O O O O O O O O O o o o o

O O O O O O O O O O o o o o o

.00010
.00043
.00000
.00000
.02799
.00000
.00000
.03364
.00000
.00000
.01912
.00000
.00000
0.
.15434
.42767
.22798
.15434
.42767
.22798
.00000
.00000
.04151
.25105
.34677
.18104
.00000
.00000
.18476
.25105
.34677
.18104
.00000
.00000
.02852
.00000
.00000
.01460
.00000
.00000
.03387

07219

O O O O O O O O O o o o o

O O O O O O O O O O o o o o o

.00011
.00267
.00000
.00000
.24028
.00000
.00000
.39842
.00000
.00000
.08673
.00000
.00000
0.
.15760
.27193
.13952
.15760
.27193
.13952
.00000
.00000
.03314
.18323
.25285
.12918
.00000
.00000
.14103
.18323
.25285
.12918
.00000
.00000
.24287
.00000
.00000
.06914
.00000
.00000
.02205

04289

193

.14559
.29061
.06334
.04993
.00000
.00256
.02767
.00000
.02345
.05026
.00000
.02354
.03666
.00000
.06168
.05006
.00088
.06167
.05006
.00088
.04973
.00426
.00000
.10881
.00649
.01497
.14398
.22677 0.
.00000 -0.
.10881 -0.
.00648 -0.
.01497 -0.
.04336 0.
.06355 0
.00000 O
.19450 0
.16507 O.

0

0

0

O O O O O O O O O O O O O O O O O O O o o o o o o o o

.00001 -
.04934
.04841
.00000 -0.

.08737
.16990
.00000
.00000
.00074
.00000
.00000
.00195
.00000
.00000
.00019
.00000
.00000
.00001
.00021
.00000
.00002
.00022
.00001
.00002
.00000
.00000
.00007
.00006
.00015
.00004
.00001

00001
00006
00007
00015
00003
00000

.00000
.00043
.00000

00000

.06580
.00000
.00000

00050

.02568
.04456
.01754
.08779
.00000
.03836
.02160
.00000
.06541
.12868
.00000
.02680
.08392
.00000
.21368
.12981
.00142
.21368
.12981
.00142
.14638
.00550
.00000
.28834
.00375
.04562
.40548
.62905
.00000
.28835
.00375
.04562
.02394
.06963
.00000
.02238
.03542
.00000
.13489
.12364
.00000

.18911
.12633
.01561
.00637
.00000
.00852
.00623
.00000
.01830
.00595
.00000
.00113
.01333
.00000
.01072
.01527
.00016
.01072
.01527
.00016
.01698
.00583
.00000
.01049
.00680
.00344
.03556
.05038
.00000
.01049
.00680
.00344
.01148
.04134
.00000
.03067
.05187
.00001
.02556
.00699
.00000



reduced mass (g/mol)

mode

frequency

symmetry

IR
|dDIP/dQ|

(a.u.

)

intensity (km/mol)

intensity (

RAMAN

o

°

)

(par, par)

(ort,ort)

(ort,unpol)

depol.
1 cl
2 c
3 n
4 c
5 n
6 c
7 c
8 h

ratio

N
|

N
|

N
|

b
|

O O O O O O O O O O O O O O o o o o o o o o

1.179

43
935.40

a

YES
0.0000

0.00

0.00

YES

0.09

0.09

0.09

0.75
.00000 O.
.00000 O.
.00008 0.
.00000 -0.
.00000 -0.
.00025 0.
.00000 -0.
.00000 -0.
.00111 O.
.00000 -0.
.00000 O.
.00080 0.
.00000 -0.
.00000 -0.
.00124 O.
.00000 O
.00000 O
.01388 0
.00000 O
.00000 -0
.08265 0
.02147 -0.

6.966

44
952.49

a

YES
0.0017

4.92

0.40

YES
10.46
48.69
32.31

0.16
00105 -0.
02178 -0.
00000 O.
00753 0.
14435 0
00000 O.
17614 -0
17497 -0.
00000 O.
09701 O
02455 O
00000 O
13048 O
00208 -0
00000 O
.05773 -0.
.03769 -0.
.00000 O.
.02219 -0.
.04892 0.
.00000 O.
03138 0.

194

3.041

45

981.76

YES
0.0061
65.63
5.37

YES

.10
.93
.57
.43

o B B B

00087
03981
00000
00849
.27794
00000
.28191
13878
00000
.07223
.00263
.00000
.14169
.01532
.00000
05169
04466
00000
03297
05009
00000
10010

O O O O O O O O O O O O O O o o o o o o o o

1

1.690

46

016.93

YES
0.0009

1.55

0.13

YES

.65
.65
.65
.75

o B =

.00000
.00000
.00006
.00000
.00000
.00013
.00000
.00000
.00041
.00000
.00000
.00688
.00000
.00000
.02574
.00000
.00000
.06544
.00000
.00000
.08237
.01871

O O O O O O O O O O O O o o o o o o o o o o

2.164

47

1023.27

YES
.0013

3.07

0.25

YES

.46
.78
.64
.62

o B = P

.00099
.00473
.00000
.01320
.03846
.00000
.01189
.01578
.00000
.01053
.01309
.00000
.00989
.05458
.00000
.00525
.05143
.00000
.10526
.05280
.00000
.22399

1

1.653

48

055.05

YES
0.0017

5.38

0.44

YES

12.00

.00318
.01018
.00000
.02312
.08956
.00000
.02167
.05734
.00000
.01330
.03536
.00000
.11412
.01794
.00000
.00901
.00516
.00000
.02064
.00381
.00000
.03544



10

11

12

13

14

15

16

17

18

19

20

21

22

o O O O o o o o

.38990
.11747
.00000
.00001
.17965
.02148
.38990
.11747
.00470
.06234
.04263
.12044
.24634
.24708
.04214
.15935
.03807
.10433
.06191
.35881
.00470
.06234
.04263
.10434
.06191
.35882
.04214
.15935
.03807
.12045
.24635
.24708
.00000
.00000
.00005
.00000
.00000
.00008
.00000
.00000
.00000
.00000

o O O O O o o o o

0.

0.
0.

(@}

.09162 0.
.00327 -0.
.00292 0.
.05171 -0.
.00000 O.
.03138 0.
.09161 0.
.00327 O.
.04428 -0.
.04086 -0.
.00365 -0.
.07353 0.
.05889 0.
.01746 -0.
.07811 -0.
.14708 O.
.20211 -0.
.14755 0.
.05808 -0.
.16963 0.
.04428 -0.
.04086 -0.
.00365 0.
.14755 0.
.05808 -0.
.16962 -0.
.07811 -0.
14709 0.
.20213 O
07354 0
05888 0
.01747 0
.21866 0
.22373 0
.00000 O
.04687 -0
.02810 O
.00000 O
.11728 -0
.06722 -0
.00000 O
.04879 -0.

195

14486
02002
01128
17816
00000
10010
14485
02002
02513
03217
01069
00730
06369
03776
04880
09478
10264
08213
04037
13854
02513
03216
01069
08213
04037
13854
04880
09479

.10265
.00730
.06369
.03775
.25711
.01981
.00000
.01965
.00196
.00000
.13536
.12198
.00000

10391

O O O O O O o o o o

.30659
.07415
.00000
.00002
.12010
.01870
.30656
.07416
.06245
.08376
.04083
.16989
.07841
.08375
.11187
.22150
.30349
.28360
.11431
.29102
.06245
.08376
.04083
.28361
.11431
.29100
.11187
.22151
.30351
.16991
.07839
0.
.00000
.00000
.00023
.00000
.00000
.00183
.00000
.00000
.00046
.00000

08378

0

-0

o O o o o o o

.24835
.06304
.00836
.43682
.00000
.22400
.24839

0.

0.
-0.
-0.
.22121
.17533
-0.
.03559
.00689
.22683
.05438
.01677
.18901
.05299
.03696
.06567
.05436
.01679
.18903
.03558
.00690
.22680
.22120
.17534
.30027
-0.
.00438
0.
.00998
.00361
.00000
.00479
.00914
.00000
.01410

06303
05299
03695
06567

30028

01089

00000

.03596
.01055
.00161
.09621
.00000
.03544

0.

0.
-0.
-0.
.00559
.05331
0.
.03019
-0.

0.
-0.
.07655
.02910
.06159
-0.
-0.
-0.

0.
-0.
-0.
.04552
.07061
.12095
.05331
.01952
.03019
.04405
.03651
.00000
.06707
.01437
.00000
.06567
.02428
.00000
.20137

03595
01055
03089
01871

01952

04552
07061
12095

03089
01871
00559
07655
02910
06159



y 0.00000 0.08157 -0.10731 0.00000 0.00668 0.14329

z 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

23 h b4 0.00002 0.13293 -0.22501 0.00049 0.02994 0.29575

y 0.00000 0.10626 -0.15013 -0.00021 0.01236 0.19834

z 0.00000 -0.00541 0.01379 0.00023 -0.00152 -0.01427

24 h x -0.00002 0.13293 -0.22501 -0.00049 0.02994 0.29575

y 0.00000 0.10626 -0.15013 0.00021 0.01236 0.19834

z 0.00000 0.00541 -0.01379 0.00023 0.00152 0.01427

25 c x 0.00000 -0.12267 0.13904 0.00000 -0.01057 -0.05928

y 0.00000 -0.05563 0.09982 0.00000 -0.00864 -0.18441

z 0.00001 0.00000 0.00000 0.00014 0.00000 0.00000

26 h x 0.00001 0.03670 0.05406 0.00020 -0.00544 -0.34780

y 0.00000 -0.07277 0.12737 0.00023 -0.01158 -0.21966

z 0.00001 0.02698 -0.02523 -0.00001 0.00231 -0.01196

27 h x 0.00000 -0.23662 0.22744 0.00000 -0.01654 0.02965

y 0.00000 -0.32730 0.30582 0.00000 -0.02277 0.04959

z 0.00000 0.00000 0.00000 -0.00011 0.00000 0.00000

28 h x -0.00001 0.03670 0.05406 -0.00020 -0.00544 -0.34780

y 0.00000 -0.07277 0.12736 -0.00023 -0.01158 -0.21965

z 0.00001 -0.02697 0.02523 -0.00001 -0.00231 0.01197

29 n x 0.00000 -0.04662 0.04447 0.00000 -0.01009 -0.06854

y 0.00000 0.31700 0.13850 0.00000 -0.01386 0.01913

z -0.00013 0.00000 0.00000 -0.00091 0.00000 0.00000

30 h x 0.00000 -0.21793 0.14503 -0.00001 -0.07957 0.29279

y 0.00000 0.00992 -0.01401 0.00000 0.06524 -0.03965

z 0.00510 -0.00001 0.00001 -0.03372 0.00000 0.00001

31 h x 0.00000 0.22473 -0.19248 0.00000 0.01868 -0.28712

% 0.00000 0.08535 -0.13281 0.00000 0.01148 0.00373

z 0.00003 0.00000 0.00000 -0.00062 0.00000 0.00000

reduced mass (g/mol) 1.211 5.727 5.792 1.416 1.457 2.688
mode 49 50 51 52 53 54

frequency 1075.82 1131.72 1163.56 1188.10 1206.89 1232.12
symmetry a a a a a a

IR YES YES YES YES YES YES

|dDIP/dQ]| (a.u.) 0.0005 0.0007 0.0049 0.0065 0.0033 0.0077

intensity (km/mol) 0.41 0.83 41.86 74.83 19.061 106.73

196



intensity (

10

11

12

RAMAN

(par,par)
(ort,ort)

(ort,unpol)

depol.

cl

o

°

ratio

O O O O O O O O O O O o o o o o

| | |
o o O

YES

.48
.63
.57
.57

o o o O

.00794
.00156
.00000
.07360
.01679
.00000
.00452
.15332
.00000
.01123
.06406
.00000
.12497
.02561
.00000
.00301
.01516
.00000
.03178
.00086
.00000
.05465
.04626
.01822
.00448
.14192
.00000
.05465
.04625
.01822
.03325
.02509
.00286
.05193

O O O O O O O O O O O O O O O O o o o o o o o o

YES

.30
.30
.30
.75

o o o O

.00000 -
.00000

.00004

.00000

.00000 -
.00059

.00000 -
.00000 -
.00071
.00000
.00000
.00250
.00000
.00000
.00023
.00000
.00000
.00037
.00000
.00000
.00026
.00003
.00084
.00023
.00000
.00000
.00049
.00003
.00084
.00023
.00007
.00007
.00014
.00008

O O O O O O O O O O O O O O O O o o o o o o o o

197

YES

77
.98
.89
.58

o O o O

.00245
.00237
.00000
.00970
.03991
.00000
.02776
.06097
.00000
.08203
.08591
.00000
.01043
.00835
.00000
.04453
.08204
.00000
.00608
.02503
.00000
.04013
.04972
.01139
.00199
.01881
.00000
.04012
.04973
.01139
.01le661
.03402
.01025
.02738

YES

3.44
15.08
10.09

0.17

.00028
.00138
.00000
.00617
.04206
.00000
.01616
.00118
.00000
.00283
.02867
.00000
.00737
.00734
.00000
.25043
.11410
.00000
.09372
.04077
.00000
.24134
.15530
.10494
.02380
.25658
.00000
.24134
.15531
.10494
.08701
.03581
.02383
.14401

O O O O O O O O O O O O O O O o O O o oo o o o o o o o o o o

YES

.45
.45
.45
.75

o W W w

.00000
.00000
.00001
.00000
.00000
.00019
.00000
.00000
.00135
.00000
.00000
.00754
.00001
.00000
.02634
.00001
.00000
.34331
.00000
.00000
.13693
.06913
.38327
.11877
.00000
.00001
.35410
.06914
.38326
.11878
.01063
.01820
.09740
.18202

YES

.59
.59
.59
.75

o = B

.00057
.00288
.00000
.00438
.05414
.00000
.03566
.02512
.00000
.05434
.02616
.00000
.10922
.04186
.00000
.16974
.25373
.00001
.06115
.05646
.00000
.09549
.10459
.09493
.01195
.29752
.00001
.09549
.10457
.09493
.04202
.07928
.00586
.14766



13

14

15

16

17

18

19

20

21

22

23

24

25

26

|
o O O O O o o o o

|
o O

.03674
.01695
.05142
.08287
.12540
.08972
.03628
.08309
.03325
.02509
.00286
.08972
.03628
.08308
.05142
.08286
.12540
.05193
.03673
.01696
.05087
.16211
.00000
.06540
.07495
.00000
.03933
.09141
.00000
.01314
.11701
.00000
.03928
.09189
.01377
.03928
.09189
.01377
.03897
.10748
.00000
.30763

O O O O O O O O O O O O O O O O o o o o o o o o o

.00029 -0.
.00031 0.
.00016 0.
.00038 -0.
.00015 -0.
.00006 -0.
.00006 0.
.00038 -0.
.00007 -0.
.00007 0.
.00014 -0.
.00006 -0.
.00006 0.
.00038 0.
.00016 O.
.00038 -0.
.00015 0.
.00008 0.
.00029 -0.
.00031 -0.
.00000 O.
.00000 O.
.00287 0.
.00000 -0.
.00000 -0.
.00413 0.
.00000 -0.
.00000 O.
.04890 0.
.00000 O.
.00000 -0.
.17474 0.
.28399 0
.39970 -0.
.16056 -0.
.28399 0
.39970 -0.
.16056 0.
.00000 -0.
.00000 O.
.12331 0.
.20563 0

198

06092
07173
00009
04280
07458
02065
03038
14103
0l66l
03401
01024
02066
03038
14103
00009
04280
07458
02737
06091
07172
01619
05625
00000
02626
03010
00000
17143
12648
00000
19113
17893
00000

.26534

09608
04404

.26534

09608
04404
07919
06449
00000

.27231

.02840
.15584
.07201
.01927
.32510
.11540
.01104
.22257
.08701
.03581
.02383
.11539
.01105
.22257
.07201
.01928
.32510
.14401
.02840
.15583
.02008
.01259
.00000
.00354
.01136
.00000
.05354
.04268
.00000
.05522
.05926
.00000
.06811
.03520
.01468
.06811
.03520
.01468
.02246
.02204
.00000
.08516

o O O O o o o o

.17321
.27887
.03789
.15508
.03916
.14262
.01337
.06500
.01064
.01820
.09741
.14264
.01337
.06500
.03789
.15508
.03917
.18203
.17321
.27888
.00000
.00000
.00065
.00000
.00000
.00284
.00000
.00000
.00044
.00000
.00000
.00056
.00199
.00138
.00019
.00198
.00137
.00019
.00000
.00000
.00061
.00076

O O O O O O O O O O o o o o o

.18430
.02960
.08612
.19129
.04436
.19422
.08839
.20632
.04202
.07928
.00587
.19422
.08840
.20632
.08612
.19130
.04436
.14766
.18431
.02960
.04085
.01306
.00000
.10556
.05603
.00000
.00676
.02051
.00000
.05016
.04595
.00000
.12358
.08148
.00081
.12357
.08148
.00081
.02206
.03376
.00000
.08041



27

28

29

30

31

reduced mass (g/mol)

|dDIP/dQ]|

mode

frequency

symmetry

IR

(a.u.)

intensity (km/mol)

intensity ( % )
RAMAN
(par,par)

(ort,ort)
(ort,unpol)

depol. ratio

cl

1

.10001
.04394
.17944
.25085
.00000
.30763
.10001
.04394
.10478
.01642
.00000
.40276
.06005
.00001
.46797
.14982
.00000

2.744

55

253.61

YES
0.0001

0.02

0.00

YES

.97
.97
.97
.75

[ N NN

.00000
.00000
.00005
.00000

1

.34655
.11054
.00000
.00000
.24534
.20563
.34655
.11054
.00000
.00000
.00018
.00000
.00000
.00005
.00000
.00000
.10028

1.543

56

280.77

YES
0.0055
53.91
4.41

YES

0.99
3.99
2.70
0.19

.00078
.00383
.00000
.00282

1

199

.00457 0.00358
.07380 0.02263
.21186 -0.06084
.28471 -0.08025
.00000 0.00000
.27231 0.08516
.00457 0.00358
.07380 -0.02263
.02885 0.04394
.03682 0.02621
.00000 0.00000
.38205 0.32505
.05145 -0.04179
.00001 0.00001
.37640 -0.19269
.10779 0.02686
.00000 0.00000
2.929 2.384
57 58
310.31 1329.24
a a
YES YES
0.0037 0.0086
24.36 131.18
1.99 10.74
YES YES
4.73 2.36
4.86 2.38
4.80 2.37
0.73 0.74
.00101 -0.00165
.00230 -0.00407
.00000 0.00000
.10912 -0.14771

o O O O o o o o

.00153
.00041
.00000
.00000
.00097
.00075
.00153
.00041
.00000
.00000
.00136
.00000
.00000
.02129
.00002
.00000
.00137

2.739

59

1344.42

YES
.0024

9.82

0.80

YES

.08
.08
.08
.75

o B B

.00000
.00000
.00001
.00000

.00054
.03118
.07317
.09584
.00000
.08041
.00054
.03118
.01933
.06341
.00000
.16514
.06917
.00000
.44662
.03590
.00000

2.876

60

1353.34

YES
.0023

9.24

0.76

YES

.13
.22
.18
.44

o o o O

.00026
.00022
.00000
.01421



10

11

12

13

14

15

16

O O O O O O O O O O O O O O O O O o o o o o o o o o

.00000
.00111
.00000
.00000
.00115
.00000
.00000
.00127
.00000
.00000
.00006
.00000
.00000
.00058
.00000
.00000
.00023
.00038
.00029
.00017
.00000
.00000
.00101
.00038
.00029
.00017
.00005
.00001
.00015
.00030
.00026
.00044
.00002
.00021
.00017
.00032
.00006
.00001
.00005
.00000
.00015
.00032

-0.
.00000
.11364
.04488
.00000
.11276
.10415
.00000
.02530
.06486
.00000
.00835
.18910
.00000
.00979
.03683
.00000
.04233
.12990
.02056 -0.
.01217 -0.
.07856 -0.
.00000 O.
.04233 0.
.12990
.02056
.00564
.05020
.01052
.09287
.09006
.01829
.03763 -0.
.12028 -0.
.08450 -0.
.05459 0.
.04501 0.
.15671 -0.
.00564 -0.
.05020 O.
.01052 -0.
.05460 0.

O O O O O O O O o o o o

17399

O O O O O O O O O O O O o o o o o o o

o O O O o o o o

200

.10352
.00000
.00239
.00820
.00000
.08998
.12862
.00000
.06173
.02373
.00000
.04811
.02215
.00000
.01742
.00510
.00000
.05481
.01969

02821
00945
01394
00000
05481

.01969
.02821
.00666
.00527
.00347
.00282
.00993
.00323

00062
01392
03138
02283
00137
03744
00666
00527
00347
02283

O O O O O O O O O O O O O O o o o o o o o o

.17801
.00000
.16069
.18406
.00000
.08066
.11694
.00000
.03195
.00935
.00000
.00798
.02267
.00000
.00697
.01278
.00000
.07525
.06356
.00462
.02728
.10694
.00000
.07524
.06355
.00462
.00248
.00613
.00206
.02203
.00739
.00577
.00709 -0.
.02168 -0.
.01469 0.
.00254 0.
.00507 0.
.02036 0.
.00248 0.
.00613 -0.
.00206 -0.
.00254 -0.

O O O O O O O O O O O O O O O O O o o o o o o o o o o o o o

|
(@) o

.00000
.00011
.00000
.00000
.00034
.00000
.00000
.00161
.00000
.00000
.00088
.00000
.00000
.02319
.00000
.00000
.00894
.02900
.00077
.00670
.00000
.00000
.05795
.02900
.00076
.00670
.04132
.03333
.08761
.28992
.21727
.20514

00624
14929
38323
16722
01226
34044
04132
03333
08761
16722

O O O O O O O O O O O o o o o o

o

o O O O o o o o

.03637
.00000
.00790
.01269
.00000
.02606
.01771
.00000
.00043
.01300
.00000
.00459
.01590
.00000
.01576
.09048
.00000
.13995
.30842
.12768
.09111
.36622
.00001
.13994
.30840
.12769
.02946
.02915
.05304
17219
.15494
.13961
.00566
.14720
.23275
.14441
.01158
.21509
.02945
.02915
.05304
.14440



17

18

19

20

21

22

23

24

25

26

27

28

29

30

O O O O O O O O O O O O O o o o o o o

O O O O O O o o o o

.00006
.00001
.00002
.00020
.00017
.00031
.00026
.00044
.00000
.00000
.00065
.00000
.00000
.00043
.00000
.00000
.03513
.00000
.00000
.01049
.65652
.08600
.03874
.65651
.08599
.03874
.00000
.00000
0.
.09787
.19171
.04803
.00000
.00000
.10534
.09787
.19172
.04803
.00000
.00000
.00081
.00000

07871

O O O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o o o o

.00137 -0.
.03744 -0.
.00062 -0.
.01392 0.
.03138 -0.
.00282 0.
.00993 0.
.00323 -0.
.09537 -0.
.10910 -0.
.00000 O.
.05443 0.
.04990 -0
.00000 O.
.07193
.04479
.00000
.10269
.05980
.00000
.54057
.20466
.09348
.54058
.20466
.09347
.01387
.04681
.00000
.06146
.10010
.09065
.13323
.23372
.00000
.06146
.10010
.09065
.19682
.04481
.00000
.01036 -0.

|
O O O O O O O O O O O O O O O O O O o o o o o o o o o

00507
02036
00709
02168
01469
02203
00738
00578
02594
00507
00000
03977

.20893

00000

.02729
.07532
.00000
.09235
.02586
.00000
.33577
.13243
.05394
.33577
.13243
.05394
.01531
.04890
.00000
.13634
.12103
.09404
.11731
.26639
.00000
.13634
.12103
.09404
.16424
.03056
.00000

15702

-0.
.34044
.00624
.14929
.38323
.28992
.21728
.20514
.00000
.00000
.00008
.00000
.00000
.00032
.00000
.00000
.00003
.00000
.00000
.00005
.00002
.00006
.00002
.00002
.00006
.00002
.00000
.00000
.00000
.00005
.00004
.00004
.00000
.00000
.00015
.00006
.00004
.00004
.00000
.00000
.00031
.00001

O O O O O O O O O O o o o o o o o

01226

.01157
.21509
.00566
.14720
.23274
.17218
.15493
.13961
.01960
.03926
.00000
.03317
.02338
.00000
.01131
.00287
.00000
.02323
.01280
.00000
.08516
.02727
.01379
.08516
.02727
.01379
.01897
.02696
.00000
.10483
.08149
.06013
.05375
.14467
.00000
.10483
.08149
.06013
.01588
.00671
.00000
.19143



% 0.00000 -0.03563 0.01686 0.03550 0.00000 0.03477
z -0.00003 0.00000 0.00000 0.00000 -0.01295 0.00000
31 h x 0.00000 0.49097 0.17341 0.50747 0.00000 0.12564
y 0.00000 0.05482 0.08029 0.13667 0.00000 0.01553
z 0.06527 0.00000 0.00000 0.00000 -0.00002 0.00000
reduced mass (g/mol) 1.093 2.976 2.760 3.703 1.246 1.305
mode 61 62 63 64 65 66
frequency 1358.20 1370.46 1380.96 1408.83 1412.90 1419.08
symmetry a a a a a a
IR YES YES YES YES YES YES
|dDIP/dQ| (a.u.) 0.0076 0.0076 0.0065 0.0007 0.0001 0.0060
intensity (km/mol) 102.81 103.53 75.89 0.85 0.02 62.99
intensity ( % ) 8.41 8.47 6.21 0.07 0.00 5.16
RAMAN YES YES YES YES YES YES
(par, par) 1.00 0.59 1.12 3.09 0.22 8.29
(ort, ort) 1.04 0.75 1.43 3.17 0.22 8.88
(ort,unpol) 1.03 0.68 1.30 3.14 0.22 8.63
depol. ratio 0.72 0.59 0.59 0.73 0.75 0.70
1 cl x 0.00025 0.00049 -0.00009 0.00035 0.00000 0.00094
y -0.00107 -0.00009 -0.00040 0.00003 0.00000 0.00011
z 0.00000 0.00000 0.00000 0.00000 -0.00001 0.00000
2 c b4 0.01441 0.02125 0.01138 -0.01156 0.00000 -0.01956
y 0.08050 0.03030 0.03451 -0.00453 0.00000 0.00824
z 0.00000 0.00000 0.00000 0.00000 0.00004 0.00000
3 n x 0.02266 -0.00331 0.00832 0.00028 0.00000 0.00636
y -0.03877 0.00222 -0.02313 0.01568 0.00000 0.02060
z 0.00000 0.00000 0.00000 0.00000 -0.00075 0.00000
4 c x 0.06342 0.04823 0.02333 0.02221 0.00001 0.06425
y -0.01580 -0.03451 0.01148 -0.03709 -0.00001 -0.05882
z 0.00000 0.00000 0.00000 0.00000 0.00026 0.00000
5 n x -0.00899 0.00001 -0.00917 0.00542 0.00000 0.02546
y 0.00627 0.00900 0.00084 0.01262 0.00000 0.01816
z 0.00000 0.00000 0.00000 0.00000 0.00018 0.00000
6 c x -0.00158 -0.00576 0.00815 0.01089 0.00000 -0.01169

202



10

11

12

13

14

15

16

17

18

19

20

.05698
.00000
.00450
.03213
.00000
.01447
.06216
.05889
.01046
.05476
.00000
.01447
.06215
.05889
.02214
.03440
.03659
.07687
.14344
.09666
.01820
.17075
.12666
.12592
.01422
.14622
.02214
.03441
.03659
.12592
.01422
.14623
.01820
.17075
.12666
.07687
.14344
.09666
.03511
.06792
.00000
.06279

.02657 0.
.00000 O.
.01493 -0.
.02504 -0.
.00000 O.
.09926 0
.10316 0.
.00949 0.
.04436 -0.
.15740 O.
.00001 -0.
.09924 0
.10315 0.
.00950 -0.
.01374 -0.
.01734 O.
.01929 -0.
.04171 O
.07089 -0.
.04914 O.
.00830 -0.
.09452 -0.
.06255 0
.07802 0.
.00498 O
.07889 0
.01374 -0
.01734 O
.01929 O
.07802 O
.00498 0.
.07889 -0.
.00830 -0.
.09452 -0.
.06254 -0
.04171 O
.07089 -0.
.04914 -0.
.01792 -0.
.04811 -0.
.00000 O.
.03526 -0.

203

01636
00000
02522
10235
00000

.20815

31707
10305
11849
44948
00003

.20812

31706
10306
02780
01372
04800

.20190

09365
12116
01362
07164

.24065

10918

.00287
.17475
.02780
.01372
.04800
.10919

00286
17474
01362
07166

.24064
.20190

09365
12116
01666
02645
00000
03457

.00023
.00000
.03745
.02540
.00001
.33755
27772
.34484
.06929
.26833
.00010
.33744
.27778
.34484
.02053
.00368
.00414
.12476
.15796
.00939
.00454
.07187
.13679
.15139
.02293
.11177
.02053
.00369
.00415
.15129
.02292
.11177
.00456
.07177
.13682
.12481
.15794
.00936
.00553
.00907
.00000
.02257

o O O O o o o o

.00000
.00517
.00001
.00000
.03615
.28104
.15856
.03045
.00001
.00005
.47596
.28114
.15850
.03054
.00982
.02599
.01462
.20984
.00733
.07854
.06991
.34134
.15420
.28802
.01386
.03747
.00982
.02599
.01462
.28806
.01387
.03744
.06991
.34136
.15417
.20980
.00728
.07854
.00000
.00000
.00012
.00001

.01119
.00000
.01182
.00977
.00000
.14602
.05847
.10233
.04190
.18459
.00000
.14602
.05848
.10233
.01249
.00913
.01964
.11184
.12653
.09343
.04396
.23723
.08622
.24809
.02781
.09980
.01246
.00915
.01964
.24794
.02777
.09952
.04398
.23722
.08644
.11206
.12620
.09339
.00165
.04169
.00000
.04844



y 0.02140 0.05565 0.00446 0.03095 0.00001 0.08312
z 0.00000 0.00000 0.00000 0.00000 -0.00001 0.00000
21 n x -0.02656 -0.01053 -0.01863 0.01787 0.00000 0.04432
% 0.00277 -0.02528 -0.00356 -0.00590 0.00000 -0.01500
z 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
22 c x 0.03087 0.08136 0.04243 -0.02353 -0.00001 -0.04904
y 0.01765 0.05528 0.02885 -0.01691 0.00000 -0.03840
z 0.00000 0.00000 0.00000 0.00000 -0.00002 0.00000

23 h x -0.11158 -0.26357 -0.13049 0.06238 0.00030 0.11712

y -0.03467 -0.08196 -0.04465 0.03673 0.00002 0.10221
z 0.01794 0.05291 0.02970 -0.02628 -0.00001 -0.07624
24 h x -0.11158 -0.26357 -0.13049 0.06238 -0.00027 0.11712
y -0.03467 -0.08196 -0.04465 0.03673 0.00000 0.10221
z -0.01794 -0.05291 -0.02970 0.02628 0.00001 0.07624
25 c be 0.05624 -0.10102 -0.02545 0.00931 0.00000 0.02008
% 0.06675 -0.07971 -0.01313 -0.00113 0.00000 -0.00657
z 0.00000 0.00000 0.00000 0.00000 -0.00004 0.00000

26 h x -0.27602 0.37344 0.07620 -0.02403 0.00011 -0.05679

y -0.19432 0.15007 -0.00424 0.03886 -0.00004 0.11392
z 0.14185 -0.10616 0.00508 -0.03164 0.00000 -0.09276
27 h x -0.12345 0.11468 0.01435 -0.00084 0.00000 -0.0048¢6
y -0.35779 0.43320 0.08191 -0.02435 -0.00001 -0.06229
z 0.00000 0.00000 0.00000 0.00000 0.00021 0.00000
28 h x =-0.27602 0.37344 0.07620 -0.02403 -0.00012 -0.05679
y -0.19432 0.15007 -0.00424 0.03886 0.00006 0.11392
z -0.14185 0.10616 -0.00508 0.03164 0.00002 0.09276
29 n x 0.02272 0.00953 0.01558 -0.02613 -0.00001 -0.07369
y -0.01269 -0.01534 -0.00922 0.00028 0.00000 -0.00804
z 0.00000 0.00000 0.00000 0.00000 0.00006 0.00000
30 h x -0.38507 -0.32589 -0.06045 -0.17646 -0.00005 -0.42611
y 0.04953 0.04478 0.00953 0.03264 0.00001 0.06701
z -0.00001 -0.00001 .00000 0.00000 0.00521 0.00000
31 h x 0.32815 0.08330 .21294 -0.20348 -0.00005 -0.45172

y 0.05022 -0.01477
z 0.00000 0.00000

.02565 -0.03331 -0.00001 -0.07565
.00000 0.00000 0.00005 0.00000

reduced mass (g/mol) 1.510 1.484 1.310 1.111 1.044 1.406
mode 67 68 69 70 71 72
frequency 1419.67 1433.41 1439.52 1444.30 1446.10 1450.84
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symmetry

IR

|dDIP/dQ]|

intensity

intensity

10

RAMAN

(a.u.

o

°

)

(km/mol)
(

)

(par,par)

(ort,ort)

(ort,unpol)

depol.

cl

ratio

X 0
% 0
z 0
x -0
% 0
z -0
b4 0
y 0
z 0
X 0
y -0
z -0
b4 0
y 0
z 0
b4 0
% 0
z 0
b4 0
y 0
z -0
x -0
y -0
z 0
x -0
y 0
z 0
b4 0

YES
0.0003

0.13

0.01

YES

.47
.47
.47
.75

[ S Y

.00000
.00000
.00001
.00001
.00000
.00003
.00000
.00001
.00003
.00002
.00002
.00107
.00001
.00000
.00027
.00000
.00000
.00755
.00000
.00000
.00332
.02505
.01495
.00416
.00001
.00006
.04565
.02515

O O O O O O O O O O O O O O O O O O O o o o o o o o o o

YES
.0024

9.94

0.81

YES

.64
.64
.64
.75

[ S Y

.00000
.00000
.00003
.00000
.00000
.00004
.00000
.00000
.00002
.00000
.00000
.00010
.00000
.00000
.00001
.00000
.00000
.00004
.00000
.00000
.00001 -
.00003 -
.00000 -
.00002

.00000

.00000

.00008

.00003

O O O O O O O O O O O O o o o o o o o
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o O o O

YES
0.0019

6.28

0.51

YES

.48
.48
.48
.75

[ R N T AN

.00000
.00000
.00002
.00000
.00000
.00013
.00000
.00000
.00101
.00000
.00000
.00036
.00000
.00000
.00318
.00000
.00000
.04924
.00000
.00000
.03043
.31537
.20638
.02789
.00000
.00001
.51840
.31538

O O O O O O O O O O O O O o o o o o o o

YES
.0009

1.58

0.13

YES

.61
.65
.64
.74

o W W Ww

.00015
.00000
.00000
.00767
.01161
.00000
.00604
.00751
.00000
.02814
.00269
.00000
.00683
.00155
.00000
.01067
.03140
.00000
.00521
.01040
.00000
.05820
.02342
.03817
.02076
.07748
.00002
.05823

YES
0.0079
111.10

9.09

YES

.91
.03
.98
.74

O o < o

.00042
.00015
.00000
.01671
.00564
.00000
.00458
.00433
.00000
.05662
.02492
.00000
.01044
.00811
.00000
.00998
.04848
.00000
.00473
.01920
.00000
.05670
.00528
.02253
.02513
.09092
.00001
.05671

O O O O O O O O O O O O O O o o o o o o o o

-0.

YES
0.0033
19.37
1.59

YES

.82
.11
.56
.29

o BN O

.00011
.00020
.00000
.00282
.00145
.00000
.00254
.00119
.00000
.00630
.00306
.00000
.01420
.00273
.00000
.05480
.01818
.00000
.01164
.01780
.00000
.17698
16408
.19094
.03865
.18838
.00002
.17701



11

12

13

14

15

16

17

18

19

20

21

22

23

24

O O O O O O O O o o o o

.01490
.00423
.03260
.02116
.00863
.25323
.41832
.05441
.02115
.05232
.26015
.23751
.05037
.35278
.03261
.02116
.00864
.23765
.05038
.35284
.02112
.05246
.26010
.25317
.41839
.05446
.00000
.00001
.00003
.00001
.00002
.00016
.00001
.00000
.00000
.00001
.00001
.00001
.00003
.00009
.00007
.00004

0.
-0.
-0.

0.

0.

-0.
0.

(@}

|
o O O O O o o o o

| | |
o O o o o

.00000 O
00002 O.
00007 O.
00003 -0.
00000 O.
00035 O.
.00066 -0.
00012 O.
00000 -0.
.00030 0.
.00042 0.
.00057 -0
.00009 0.
.00055 -0.
.00007 -0.
.00003 0.
.00000 O.
.00057 O
.00009 -0.
.00055 -0.
.00000 O.
.00030 -0.
.00042 0.
.00035 -0.
.00066 0.
.00012 0.
.00000 O.
.00000 O
.00005 -0
.00000 O
.00000 O
.00068 -0
.00000 O
.00000 O
.00175 O
.00000 O
.00000 O
.02190 0.
.01997 -0.
.04001 -0.
.00119 -0.
.01997 0.
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.20640

02788
01402
02170
00180
16169
02571
08380
05474
31022
08722

.27968

01566
03548
01402
02170
00180

.27963

01565
03551
05473
31018
08723
16169
02567
08378
00000

.00000
.00011
.00000
.00000
.00028
.00000
.00000
.00002
.00000
.00000

00001
00042
00003
00001
00042

O O O O O O o o o o

.02341
.03818
.00306
.01092
.01040
.15919
.00924
.07216
.04873
.22766
.10900
.20029
.01495
.03967
.00306
.01093
.01040
.20031
.01496
.03967
.04873
.22767
.10900
.15920
.00924
.07217
.00156
.01637
.00000
.00713
.02153
.00000
.00349
.00321
.00000
.01560
.00970
.00000
.02080
.15108
.11151
.02080

o O O O o o o o

0

0

.00527
.02253
.00034
.01856
.01100
.25357
.05839
0.
0.
0.
.18472
.23946
0.
.11909
0.
0.
.01100
.23946
0.
.11909
0.
.30459
.18472
.25357
.05839
.08724
.00384
.02130
.00000
0.
0.
.00000
0.
.01967
.00000
.01963
.02474
.00000
.01130
.20835
.15919
.01130

08724

06939

30459

01150

00034

01856

01151

06939

02301
04887

00820

0

-0

.16406

0.
-0.
-0.
.01341
.17576

0.
-0.
-0.
-0.
.22460
.20274
.04428
.32328
.01788
.01592
.01341
.20276
.04428

0.
-0.
-0.
.22460
.17575
.36894
.06889
.00011
.00730
.00000
.00357
.01353
.00000
.00812
.00374
.00000
.00540
.00782
.00000
.00348
.05004
.04005
.00348

19094
01788
01592

36893
06889
00270
07952

32328
00270
07955



y -0.00004 0.04002 0.00003 -0.15108 -0.20835 0.05004

z -0.00003 0.00119 -0.00001 -0.11151 -0.15919 0.04005

25 c b4 0.00001 0.00000 0.00000 0.02213 0.00906 -0.00067

% 0.00000 0.00000 0.00000 -0.03319 -0.01854 0.00244

z 0.00006 -0.04623 0.00001 0.00000 0.00000 0.00000

26 h x -0.00085 0.49730 0.00019 -0.16086 -0.09386 0.01245

y 0.00010 -0.03008 0.00004 0.38533 0.23050 -0.02693

z -0.00015 0.04489 0.00000 -0.30990 -0.18305 0.02154

27 h x 0.00000 0.00000 0.00000 -0.08566 -0.06119 0.00852

y -0.00002 0.00000 0.00000 -0.26993 -0.17295 0.02237

z -0.00123 0.70195 0.00017 0.00001 0.00000 0.00000

28 h x 0.00082 -0.49729 -0.00018 -0.16087 -0.09387 0.01245

y -0.00003 0.03007 -0.00006 0.38534 0.23050 -0.02693

z -0.00010 0.04489 -0.00001 0.30990 0.18305 -0.02154

29 n x -0.00002 0.00000 0.00000 -0.00511 0.03345 -0.01162

% 0.00000 0.00000 0.00000 -0.00733 0.00952 -0.00397

z 0.00024 -0.00002 -0.00027 0.00000 0.00000 0.00000

30 h x -0.00012 0.00000 0.00001 -0.08080 0.18080 -0.01579

y 0.00002 0.00000 0.00000 0.01099 -0.02809 0.00597

z -0.01106 -0.00018 0.01296 0.00000 0.00000 0.00000

31 h x -0.00013 0.00000 0.00001 -0.02835 0.12092 -0.05781

y -0.00002 0.00000 0.00000 0.00021 0.03484 -0.01178

z -0.00041 -0.01385 -0.00007 0.00000 0.00000 0.00000

reduced mass (g/mol) 1.044 1.037 1.060 1.071 1.173 1.077
mode 73 74 75 76 77 78

frequency 1469.97 1511.60 1547.33 1598.13 1611.09 2935.17
symmetry a a a a a a

IR YES YES YES YES YES YES

|dDIP/dQ]| (a.u.) 0.0031 0.0117 0.01l61 0.0262 0.0192 0.0031

intensity (km/mol) 16.89 243.24 458.70 1221.85 655.66 17.38

intensity ( % ) 1.38 19.91 37.54 100.00 53.66 1.42

RAMAN YES YES YES YES YES YES

(par,par) 5.10 2.84 0.19 2.85 6.85 0.42

(ort,ort) 9.11 3.71 2.34 12.07 23.13 0.42

(ort,unpol) 7.39 3.34 1.42 8.12 16.16 0.42
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10

11

12

13

14

depol.

cl

ratio

|
(@)

O O O O O O O O o o o o

.00029 0
.00038 0
.00000 O
.01540 -0
.00262 -0
.00000 O
.00517 O
.00732 -0
.00000 O
.01149 0
.02805 -0
.00000 O
.00464 -0
.00655 0
.00000 O
.00549 0
.00805 -0
.00000 O
.00199 -0
.00345 0.
.00000 O
.02683 0
.00983 0
.01721 -0
.00865 0
.03688 -0
.00000 O
.02683 0
.00982 0
-0. 0
.00066 O
.00106 O
.00072 -0
.01599 0
.00549 0
.00941 0
.00657 -0
.03331 O
.00529 0
.03208 -0.

01721

.00202
.00053
.00000
.31388
.02499
.00000
.12142
.01069
.00000
.15796
.16187
.00000
.22455
.09450
.00000
.03677
.07984
.00000
.01364

.00000
.02285
.00600
.02290
.00348
.03757
.00000
.02285
.00601 0.
.02290 -0.
.01470 -0.
.00788 -0.
.00032 0.
.04698 0.
.00693 0.
.01431 0.
.00136 -0.
.06106 0.
.06963 -0.
09896 -0.

01992

|
O O O O O O O O O O O O O O O O O O O oo o o o o o o o

|
(@)

208

.00085
.00807
.00000
.01713
.03487
.00000
.06318
.18517
.00000
.02975
.37498
.00000
.00811
.07159
.00000
.02326
.00068
.00000
.00369
.00646
.00000
.07826
.01812
.04353
.02277
.10950
.00000
.07826

01812
04353
00495
00548
00262
01324
00172
00889
01289
05378
03225
03030

.00119
.00309
.00000
.27943
.05688
.00000
.16725
.06395
.00000
.36226
.00053
.00000
.23103
.05400
.00000
.01870
.05470
.00000
.00171
.01409
.00000
.01264
.00580
.00139
.01001
.04786
.00000
.01264
.00580
.00139
.01562
.00689
.00166
.00561
.00978
.00723
.00777
.01202
.04639
.05221

.00134
.00290
.00000
.21048
.04552
.00000
.07613
.05182
.00000
.13299
.07480
.00000
.14582
.04686
.00000
.03105
.02215
.00000
.01057
.00423
.00000
.02442
.00646
.01367
.00020
.01174
.00000
.02442
.00646
.01367
.00391
.00263
.00136
.00493
.00391
.00356
.00248
.01416
.00334
.02124

O O O O O O O O O O O O O O O O O O O O O O O o o O o o o o o o o

.00000
.00000
.00000
.00000
.00000
.00001
.00000
.00000
.00001
.00000
.00000
.00016
.00000
.00000
.00006
.00000
.00000
.00197
.00000
.00000
.00021
.00056
.00194
.00172
.00000
.00000
.00011
.00056
.00194
.00172
.01420
.02184
.02536
.14955
.13938
.28436
.37379
.08108
.00326
.05719



15

16

17

18

19

20

21

22

23

24

25

26

27

28

.00250
.00548
.00066
.00106
.00072
.03208
.00250
.00548
.00657
.03331
.00529
.01599
.00549
.00941
.00455
.00394
.00000
.01049
.01271
.00000
.00874
.00919
.00000
.05273
.05894
.00000
.26943
.43046
.38756
.26943
.43046
.38756
.00588
.01512
.00000
.06031
.18081
.14446
.04591
.13756
.00000
.06031

.01563 -0.
.08517 -0.
.01470 -0.
.00788 -0.
.00032 -0.
.09896 -0.
.01563 -0.
.08517 O
.00136 -0.
.06106 O
.06963 0
.04698 0
.00693 0
.01431 -0.
.11503 -0.
.02693 -0.
.00000 O
.17536 -0.
.19387 0
.00000 O
.22510 0
.09969 -0.
.00000 O
.04484 -0.
.02207 O
.00000 O
.03203 0
.00867 -0.
.02610 O
.03204 O
.00867 -0.
.02610 -0.
.01407 O
.01519 -0.
.00000 O
.05683 0
.00031 -0
.01723 0
.01700 O
.00416 O
.00000 O
.05683 0
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00398
00554
00495
00548
00262
03030
00398

.00554

01289

.05378
.03225
.01324
.00172

00889
05301
18388

.00000

02899

.32787
.00000
.01264

05850

.00000

02893

.00803
.00000
.10229

01329

.04163
.10229

01329
04163

.00514

00445

.00000
.00388
.03440
.01927
.03035
.05796
.00000
.00388

.00906
.05775
.01562
.00689
.00166
.05221
.00907
.05775
.00777
.01202
.04639
.00560
.00978
.00723
.11187
.06968
.00000
.01596
.09500
.00000
.05080
.03615
.00000
.02446
.00092
.00000
.04618
.03697
.03437
.04618
.03697
.03437
.00067
.00197
.00000
.00088
.00550
.00318
.00091
.00341
.00000
.00088

|
(@) o (@) (@) o (@) o (@) (@)

.00270
.01734
.00391
.00263
.00136
.02124
.00270
.01734
.00248
.01416
.00334
.00493
.00391
.00356
.13137
.05134
.00000
.45684
.05485
.00000
.27066
.07086
.00000
.02779
.01412
.00000
.07159
.02203
.05497
.07159
.02203
.05497
.01569
.00939
.00000
.04939
.00182
.01039
.01569
.00315
.00000
.04939

O O O O O O O O O O O O O O O O O O O o o o o o o o o

.47592
.00434
.01420
.02184
.02535
.05718
.47585
.00433
.37373
.08107
.00326
.14953
.13936
.28432
.00000
.00000
.00001
.00000
.00000
.00002
.00000
.00000
.00000
.00000
.00000
.00004
.00004
.00018
.00025
.00004
.00018
.00025
.00000
.00000
.00001
.00001
.00004
.00006
.00000
.00000
.00000
.00001



y 0.18081 -0.00031 -0.03440 -0.00550 -0.00182 -0.00004
z 0.14446 0.01723 -0.01927 -0.00318 0.01039 0.00006
29 n x 0.01121 0.02800 0.01121 0.17736 -0.16417 0.00000
y -0.00384 0.00385 -0.13473 0.01797 0.02563 0.00000
z 0.00000 0.00000 0.00000 0.00000 0.00000 -0.00003
30 h x 0.11337 0.60252 0.61067 -0.77311 -0.30264 0.00000
y -0.01951 0.00126 -0.13285 0.05895 -0.00172 0.00000
z 0.00000 0.00001 0.00001 -0.00001 0.00000 0.00174
31 h x 0.13283 0.43054 -0.41343 0.01208 0.66200 0.00000
y 0.00776 -0.02043 -0.10711 -0.03358 0.04067 0.00000
z 0.00000 0.00000 0.00000 0.00000 0.00000 0.00004
reduced mass (g/mol) 1.103 5.488 5.119 5.339 6.187 1.037
mode 79 80 81 82 83 84
frequency 2939.41 2942.64 2948.02 2962.13 2981.14 3017.25
symmetry a a a a a a
IR YES YES YES YES YES YES
|dDIP/dQ]| (a.u.) 0.0040 0.0038 0.0038 0.0035 0.0022 0.0010
intensity (km/mol) 28.72 26.20 25.49 22.20 8.70 1.72
intensity ( % ) 2.35 2.14 2.09 1.82 0.71 0.14
RAMAN YES YES YES YES YES YES
(par, par) 0.80 0.44 1.53 4.11 10.66 1.29
(ort,ort) 45.75 58.05 8.85 41.02 10.66 1.29
(ort,unpol) 26.49 33.36 5.71 25.20 10.66 1.29
depol. ratio 0.01 0.01 0.13 0.08 0.75 0.75
1 cl x 0.00000 0.00000 -0.00001 -0.00001 0.00000 0.00000
y 0.00001 0.00002 0.00002 0.00001L 0.00000 0.00000
z 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2 c x 0.00018 -0.00019 -0.00008 0.00009 0.00000 0.00000
y -0.00008 -0.00012 0.00001 -0.00011 0.00000 0.00000
z 0.00000 0.00000 0.00000 0.00000 -0.00011 -0.00002
3 n x -0.00016 0.00009 0.00001 0.00023 0.00000 0.00000
y 0.00013 0.00004 0.00008 0.00022 0.00000 0.00000
z 0.00000 0.00000 0.00000 0.00000 0.00005 -0.00002
4 c x 0.00038 -0.00025 -0.00018 0.00022 0.00000 0.00000
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10

11

12

13

14

15

16

17

18

o O O O O O o o o

| |
o O

o O O O o o o o

.00040
.00000
.00016
.00016
.00000
.00143
.00029
.00000
.00407
.00464
.00000
.02351
.02013
.04312
.09716
.01669
.00000
.02351
.02013
.04312
.01413
.02146
.02585
.14888
.13831
.28739
.36841
.07994
.00299
.05613
.47050
.00616
.01413
.02147
.02586
.05613
.47057
.00615
.36847
.07995
.00299
.14890

-0

o O O O o o o o

.00010 -0
.00000 O.
.00011 0.
.00001 0.
.00000 O.
.00002 -0.
.00003 -0.
.00000 O.
.00034 O
.00026 O
.00000 O
.00105 0
.00103 -0
.00211 O
.00611 -0.
.00108 -0.
.00000 O.
.00105 0.
.00103 -0.
.00211 -0.
.00029 0.
.00055 0.
.00066 -0.
.00385 -0.
.00355 0.
.00735 0.
.00876 O
.00188 0
.00011 O
.00144 -0
.01188 -0
.00014 O
.00029 0
.00055 0
.00066 O
.00144 -0
.01188 -0
.00014 -0
.00876 O
.00188 0.
.00011 -0.
.00385 -0
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.00018
00000
00004
00002
00000
00002
00001
00000
.00016
.00014
.00000
.00052
.00057
.00109
00299
00053
00000
00052
00057
00109
00001
00008
00007
00040
00035
00072
.00056
.00012
.00002
.00019
.00139
.00002
.00001
.00008
.00007
.00019
.00139
.00002
.00056
00012
00002
.00040

o O O O o O o o

.00022
.00000
.00040
.00003
.00000
.00049
.00141
.00000
.03543
.04262
.00000
.17941
.17486
.33845
77921
.13650
.00000
.17941
.17486
.33845
.00016
.00432
.00362
.01879
.01755
.03777
.02728
.00549
.00095
.00690
.07269
.00226
.00016
.00432
.00362
.00690
.07269
.00226
.02728
.00549
.00095
.01879

O O O O O O O O O O O O O O O O O O O O O O O O O o O O o o o o o oo o oo o o o o o o

.00000
.00006
.00000
.00000
.00001
.00000
.00000
.00000
.00000
.00000
.00001
.00002
.00001
.00002
.00000
.00000
.00002
.00002
.00001
.00002
.00001
.00002
.00000
.00000 O.
.00002 -0.
.00001 -0.
.00019 -0.
.00004 -0.
.00001 -0.
.00003 -0.
.00027 -0.
.00000 O.
.00001 -0.
.00002 -0.
.00000 O.
.00003
.00027
.00000
.00019
.00004 0.
.00001 -0.
.00000 -0.

|
O O O O O O O O O O O O O O O o o o o o o o o

o O o O

.00000
.00015
.00000
.00000
.00007
.00000
.00000
.00000
.00000
.00000
.00051
.00021
.00027
.00101
.00000
.00000
.00143
.00020
.00027
.00101
.03250
.05515
.01493

09996
07618
18111
43275
08196
00369
05463
50003
00866
03250
05515
01493

.05463
.50001
.00866
.43274

08195
00369
09995



.13833 0.00355 0.00035 0.01755 -0.00002 0.07618
.28743 -0.00735 -0.00072 -0.03777 .00001 -0.18110
.00009 0.00006 -0.00006 -0.00005 .00000 0.00000
.00003 0.00033 0.00051 0.00004 .00000 0.00000
.00000 0.00000 0.00000 0.00000 .00020 0.00001
.00021 -0.00080 -0.00139 0.00018 .00000 0.00000
.00003 -0.00111 -0.00177 -0.00004 .00000 0.00000
.00000 0.00000 0.00000 0.00000 .00033 -0.00001
.00013 0.00112 0.00280 -0.00007 .00000 0.00000
.00003 0.00074 0.00114 0.00000 .00000 0.00000
.00000 0.00000 0.00000 0.00000 .00094 0.00000
.00009 0.00349 0.01093 0.00008 .00000 0.00000
.00092 -0.02985 -0.06090 -0.00032 .00000 0.00000
.00000 0.00000 0.00000 0.00000 -0.09117 0.00001
.00098 -0.03315 -0.07373 -0.00043 -0.07571 0.00001
.00533 0.17181 0.35986 0.00185 .40330 -0.00005
.00769 0.24573 0.51588 0.00259 .53768 -0.00007
.00098 -0.03315 -0.07373 -0.00043 .07570 -0.00001
.00533 0.17181 0.35986 0.00185 -0.40328 0.00005
.00769 -0.24573 -0.51589 -0.00259 .53766 -0.00007
.00050 0.02092 -0.01471 0.00001 .00000 0.00000
.00105 0.04373 -0.01596 0.00015 .00000 0.00000
.00000 0.00000 0.00000 0.00000 .02612 0.00001
.00133 0.05587 -0.02474 0.00017 .02182 0.00001

.00783 -0.32721 0.14923 -0.00090
.01138 -0.47423 0.21114 -0.00130
.00827 -0.34904 0.22082 -0.00048
.00354 0.14852 -0.09881 0.00016
.00000 0.00000 0.00000 0.00000

.11231 -0.00004
.15782 -0.00005
.00000 0.00000
.00000 0.00000
.005%94 0.00000

.00133 0.05587 -0.02474 0.00017 -0.02182 -0.00001
.00783 -0.32721 0.14923 -0.00090 .11231 0.00004
.01138 0.47423 -0.21114 0.00130 -0.15782 -0.00005
.00029 0.00042 0.00044 -0.00024 .00000 0.00000
.00002 0.00011 0.00018 0.00001 .00000 0.00000
.00000 0.00000 0.00000 0.00000 -0.00015 ©0.00001
.00359 -0.00029 -0.00023 -0.00157 .00000 0.00000
.00016 -0.00020 0.00014 0.00211 .00000 0.00000
.00000 0.00000 0.00000 0.00000 -0.00007 -0.00335
.00002 0.00292 -0.00342 0.00012 .00000 0.00000
.00016 -0.00470 -0.00770 -0.00026 .00000 0.00000

O O O O O O O O O O O O O O O O O O O O O O O O O o o o o o o oo o o o o o o o o

.00000 0.00000 0.00000 0.00000

.00680 -0.00002
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reduced mass (g/mol)

mode

frequen

symmetr

IR
|dDIP/dQ|

cy

Yy

(a.u.

)

intensity (km/mol)

intensity (

RAMAN

o

°

)

(par, par)

(ort,ort)

(ort,unpol)

depol.
1 cl
2 c
3 n
4 c
5 n
6 c
7 c
8 h

ratio

=
|

b
|

=
|

b
|

b
|

=
|

=
|

b
|

3

O O O O O O O O O O O O O O o o o o o o o o

1.038

85

022.03

YES
0.0049
43.10
3.53

YES
17.68
22.25
20.29

0.60

3

1.044

86

025.09

YES
0.0041
29.77
2.44

YES

6.30
6.30
6.30
0.75

.00000
.00000
.00000
.00000
.00000
.00005
.00000
.00000
.00002
.00000
.00000
.00003
.00000
.00000
.00001
.00000
.00000
.00000
.00000
.00000
.00001

.00001
213

O O O O O O O O O O O O O O o o o o o o o o

1.055

87

3037.62

YES
.0023

9.27

0.76

YES

.70
.70
.70
.75

o W W w

.00000
.00000
.00000
.00000
.00000
.00001
.00000
.00000
.00001
.00000
.00000
.00000
.00000
.00000
.00046
.00000
.00000
.00158
.00000
.00000
.00327
.01052

3

1.042

88

039.24

YES
0.0035
21.23
1.74

YES
13.99
17.00
15.71

0.62

.00000
.00001
.00000
.00000
.00000
.00000
.00012
.00015
.00000
.00057
.00037
.00000
.00018
.00012
.00000
.00172
.00060
.00000
.01788
.00783
.00000
.05099

1.107

89

3046.06

O O O O O O O O O O O O o o o o o o o o o o

YES
0.0029

15.
1.

46
27

YES

13.
16.
15.
.59

10
60
10

.00000
.00001
.00000
.00004
.00005
.00000
.00002
.00002
.00000
.00007
.00004
.00000
.00002
.00000
.00000
.00001
.00000
.00000
.00044
.00019
.00000
.00128

3

1.103

90

051.75

YES
0.0046
37.71
3.09

YES
14.02
14.07
14.05

.00001
.00004
.00000
.00048
.00043
.00000
.00095
.00005
.00000
.00002
.00055
.00000
.00066
.00039
.00000
.00214
.00050
.00000
.08272
.03118
.00000
.21840



10

11

12

13

14

15

16

17

18

19

20

21

22

O O O O O O O O O O O O O o o o o o o

.01373
.02357
.00684
.00341
.00000
.01243
.01373
.02357
.02764
.05622
.01854
.12040
.09765
.22446
.39469
.07327
.00315
.05567
.50592
.01190
.02765
.05622
.01854
.05567
.50593
.01190
.39471
.07327
.00315
.12040
.09765
.22446
.00000
.00008
.00000
.00015
.00011
.00000
.00004
.00000
.00000
.00003

o O O O O o o o o

.00002 -
.00003
.00000 -
.00000
.00000 -
.00001 -
.00002
.00003
.00008 -
.00004
.00005
.00034
.00030 -
.00066 -
.00062
.00013
.00002
.00004 -
.00032 -
.00000
.00008
.00004 -
.00005
.00004
.00032
.00000
.00062 -
.00013 -
.00002
.00034 -
.00030
.00066 -
.00000
.00000
.00007
.00000
.00000
.00011
.00000
.00000
.00062
.00000

o O O O o o o o

214

.00844
.01800
.00003
.00000
.00043
.01054
.00847
.01805
.05089
.01959
.03786
.23780
.22120
.47192
.38791
.08428
.00906
.01874
.09539
.00632
.05086
.01959
.03784
.01873
.09537
.00632
.38768
.08423
.00905
.23768
.22108
.47169
.00000
.00000
.00001
.00000
.00000
.00002
.00000
.00000
.00001
.00000

-0.
.10755
.11006
.01827
.00000
.05098
.05406
.10753
.05202
.01438
.03552
.22232
.20713
.44032
.41746
.09004
.01084
.01476
.05553
.00667
.05205
.01439
.03554
.01477
.05558
.00668
.41767
.09008
.01084
.22245
.20724
.44058
.00000
.00004
.00000
.00015
.00006
.00000
.00005
.00001
.00000
.00002

o O O o o

05406

O O O O O O O O O O o o o o o o o o

.00135
.00259
.00278
.00050
.00000
.00128
.00135
.00259
.00011
.00003
.00003
.00020
.00021
.00042
.00116
.00024
.00002
.00001
.00040
.00000
.00011
.00003
.00003
.00001
.00040
.00000
.00116
.00024
.00002
.00020
.00021
.00042
.00005
.00014
.00000
.00035
.00020
.00000
.00033
.00032
.00000
.00133

.23564
.45292
.56379
.10229
.00000
.21839
.23564
.45289
.01194
.00138
.00741
.04470
.04202
.09107
.10417
.02096
.00345
.00043
.00323
.00043
.01194
.00138
.00741
.00043
.00323
.00043
.10418
.02096
.00345
.04470
.04202
.09108
.00025
.00011
.00000
.00012
.00022
.00000
.00011
.00003
.00000
.00006



y -0.00005

z 0.00000

23 h x -0.00011

y 0.00028

z 0.00040

24 h x -0.00011

y 0.00028

z -0.00040

25 c x -0.00009

y 0.00009

z 0.00000

26 h x 0.00006

y -0.00030

z -0.00041

27 h x 0.00098

y -0.00042

z 0.00000

28 h x 0.00006

y -0.00030

z 0.00042

29 n x -0.00021

y 0.00004

z 0.00000

30 h x 0.00559

y 0.00121

z 0.00000

31 h x 0.00012

y 0.00001

z 0.00000

reduced mass (g/mol) 1.102
mode 91

frequency 3080.08
symmetry a

IR YES

|dDIP/dQ]| (a.u.) 0.0022

intensity (km/mol) 8.28

0.00000
0.02692
0.01930
0.11509
0.15512
0.01930
.11508
.15512
.00000
.00000
.09006
.06477
.39452
.54586
.00000
.00000
.01354
.06477
.39452
.54586
.00000
.00000
.00004
.00000
.00000
.00007
.00000
.00000
.00449

O O O O O O O O O O O O O O O O o o o o o o o

1.105

92

3436.90

YES
0.0036
23.07

0.00000
0.00006
0.00005
-0.00025
-0.00033
-0.00005
0.00025
-0.00033
0.00000
0.00000
0.00013
0.00009
-0.00057
-0.00078
0.00000
0.00000
0.00002
-0.00009
0.00057
-0.00078
0.00000
0.00000
0.00001
0.00000
0.00000
0.00169
0.00000
0.00000
0.00007

1.105

93

3485.12

YES
0.0052
48.45

215

.00003
.00000
.00008
.00015
.00020
.00008
.00015
.00020
.00019
.00017
.00000
.00009
.00060
.00087
.00207
.00087
.00000
.00009
.00060
.00087
.00018
.00002
.00000
.00061
.00060
.00000
.00011
.00017
.00000

1.104

.00530
.00000
.00485
.02609
.03399
.00485
.02609
.03399
.07311
.05657
.00000
.02021
.17093
.25467
.82620
.34072
.00000
.02021
.17093
.25467
.00010
.00003
.00000
.00007
.00003
.00000
.00299
.00152
.00000

1.102

o

O O O O O O o o o o

.00009
.00000
.00014
.00052
.00060
.00014
.00052
.00060
.00036
.00023
.00000
.00004
.00052
.00083
.00426
.00173
.00000
.00004
.00052
.00083
.00003
.00011
.00000
.00060
.00134
.00000
.00005
.00052
.00000

1.098



intensity

10

11

12

RAMAN
(par,par)
(ort,ort)

(ort,unpol)

depol.

cl

(

o

°

ratio

O O O O O O O O O O O O O O O O o o o o o o o o

YES

.30
.30
.30
.75

o A b

.00000
.00000
.00000
.00000
.00000
.00006
.00000
.00000
.00044
.00000
.00000
.00010
.00000
.00000
.00018
.00000
.00000
.00163
.00000
.00000
.09347
.29629
.30382
.56119
.00001
.00000
.00929
.29630
.30385
.56121
.00163
.00059
.00097
.00802

O O O O O O O O O o o o o o

1.89

YES

2.48
12.06

7.95

0.15
.00001 -0.
.00001 0.
.00000 O.
.00022 -0.
.00012 -0.
.00000 O.
.00032 0.
.00086 0.
.00000 O.
.00055 -0.
.00138 -0.
.00000 O.
.00741 0.
.07112 -0.
.00000 O.
.00026 -0.
.00047 -0.
.00000 O.
.00025 -0.
.00066 0.
.00000 O.
.00038 -0.
.00104 -0.
.00112 0.
.00033 0.
.00020 0.
.00000 O.
.00038 -0.
.00104 -0.
.00112 -0.
.00007 0.
.00025 0.
.00009 0.
.00012 -0.

216

YES

14.07

00001
00001
00000
00020
00018
00000
00013
00007
00000
00045
00009
00000
00008
00061
00000
00007
00002
00000
00002
00001
00000
00006
00010
00019
00040
00004
00000
00006
00010
00019
00000
00002
00000
00002



13

14

15

16

17

18

19

20

21

22

23

24

25

26

O O O O O O O o o o o

.00609 0.
.01768 0.
.01034 -0.
.002%96 -0.
.00026 0.
.00002 0.
.00205 0.
.00056 0.
.00163 -0.
.00059 -0.
.00097 0.
.00002 0.
.00205 0.
.00056 -0.
.01034 -0.
.00296 -0.
.00026 -0.
.00802 -0.
.00609 0.
.01767 -0.
.00000 O.
.00000 -0.
.00006 0.
.00000 -0.
.00000 -0.
.00000 O.
.00000 O.
.00000 -0.
.00001 0.
.00000 -0.
.00000 O.
.00000 O
.00002 O
.00001 O
.00001 O
.00002 O
.00001 O
.00001 -0
.00000 O
.00000 -0
.00001 O
.00000 -0

00048

00069 -
00014

00031

00016

00121 -
00041 -
00120 -
00007

00025

00009

00121 -
00041 -
00120

00014

00031

00016 -
00012 -
00048
00069
00013
00002
00000
00029
00004
00000
00016
00055
00000
00004
00000
.00000
.00006
.00001
.00005
.00006
.00001
.00005
.00000
.00002
.00000

.00001
217

O O O O O O O O O O O O O O o o o o o o o o o

.00000
.00006
.00027
.00001
.00007
.00004
.00016
.00002
.00000
.00002
.00000
.00004
.00016
.00002
.00027
.00001
.00007
.00002
.00000
.00006
.00018
.00090
.00000
.00121
.00061
.00000
.00887
.07220
.00000
.00104
.00015
.00000
.00421
.00354
.00564
.00421
.00354
.00564
.00009
.00015
.00000
.00131



v 0.00005 0.00010 0.00072
z 0.00006 0.00011 -0.00115
27 h x 0.00000 0.00010 -0.00135
y 0.00000 0.00000 0.00064
z 0.00000 0.00000 0.00000
28 h x 0.00000 -0.00001 0.00131
y -0.00005 0.00010 0.00072
z 0.00006 -0.00011 0.00115
29 n X 0.00000 0.00051 0.00047
y 0.00000 0.00018 -0.00015
z -0.00001 0.00000 0.00000
30 h x 0.00000 -0.11140 0.00093
y 0.00000 -0.99116 0.00805
z =-0.00016 0.00000 0.00000
31 h X 0.00000 -0.00088 -0.12371
y 0.00000 0.00809 0.98955
z -0.00002 0.00000 0.00000
reduced mass (g/mol) 1.104 1.074 1.077

keyword S$raman spectrum missing in file <control>

*** raman data written onto $raman spectrum

file=<control> **%*

total cpu-time : 0.19 seconds
total wall-time : 0.24 seconds
**** intense : all done F***

2012-02-09 17:41:05.389

intense ended normally
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Appendix Section A1.3.1.2.

The fitted full-widths at half maximum (FWHM) values

Fregeuncy Intensity Fitted e T | enlean Fiened
(cm™) (rel. units) FWHM (cm™)
-1 452.0 52.97 5.3
(cm™) 530.5 14.94 6.3
356 20 6 673.1 10.3 6.9
697.6 15.41 5.9
461 10 16 770.0 7.0 4
782.7 7.48 a
520 4.0 6 792.1 21.35 4
675 4.3 6 878.1 20.68 5.7
897.6 34.25 98
696 4.3 6 952.5 4.92 5.7
281 8.0 6 981.8 65.63 4.9
1023.3 3.07 4
956 18.8 6 1055.1 5.38 2.8
1163.6 41.86 32
999 10.6 6 1188.1 74.83 45
1057 25.2 6 1206.9 19.61 5.7
12321 106.7 5.7
1150 8.0 6 1280.8 53.9 2.0
1232 6.5 6 1310.3 2436 8
1329.2 131.1 13.9
1465 6.8 6 1344.4 9.82 6.3
13532 9.24 93
1475 10.8 6 1358.2 102.81 19.6
1520 11.3 6 1370.5 103.53 16
1381.0 76.89 13.9
1525 19.0 6 14151 62.99 6.6
1433 .4 9.94 2.9
1568 8.0 6 1439.5 6.28 4.9
1626 4.5 10 1446.1 111.1 12
1450.8 19.37 10
1645 49.0 10 1470.0 16.89 8
1663 41.2 10 1511.6 24324 16
1547.4 458.7 12
1665 19.0 10 1598.1 1221.85 24.9
1611.1 655 .66 249
1675 29.0 10 2935.2 17.38 12.6
1676 11.0 10 2939.4 28.72 11.3
2942 6 36,2 12.6
1712 270 10 2948.0 25.49 9.8
1786 90 10 2962.1 22.2 8.5
2981.1 8.7 8
3203 202.0 22.6 3022.0 431 13.9
3241 119.0 22.6 o 2L =
3242 154.0 22.6 igzg-i i;iz 132
3258 216.0 22.6 3051.8 37.71 9.8
3080.1 8.29 6.9
3285 94.0 22.6 3436.9 23.07 6.3
3314 40.2 22.6 3485.1 48.45 6.3
Figure A1_2. Parameters for the calculated Raman spectra Figure A 5. RareiEr dor _the Ealelktes
of terbuthylazine (TBA). infrared spectra of terbuthylazine (TBA).
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a.) Lindane (hexachlorocyclohexane, (/-HCH)) and simazine

- - Freqeuncy Intensity Fitted
Freqeuncy Intensity Fitted (cm™) (rel. units) FWHM
(cmfi) (rel. units) FWHM (em™)
(cm™) 353.2 4.69 2.8
184.0 12.41 9.8 393.6 3.17 15
185.7 17.96 9.8 4210 11.04 12
240.9 11.96 8 :23; 113&3 ;g
285.8 22.64 8.5 %25 7 71 i
313.3 19.50 6.9 697.6 167 r
333.1 59.95 6.9 770.0 373 55
383.9 8.94 6.9 878.1 4.25 6.3
403.2 3.59 6.9 895.0 5.5 10
474.4 21.61 8 914.3 3.68 10
560.7 5.81 6.9 952.5 32.31 6.9
1055.0 8.1 8
a2 sl o 1168.1 10.09 12
664.8 9.41 6 1206.9 3.45 P
687.6 4.96 6.9 1253.6 4.97 4.9
747.2 45.77 8.9 1310.3 4.8 8
765.2 3.49 6.9 1419.1 8.63 16
830.8 8.88 3 1419.7 7.47 35
890.6 12.30 6.3 S SEL bl 14
1439.5 4.48 6
=L 12.18 5= 1444.3 3.84 10
EEP) <l ) 1446.1 6.98 9.4
1020.2 1.45 4.7 1511.6 3.34 6.9
1087.9 0.83 5.7 1547.3 1.42 3.7
1103.6 4.49 7.7 1598.1 8.12 10
1154.0 .22 6.9 ;g;;i ;gig 12
1171.2 6.67 6.9 2942.6 33.36 10
1195.8 4.36 8.5 2948.0 571 14
1239.2 13.19 8.9 2981.1 10.66 10
1323.4 2.94 5.7 3022.0 20.29 10
3006.9 23.59 6.9 30251 6.6 10
3042.9 5.03 9.8 ;g:gg li-zl ig
3043.6 11.87 9.8 3026.1 X 18
3044.6 16.85 3.8 3051.8 14.05 18
3059.3 25.23 7.5 3080.1 43 13
3436.9 7.95 10
) 3485.1 9.6 8
quure A1_0. Parameters for the calculated Raman spectra Figure A1_1 Parameters for the calculated
of lindane. . )
Raman spectra of simazine.
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Section appendix A4: Results and discussion

(Supporting Information of Chapter 4- Results and Discussion)

A2.4 Characterization of the products of different pesticides by nuclear magnetic

resonance and mass spectroscopy

The photodegradation pathway of TBA in the presence of hydrogen peroxide can be seen in Scheme A2.4.3.4

Cl
Nl/é N — A

TBA
ng\ Nf)—\ " \é HN /—Jl\ N
< m/z=230 . N2 \(

NN
¢ /T\ OH

N TSN myz—196 )\
| N =

I e
CoN . N
Y ¢

-—

H)Nl\ /)N\ )\\ /)\D:w; 130

Scheme A2.4.3.4: The photodegradation pathway of TBA in the presence of OH-radicals
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Table A2.4.2.3: Proposed interpretation of photo-degradation products of terbuthylazine
according to MS spectra.

m/z Chemical name detected

230 2-ter-butylamino-4-chloro-6- | yes
ethylamino

212 N-tert-buthyl-N’-ethoxy-1-
hydroxy-1,3,5-triazine-2,4- yes
diamine

196 N-tert-butyl-N -ethyl-1,3,5- | yes
triazine-2,4-diamine

184 N-amine-N’-tert-buthyl-1- yes
hydroxy-1,3,5-triazine-2,4-
diamine

174 2-chloro- yes
deterisobutylterbuthylazine

140 deterisobutylterbuthylazine yes

128-h ammeline yes

130 Cyanuric acid yes

a) Simazine

H

[ /g
m'==168
I /IXN ™ (]
| S |
HsCxH NHCH H5C2H NHE2Hs

=

Simazine +
P ™ NH—— CHo
\( \\'L/ mie=1244

[ %—f
v
NiH ™ oOH M- M N
\‘/ mfe— 1 20 \r/ miE—128
oM oH

v
H M M

Z" \H - f \],L/

N%N \r//

O me— 101
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Scheme A2.4.3.5a: Reaction mechanism of simazine degradation

Table A2.4.2.4a: Proposed interpretation of photo-degradation products of simazine
according to MS spectra

m/z Chemical name detected

202 6-chloro-N,N-diethyl- yes
1,3,5-triazine-2,4-
diamine

168 3,5-diethyltriazine yes

124 2-methyl-2,6- yes
diaminotriazine

68 s- triazine yes

128 6-hydroxy-2,4-diamino- | no

1,3,5-triazine

129 2,6-hydroxy-4-amino- yes

1,3,5-triazine

130 2,6-hydroxy-4-amino- no

1,3,5-triazine

b) Lindane

Proposed decomposition of lindane in the presence of OH-radicals.
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m/z=113.1

m/z=290 Cl
Cl
Cl Cl
—
m/z=255.2
Cl Cl /
SN C -
Cl
cl ¢ i
Cl
OH m/z=139.1
OH
O
m/z=133
O
OH OH

m/z=81
Scheme A2.4.3.5b: Proposed pathways for the photodecomposition of lindane in the presence of OH-radicals.

Table A2.4.2.4b: Proposed interpretation of photo-degradation products of lindane according
to MS spectra

m/z Chemical name detected
290 hexachlorocyclohexane yes
255,2 Pentachlorocyclohexene yes
139,1 3,6-dihydroxycyclodihexanoe yes
133 1,3,5-trihydroxycyclohexane yes
113,1 chlorobezene yes
81 1,3-cyclorodihexene yes
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